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Libelluloidea are highly successful dragonflies with unique behavior and life 

histories. The systematics of Libelluloidea (Odonata: Anisoptera) has 

historically been in conflict, with little agreement about the number of 

families that are comprised in this large, heterogeneous group. For my PhD 

thesis, I have assembled the most comprehensive molecular and 

morphological libelluloid dataset to date, in an attempt to revise and simplify 

libelluloid taxonomy, and to answer questions about the evolutionary history 

of the group. I ran Bayesian and parsimony analyses to recover phylogenetic 

hypotheses with which I explore the success of Libelluloidea. Divergence 

estimation, a method by which nodes of a tree are dated, was first explored 

under different evolutionary models for a subset of libelluloid taxa in order 

to determine whether treatment of hydrogen-bonded ribosomal nucleotides 

affected the age of divergence estimates. Using methodology based on these 
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results, I was able to estimate divergence dates and diversification rates 

for the first large-scale dating analysis of dragonflies. On a smaller scale, I 

also completed a study of Syncordulia, a vulnerable genus of endemic South 

African libelluloid dragonflies whose systematics was not yet confirmed. 

Additional studies of phylogenetic methodology were undertaken in my 

thesis work for another large and heterogeneous group, the Dictyoptera 

(Mantodea, Blattodea and Isoptera). In this study, the effect of outgroup 

selection was determined using a broad, comprehensive taxon set for which 

we had both molecular and morphological data. These results suggest that 

the evolution of sociality, on which much of the recent discussion in 

dictyopteran systematics has focused, cannot be reliably determined when 

different outgroups recover dramatically conflicting topologies.  
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Chapter 1: 

 

Phylogeny of the higher Libelluloidea (Anisoptera: Odonata): an exploration 

of the most speciose superfamily of dragonflies 

Jessica Ware 1, Michael May 1, and Karl Kjer 2 
1
 Department of Entomology, Rutgers University, 93 Lipman Drive, New Brunswick, NJ, 

08901, USA; 
2 
Department of Ecology, Evolution and Natural Resources, Rutgers 

University, 14 College Farm Road, New Brunswick, NJ, 08901, USA 

 

 
Abstract 

 

Although libelluloid dragonflies are diverse, numerous, and commonly observed and 

studied, their phylogenetic history is uncertain. Over 150 years of taxonomic study of 

Libelluloidea Rambur 1842, beginning with Hagen (1840), Rambur (1842), and Selys 

(1850), has failed to produce a consensus about family and subfamily relationships. The 

present study provides a well-substantiated phylogeny of the Libelluloidea generated 

from gene fragments of two independent genes, the 16S and 28S ribosomal RNA 

(rRNA), and using models that take into account non-independence of correlated rRNA 

sites. Ninety-three ingroup taxa and six outgroup taxa were amplified for the 28S 

fragment; seventy-eight ingroup taxa and five outgroup taxa were amplified for the 16S 

fragment. Bayesian, likelihood and parsimony analyses of the combined data produce 

well-resolved phylogenetic hypotheses and several previously suggested monophyletic 

groups were supported by each analysis. Macromiidae, Corduliinae, and Libellulidae are 

each monophyletic. The corduliid subfamilies Synthemistinae, Gomphomacromiinae, and 

Idionychinae form a monophyletic group, separate from the Corduliinae. Libellulidae 

comprises 3 previously accepted subfamilies (Urothemistinae, a very restricted 

Tetrathemistinae, and a modified Libellulinae) and 5 additional consistently recovered 

groups. None of the previously proposed subfamilies are supported. Bayesian analyses 
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run with an additional 71 sequences obtained from GenBank did not alter our 

conclusions. The evolution of adult and larval morphological characters is discussed here 

to suggest areas for future focus. This study shows the inherent problems in using poorly 

defined and sometimes inaccurately scored characters, basing groups on 

symplesiomorphies, and failure to recognize the widespread effects of character 

correlation and convergence, especially in aspects of wing venation.   

 
1. Introduction 

 

 Dragonflies are among the most recognizable of insects, even having become subjects 

of extensive folklore (Sarot, 1958) and, moreover, have been used in a wide array of 

studies dealing with functional morphology, behavior, ecology, and evolution (Corbet, 

1999). Odonata are considered to be among the earliest flying insects. Their recognizable 

progenitors date to the Carboniferous (360-290 million years ago) and are probably the 

most widely known extinct insects. Anisoptera (in their present form) arose later, with 

earliest known fossils from the Triassic (250-200 million years ago; Grimaldi and Engel, 

2005). While clearly identifiable libelluloids are not well known from the Jurassic (206-

142 million years ago), Jarzembowski and Nel (1996) suggest that libelluloids were 

already well established in the Early Cretaceous (142-65 million years ago). Extant 

libelluloids include, among others, the widespread Macromiinae and Corduliinae and the 

most abundant and familiar dragonflies, Libellulidae. Libellulidae are readily 

recognizable, often with colored or patterned wings and a boot shaped series of veins (the 

anal loop) in the hindwing. They are commonly seen in territorial flight around lakes and 

ponds, or perched along the bank.  
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 Among libelluloids, adult reproductive and feeding behavior, larval behavior and 

ecology (Corbet, 1999), and biogeography (Carle, 1995) vary widely and have been 

investigated intensively. While it is clear that a well-supported phylogenetic hypothesis is 

needed in order to reach an understanding of the evolution of these traits, phylogenetic 

relationships among libelluloid families remain highly contentious, with numerous 

hypotheses proposed (Fig. 1, Table 1). For descriptive purposes, we use the taxonomy of 

Davies and Tobin (1985) unless otherwise indicated, since it is widely used today (Table 

2). 

Morphological studies of libelluloid phylogeny have relied heavily, although not 

exclusively, on wing vein characters (Kirby, 1890; Needham, 1903; Martin, 1907; 

Needham, 1908; Ris 1909-1919; Tillyard, 1910; Needham and Broughton, 1927; Fraser, 

1957; Gloyd, 1959; Geijskes, 1970; Lieftinck, 1971; Theischinger and Watson, 1978; 

Carle, 1982a; Davies and Tobin, 1985; Carle and Louton, 1994; Carle, 1995; Bechly, 

1996; Lohmann, 1996; Trueman, 1996; Jarzembowski and Nel, 1996; Carle and Kjer, 

2002; Rehn, 2003). Despite progress in understanding homologies in Odonata venation 

(e.g. Carle, 1982b; Riek and Kukolova-Peck, 1984), many wing vein characters may 

support convergent relationships when used to the exclusion of other characters (Hennig, 

1969; Carle, 1982b). The 11 subfamilies of Libellulidae recognized in Davies and Tobin 

(1985) and Bridges (1994) were largely based on wing vein morphology. Bechly’s (1996) 

morphological study of the Odonata also relied heavily on venational characters to break 

up the higher Libelluloidea into numerous families: Gomphomacromiinae and 

Synthemistinae were split into eight families and the remaining Corduliidae and the 

Libellulidae were each divided into two families.  
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 Some studies have focused on egg, genitalic, flight musculature, color, and larval 

characteristics (St. Quentin, 1939; Gloyd, 1959; Lieftinck, 1971; Pfau, 1971; 

Theischinger and Watson, 1984; Pfau, 1991, 2005; May, 1995; Bechly, 1996; Lohmann, 

1996a; Carle and Kjer, 2002). Pfau’s (2005) study of sperm transfer mechanisms lead 

him to an alternate phylogenetic hypothesis that placed Cordulegastridae, 

Chlorogomphidae, and Neopetaliidae within Petaluroidea rather than Libelluloidea. Much 

of the current confusion over libelluloid taxonomy and phylogeny may be the result of 

uncertain character homology and independence (reviewed in Carle, 1982b). An 

independent molecular dataset may help resolve conflicting phylogenetic hypotheses. 

Several recent molecular studies (Kambhampati and Charlton, 1999; Artiss et al., 

2001; Saux et al., 2003, Hovmoller, 2004) have included many libelluline taxa, and some 

(Misof et al., 2001; Misof and Fleck, 2003; Hovmoller et al., 2004; Hasegawa and 

Kasuya, 2006) included a broader sampling across the superfamily. Most of these studies 

were based on a single gene (Kambhampati and Charlton, 1999; Misof et al., 2001; Artiss 

et al., 2001; Hovmoller et al., 2002; Misof and Fleck, 2003; Saux et al., 2003). Because 

their question focused on subordinal relationships, Saux et al. (2003) used Locusta 

migratoria as an outgroup, which may have been too distantly related to answer questions 

about the internal order of the families (Farris, 1982; Lyons-Weiler et al., 1998; Graham 

et al., 2002). The most recent study (Fleck et al, 2006), includes a large taxon sample, 

primarily consisting of tetrathemistine and libelluline Libellulidae, and combines 

molecular data with larval morphology.  

Our purpose here is to present a phylogenetic hypothesis of the higher Libelluloidea 

(i.e. Corduliidae and Libellulidae of Davies and Tobin, 1985), generated from two 
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independent gene fragments, (mitochondrial and nuclear large ribosomal RNA subunits; 

16S and 28S), structurally aligned, using basal libelluloid outgroups, and the following 

methods that model the correlated rRNA sites as non-independent. Extensive taxon 

sampling has allowed us to assess several regions of contention in the higher 

Libelluloidea and to propose historical relationships within this group. The phylogenetic 

reassessment provides a basis for improving the taxonomy in the historically difficult 

Libelluloidea.  

 

2. Materials and Methods 

 

Taxon sampling 

The superfamily Libelluloidea includes the Libellulidae, with 143 genera and 969 

species, the most species-rich and commonly observed family of dragonflies worldwide, 

as well as the Corduliidae Kirby 1890 (43 genera, 406 species) (Davies and Tobin, 1985; 

Steinmann, 1997; number of species from Schorr et al., 2006). These are the “higher “ 

Libelluloidea, which are the main focus of this study. We also include the basal 

libelluloids (sensu Carle 1995) Cordulegastridae Calvert 1893 (4 genera, 49 species), 

Chlorogomphidae Needham 1903 (3 genera, 46 species), and the monotypic 

Neopetaliidae Tillyard and Fraser 1940.  

Taxa sequenced are listed in Table 2. Cordulegastridae, Chlorogomphidae, and 

Neopetaliidae served as outgroups, with the tree rooted using Neopetalia punctata (2 

species from 2 cordulegastrid genera, 2 species from 2 chlorogomphid genera and 1  
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species from the monotypic Neopetaliidae). We sampled as broadly as we could across 

each of the libelluloid families, extracting from individuals of every subfamily in every 

libelluloid family (3 species from 3 macromiine genera, 14 species from 11 corduliine 

corduliid genera, 18 species from 17 other non-corduliine corduliid genera, and 70 

species from 56 libelullid genera) (Table 2).  

 

Gene Selection, DNA extraction and PCR amplification 

 

Freshly collected dragonflies were used when possible; other taxa were obtained from 

personal and museum collections (Table 2). We amplified the second, third and seventh 

hypervariable (divergent) regions (D2, D3, and D7) of the nuclear large subunit rDNA 

(28S) and the third domain of the mitochondrial large subunit rDNA (16S).  

Muscle tissue was extracted using a Qiagen Dneasy tissue kit overnight at 55°C with 

180 µL of ATL Buffer and 20 µL Proteinase-K. Older specimens (collected prior to 

1980) were extracted with 40 µL (twice the suggested amount) of Proteinase-K buffer for 

several days (a suggestion made by R. Caesar, pers. comm.). All other steps followed the 

manufacturer’s protocol. PCR primers, and their sources, are given in Table 3. Programs 

used for amplifications were (a) 96°C, 3 min; 94°C, 30s; 50°C, 30s; 72°C, 45s for 35-40 

cycles; 72°C, 10 min and (b) 96°C, 3 min; 94°C, 30 s; 46°C, 30s, 72°C, 45s for 10 cycles; 

94°C, 30s; 48°C, 40s; 72°C, 45s for 30 cycles; 72°C, 10 min. A Qiagen PCR purification 

kit was used to purify amplified product, which was then sequenced on an ABI 3100 

capillary sequencer. Sequences from both strands were compared and edited in Sequence  
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Navigator (Applied Biosystems). Lowercase letters were used to indicate nucleotides that 

were readable but difficult to interpret with certainty in either strand (i.e., there was 

competing background peaks). These lowercase letters were changed to uppercase letters 

only if there was agreement in the two complementary strands. When there was conflict 

about a single base call between reads from complementary strands, this nucleotide was 

coded with an R (for ambiguous purines), Y (for ambiguous pyrimidines) or N (for all 

other ambiguities).  

 

Alignment and Phylogenetic Reconstruction 

 

Initial sequence alignments were made using Clustal, and the resulting files were then 

aligned manually in Microsoft Word using the structural methods described in Kjer et al. 

(1994), Kjer (1995) Kjer et al., (2007) and secondary structure models based on Gutell et 

al. (1993). Ambiguously aligned regions were defined as single stranded regions with 

multiple insertions and deletions (indels) of variable length (and thus unclear nucleotide 

homology), bounded by hydrogen bonded base pairs. These regions were excluded from 

the dataset. For parsimony analyses, these characters were recoded as single multistate 

characters with the program INAASE (Lutzoni et al, 2000), with the stepmatrices 

applied. Alignments are available on the Kjer lab website, 

www.rci.rutgers.edu/~entomology/kjer. Although we regard manual alignment based on 

secondary structure to be quite strongly supported (e.g., Kjer, 1995, 2004; Titus and 

Frost, 1996; Schnare et al., 1996; Hickson et al, 2000; Lutzoni et al, 2000;  Mugridge et  
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al., 2000; Ellis and Morrison 1995, Morrison and Ellis, 1997, Gillespie et al., 2005) as the 

most accurate method for rDNA, we recognize that alignment methodology is a 

contentious issue. For those who prefer a different alignment procedure, however, the 

original sequences are, of course, deposited in GenBank and thus will be available for 

any reanalysis that is desired. 

The data was analyzed using parsimony, maximum likelihood, and Bayesian criteria. 

For the parsimony reconstruction, a tree bisection-reconnection (TBR) branch swapping 

heuristic search was run using PAUP 4.0b10 (Swofford, 2001) with 10,000 random 

additions. Gaps of uniform length were each treated as presence/absence characters; other 

gaps were treated as missing data, except those encoded with INAASE as described 

above. To estimate branch support, 500 bootstrap pseudoreplicates (Felsenstein, 1985) 

were performed using 10 random addition searches per pseudoreplicate.  

Prior to maximum likelihood and Bayesian analyses, we used MODELTEST 3.06 Akaike 

weights (Posada and Crandall, 1998; Posada and Buckley, 2004) and DT-ModSel (Minin 

et al., 2003) to select an appropriate model of evolution for each of the two independent 

gene fragments. Both programs suggested a GTR + I + G model for the 28S and 16S 

(Yang, 1994; Yang et al., 1994; Gu et al., 1995). GARLI (Zwickl, 2006; available at 

http://www.zo.utexas.edu/ faculty/antisense/garli/ Garli.html) was used to run a rapid 

maximum likelihood analysis. The GARLI bootstrap analysis was run using 100 

replicates of a 500,000-generation search; the heuristic search ran 500,000 generations. 

Datasets were unable to be partitioned in GARLI, although future versions of GARLI 

will be able to do so (Derrick Zwickl, pers. comm.). Because it considers the non- 
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independence of hydrogen-bonded rRNA sites, we also used the RNA7A seven state 

model available in the PHASE program (Jow et al., 2002), to run Markov-chain Monte 

Carlo (MCMC) analyses of partitioned RNA data (10 million generations each) and a 

REV model for the loop regions. Unlike the current version of Mr. Bayes, which uses a 

16 by 16 rate matrix, the RNA7A seven state model (Higgs, 2000) uses a 7 by 7 rate 

matrix (7 frequencies, 21 rate parameters).This biologically realistic model is useful for 

studies of rRNA. The REV model is the most general loop model with the time reversible 

constraint (four frequencies, 5 rate parameters).     

Using our PHASE trees, we tested the classifications of Davies and Tobin (1985) and 

Bechly (1996) using the constraint function in PAUP. Constraints were written for each 

of Davies and Tobin’s subfamilies, and for each of Bechly’s families. We then filtered 

our PHASE tree file using these constraints and recorded the number of trees that 

contained these clades.  

To recheck our data for possible contaminants, and to incorporate additional available 

taxa, we ran a parsimony analysis, as described above, with 71 libelluloid sequences 

downloaded from GenBank and aligned them with our data (Table 7). Most of the 

libelluloid sequences in GenBank are mitochondrial. Some of the data available in 

GenBank included a longer fragment of mitochondrial rRNA that included a fragment of 

the 12S. These characters were included in the analysis and coded as missing for our taxa 

(for a discussion of missing data see Weins, 2005).   

 

3. Results 
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3. 1 Molecular Data Collection 

 

Ninety-three ingroup taxa and six outgroup taxa were amplified for the 28S fragment; 

seventy-eight ingroup taxa and five outgroup taxa were amplified for the 16S  (Table 7) 

and included in the analysis. After 192 ambiguously aligned characters were excluded 

and coded in INAASE, 1418 nts remained from the nuclear gene fragment and 430 nts 

from the mitochondrial fragment. Five hundred and forty-three characters were 

parsimony informative (nuclear=346, mitochondrial=189, INAASE=8); 370 were 

parsimony uninformative and 943 characters were constant. All sequences are deposited 

in GenBank under accession numbers 1234567890.  

 

3.2 Phylogenetic Relationships  

 

Bayesian, likelihood and parsimony analyses of the combined data produced well-

resolved phylogenetic hypotheses (GARLI and PHASE results: Figure 2; parsimony: 

Figure 3). Minor differences occur in areas for which there is low branch support (<50%). 

Several previously suggested monophyletic groups were supported by all three methods: 

(i) Libellulidae (100% support from all analyses) and Macromiidae (100% support from 

all analyses). These clades, plus Corduliinae, together form a monophyletic group, 

hereafter the MCL group in the PHASE and GARLI analyses (similar but not identical to 

the MCL group of Carle, 1995). (ii) Corduliidae s.l is polyphyletic. Corduliinae is 

monophyletic (89% PHASE posterior probability; 60% GARLI bootstrap; 86 %  
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parsimony bootstrap). (iii) Surprisingly, Gomphomacromiinae + Synthemistinae + 

Cordulephyinae + Idionychinae (hereafter, the GSI group) together form a monophyletic 

group (100% PHASE; 79 % GARLI; 71% parsimony bootstrap) that, however, is not 

clearly divided into the traditional (sub)families and does not nest within Corduliidae. 

The results do not support most of the 17 families proposed by Bechly (1996) and 

Lohmann (1996), or the subfamilies of Corduliidae suggested by Davies and Tobin 

(1985) and Bridges (1994). Furthermore, the puzzling Australian species Cordulephya 

pygmaea, variously placed as 1) a monogeneric subfamily (Fraser, 1957; Davies & 

Tobin, 1985), 2) with Hetronaias and Libellulosoma (Bridges, 1994) or 3) with Neophya 

(Bechly, 1996), is well nested within the GSI clade as sister to the nominal 

gomphomacromiine Pseudocordulia circularis (Hetronaias, Libellulosoma, and Neophya 

were not sequenced). The two genera of Idionychinae, Macromidia and Idionyx, form a 

monophyletic but poorly supported (35% PHASE) subclade within the GSI clade. 

Corduliinae and Macromiinae are separate monophyletic clades in all analyses. In terms 

of the MCL interfamilial relationships, the PHASE analysis placed the Corduliinae as 

sister to the Libellulidae, although with such low support that we would prefer to 

consider the relationship unresolved.  

Within the Libellulidae, 3 subfamilies were consistently recovered: Leucorrhiniinae 

Tillyard 1917 (99% PHASE; 94% GARLI, 80% parsimony), Urothemistinae Lieftinck 

1954 (96% PHASE; 79% GARLI; 85% parsimony), and Libellulinae Rambur 1842 (76% 

PHASE; largely, though not entirely recovered). Otherwise, members of the subfamilies 

listed in Davies and Tobin (1985) and Bridges (1994) are scattered throughout the  
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Libellulidae. Conspecifics and congenerics (with the exceptions of Libellula, Cordulia, 

Zyxomma and Orthetrum) form monophyletic groups. 

 To assess congruence among independent datasets, we also ran separate PHASE 

analyses of the mitochondrial and nuclear genes. The nuclear PHASE data lends strong 

support to monophyly of the GSI (97%) but the mitochondrial data place them instead as 

a polytomy at the base of the tree (not shown). Both datasets support  the monophyly of 

Macromiidae and of Libellulidae. The 16S data support the monophyly of the 

Corduliinae (80% 16S), but 28S support for this group was low (50%), probably due to 

the unstable position of the genera Pentathemis + Aeschnosoma. Within the Libellulidae, 

only the Libellulinae are largely supported by both genes. Subtle differences occur 

between the 16S and 28S in the composition and/or position of Clades B and F (Clade B 

includes Hydrobasileus in the 28S analysis while there is little support for the subfamily 

Urothemistinae in the 16S analysis; Clade F includes Rhyothemis in the 28S analysis, 

while Clade F is not supported by the 16S analysis). Other differences between the 16S 

and 28S were found only in areas with less than 50% support. 

 Our hypothesis testing revealed that neither Gomphomacromiinae nor Synthemistinae 

were present in any of the 69009 trees (after burnin discarded) created by our PHASE 

analysis. Idionychinae was recovered, in 15736 trees (23%). Bechly’s (1996) 

Synthemistidae, Gomphomacromiidae, Austrocorduliidae, and Oxygastridae were never 

present. In addition, the monogeneric Pseudocorduliidae and Cordulephyidae are nested 

well within the GSI clade and thus do not form the pectinate arrangement of Bechly 

(Figure 1g) that would justify family status. Bechly’s Hemicorduliidae (Hemicordulia   
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and Procordulia), is recovered in 84 % of the trees (Figure 2), but its nested position does 

not suggest that family status is warranted.  The libellulid subfamilies of Davies and 

Tobin (1985), with the exception of Leucorrhiniinae and Libellulinae were never 

recovered. We constrained Pantala and Tramea only but found that they were never 

recovered together. Dasythemis never occurred within Libellulinae.  

Parsimony and PHASE analyses of the dataset that included GenBank sequences 

were largely consistent with our other analyses (Figure 7). The taxon sample in GenBank 

consists mostly of libellulids. In all cases, except for Erythemis, Pachydiplax, Plathemis, 

Ladona, Lyriothemis, and Libellula congenerics group together. Because the support 

values are so low within the Libellulinae, we consider relationships among Plathemis, 

Ladona, Lyriothemis, and Libellula to be unresolved. Erythemis and Pachydiplax 

GenBank sequences are available for the 12S fragment only, a fragment we did not 

sequence, and so they may not have enough information to place them with our 

congeneric taxa. Similarly, data may be insufficient to correctly place Idiataphe, for 

which we have only the D3 fragment sequence: in the larger dataset, it is placed in Clade 

A, with low support. The Urothemistinae, Leucorrhiniinae, and Libellulinae remain as 

monophyletic groups, and because the support along the backbone of Libellulidae is low, 

the other groupings (Clades A, C, D, E, F, and G) are randomly arranged (and present as 

a polytomy in the bootstrap analysis). The composition of the clades does not differ 

greatly. Not surprisingly, the differences between the phylogenetic reconstructions were 

found in areas with less then 50% bootstrap support.  
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 4. Discussion  

 

4.1. Taxonomic Implications 

 

Our results agree with those of most previous dragonfly systematists in placing 

Synthemistinae as basal and Libellulidae as terminal libelluloids (e.g., Tillyard, 1917; 

Fraser, 1957; Carle, 1995; Bechly, 1996). Pfau’s (1991, 2005) innovative morphological 

study of the odonate vesica spermalis (penis), however, differs radically in placing 

Cordulegastridae and related taxa in the Petaluroidea and the Synthemistinae as sister to 

the Libellulidae. In the remainder of this section, we compare in more detail our 

hypothesis with previous systematic treatment of Libelluloidea.  

 

4.1a The GSI Clade 

Our analysis places Synthemistinae relatively basally among higher libelluloids, as have 

most earlier studies (Truemann’s (1989) study of egg morphology and early larval 

characteristics; wing venation by Tillyard (1917), Fraser (1957), Davies and Tobin 

(1985), Carle (1995) Lohmann (1995) and Bechly (1996)). Since Tillyard and Fraser 

(1940) and Fraser (1957), all authors have regarded Gomphomacromiinae and 

Idionychinae as distinct from Synthemistinae, although with various internal subdivisions 

(Carle, 1995; Bechly, 1996, and see Table 1). Our analysis, however, fails to support this 

distinction, with the three groups mingled within the GSI group. This is a surprising 

result, since Theischinger and Watson (1984) identified several convincing larval 

morphological characters favoring such a division. Subsequent authors (e.g., Carle and  
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Louton (1994), Carle (1995), Lohmann (1996) and Bechly (1996)), using additional 

characters, also found support for the separation of these Synthemistinae and 

Gomphomacromiinae. In our phylogeny, support is low for many relationships within the 

GSI clade, but, Synthemistinae and Gomphomacromiinae were never found in any of the 

near optimal trees from the Bayesian treefile. Consideration of additional morphological 

or molecular data may suggest a more traditional structure within the clade. It would be 

very difficult, however, to reconcile our conclusions with the hypothesis that the 

Gomphomacromiinae + Idionychinae are paraphyletic with respect to Corduliinae s. s. 

(e.g., May and Cook 1993; Bechly, 1996; Lohmann, 1996).  

 

4.1b Corduliidae and Macromiidae  

 Corduliidae s. s. and Macromiidae have long been considered closely related and 

have been regarded as confamilial by many workers (Martin, 1906,1909; Tillyard, 1917; 

Fraser, 1957; Lieftnick, 1971; Davies & Tobin, 1985; Steinmann, 1997). They share a 

number of characters, most of which, however, are either plesiomorphies or are also 

shared with Libellulidae (see below). Gloyd (1959) proposed that Macromiidae be raised 

to family status, but her arguments were based almost entirely on autapomorphies of 

Macromiidae. Nevertheless, Gloyd’s suggestion is not inconsistent with our results. Our 

data support the monophyly of the Macromiinae; whether this monophyletic group 

deserves family status is a matter of taxonomic preference. The relationship of these two 

families to Libellulidae is not strongly supported by our data, although most 

morphological features suggest a corduliid-libellulid sister group relationship.  
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4.1c Libellulidae 

 Three putative libellulid subfamilies (Fraser, 1957; Davies and Tobin, 1985) are 

supported, with some modification, as monophyletic by all our analyses (Urothemistinae, 

a modified Libellulinae and a restricted Tetrathemistinae). Urothemistines are recovered 

as monophyletic near the base of the libellulids (Clade B): this group was considered a 

family, Macrodiplactidae, by Fraser (1957) and Bechly (1996), but their nested position 

within the Libellulidae in some analyses suggests caution should be used in elevating the 

urothemistines to family status (e.g., Davies and Tobin, 1985). The Libellulinae also is 

apparently monophyletic (Clade H) except for the exclusion of Dasythemis esmeralda, 

which falls into Clade E in all analyses. A monophyletic Libellulinae agrees with the 

results presented by Fleck et al., (2006), including their placement of Agrionoptera, 

Misagria, and most notably, Neodythemis (they did not include Dasythemis in their 

analysis). In addition, the Leucorrhiniinae (Leucorrhinia + Celithemis, placed in Clade D) 

are sister to Sympetrum, which is consistent with Pilgrim (2006) and Fleck et al., (2006). 

Subfamily status for Leucorrhiniinae is probably unwarranted because they are a small 

distinct group within a much larger clade (apophyletic sensu Carle (1995), i.e., its 

distinctive autapomorphies have resulted in its assignment to an exaggerated taxonomic 

rank). 

 Three well-established taxa are clearly polyphyletic. Species usually attributed to 

Tetrathemistinae, commonly regarded as the most plesiotypic of libellulid subfamilies, 

are scattered throughout Libellulidae, with Tetrathemis and Calophlebia in Clade A, 

Nannophlebia in Clade C, and Neodythemis in Clade H. Thus, a very restricted  
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Tetrathemistinae might remain as the most basal Libellulidae (Clade A), but clearly its 

composition and delimiting characters are very different than previously defined.  As 

noted already by Dijkstra and Vick (2006) and Fleck et al. (2006), the venational traits 

used heretofore to define Tetrathemistinae are correlated with narrowing of the wing base 

and thus are probably subject to convergence.  

 Second, the Trameinae is also polyphyletic, although most species cluster loosely in 

clade E. This clade also includes some genera generally thought to be closely related to 

trameines but placed by Fraser (1957) and others in the Zyxommatinae (Tholymis, and 

Zyxomma).  The placement of Idiataphe in Clade E is ambiguous. Morphological 

evidence is inconclusive about its position. Although Davies and Tobin (1985) place it in 

Trameinae, its position is instable in our analyses, quite possibly because only the D3 

fragment was sequenced for this species. In addition, its branch is suspiciously, long 

compared to other nearby taxa. Rhyothemis, also previously thought to be closely related 

to trameines, is placed by PHASE (with low support) in clade D. The most surprising 

result with respect to the polyphyly of the trameines is that Pantala is very distantly 

related to the other trameines, falling to the base of Clade H in the smaller dataset, and 

nested within Clade C in the larger dataset. Again, convergent modification of the 

hindwing base, in this case expansion as an adaptation to extended periods of gliding, 

could explain the morphological similarity that has caused Pantala and Tramea to be 

placed together previously (Figure 4).  

 Finally, Diastatopidinae is distributed among Clades F (Zenithoptera), G 

(Palpopleura), and H (Perithemis, although with considerable uncertainty). Several  
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authors (e.g., Fraser, 1957) have noted that members of these genera have unusually 

patterned wings and may mimic Hymenoptera. Possibly this convergence on wasp-like 

color and behavior has resulted in similarities of morphology that misled previous 

workers. The larvae of these genera differ markedly in lateral and dorsal abdominal spine 

development, abdomen shape, and epiproct length (Zenithoptera, Costa et al., 2004; 

Palpopleura, Fraser, 1955; Perithemis, Needham et al., 2000). Palpopleura + 

Hemistigma, placed together in our phylogeny with high support, share several larval 

characteristics. They both lack dorsal spines, have prominent eyes and share a striking 

pale dorsal stripe (Whiteley et al., 1999). Adults of these two genera also share markedly 

bicolored pterostigma. None of these characters is definitive, but the combination tends to 

support separation of the diastatopidines and the grouping of Palpopleura and 

Hemistigma. 

Most subclades of Libellulidae recovered in our phylogeny comprise a mixture of 

taxa from various previously recognized subfamilies. Members of Sympetrinae, 

Trithemistinae, and Brachydiplacinae are scattered throughout Libellulidae and none of 

these subfamilies were present among our PHASE trees.  

 

4.2 Character Evolution 

 

4.2a Adult characters 

 As in many taxa, traditional systematic treatment of Libelluloidea has typically 

emphasized an essentially linear transformation of characters, especially of wing veins,  



   

19 

  

leading from an “archaic” to a “modern” state. As Fraser (1957) expressed it, the 

superfamily “… exhibits an almost unbroken chain of evolution…”. Such a progression 

would only be expected if all phylogenies were perfectly pectinate and without 

homoplasy. The situation is almost certain to be less clear-cut in the real world, and such 

appears to be the case based on our phylogeny.  

 For example, the elongation of the anal loop and the development of a midrib 

(Figure 4) can be considered to progress from its “absence” in most non-libelluloids to its 

extreme (a boot-shaped structure, with a “toe” and a midrib) in Libellulidae, although 

with notable generic exceptions (Needham, 1903; Tillyard, 1910; Tetrathemis, 

Nannothemis, Misagria, and Fylgia for example, are libellulids with reduced anal loops).  

Our reconstruction, however, suggests that either elongation of the anal loop and 

development of a midrib occurred in parallel, perhaps multiple times, in the GSI and the 

MCL clades or this condition was replaced by a short broad loop independently in 

Synthemistinae and Macromiinae. Moreover, the loop probably has been secondarily lost 

several times independently in Libellulidae and possibly in members of GSI. A character 

often correlated with the loss of the anal loop is the presence of a “broken” costal side of 

the triangle, making the triangle, in fact, quadrangular; this, too, seems to have evolved 

multiple times. Several other characters show a considerable degree of homoplasy 

between the GSI and MCL clades. The supposedly increasing alignment of the antenodal 

crossveins (these are crossveins at the leading edge of the wings, anterior to the nodus), 

for example, and the proximity of the HW triangle to the arculus (a flexion point), both 

emphasized by Fraser (1957), and to some extent, by Bechly (1996), vary across the GSI  
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and MCL (although they are most strongly expressed in the Libellulidae and Corduliidae, 

respectively). It appears possible that all of these changes are partially correlated. They 

may have the effect of reducing, or at least reconfiguring, chordwise flexibility of the 

wing base, especially in the hindwing, and perhaps consequently increasing twisting and 

camber of the distal portion of the wings. Understanding of the details of wing kinematics 

and aerodynamics during flapping flight, however, is as yet too rudimentary to make 

confident predictions of these effects (Wooton and Kukalova-Peck, 2000; Combes and 

Daniel, 2003a, b; 2005).   

 Reduction in the ovipositor, convergently shared with the Gomphidae (Carle, 1995), 

is a prominent feature of Libelluloidea (and considered a synapomorphy of Gomphidae + 

Libelluloidea by Bechly, 1996 and Lohmann, 1996; Figure 5). The ovipositor of 

Aeshnoidea and Petaluridae (and Zygoptera) comprises three pairs of ventral processes. 

The first and second pairs (anterior and posterior gonapophyses) are enclosed by the third 

(gonoplacs). In libelluloids, including Cordulegastridae, the ovipositor is modified for 

exophytic oviposition (Tillyard, 1917; Carle, 1995). In Cordulegastridae, the third 

processes (gonoplacs) are vestigial. In the GSI clade, the third processes are absent and at 

least the second processes are reduced, although in some taxa the first pair is present and 

nearly as long as in Cordulegastridae. Our results do not allow us to conclude whether the 

latter GSI condition is plesiomorphic or secondarily (re)developed. In the MCL, the first 

processes are reduced to small flaps and the other structures are apparently absent except 

for the probable vestige of the styli emerging directly from the 9th sternite (Tillyard,  
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1917). In a few instances, the 8th (e.g., some Somatochlora) or 8th and 9th sternites 

(Uracis) are secondarily produced to form an ovipositor in MCL species.  

 Pfau’s (2005) detailed morphological study of the vesica spermalis (v. s.; Figure 6), 

and especially of the distal “sperm pump” implies a very different phylogeny than that 

found here or by most other workers. Most radically, Pfau suggests that cordulegastrids 

are members of a larger group that includes petalurids, and gomphids (Fig. 1). He reasons 

that because it appears impossible to derive the complex sperm pump apparatus of 

libelluloids directly from the cordulegastrid sperm pump, the multiple similarities of 

Cordulegastridae and libelluloids are the result of convergence. Moreover, he maintains 

that Corduliinae s. s. are the most plesiomorphic libelluloid group, with synthemistids as 

the sister taxon to Libellulidae at the apex of the libelluloids. Despite Pfau’s (1971, 1991, 

2005) conclusion, our analysis is rooted with Cordulegastridae. Given other, independent 

support, both morphological (Bechly, 1996; Gorb, 1999; Carle and Kjer, 2002), and 

molecular (Misof et al, 2001; Carle and Kjer, unpublished data), we feel some confidence 

that Cordulegastridae + Neopetaliidae + Chlorogomphidae are the closest relatives to 

other Libelluloidea, and appropriate outgroups. 

 Even if our tree were to be re-rooted, however, Pfau’s hypothesis clearly cannot 

be reconciled with ours for higher libelluloids. No previous molecular dataset applies 

broadly to the higher Libelluloidea, but based on our results we must conclude that the v. 

s. morphology of Gomphomacromia + synthemistids is convergent to that of libellulids. 

It is unclear whether the synthemistid-type or the corduliid-type v. s. is plesiomorphic for 

higher libelluloids. Although the GSI is strongly supported, there is such low internal  
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support that it is hard to make any conclusions about the evolution of characters within 

this group. To begin to understand the evolution of the v. s. in libelluloids, a more 

extensive taxon sampling in the GSI and MCL must be examined to uncover any intra- 

and interfamilial differences that may shed light on v. s. development. Studies of the 

ontogeny of the sperm pump within libelluloids might help clarify its pattern of 

evolution. Pfau (1971) described its last larval instar form, but only in Cordulegaster and 

Libellula).  

 Several authors have noted the tendency toward reduction of the anterior hamule (a 

male secondary genetalic structure; Figure 6) in higher libelluloids. Pfau (1971) showed a 

loss of hamular muscle 9a in Cordulia; once 9a is lost, a correlated loss of 9b occurs in 

Libellulidae. Here too, however, homoplastic loss of 9a occurs in Synthemis eustalacta; 

other synthemistids, as well as gomphomacromiines and macromiids that have been 

investigated retain 9a, and loss of 9b is a unique synapomorphy of Libellulidae, as far as 

we know (May, unpublished).  

 

4.2.b Larval characters 

 The value of larval characters in understanding odonate phylogeny has long been 

recognized (e.g., Fraser 1957) and often reveals relationships that are unclear from adult 

morphology (Carle and Louton, 1994; Novelo-Gutierrez, 1995; Fleck et al., 2006). 

Several larval apomorphies unite the Libelluloidea including the scoop-like prementum 

(lower mouthparts) with numerous setae, and an asymmetrical proventriculus (foregut) 

with large tooth-like lobes (Tillyard, 1917 [Libellulidae + Cordulegastridae]; Carle, 1995;  
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Bechly, 1996 [Cavilabiata]). Dentition of the distal border of the labial palps differs 

among the libelluloids, however, again forming what has been interpreted as a linear 

transformation from plesiomorphic to apomorphic: from large, irregular teeth that lack 

setae in Cordulegastridae to more or less straight distal borders and shallow crenulations 

with setal tufts or single setae in each concavity in Libellulinae, with intermediates in 

Macromiidae and Corduliinae s. s. (Tillyard, 1917). Theischinger and Watson (1984) 

noted that synthemistid larvae, plus those of Gomphomacromia, Archeophya and 

Pseudocordulia (GSI) have more cordulegastrid-like dentition. Cordulegastrid and 

synthemistid larvae also share wing sheaths that extend apart from one-another, while in 

other higher libelluloids the wing sheaths lie parallel (Tillyard, 1910, 1917). Our analyses 

show no evidence of this divide. Furthermore, the molecular evidence uniting the GSI 

clade, which has strong support (Fig. 2), argues that these characters in the 

gomphomacromiines (other than the three genera listed above) are convergent with those 

of the Corduliidae s. s.  

 

4.3 Conclusions 

 Based on our phylogeny we suggest that higher Libelluloidea comprises four 

families: the Gomphomacromiidae (including Gomphomacromiinae, Idionychinae, 

Cordulephyinae and Synthemistinae of Fraser, 1957, and Davies and Tobin, 1985), the 

Macromiidae, the Corduliidae, and the Libellulidae. The “Corduliidae” s.l. are 

polyphyletic. We include in Corduliidae only the taxa defined as Corduliinae in Fraser 

(1957), and Davies and Tobin (1985), although placement of several other genera not  
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studied here certainly should be examined in the future (e.g., Idomacromia, Neophya, 

Heteronias, Libellulosoma, Metaphya and Williamsonia; the South American 

Navicordulia, Santosia, Schizocordulia, and Rialla; and the geographically disjunct 

Antipodochlora of New Zealand).  

 Libellulidae probably comprises 3 previously accepted subfamilies, (i.e., 

Urothemistinae, a very restricted Tetrathemistinae, similar to that suggested by Dijkstra 

and Vick (2006), and, with some modification, Libellulinae) as well as 5 additional 

groups that are consistently recovered (one of these including an apophyletic 

Leucorrhiniinae). Closer examination of the morphological basis of these groupings is 

needed before a definitive taxonomy of the family can be proposed. It was beyond the 

scope of this study to sequence every genus in Libellulidae, but clearly the placement of 

nearly all the remaining genera remains uncertain.  

 Biogeographical studies may help to determine a pattern of origin with the libellulid 

groups and clarify the relationships among major taxa within GSI and MCL. In our taxon 

sample several broad geographical patterns suggested. The GSI, for example, are 

virtually confined to the southern Hemisphere, especially Australia (except for the 

Indomalayan Idionyx and Macromidia and the Palaearctic Oxygastra). Corduliinae and 

Macromiinae are predominantly Holarctic and Indomalayan, with substantial radiations 

and/or expansions into South America by the former and Africa by the latter. 

Libellulidae, as a whole, is cosmopolitan.  

 Future morphological work should be cautious about creating families or subfamilies 

based on characters prone to convergence. While some of the details of our tree are  
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weakly supported and may change with further data and analysis, most of the framework 

appears sound. On a much broader scale, this reinforces suggestions that previous 

phylogenetic hypotheses have suffered from: 1) use of poorly defined and sometimes 

inaccurately scored characters (O’Grady and May, 2003); 2) groups based on 

symplesiomorphies; and 3) failure to recognize the widespread effects of character 

correlation and convergence, especially in aspects of venation (Carle, 1982b; Dijkstra and 

Vick, 2006; Fleck et al., 2006). An increase in the use of larval and genitalic character 

information is a promising step forward. Future work should use this phylogeny as a tool 

to focus in on phylogenetically problematic areas within the Libelluloidea. Although 

Libelluloidea is highly speciose, often collected, and familiar, our understanding of its 

phylogenetic history is only just beginning.  
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 Figure 1: Hypotheses, also listed in Table 1, of relationships within Libelluloidea. 
Topologies are  (a) One higher Libelluloid family (Libellulidae) comprises two subfamilies: 

Corduliinae and Libellulinae. *Some who use this taxonomy include a third subfamily, the 
Macromiinae; (b) Two higher Libelluloid families (Corduliidae and Libellulidae). The 
Corduliidae comprises two subfamilies: Corduliinae, Macromiinae. *This is loosely based on 
Kirby, 1890, but he used the term ‘Corduliinae’; (c) Three higher Libelluloid families 
(Macromiidae, Synthemistidae and Libellulidae). The Libellulidae comprises Corduliinae and 
Libellulinae; (d) Four higher Libelluloid families (Synthemistidae, Corduliidae, Macromiidae, 
Libellulidae). *This is loosely based on Fraser (1957) but excludes Macrodiplactidae; (e) Four 
higher Libelluloid families Synthemistidae, Corduliidae, Libellulidae, Macrodiplactidae). Fraser 
used the name “Synthemidae” for Synthemistidae; (f) Five higher Libelluloid families 
(Synthemistidae, Gomphomacromiidae, Corduliidae, Macromiidae and Libellulidae). *This is 
loosely based on Carle and Loutton,1994; (g) Twelve higher Libelluloid families 
(Synthemistidae, Gomphomacromiidae, Idomacromiidae, Austrocorduliidae, Oxygastridae, 
Idionychidae, Cordulephyidae, Hemicorduliidae, Macromiidae, Corduliidae, Urothemistidae, 
Libellulidae). This scheme is loosely based on Bechly(1996) and Lohmann (1996 a,b) although 
the nomenclature differed slightly; (h) Three higher Libelluloid families (Synthemistidae, 
Corduliidae, and Libellulidae). Petaluroidea includes Cordulegastridae. Placement of 
Macromiidae not discussed. * In 2005, Pfau also includes the families Cordulephyidae and 
Gomphomacromiidae, placed basal to Synthemistidae + Libellulidae 
.
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 Figure 2: Phylogenetic reconstruction from a 10 million generation PHASE mcmc 
analysis. The numbers above the branch indicate posterior probabilities. The “*” 
indicates GARLI support greater than 50%.  
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 Figure 3: Phylogenetic reconstruction from ten thousand replicate parsimony 
heuristic search. The “*” indicates that this clade differs in composition in the PHASE 
analysis. Bootstrap support is written above the branches.  
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 Figure 4color: Forewing and hindwing fragments of several libelluloids; 
Yellow=Anal Loop, Blue=Supra-triangle, Red=Triangle. Wings are not to scale. The “*” 
indicates figure modified from Bridges (1994). 
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 Figure 4blackandwhite: Forewing and hindwing fragments of several libelluloids; 
Light Gray=Anal Loop, Black=Supra-triangle, Dark Gray=Triangle. Wings are not to 
scale. The “*” indicates figure modified from Bridges (1994). 
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 Figure 5: Terminal abdominal segments in lateral view of (A) female Zoraena 
diastatops (Cordulegastridae) and (B) Sympetrum costiferum (Libellulidae). Arrows 
indicate the well-developed first gonapophyses typical of Cordulegastridae and some 
Synthemistinae and Gomphomacromiinae (A) and the nearly obsolete ovipositor, often 
reduced to a short extension of the sternum of S8 and/or a pair of small scales at the base 
of S9 in Libellulidae and most Corduliidae (B). Figures from Needham, Westfall and 

May, 2000.  
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 Figure 6: Lateral view of male secondary genitalia of (A) Zoraena diastatops 
(Cordulegastridae); (B) Didymops transversa (Corduliidae, Macromiinae); (C) Libellula 
quadrimaculata (Libellulidae, Libellulinae). In each case the ventral side is upward and 
the anterior direction to the right, and the abdominal terga are removed to reveal the 
genitalic structures. Accessory secondary genitalia are the anterior lamina (AL), anterior 
hamules (AH; absent in L. quadrimaculata and other Libellulidae), anterior frame (AF), 
posterior hamule (PH), posterior frame (PF), and genital ligula (GL); these structures 
engage the female ovipositor during copulation and assist movement of the vesica 
spermalis. Segments of the vesica spermalis, which functions both for temporary sperm 
storage before copulation and for intromission, are indicated by Roman numerals I, II, III, 
and IV from base to apex; these medial structures are most easily visible in A. 
Terminology follows Pfau (1971).  
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 Figure 7: Phylogenetic reconstruction from a ten thousand replicate parsimony 
heuristic search. The “*” indicates a clade that differs in composition from the smaller 
PHASE dataset. The “✯” indicates that the taxon sequence was downloaded from 
GenBank. Posterior probabilities are written above the branch except on very short 
branches where it is written below. 
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Table 2: Taxon list for the present study. Taxonomy based on Bridges (1994) and Davies and Tobin (1985). 
Taxon Locality  Genbank  

Number 
Cordulegastridae 

Taeniogaster obliqua USA: NJ (M. L. May) D7:  EF631216 
D3: EF631312 
D2: EF631420 
16S: EF631533 

Pangaeagaster maculata USA: NJ (M. L. May) N/A 
Kalyptogaster erronea USA: NJ (M. L. May) D7:  EF631245  

D3: N/A 
D2:  EF631450 
16S:  EF631561 

Zoraena bilineata USA: MD (M. L. May) N/A 
Chlorogomphidae 

Chloropetalia soarer Sequences from F.L. Carle D7:  EF631248 D3:  
EF631339 D2:  
EF631453 
16S: N/A 

Sinorogomphus sp Sequences from F.L. Carle D7:  EF631249 D3:  
EF631340 D2:  
EF631454 16S:  
EF631564 

Neopetaliidae 

Neopetalia punctata Sequences   from F.L. Carle D7:  EF631247 D3:  
EF631338 D2:  
EF631452 16S:  
EF631563 

Corduliidae: Cordulephyinae 

Cordulephya pygmea Australia (Theischinger) D7:  EF631255 D3:  
EF631346 D2:  
EF631460 16S:  
EF631570 

Corduliidae: Corduliinae 

Aeschnosoma forcipula French Guiana (J. Huff) D7:  EF631223 D3:  
EF631319 D2:  
EF631427 16S: 
EF631540 

Cordulia shurtleffii Canada: Ontario (J. L. Ware, J.Huff) D7: EF631232 D3: 
EF631326 D2: 
EF631435 
16S: N/A 

Cordulia aenea Sweden (K.M. Kjer) D7: EF631286 D3: 
EF631383 D2: 
EF631500 16S: 
EF631603 

Dorocordulia lepida USA: NJ (M. L. May) N/A 
Epitheca princeps USA: NJ (J. L. Ware) D7: EF631205 D3:  

EF631302 D2: 
EF631407 16S:  
EF631521 

Helocordulia uhleri USA: NJ (M. L. May) D7:  EF631227  
D3: N/A  
D2:  EF631431 
16S:  EF631544 

Hemicordulia tau Australia (J. L. Ware, K. M. Kjer, F. L. 
Carle) 

D7:  EF631233 D3:  
EF631328 D2:  
EF631437 16S:  
EF631550 

Neurocordulia obsoleta USA: FL (M. L. May and K. Tennessen) D7: EF631196  
D3: N/A 
D2: EF631395 
16S: EF631509 

Metaphya elongata New Caledonia (Tobin & Davies) N/A 
Pentathemis membranulata Australia (F.L. Carle) D7: EF631211 D3: 
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 EF631308 D2: 
EF631415 16S: 
EF631528 

Neurocordulia xanthosoma USA: AK (M. L. May) D7: EF631242  
D3: N/A 
D2: EF631447 
16S: N/A 

Procordulia grayi New Zealand (R. Rowe) D7: EF631199  
D3: N/A 
D2: EF631399 
16S: EF631513 

Procordulia smithi New Zealand (R. Rowe) D7: EF631200 D3: 
EF631295 D2: 
EF631400 16S: 
EF631514 

Rialla villosa Chile (Heppner) D7: EF631273 D3: 
EF631364 D2: 
EF631480 16S: 
EF631590 

Somatochlora tenebrosa USA: NJ (M. L. May) D7: EF631215 D3: 
EF631311 D2: 
EF631419 16S: 
EF631532 

Tetragoneuria cynosura USA: NJ (M. L. May) D7: N/A 
D3: EF631379 
D2: N/A 
16S: N/A 

Tetragoneuria cynosura USA: NJ (M. L. May) D7: EF631231 D3: 
EF631325 
D2: N/A 
16S: N/A 

Williamsonia fletcheri USA: MA (M. L. May) N/A 
Corduliidae: Gomphomacromiinae  

Apocordulia macrops Australia (G. Theischinger) N/A 
Archaeophya magnifica Australia (K. M. Kjer) D7: N/A 

D3:  EF631356 D2:  
EF631470 16S:  
EF631580 

Austrocordulia refracta Australia (G. Theischinger) D7:  EF631243 D3:  
EF631336 D2:  
EF631448 16S:  
EF631559 

Austrophya mystica Australia (F. L. Carle) D7:  EF631236 D3:  
EF631332 D2:  
EF631441 
16S: N/A 

Gomphomacromia chilensis & paradoxa Chile (F. L. Carle) D7:  EF631206 D3:  
EF631303 D2:  
EF631408 16S:  
EF631522 

Hespercordulia berthoudi Australia (F. L. Carle) D7:  EF631244 D3:  
EF631337 D2:  
EF631449 16S:  
EF631560 

Lathrocordulia metallica Australia (F. L. Carle) D7: EF631239 D3: 
EF631334 D2: 
EF631444 16S: 
EF631556 

Micromidia atrifrons Australia (M. L. May and F. L. Carle) D7: EF631240  
D3: N/A 
D2: EF631445 
16S: EF631557 

Neocordulia batesi longipollex Panama (M. L. May) N/A 
Neocordulia campana Panama (M. L. May) N/A 
Oxygastra curtisii Spain (P. Corbet) D7: N/A 

D3: N/A 
D2: EF631413 
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 16S: EF631526 
Pseudocordulia circularis Australia (G. Theischinger) D7: EF631251 D3: 

EF631342 D2: 
EF631456 16S: 
EF631566 

Syncordulia gracilis South African (P. Grant) D7: N/A 
D3: N/A 
D2: EF631439 
16S: N/A 

Corduliidae: Idionychinae 

Idionyx selysi Hong Kong (K. Wilson) D7:  EF631193 D3:  
EF631290 D2:  
EF631391 
16S: N/A 

Macromidia rapida 1 Hong Kong (K. Wilson) D7: EF631209 D3: 
EF631306 D2: 
EF631411 
16S: N/A 

Macromidia rapida 2 Hong Kong (K. Wilson) D7: EF631271 D3: 
EF631362 D2: 
EF631478 16S: 
EF631588 

Corduliidae: Idomacromiinae 

Idomacromia proavita Cameroon (CAS) N/A 
Corduliidae: Macromiinae 

Didymops transversa USA: NJ (M. L. May) D7: N/A 
D3: EF631327 D2: 
EF631436 16S: 
EF631549 

Macromia illionoiensis USA: IL (M. L. May) D7: EF631208 D3: 
EF631305 D2: 
EF631410 16S:  
EF631524 

Phyllomacromia contumax Uganda (T. W. Donnelly) D7: EF631197 D3: 
EF631293 D2: 
EF631397 16S: 
EF631511 

Corduliidae: Synthemistinae 

Choristhemis flavoterminata Australia (M. L. May, K. M. Kjer and F. 
L. Carle) 

D7: EF631237 D3: 
EF631333 D2: 
EF631442 16S: 
EF631554 

Eusynthemis brevistyla Australia (J. L. Ware, K. M. Kjer, F. L. 
Carle) 

D7:  EF631230 D3:  
EF631323 D2:  
EF631434 16S:  
EF631547 

Synthemiopsis gomphomacromioides Australia (M. L. May, K. M. Kjer and F. 
L. Carle); D2 and D7 sequences from F. 
L. Carle 

D7: EF631213 
D3: N/A 
D2: EF631417 
16S: EF631530 

Synthemis eustalacta Australia (J. L. Ware, K. M. Kjer, F. L. 
Carle) 

D7: N/A 
D3: EF631296 D2: 
EF631401 16S: 
EF631515 

Synthemis leachii Australia (D. Pryce) D7: EF631201 D3: 
EF631297 D2: 
EF631402 16S: 
EF631516 

Corduliidae: Neophyinae 

Neophya rutherfordi Liberia (J. Lempert) N/A 
Libellulidae: Tetrathemistinae 

Calophlebia interposita CAS (Madagascar project) D7: N/A 
D3: EF631381 
D2: N/A 
16S: N/A 

Nannophlebia risi Australia (M. L. May, K. M. Kjer and F. D7: EF631254 D3: 
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 L. Carle) EF631345 D2: 
EF631459 16S: 
EF631569 

Neodythemis pauliani CAS (Madagascar Project) D7: EF631279 D3: 
EF631368 D2: 
EF631486 
16S: N/A 

Tetrathemis polleni 1 South Africa (M. L. May) D7: EF631222 D3: 
EF631318 D2: 
EF631426 16S: 
EF631600 

Tetrathemis polleni 2 South Africa (M. L. May) D7: N/A 
D3: EF631376 D2: 
EF631495 16S: 
EF631539 

Libellulidae: Brachydiplacinae 

Anatya guttata Trinidad (S. Dunkle) N/A 
Brachydiplax denticauda Australia (K. M. Kjer and F. L. Carle) D7:  EF631246 D3: 

N/A 
D2:  EF631451 
16S:  EF631562 

Brachydiplax c. chalybea Thailand (J. Michalski) N/A 
Chalcostephia flavifrons Guinea-Bissau (J. Huff) D7: EF631260 D3: 

EF631351 D2: 
EF631465 16S: 
EF631575 

Elga leptostyla Trinidad (M. L. May) D7: EF631274 D3: 
N/A 
D2: EF631481 
16S: N/A 

Micrathyria aequalis Panama (M. L. May) D7: EF631195 D3: 
EF631291 D2: 
EF631393 16S: 
EF631508 

Micrathyria aequalis Belize (J. L. Ware, J. Huff) D7: EF631250 D3: 
EF631341 D2: 
EF631455 16S: 
EF631565 

Hemistigma albipuncta Senegal (J. Huff) D7:  EF631256 D3:  
EF631347 D2:  
EF631461 16S:  
EF631571 

Nannophya dalei Australia (J. L. Ware, K. M. Kjer and F. 
L. Carle) 

D7: EF631241 D3: 
EF631335 D2: 
EF631446 16S: 
EF631558 

Nannothemis bella USA: FL (M. L. May) D7: EF631210 D3: 
EF631307 D2: 
EF631412 16S: 
EF631525 

Nephepeltia phyryne Trinidad (M. L. May) N/A 
Thermochoria equivocata Cameroon (Mbida Mbida) N/A 
Oligoclada walkeri Trinidad (M. L. May) N/A 
Uracis imbuta Panama (M. L. May) D7: EF631228 D3: 

N/A 
D2: EF631432 
16S: EF631545 

Libellulidae: Leucorrhiniinae 

Brachymesia herbida Venezuela (R.West) N/A 
Celithemis elisa USA: NJ (M. L. May) D7: EF631224 D3: 

EF631320 D2: 
EF631428 16S: 
EF631541 

Leucorrhinia glacialis USA: NY (M. L. May) D7: EF631207 D3: 
EF631304 D2: 
EF631409 16S: 
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 EF631523 
Libellulidae: Libellulinae 

Agrionoptera longitudinalis Australia (M. L. May, K. M. Kjer and F. 
L. Carle) 

D7:  EF631235 D3:  
EF631331 D2:  
EF631440 16S:  
EF631553 

Cannaphila vibex Panama (M. L. May) N/A 
Dasythemis esmeralda Trinidad (J. Michalski) D7: N/A 

D3: N/A 
D2: EF631386 
16S: N/A 

Hadrothemis defecta Uganda (T. W. Donnelly) D7:  EF631277 D3:  
EF631366 D2:  
EF631484 16S:  
EF631592 

Libellula pulchella USA: NJ (J. L. Ware) D7: N/A 
D3: EF631329 
D2: N/A 
16S: EF631551 

Libellula luctuosa USA: NJ (J. L. Ware) D7: EF631194 D3: 
N/A 
D2: EF631392 
16S: EF631507 

Libellula quadrimaculata 1 USA: NJ (M. L. May) D7: EF631272 D3: 
EF631363 D2: 
EF631479 16S: 
N/A 

Libellula quadrimaculata 2 Sweden (K. M. Kjer) D7: N/A 
D3: N/A 
D2: EF631497 
16S: EF631589 

Ladona julia USA: WI (M. L. May) D7: EF631219 D3: 
EF631315 D2: 
EF631423 16S: 
EF631536 

Lyriothemis pachygastra Japan (M. L. May) D7: EF631276 D3: 
EF631365 D2: 
EF631483 
16S: N/A 

Misagria parana French Guiana (J. Huff) D7: EF631268 D3: 
EF631359 D2: 
EF631475 16S: 
EF631585 

Orthemis ferruginea 1 Dominican Republic (J. Huff) D7: EF631265 D3: 
EF631357 D2: 
EF631471 16S: 
EF631581 

Orthemis ferruginea 2 Dominican Republic (J. Huff) D7: EF631266 D3: 
N/A 
D2: EF631472 
16S:  EF631582 

Orthetrum sp 1 Guinea-Bissau (J. Huff) D7: N/A 
D3: N/A 
D2: EF631396 
16S: EF631510 

Orthetrum sp 2 South Africa (K. M. Kjer) D7: EF631261 D3: 
EF631352 D2: 
EF631466 16S: 
EF631576 

Orthetrum sp 3 South Africa (K. M. Kjer) N/A 
Orthetrum sp 4 Senegal (J. Huff) N/A 
Orthetrum abbotti CAS (Madagascar) D7: EF631275 D3: 

N/A 
D2: EF631482 
16S: EF631591 

Orthetrum chrysis China (X. Zhou) D7: EF631263 D3: 
EF631354 D2: 
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 EF631468 16S: 
EF631578 

Orthetrum julia 1 South Africa (K. M. Kjer) D7: EF631285 D3: 
EF631380 D2: 
EF631498 16S: 
EF631601 

Orthetrum julia 2 South Africa (K. M. Kjer) D7: N/A 
D3: EF631382 D2: 
EF631499 16S: 
EF631602 

Orthetrum pruinosum neglectum CAS (Madagascar Project) D7: EF631267 D3: 
N/A 
D2: EF631473 
16S: EF631583 

Plathemis lydia USA: NJ (F. L. Carle) D7: EF631234 D3: 
EF631330 D2: 
EF631438 16S: 
EF631552 

Libellulidae: Sympetrinae 

Acisoma panorpoides Guinea-Bissau (J. Huff) D7:  EF631229 D3:  
EF631322 D2:  
EF631433 16S:  
EF631546 

Bradinopyga strachani Guinea-Bissau (J. Huff) D7:  EF631257 D3: 
EF631348 D2: 
EF631462 16S: 
EF631572 

Brachythemis leucosticta Guinea-Bissau (J. Huff) D7:  EF631258 D3: 
EF631349 D2: 
EF631463 16S: 
EF631573 

Crocothemis erythraea South Africa (M. L. May) D7: EF631225 D3: 
EF631321 D2: 
EF631429 16S: 
EF631542 

Crocothemis servilla USA: FL (M. L. May) D7: EF631192 D3: 
EF631289 D2: 
EF631390 16S: 
EF631506 

Crocothemis sp Senegal (J. Huff) N/A 
Deielia phaon Japan (M. L. May) D7: EF631226 D3: 

EF631543 D2: 
EF631430 16S: 
N/A 

Diplacodes haematodes Australia (J. L. Ware, K. M. Kjer, F. L. 
Carle) 

D7: EF631238 D3: 
N/A 
D2: EF631443 
16S: EF631555 

Erythemis simplicicollis USA: TX (M. L. May) D7:  EF631191 D3:  
EF631288 D2:  
EF631389 16S:  
EF631505 

Erythrodiplax minuscula USA: FL (J. L. Ware and J. Huff) D7:  EF631190 D3:  
EF631287 D2:  
EF631388 16S:  
EF631504 

Pachydiplax longipennis USA: NJ (F. L. Carle) D7: EF631198 D3:  
EF631294 D2: 
EF631398 16S: 
EF631512 

Rhodopygia hollandi Trinidad (M. L. May) N/A 
Sympetrum janeae USA: NJ (F. L. Carle) D7: EF631214 D3: 

EF631310 D2: 
EF631418 16S: 
EF631531 

Sympetrum ambiguum USA: DE (M. L. May) D7: N/A 
D3: EF631324 D2: 
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 N/A 
16S: EF631548 

Libellulidae: Trithemistinae 

Brechmorhoga mendax USA: TX (M. L. May) D7:  EF631572 D3: 
N/A 
D2:  EF631385 
16s:  EF631502 

Dythemis fugax USA: TX (M. L. May) D7: N/A 
D3: N/A 
D2: EF631387 
16S: EF631503 

Dythemis multipunctata Panama (M. L. May) D7: EF631259 D3: 
EF631350 D2: 
EF631464 16S: 
EF631574 

Huonia oreophila New Guinea (J. Michalski) D7:  EF631270 D3:  
EF631361 D2:  
EF631477 16S:  
EF631587 

Macrothemis celeno Puerto Rico (M. L. May) D7: EF631282 D3: 
EF631370 D2: 
EF631489 16S: 
EF631594 

Macrothemis hemichlora Panama (M. L. May) D7: N/A 
D3: EF631292 D2: 
EF631394 16S: 
N/A 

Macrothemis pulmila Trinidad (M. L. May) N/A 
Paltothemis lineatipes USA: CA (M. L. May) D7: N/A 

D3: EF631373 D2: 
EF631492 16S: 
EF631597 

Scapanea archboldi Dominican Republic (J. Huff) D7: EF631269 D3: 
EF631360 D2: 
EF631476 16S: 
EF631586 

Trithemis basileri South Africa (K. M. Kjer) N/A 
Trithemis dorsalis South Africa (M. L. May) D7: N/A 

D3: EF631299 D2: 
EF631404 16S: 
EF631518 

Trithemis monardi Guinea-Bissau (J. Huff) D7: EF631264 D3: 
EF631355 D2: 
EF631469 16S: 
EF631579 

Libellulidae: Onychothemistinae 

Onychothemis culminicola  Thailand (T. W. Donnelly) D7: N/A 
D3: EF631374 D2: 
EF631493 16S: 
EF631598 

Onychothemis testacea 1 Thailand (T. W. Donnelly) D7: EF631278 D3: 
EF631367 D2: 
EF631485 16S: 
EF631599 

Onychothemis testacea 2 Thailand (T. W. Donnelly) D7: EF631284 D3: 
EF631375 D2: 
EF631494 
16S: N/A 

Libellulidae: Palpopleurinae 

Palpopleura jucunda South Africa (M. L. May) D7: N/A 
D3: N/A 
D2: EF631414 
16S: EF631527 

Palpopleura lucia Senegal (J. Huff) D7: EF631262 D3: 
EF631353 D2:  
EF631467 16S: 
EF631577 
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 Perithemis tenera New Jersey (J. L. Ware) D7: EF631212 D3: 
EF631309 D2: 
EF631416 16S: 
EF631529 

Zenithoptera fasciata 1 French Guiana (J. Huff) D7: EF631283 D3: 
EF631371 D2: 
EF631490 16S: 
EF631595 

Zenithoptera fasciata 2 French Guiana (J. Huff) D7: N/A 
D3: EF631372 D2: 
EF631491 16S: 
EF631596 

Libellulidae: Trameinae 

Tramea onusta USA: NJ (M. L. May) D7: EF631281 D3: 
N/A 
D2: EF631488 
16S: EF631593 

Tramea lacerata USA: NJ (J. L. Ware) D7: EF631221 D3: 
EF631317 D2: 
EF631425 16S: 
EF631538 

Rhyothemis semihyalina 1 South Africa (M. L. May) D7: EF631204 D3: 
EF631301 D2: 
EF631406 16S: 
EF631520 

Rhyothemis semihyalina 2 South Africa (C. Chaboo) D7: N/A 
D3: EF631358 D2: 
EF631474 16S: 
EF631584 

Miathyria marcella USA: FL (M. L. May) N/A 
Pantala flavescens 1 South Africa (M. L. May) D7: EF631220 D3: 

EF631316 D2: 
EF631424 16S: 
EF631537 

Pantala flavescens 2 Senegal (J. Huff) D7: EF631280 D3: 
EF631369 D2: 
EF631487 16S: 
N/A 

Hydrobasileus brevistylus Australia (M. L. May, K. M. Kjer and F. 
L. Carle) 

D7:  EF631252 D3:  
EF631343 D2:  
EF631457 16S:  
EF631567 

Idiataphe amazonica Bolivia (Mauffray) D7: N/A 
D3:  EF631377 
D2: N/A 
16S: N/A 

Tholymis tillarga Guinea-Bissau (J. Huff) D7: EF631202 D3: 
EF631298 D2: 
EF631403 16S: 
EF631517 

Tauriphila australis Panama (M. L. May) N/A 
Libellulidae: Urothemistinae 

Aethriamanta rezia Guinea-Bissau (J. Huff) D7:  EF631188 D3: 
N/A 
D2:  EF631384 
16S:  EF631501 

Macrodiplax balteata USA: FL (M. L. May) N/A 
Urothemis assignata Senegal (J. Huff) D7: EF631217 D3: 

EF631313 D2: 
EF631421 16S: 
EF631534 

Zyxomma elgneri Australia (K. M. Kjer, F. L. Carle) D7: EF631253 D3: 
EF631344 D2: 
EF631458 16S: 
EF631568 

Zyxomma petiolatum Bali (A. Rowat) D7: N/A 
D3: EF631378 D2: 
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 EF631496 
16S: N/A 

Libellulidae: Zygonychinae 

Zygonyx torridus South Africa (M. L. May) D7: EF631218 D3: 
EF631314 D2: 
EF631422 16S: 
EF631535 

Zygonyx natalensis South Africa (M. L. May) D7: EF631203 D3: 
EF631300 D2: 
EF631405 16S: 
EF631519 
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Chapter 2: 

 
Divergence dates of libelluloid dragonflies (Odonata: Anisoptera) estimated from 

rRNA using paired-site substitution models 
Jessica L. Warea1*, Simon Y. W. Hob1, and Karl Kjerc 

a
Department of Entomology, Rutgers the State University of New Jersey, New Brunswick, 

NJ, USA; 
b
Department of Zoology, University of Oxford, Oxford, United Kingdom; 

c
Department of Ecology and Evolution, Rutgers the State University of New Jersey, New 

Brunswick, NJ, USA 

Abstract 

 
Molecular dating methods make assumptions about evolutionary processes that can 

have a profound influence on the resulting date estimates. In this respect, the impact of 

substitution model selection has received little attention. This is perhaps most important 

in analyses of rRNA molecules, which are subject to non-independent evolution among 

sites due to correlated substitutions in paired stem regions. Using an rRNA data set from 

libelluloid dragonflies, we investigated the effect of using an explicit paired-sites model 

in divergence time estimation with a relaxed clock. For most nodes, the paired-sites 

model yielded more recent times than those produced using a model that treated all sites 

as independent. In several cases, the differences in date estimates resulted in divergence 

events being assigned to a different geological period. Disagreement in divergence date 

estimates complicates an evaluation of the evolutionary reduction of the libelluloid 

ovipositor. Accordingly, it is prudent to assess the effects of model selection on resulting 

date estimates, as well as on the consequent ecological and biogeographic interpretations.
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 1. Introduction 

 
Molecular dating methods have provided valuable insights into the rates and time-

scales of evolution in a variety of organisms. All of these methods make a number of 

assumptions about the evolutionary process that can have a profound influence on the 

resulting date estimates. Accordingly, model selection is an important component not 

only of topological reconstruction but also of divergence time estimation; poorly chosen 

models can lead to errors in date estimates (e.g., Sullivan and Swofford, 1997). There has 

been a consistent focus on the assumption of a molecular clock, with substantial variation 

in substitution rates having been observed in a range of taxonomic groups (Bromham and 

Penny, 2003). This prompted the development of sophisticated methods for dealing with 

rate heterogeneity among lineages (e.g., Thorne et al., 1998; Sanderson, 2002; 

Drummond et al., 2006).  

The impact of substitution model selection on date estimates has received considerably 

less attention. The potential effect of model selection is perhaps most pronounced in the 

analysis of rDNA molecules, the rRNA products of which are subject to distinctive 

substitution patterns on account of secondary structural constraints (Wheeler and 

Honeycutt, 1988; Dixon and Hillis, 1993). Ribosomal RNA (rRNA) folds on itself, 

creating a complex secondary structure maintained by bonded nucleotide pairs, which is 

important for ribosome function (Noller, 1984). In these stem regions, a substitution at 

one site is often accompanied by a compensatory substitution at its complement in order 

to prevent disruption to the secondary structure of the molecule (Smith et al., 2004; 

Tillier and Collins, 1998). For example, in an analysis of eubacterial  
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rRNA sequences, Savill et al. (2001) found that the rate of double substitutions was 

significantly non-zero.  

The correlated mode of molecular evolution in RNA stems violates one of the 

fundamental assumptions of standard nucleotide substitution models, that of 

independence among sites (Wheeler and Honeycutt, 1988; Dixon and Hillis, 1993). In 

such cases, it is more appropriate to analyse the alignment using a paired-site model that 

treats the nucleotide and its complement as a single character (Jow et al., 2002). The 

RNA loop regions, which are unpaired, can be suitably analysed using standard 

substitution models. This fundamental difference in evolutionary modes also argues for 

data partitioning in the phylogenetic analysis of rRNA molecules based on secondary 

structure. These concerns have received scant attention in divergence dating studies 

despite the widespread use of rRNA as a phylogenetic marker: among 14 studies that 

used rRNA data to estimate divergence times, only one used a paired-sites model (Table 

1).  

A number of paired-sites substitution models are available for the phylogenetic analysis 

of RNA sequences. The earliest models treated all 16 possible pairs that can be formed 

with four nucleotides as distinct states, producing a time-reversible 16×16 rate matrix 

(Schöniger and von Haeseler, 1994; Muse, 1995; Rzhetsky, 1995). This may be 

unnecessarily complex, since only matching pairs (the four Watson-Crick pairs, along 

with G-U and U-G pairs) are frequent in the helix regions of ribosomal molecules (Savill 

et al., 2001). Subsequently, less general models have been developed. 7-state models, 

such as that described by Tillier and Collins (1998), consider only the six matching pairs  
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and group the remaining 10 mismatch pairings into a single state (Higgs, 2000). These 

have been shown to fit the data as well as 16-state models (Savill et al., 2001).  

In this study, the effect of using a paired-sites model in divergence date estimation is 

investigated using a libelluloid dragonfly rRNA data set. Libelluloid dragonflies are 

highly specialized, widely collected, and often brightly coloured members of the most 

recently derived part of the Anisopteran lineage. Libelluloidea comprises seven major 

groups (six families: Cordulegastridae, Neopetaliidae, Chlorogomphidae, Macromiidae, 

Corduliidae, and Libellulidae; and one monophyletic group, the GSI sensu Ware et al. 

(2007), of undetermined taxonomic status). In comparison with other dragonflies, 

libelluloids are considered highly derived, primarily because they possess a reduced 

ovipositor that allows for endophytic oviposition, a probably convergent trait shared with 

Gomphidae (Carle, 1995), and unique larval labial modifications. The earliest libelluloid 

fossils are not older than the mid-Cretaceous, roughly 120-130 Myr (e.g., Jarzembowski 

and Nel, 1996).  

Date estimates from two relaxed-clock analyses are presented, one in which the tree is 

obtained using a paired-sites model for RNA stem regions, and one in which the tree is 

obtained using standard unpaired-sites models for all data partitions. We investigate the 

differences between the results of these two analyses in the context of non-independent 

evolution at stem sites, and examine how interpretations of biogeographical and 

morphological evolution are affected by differing date estimates.  

 

2. Materials and Methods 
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Data Set 

The rRNA sequences used in the present study were a subset of those analysed by 

Ware et al. (2007), with gene fragments from the nuclear large subunit (28S; D2, D3, D7) 

and the mitochondrial large subunit (16S) (supplementary material). Sequences were 

aligned manually using the structural methods described in Kjer (1995). Ambiguously 

aligned regions were excluded from the data set, yielding a final alignment of 1763 bp 

from 32 taxa. The alignment was divided into four partitions (28S stem, 28S loop, 16S 

stem, and 16S loop). Our alignments are available on the Kjer lab website, 

www.rci.rutgers.edu/~entomology/kjer). 

 

Model Selection 

Substitution models were selected for each loop partition by comparison of Akaike 

Information Criterion (AIC) scores. There is no immediately apparent method for 

comparing the fit of paired and unpaired models for the RNA stem partition, because the 

most commonly used methods for model selection are not readily able to compare models 

with different state spaces. Consequently, analyses were performed using paired- and 

unpaired-sites models, and the results were compared.  

 

Phylogenetic Analysis 

Bayesian phylogenetic analyses were performed using the software PHASE (Jow et al., 

2002). Two separate analyses were performed: (i) the AIC-selected substitution model 

was assumed for each partition; (ii) AIC-selected substitution models were  
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assumed for non-stem partitions, but the RNA7A model was assumed for stem partitions. 

This model was chosen because it is a realistic simplification of the full 16-state model 

(Savill et al., 2001; Jow et al., 2002). The simpler RNA6A model was not used because 

inspection of the alignment revealed that some paired stem sites did not contain matching 

pairs. Posterior distributions were approximated by Markov chain Monte Carlo (MCMC) 

sampling, with samples drawn every 500 steps over a total of 10,000,000 steps following 

a discarded burn-in of 1,000,000 steps. Convergence to the stationary distribution and 

acceptable mixing were checked by inspection of MCMC traces. Consensus topologies 

and optimal branch lengths were computed using maximum likelihood in PHASE. The 

resulting trees were used as fixed input trees for subsequent divergence dating analysis. 

Following rejection of a molecular clock using a likelihood ratio test (p=0.008), 

divergence dates were estimated in a relaxed-clock framework by the program r8s 

(Sanderson, 2003) using penalized likelihood, a method that applies a penalty against 

large rate changes between neighboring branches. The magnitude of the penalty is 

dictated by a smoothing parameter, the value of which was optimized by cross-validation 

analysis. A logarithmic penalty was used on account of its similarity to the autocorrelated 

relaxed-clock models used in Bayesian phylogenetic methods (e.g., Thorne et al., 2002). 

Dates and substitution rates were estimated using the truncated Newton algorithm with 10 

independent starts.  

 

Calibration using fossils 

We used fossil-based estimates of divergence times between Chlorogomphidae,  
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Macromiidae, Corduliidae, Libellulidae, and the Libelluloidea to calibrate the divergence 

dating analysis (supplementary material). Due to the difficulty in acquiring confident 

genus-level identifications of dragonfly fossils, age bounds were for family-level limits 

only.  

 

Simulations 

Analyses of simulated data were performed in order to investigate the effect of 

ignoring the paired nature of stem regions.  Using parameter values and the tree estimated 

from the stem region of 28S rRNA, 50 data sets were generated by simulation under a 

paired-sites model, with substitution parameters and sequence length (532 bp) matching 

those estimated from the real data set. A strict molecular clock was assumed. 

Each of the 50 alignments was analysed with paired- and unpaired-sites models in 

PHASE, with the topology fixed. In each case, the consensus tree (with average branch 

lengths) was used as the fixed input tree for divergence time estimation using r8s. The 

Langley-Fitch algorithm was used, which assumes a strict molecular clock. Paired t-tests 

were performed to investigate differences in divergence times inferred under paired- and 

unpaired-sites models.  

 

3. Results 

Model selection 

Inspection of likelihoods reveals that the best tree under the paired-sites model, with 

branch lengths optimized using maximum likelihood, is 712 log-likelihood units more  
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likely than the best tree under the unpaired sites model. This result, along with the known 

paired nature of RNA stem sites, can be taken as an indication that the paired sites model 

is preferred. Nevertheless, a more formal model selection framework is desirable for 

future studies.  

 

Topology 

 

 As in previous studies, analyses using both paired- and unpaired-sites models 

strongly supported the monophyly of Corduliidae (Figure 1). The two topologies differ in 

their placement of Corduliidae and Macromiidae, whose mutual relationships with 

Libellulidae were unresolved in a previous analysis by Ware et al. (2007) and have been 

the subject of considerable debate (see Ware et al., 2007 for a detailed review). There 

were two main differences between the phylogenetic reconstructions produced using the 

different substitution models: the placement of the libellulid taxa Urothemis and 

Perithemis (Figure 1). The unpaired-sites model yielded trees in which Perithemis was 

closely related to Pantala. By contrast, the analysis using a paired-sites substitution 

model placed Perithemis at the base of Libellulidae, as sister taxon to all other libellulids. 

Urothemis was placed as sister to the remaining Libellulidae by the analysis using an 

unpaired-sites model, although with low support. The analysis using a paired-sites model 

reconstructed an alternate topology, with Urothemis nested well within the Libellulidae, 

as sister to the {Libellula + Ladona + Plathemis + Pantala} clade, again with extremely 

low support. The position of Perithemis was also variable in the analyses of Ware et al.  
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 (2007). Urothemis, however, was consistently recovered in a basal position within 

Libellulidae in all analyses by Ware et al. (2007).  

 

Divergence time estimates 

For most nodes, divergence time estimation from the paired-sites tree yielded more 

recent dates than those from the unpaired-sites tree (Table 2). The estimates for the time 

to the most recent common ancestor (TMRCA) of (i) Libellulidae, (ii) Corduliidae, and 

(iii) Cordulia + Somatochlora, however, were younger in the unpaired-sites analysis. 

For the Cordulia + Somatochlora node, the unpaired-sites model suggested shorter 

branch lengths than the paired-sites analysis (Table 2) and lower substitution rates 

(unpaired-sites: 6.04×10-4 subs/site/Myr; paired-sites: 6.04×10-3 subs/site/Myr). Similar 

patterns were observed for the Libellulidae and Corduliidae nodes (unpaired-sites: 

Corduliidae 5.17×10-4 subs/site/Myr, Libellulidae 5.02×10-4 subs/site/Myr; paired-sites: 

Corduliidae 1.22×10-3 subs/site/Myr, Libellulidae 1.13×10-3 subs/site/Myr). This resulted 

in older date estimates in the analysis using the paired-sites model.  

In several cases, the differences in date estimates resulted in the nodal age being 

assigned to a different evolutionary time period (Table 2). For example, the unpaired-

sites dating analysis suggested a Permian/Triassic age for the root of the tree, while the 

paired-sites model dating analysis suggest a younger, Jurassic age (Table 2). The paired-

sites model dating analysis suggests a Cretaceous age for the most recent common 

ancestor of Libellulidae, while the unpaired-sites model analysis suggests a younger, 

Cenozoic age.  
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 Simulations 

There were significant differences between the divergence times inferred under 

paired- and unpaired-sites models. For all major nodes (interfamilial relationships), the 

estimated ages were within one standard deviation of the true (simulation) ages. Age 

estimates made under the unpaired-sites model were older than those made under the 

paired-sites model, although to varying degrees (paired t-tests, p-values ranging from 

9.36×10-5 to 0.065); this result is consistent with those obtained from the real data set.  

In the trees inferred using PHASE, with branch lengths measured in substitutions per 

site, the ratio of internal to external branch lengths was significantly different (paired t-

test, p=2.96×10-9) between paired- and unpaired-sites models (Figure 2). This suggests 

that the inappropriate use of an unpaired site model does not simply alter the total tree 

length, as would be expected if the model produces a consistent bias among branches.   

 

4. Discussion 

 

Our analyses yielded strong preference for a paired-sites model over an unpaired-sites 

model for the analysis of rRNA sequences from libelluloid dragonflies. Based on 

comparison of likelihood scores from the two analyses, along with strong support in the 

literature for the paired sites model in studies of rRNA (Savill et al., 2001; Jow et al., 

2002; Hoyle and Higgs, 2003; Hudelot et al., 2003), and from our simulation studies, we 

consider divergence times obtained using the paired-sites model to be better estimates 

than those obtained using the unpaired-sites model. This suggests that use of the latter has 

led to erroneous estimates of the ages of several nodes in the tree: the age of the root of  
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the tree, the TMRCA of Chlorogomphidae + Libelluloidea, and the TMRCA of 

Corduliidae + Macromiidae were overestimated; whereas the TMRCAs of Libellulidae, 

Corduliidae, and Macromiidae were underestimated. Although it may be difficult to 

objectively assess which date estimates are unreasonable, the age of 249 Myr for the root 

of the unpaired sites tree is surprisingly old, and close to the upper calibration limit of 

250 Myr.   

 

Do differences in date estimates really matter? 

In many cases, the dates obtained by analyses using paired- and unpaired-sites 

treatments did not differ greatly. Consequently, the impact on evolutionary interpretations 

based on these would not be substantial. For Libelluloidea, however, two important nodes 

of interest were inconsistent between models: the age of the root of the tree and the 

divergence date for the most speciose, heterogeneous, and widely studied libelluloid 

family, Libellulidae.  

In the case of the root of the tree, the unpaired-sites analysis returned a surprisingly early 

date at the Permian/Triassic boundary instead of being in the Jurassic as suggested under 

the paired-sites model. The difference in these dates would affect assumptions of the 

geographical positions of continents, air temperature, sea level, and the biodiversity that 

would have been present when this node of interest diverged. If the Libelluloidea had 

diverged at the Permian/Triassic boundary, it would have been during a period where 

only one large continental landmass, Pangaea, existed (in what is considered a period of 

hot dry climate; e.g., Parish, 1993). This would have just followed one of the largest  
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extinctions of insects in evolutionary history (e.g., Erwin, 2006). This differs dramatically 

from the conditions that the Libelluloidea would have encountered had they diverged 50 

million years later, in the early Jurassic, as the paired-sites tree model analysis suggests. 

At this younger date, Pangaea would have already begun to break apart, with an 

associated increase in the amount of inland water, a decrease in overall temperature, and 

an increase in humidity levels on the continents (e.g., Hallam, 1993). Our understanding 

of the biogeographical history of Libelluloidea is strongly dependent on correct 

assumptions about continental positions. Did the Libelluloidea diverge when there was a 

single continental land mass after which vicariance events involved in the break up of 

Pangaea led to speciation? Alternatively, did the Libelluloidea diverge during the early 

Jurassic in Gondwana, for example, and then disperse to other continents?  

Our understanding of character evolution in Libelluloidea is also strongly affected by 

incorrect date estimation. For example, Libelluloidea have in common a reduction in their 

ovipositor, convergently shared with Gomphidae (Carle, 1995). In libelluloids the 

ovipositor is modified for exophytic oviposition (i.e. not requiring plant tissue for egg 

deposition; Tillyard, 1917; Carle, 1995; see Ware et al., 2007 for figures). In the higher 

libelluloid taxa studied here (Macromiidae, Corduliidae and Libellulidae), the first 

processes are reduced to small flaps and the other structures are apparently absent except 

for the probable vestige of the styli emerging directly from the ninth sternite (Tillyard, 

1917). The divergence estimates for Libelluloidea influence our hypotheses about the 

evolutionary process of this reduction. If the unpaired sites model is applied, and we 

assume that Libelluloidea diverged 249 Myr ago, we might favor a hypothesis proposing   
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ovipositor reduction and exophytic oviposition in response to limited freshwater niche 

space during the Triassic. Using information from the paired-sites model analysis, 

however, which suggests a divergence age of 205 Myr ago, we might suppose that 

ovipositor reduction occurred in response to an increase in the number of predators at the 

oviposition site. Exophytic oviposition is generally faster than endophytic oviposition, 

which may reduce the number of predators encountered (e.g. Corbet, 1999). Fish, frogs, 

and birds impose a strong predation threat on ovipositing females, particularly those that 

do so endophytically (Corbet, 1999). Exophytic oviposition may have evolved as a 

response to the diversification of these predators (modern birds diverged during the 

Cretaceous, Brown et al., 2007;  Neobatrachid frogs diverged during the Jurassic, 

Roelants et al., 2007). Certainly there are numerous other hypotheses that could be 

supposed for the evolution of dragonfly genetalia, but without realistic dating estimates it 

will be hard to evaluate them effectively.  

 

Conclusions 

The results of our analyses here, coupled with the general desirability of utilizing 

evolutionary models that are biologically realistic, suggest that it is very important to take 

stem pairing into account during analyses of rRNA datasets. The impact of using paired-

sites substitution models on divergence time estimates is not easily predictable, 

particularly when explicit models of among-lineage rate heterogeneity are used in 

conjunction with partitioned analyses of complex data. Paired-sites models apparently do 

not lead to uniformly lower dating estimates, although it is necessary to investigate a  
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wider range of datasets before further inferences can be made. Accordingly, it is prudent 

to assess the effects of model selection on resulting date estimates, as well as on the 

consequent ecological and biogeographic interpretations.  
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model (b). 
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branch lengths from analyses of 50 independent data sets using unpaired- and paired-sites 
models. 
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Chapter 3: 

 
Biogeography and divergence estimation of the relic Cape dragonfly genus 

Syncordulia: global significance and implications for conservation 
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Abstract 

Syncordulia, a libelluloid dragonfly (Odonata: Anisoptera: Libelluloidea) genus, 

inhabits mostly cool mountainous streams in the Cape Floristic Region (CFR) of South 

Africa. The four species are all rare and threatened. Here we corroborate the validity of 

these two new species using molecular data (using 12S, 16S, 28S and COI fragments) 

and propose the intergeneric relationships within Syncordulia. In addition, we evaluate 

the phylogenetic placement of the genus within Libelluloidea, on a global basis. Finally, 

we relate these phylogenetic data to the importance of conservation action. We used data 

sets in particular from South Africa, Africa, India (Asia), Europe, and North and South 

America. Molecular data from two independent gene fragments (nuclear 28S and 

ribosomal and Cytochrome Oxidase I mitochondrial data) were sequenced (and/or 

downloaded from GenBank) for 7 libelluloid families, including 12 Syncordulia 

specimens (2 Syncordulia gracilis, 4 S. serendipator, 2 S. legator and 4 S. venator). We 

ran parsimony analyses using PAUP, and Bayesian analyses using phase.  The 

phylogenetic hypotheses generated by the phase analysis were used in subsequent DIVA 

and r8s analyses to evaluate ancestral distributions and divergence estimates. The lower 

libelluloid group GSI (sensu Ware et al., 2007), a diverse group of non-corduliine taxa, is 

strongly supported as monophyletic. The Australian members of the GSI were recovered 
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as a monophyletic clade. Syncordulia is well supported by both methods of phylogenetic 

analyses as a monophyletic deeply nested within the GSI clade. All species within the 

genus are distinct. diva analyses constrained to two regions recovered an 

Indomalayan/Australian distribution for the GSI. R8s analyses estimate that Syncordulia 

diverged from other Libelluloidea in the Cretaceous. DIVA analyses suggest that the 

present distributions of Syncordulia may be the result of dispersal events. Syncordulia is 

a monophyletic genus and each species was found to be a distinct monophyletic taxon. 

Divergence estimates suggest that Syncordulia diverged well after the breakup of 

Gondwanaland, approximately 60 million years ago (Mya), which coincides with the 

divergence of several Cape fynbos taxa, between 86 – 60 Mya, specifically the 

Restionaceae, Proteae and Geissolomataceae. A DIVA biogeographical analysis suggests 

that the ancestor to the genus Syncordulia may have arisen consequent to the break-up of 

Gondwanaland (>120 Mya). 

 

1. Introduction 

 

Corduliid dragonflies, often known as “emeralds” for the metallic green body and eye 

color of many species, are members of the large superfamily, Libelluloidea. Previously 

considered to be one family (Rambur, 1842; Hagen, 1861; Kirby, 1890; Selys, 1892; 

Needham, 1908; Tillyard, 1917; Martin, 1914; Tillyard, 1928; St. Quentin, 1939; Gloyd, 

1959; Lieftinck, 1971; Lieftinck, 1977; Carle, 1982; Davies & Tobin, 1985; Bridges, 

1994; Steinmann, 1997) or divided into two or more families (Fraser, 1957; Carle, 1995; 

Bechly, 1995; Lohmann, 1996a, b; Pfau, 2005), Corduliidae has not been found to be 

monophyletic in modern phylogenetic analyses (May, 1995b; Misof et al., 2001; Carle 
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and Kjer, 2002; Ware et al., 2007; Bybee et al., 2008; Letsch in prep). ‘Corduliidae’ 

(sensu Fraser, 1957, and others) consists of at least three distinct clades, the Corduliinae, 

the Macromiinae, and a diverse group of non-corduliine taxa, informally called the “GSI” 

by Ware et al. (2007) after the subfamilies Gomphomacromiinae, Synthemistinae and 

Idionychinae. Within the GSI are Australian endemics, as well as African, South 

American, European and Indomalayan genera, and the relict South African genus 

Syncordulia.  

Although both GSI adults and larvae have been documented in the literature (Selys-

Longchamps, 1871; Geijskes, 1970; Lieftinck, 1960, 1971, 1977; Theischinger and 

Watson, 1978; May, 1991; Theischinger and Watson, 1984; Carle, 1995; May, 1995a, b; 

Carvalho et al., 2004; von Ellenrieder and Garrison, 2005), the taxa have been 

infrequently used in modern phylogenetic studies (Carle, 1995; Carle and Kjer, 2002; 

Misof et al., 2001; Ware et al., 2007; Bybee et al., 2008, Letsch, in prep; of these studies, 

only Ware et al. (2007) incorporated Syncordulia in their phylogeny). The GSI stem from 

a basal node in the Libelluloidea. Thus, the evolution of certain libelluloid apomorphies, 

such as reduction in the ovipositor for exophytic oviposition and modification of the 

distal sperm pump of the penis (Pfau, 2005), cannot be fully evaluated without an 

understanding of intergeneric relationships within GSI. In addition, several members of 

the GSI are rare endemics, and phylogenetic hypotheses about this group may be useful 

in understanding the biogeography and conservation needs of vulnerable genera such as 

Syncordulia.  

Inhabiting mostly cool mountainous streams in the Cape Floristic Region (CFR) of 

South Africa, Syncordulia species generally occur in geographically-restricted areas and 
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at low population densities. Syncordulia species are sympatric (Dijkstra et al., 2007) and 

are often found dwelling in the same stream. First described by Selys-Longchamps in 

1882, the genus Syncordulia comprises dragonflies endemic to South Africa and 

restricted almost entirely to the CFR. Until recently, only S. venator and S. gracilis were 

known, and both are considered Vulnerable by the World Conservation Union (IUCN) 

(IUCN, 2001). Dijkstra et al., (2007) described two new species, S. serendipator and S. 

legator, from previously unrecognized museum specimens and from new field 

collections. Intrageneric relationships within Syncordulia, have not yet been fully 

evaluated within a phylogenetic context. In addition, placement of Syncordulia within the 

GSI has been unresolved. Lieftinck (1961) suggested that Syncordulia was closely related 

to Oxygastra, Hesperocordulia, Lathrocordulia or Micromidia, but his study relied 

mainly on manual parsimony without a formal analysis. Ware et al. (2007) included S. 

gracilis in their molecular analysis, but its position within the monophyletic GSI 

assemblage was unstable due to low branch support. Monophyly of the genus itself, 

although seemingly very likely based on several morphological characters including 

uniform wing vein patterns and eye color, has not yet been supported by phylogenetic 

analysis.  

The validity of the two new Syncordulia species, and the monophyly of the genus are 

assessed here in this molecular study. In addition, we attempt to determine the placement 

of Syncordulia within the GSI. Using these phylogenetic hypotheses, we estimate both 

divergence times and biogeographical history in order to better understand the 

distribution, ecology and conservation requirements of this relict genus. 

 

2. Materials and Methods 
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Data collection 

 

Specimens were collected in South Africa during the summer months of 2006 and 

2007 (5 S. serendipator, 4 S. legator and 10 S. venator) and 2004 (4 S. gracilis). DNA 

was extracted using a Qiagen DNEasy kit with a modified protocol as described by Ware 

et al. (2007). Sequences from the GSI genera, Austrocordulia, Austrophya, 

Lathrocordulia, Micromidia, Pseudocordulia, Cordulephya, Hesperocordulia, 

Oxygastra, Gomphomacromia, Macromidia, and Idionyx were taken from Ware et al.’s 

(2007) molecular dataset. The corduliid taxon, Hemicordulia tau, and the macromiine 

taxa Macromia illinoiensis and Phyllomacromia contumax were also taken from Ware et 

al. (2007). We used members of the Chlorogomphidae, Chloropetaliidae, 

Cordulegastridae, and Neopetaliidae as outgroups. All amplified or downloaded taxa are 

listed in Table 1.  

 

Alignment 

We used CLUSTALX (Thompson et al., 1997) to perform a preliminary sequence 

alignment, with the default settings for gap costs (gap opening penalty=10.00; gap 

extension penalty=0.20). The resulting files were then aligned manually in Microsoft 

Word using the structural methods described in Kjer et al. (1995), Kjer (2004), Kjer et al. 

(2007) and secondary structure models based on Guttell et al. (1993). The resulting 

datafile contained three mitochondrial fragments from the COII gene (512 nts), the 12S 

(780 nts), and the 16S (435 nts), and three variable regions from the nuclear large subunit 

(28S), the D2 (480 nts) the D3 (369 nts) and the D7 fragment (567 nts). 
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Parsimony analyses 

We performed parsimony analyses in PAUP (Swofford, 2000) under equal weighting 

of all molecular and morphological characters with 10,000 random addition sequence 

heuristic replicates under TBR branch swapping. Gaps of uniform length were treated as 

presence/absence characters; other gaps were treated as missing data. To estimate branch 

support, we ran 1000 parsimony nonparametric bootstrap replicates with 10 random 

addition sequence replicates under TBR branch swapping.  

 

Bayesian analyses 

In order to take into consideration the non-independence of hydrogen-bonded rRNA 

sites, we used the RNA7A seven state paired-sites model available in the PHASE program 

(Jow et al., 2002), to run Markov-chain Monte Carlo (MCMC) analyses of partitioned 

RNA data (10 million generations each) and a REV model for the loop regions. Jow et al. 

(2002), show that this biologically realistic model is useful for studies of rRNA and it is 

particularly important in estimating divergence dates for rRNA (Ware et al., 2008). The 

REV model is the most general loop model with the time reversible constraint (four 

frequencies, five rate parameters).  

 

R8S analyses 

We used a PHASE tree to run a divergence estimation analysis in R8S (Sanderson, 

2003) using penalized likelihood (Sanderson, 2002), a method that applies a penalty 

against large-rate changes between neighboring branches. We optimized the smoothing 
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parameter using cross-validation analysis. Dates and substitution rates were estimated 

using the truncated Newton algorithm with 10 independent starts. In order to calibrate the 

divergence estimation analysis, we used fossil data from Grimaldi and Engel (2005), Nel 

et al. (1993), Nel and Paicheler (1994) and Jarzembowski and Nel (1996) (see Table 2 for 

a listing of the fossils we used to determine date constraints).  

 

DIVA analyses 

Using the program DIVA (Ronquist, 1996, 1997), we assessed ancestral distributions 

while differentiating possible vicariance and dispersal events. Since DIVA requires a fully 

bifurcating tree, we manually resolved the polytomy at the base of the tree for the 

topology (Neopetalia(Cordulegastridae(remaining taxa). Each taxon was assigned a 

distribution based on the species’ collection data, Dijkstra et al. (2007) and Davies and 

Tobin (1985).  

Taxa were scored for presence or absence in one or more of ten regions South 

America (A), North America (B), India/Asia (C), Europe (D), Australia (E), Africa 

(outside of South Africa) (F), South Africa: South-Western Cape (G), South Africa: 

North-Western Cape (H), South Africa: slightly east of the Hex River mountains (I), 

South Africa: South East (J) (Table 3)  

 

3. Results 

 

Phylogenetic hypotheses 
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The dataset had a total of 3148 characters, of which 2057 were constant, 661 were 

variable but parsimony uninformative, and 430 were parsimony informative. The most 

parsimonious tree had a length of 2334 steps. A consensus of 131 trees from the 

parsimony heuristic search analysis is shown in Figure 1, with bootstrap support from the 

separate bootstrap analysis above each branch. A consensus tree is shown from the ten 

million generation (20,000 trees) PHASE analysis in Figure 2, with posterior probabilities 

shown above each branch (we ran 11 million generations and discarded a burnin of 1 

million generations). The genus Syncordulia was found to be monophyletic with strong 

bootstrap support (96%) and posterior probabilities (97%), as were all the individual 

species except S. legator, which received low to moderate support (65% posterior 

probability and 87% bootstrap support).  

The Australian taxa, Cordulephya, Pseudocordulia, Hesperocordulia, 

Austrocordulia, Micromidia, Lathrocordulia, and Austrophya form a monophyletic clade, 

but with <50% bootstrap support and only 75 % posterior probability. This result was not 

found by Ware et al, (2007), with a larger GSI taxon sample. The South American taxon, 

Gomphomacromia and the Indomalayan Macromidia form a clade, but with low posterior 

probability (40%) and bootstrap support (<50%). The European Oxygastra and 

Indomalayan Idionyx form a monophyletic group with 95 % posterior probability but low 

bootstrap support (<50%).  

 

Divergence estimation 

The tree used in the R8S analysis is shown in Figure 3 and corresponding divergence 

estimates in Table 2. The R8S analysis recovered divergence estimates for the root of tree 
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at 200.53 Mya (Figure 4). The higher Libelluloidea (sensu Ware et al., 2007; GSI + 

Macromiidae + Corduliidae + Libellulidae) divergence estimate was 169.56 Mya. The 

GSI diverged 106.60 Mya. Syncordulia was estimated to have diverged from other 

Libelluloidea 59.58 Mya, with S. gracilis diverging from its ancestor 59.57 Mya, S. 

serendipator diverging from its ancestor 55.34 and S. venator + S. legator diverging 

from their ancestor 44.85 Mya. 

  

DIVA biogeographical analysis 

DIVA optimizations were conducted with either an unrestricted number of areas 

assigned to each node, or with areas per node restricted to from one to seven regions. The 

unrestricted DIVA analysis suggested that the ancestors to the taxa in the tree occurred in 

each of the ten geographical regions. The DIVA analysis resulted in multiple combinations 

of optimal reconstructions, and a total of 17 dispersal events. The ancestral distribution 

for the taxon at the root of the tree is ambiguous, but constraining the optimization to two 

regions resulted in an ancestral distribution that was South American and Indomalayan or 

North American and South American, (as opposed to North American, South American, 

Indomalayan, European, Australian and African, when optimization was constrained to 5 

regions, and the widespread ancestral distribution when no constraints were used). When 

the maximum number of ancestral nodes was restricted to two, the ancestor to the ‘higher 

Libelluloidea’ has an Indomalayan distribution (Figure 4). When the optimization was 

constrained to 1-7 areas (i.e., the maximum number of ancestral areas possible at each 

node was constrained to a finite number), the ancestral distribution of Syncordulia was 

estimated to be in the Southwestern Cape of South Africa; with no constraints three 
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distribution possibilities were recovered: (a) Southwestern Cape, (b) Southwestern Cape 

and Southwestern Cape east of the Hex River mountains, and (c) all 4 South African 

locations. Current distributions of Syncordulia species are shown in Figure 5. 

 

4. Discussion 

The recovery of monophyletic clades for each of the Syncordulia species supports the 

morphological findings of Dijkstra et al. (2007). Corroborating the validity of each of the 

species may be important for conservation efforts given the Vulnerable Red List status of 

S. gracilis and S. venator. Both are sensitive to the presence of alien trees, and some 

populations have increased following removal of alien pine (Samways, 2007), as has a 

population of S. legator (Simaika and Samways, 2008). Preliminary evidence suggests 

that the two newly-discovered species are also threatened, with S. legator particularly 

susceptible to climate change (Samways, 2008).  

Previous divergence analysis by Ware et al. (2008) did not include taxa from the GSI. 

The dates they recovered for the root of their Libelluloid tree using a paired-site 

evolutionary model were similar to the dates recovered in the present analysis (205 Mya 

in their analysis vs. 201 Mya in our analysis). The date they recovered for the divergence 

of Macromiidae + Corduliidae is also similar (20 million years younger than the date we 

recovered here, a difference of 10%). This might be due to a difference in taxon sample 

(Macromia is the only taxon from these families in common between our analyses). 

Although the DIVA analysis with 2 scenarios suggested an Indomalayan ancestral 

distribution for the higher Libelluloidea, the ancestor to this group is estimated to have 

diverged approximately 169.56 Mya, at a time when the continents were in much closer 
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proximity to one another, and it is likely that they were present on all continents.  Indeed, 

an unconstrained optimization in DIVA suggests 17 scenarios including a scenario with 

higher libelluloid presence in every geographic region. Similarly, the ancestor to 

Macromiidae + Corduliidae had a North American and Indomalayan or an African and 

Indomalayan distribution in our 2 region optimization, and optimization with no 

constraints recovered 6 scenarios, including presence in Indomalayan, African, North 

American, and Australian regions. It is possible that this ancestor’s distribution may 

indeed have been more widespread, since these families are estimated to have diverged 

from other Libelluloidea at a time when the continents were in propinquity. Since 

Macromiidae and Corduliidae were simply used as outgroups in our analysis, however, 

there are probably not enough taxa to make realistic conclusions about the origins of 

these groups.  

The R8S analysis suggests that the GSI diverged 109 Mya. This corresponds with the 

breakup of Gondwanaland, during the early Cretaceous (e.g., Veevers, 2004) Shortly 

after this, Australia, which sits on the Indo-Australian plate (e.g., Hillis and Reynolds, 

2000) began to break away from Antarctica and Southern Gondwanaland. This vicariant 

event may have led to the isolation and speciation of the clade of Australian taxa, which 

were estimated to have diverged approximately 65 Mya. The DIVA optimization (with no 

constraints, or constrained to 1-7 regions) estimated that the ancestor to these taxa 

occurred in Australia, suggesting no further intercontinental dispersal events leading to 

the distribution of present taxa as defined here. The South African, Indomalayan, 

European, and South American taxa (Syncordulia, Idionyx, Macromidia, Oxygastra and 

Gomphomacromia,) were estimated to have diverged from their ancestor approximately 
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77 Mya, after Gondwanaland and Laurasia each began to break apart (e.g., Veevers, 

2004). Support for the Idionyx and Oxygastra clade is surprisingly strong (95 % pp) 

considering that Idionyx has previously been suggested to be a close relative to Macromia 

and Macromidia (Lieftinck, 1971). Lieftinck (1971) suggested that Macromidia ‘bridged 

the gap’ in evolution between Idionyx  and Macromia due to larval and adult 

morphological characters. Idionyx and Oxygastra are estimated to have diverged 

approximately 57 Mya.  

India split from Africa and began its journey towards southern Asia around 80 Mya, 

eventually colliding with Eurasia approximately 50 million years ago (e.g., Zhu et al., 

2005). The impact of this collision created large mountain ranges that may have isolated 

the ancestors to Idionyx and Macromidia and led to their divergence. The DIVA analysis 

suggests that the ancestor to Oxygastra was only present in the European region.  

The divergence estimation for Syncordulia suggests that the genus arose during the 

transition from the late Cretaceous period to the Cenozoic, in agreement with Dijkstra et 

al.’s (2007) suggestion from morphology that the genus arose well after the break-up of 

Gondwanaland (>120 Mya). This hypothesis is further strengthened by evidence on the 

dispersal of several fynbos plant taxa, the Restionaceae, Proteae and Geissolomataceae, 

that are suggested to have dispersed over a proto-Indian Ocean, that was formed during 

the break-up of Gondwanaland (Galley and Linder, 2006).   

The divergence date for the Syncordulia clade, 60 Mya, corresponds with the 

divergence range of the Restionaceae (60-70 Mya), Proteae (60-70 Mya) and 

Geissolomataceae (81 ± 5 Mya) (Galley and Linder, 2006). The close ecological 

relationship between Syncordulia and the architecture of these fynbos plants might 
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explain the strong negative impact of alien tree species on the group. The DIVA analysis 

constrained to two maximum areas supports an ancestral distribution for Syncordulia 

restricted to the South-western Cape of South Africa, which would imply that the current 

distributions of Syncordulia were due to dispersal. Unconstrained DIVA optimization 

recovers an ancestral distribution that was more widespread across South Africa. With 

the difficulty of conserving marginal populations (Samways, 2003), particularly in El 

Niño-prone eastern regions of Southern Africa, it is critically important that conservation 

of the relict populations of this genus in the CFR be given high priority in conservation 

management of the region.  

In summary, Syncordulia is recovered in a deeply nested position in the phylogeny, as 

a highly derived genus well within the GSI clade. Syncordulia is a monophyletic genus, 

and its four species are each monophyletic taxa. The two newly proposed species of 

Syncordulia should be assessed further in regards to their IUCN status. This will 

undoubtedly be of use in shaping the future of these taxa. Population studies may provide 

useful information about the amount of gene flow that is occurring between the often 

fragmented and isolated clusters of each of the four species’ populations  
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Table 1. Taxon sample from the present study 
Taxon Name GenBank 

Accession Numbers 

28S, (D7, D3, D2), 

16S, 12S, COI 

Collection information 

  Date Sex Habitat 
Syncordulia 

gracilis 

123456 2004 Female In grassland 
away from 
water 

Syncordulia 

gracilis 

123456 2004 Female In grassland 
away from 
water 

Syncordulia 

legator  

123456 18/10/2006 Female Open 
montane 
stream with 
riffles, glides 
and 
deposition 
zones 

Syncordulia 

legator 

123456 18/10/2006 Female Open 
montane 
stream with 
riffles, glides 
and 
deposition 
zones 

Syncordulia 

venator 

123456 11/11/1999 Female Open 
montane 
stream with 
boulders 

Syncordulia 

venator 

123456 16/11/2006 Male Open 
montane 
stream with 
boulders 

Syncordulia 

venator 

123456 16/11/2006 Male Open 
montane 
stream with 
boulders 

Syncordulia 

venator 

123456 14/11/2006 Female Open 
montane 
stream with 
boulders 

Syncordulia 

serendipator 

123456 18/02/2006 Male Open 
montane 
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stream with 
boulders 

Syncordulia 

serendipator 

123456 19/03/2006 Male Open 
montane 
stream with 
boulders 

Syncordulia 

serendipator 

123456 11/03/2006 Male Open 
montane 
stream with 
boulders 

Syncordulia 

serendipator 

123456 11/03/2006 Female Open 
montane 
stream with 
boulders 

Sequences downloaded from GenBank and novel COI data 

 28S (D7, D3, D2), 
16S and 12S 
Accession Numbers 

COI Accession Numbers 

Anotogaster 

sieboldii 

D7:N/A 
D3: N/A 
D2: N/A 12S&16S: 
AB127061 

N/A 

Austrocordulia 

refracta 

D7: EF631243  
D3: EF631336  
D2: EF631448  
16S: EF631559 

N/A 

Austrophya 

mystica 

D7: EF631236  
D3: EF631332  
D2: EF631441  
16S: N/A  

N/A 

Chlorogomphus 

brunneus 

D7: N/A 
D3: N/A 
D2: N/A  
12S&16S: 
AF266088 

N/A 

Chloropetalia 

soarer 

D7: EF631248  
D3: EF631339  
D2: EF631453 
12S&16S:N/A 

N/A 

Cordulephya 

pygmaea 

D7: EF631255  
D3: EF631346  
D2: EF631460  
16S: EF631570 

123456 

Cordulegaster 

boltoni 

D7: N/A 
D3: N/A 
D2: N/A 

N/A 
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12S&16S: 
AF266056 

Cordulegaster 

dorsalis 

D7: N/A 
D3: N/A 
D2: N/A, 
12S&16S: 
AY282558 

N/A 

Cordulegaster 

picta 

D7: N/A 
D3: N/A 
D2: N/A 
12S&16S:AF266086 

N/A 

Gomphomacromia 

sp. 
D7: EF631206  
D3: EF631303  
D2: EF631408  
16S: EF631522 

N/A 

Hemicordulia tau D7: EF631233  
D3: EF631328  
D2: EF631437  
16S: EF631550 

N/A 

Hesperocordulia 

berthoudi 

D7: EF631244  
D3: EF631337  
D2: EF631449  
16S: EF631560 

N/A 

Idionyx selysi EF631193  
EF631290  
EF631391  
N/A  

123456 

Kalyptogaster 

erronea 

D7: EF631245 
D3: N/A  
D2: EF631450 
12S&16S:EF631561 

123456 

Lathrocordulia 

metallica 

D7: EF631239  
D3: EF631334  
D2: EF631444  
16S: EF631556 

N/A 

Macromia 

illinoiensis 

D7: EF631208  
D3: EF631305  
D2: EF631410  
12S&16S: 
EF631524 

N/A 

Macromidia 

rapida 

D7: EF631209  
D3: EF631306 
D2: EF631411 
12S&16S: NA 

N/A 

Macromidia 

rapida 

D7: EF631271  
D3: EF631362  

N/A 
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D2: EF631478  
12S&16S: 
EF631588   

Micromidia 

atrifrons 

D7: EF631240  
D3: N/A  
D2: EF631445  
16S: EF631557 

N/A 

Neopetalia 

punctata 

D7: EF631247  
D3: EF631338 
D2: EF631452 
12S&16S: 
EF631563 

N/A 

Oxygastra curtisii D7: N/A  
D3: N/A  
D2: EF631413  
16S: EF631526 

N/A 

Oxygastra curtisii D7: N/A 
D3: N/A 
D2: N/A 12S&16S: 
AF266103 

N/A 

Phyllomacromia 

contumax 

D7: EF631197  
D3: EF631293  
D2: EF631397  
12S&16S: 
EF631511 

N/A 

Pseudocordulia 

circularis 

D7: EF631251  
D3: EF631342  
D2: EF631456  
16S: EF631566 

N/A 

Sinorogomphus 

sp.  
D7: EF631249  
D3: EF631340  
D2: EF631454  
12S&16S: 
EF631564 

N/A 

Taeniogaster 

obliqua 
D7: EF631216  

D3: EF631312  

D2: EF631420  

12S&16S: EF631533 

N/A 
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Table 2. R8S analysis divergence estimates. 250 million year age constraint based on 
oldest known anisopteran fossils, which are from the Triassic; 120 million year age 
constraint based on Araripelibellula Nel and Paicheler (1994) and the age of the 
Chiapada do Araripe formation, Viana and Neumann (1999); 118 million year age 
constraint based on the Jarzembowski and Nel (1996) and dates from the Wealden 
formation.  
Node Constraints (millions of years) Age (millions 

of years) 

 Minimum Maximum  

Root 120.00 250.00 200.53 
Cordulegastridae --- --- 173.73 
Chlorogomphidae + 
Chloropetaliidae 

--- --- 110.60 

Higher Libelluloidea 120.00 250.00 169.56 
Macromiidae + 
Corduliinae 

118.00 --- 153.08 

Gomphomacromiinae 
+ Synthemistinae + 
Idionychinae (GSI) 

--- --- 108.60 

Non-Australian GSI 
taxa 

--- --- 76.90 

Gomphomacromia + 
Macromidia 

--- --- 62.59 

Idionyx + Oxygastra --- --- 56.69 
Australian GSI taxa 
(Austrocordulia, 

Cordulephya, 

Pseudocordulia, 

Hesperocordulia, 

Micromidia, 

Lathrocordulia, 

Austrophya) 

--- --- 65.42 

Syncordulia genus --- --- 59.58 
S. gracilis --- --- 59.57 
S. serendipator --- --- 55.34 
S. legator + S. 

venator 

--- --- 44.85 

    
Summary of rate 

variation 

(substitutions per 

site per unit time) 

Mean Min Max 

 3.294e+16 
 

2.023e+16 
 

4.356e+16 
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Figure 1. Strict consensus tree from a PAUP parsimony heuristic search; 10,000 addition 
sequence replicates; bootstrap support shown above branches. 

 
 



 

   

104 

 
Figure 2. Consensus tree from a PHASE analysis; 10 million generations. Posterior 
probabilities shown above branches.  
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Figure 4. Ancestral distributions; DIVA analysis optimized with 2 regions; Larger letters 
indicate the scenarios discussed in the text.  
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Figure 5. Present distributions of Syncordulia species in South Africa. Uppermost box 
shows the distributions of all Syncordulia species, lower boxes show individual species 
distributions: S. gracilis (top and top left); S. legator (top right); S. serendipator (bottom 
left); S. venator (bottom right).  
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Chapter 4: 

 

Phylogeny, homoplasy and divergence estimates within Libelluloidea (Anisoptera: 

Odonata):  an exploration of the usefulness of molecular and  morphological 

characters  
Jessica Ware 1, Michael May 1, and Karl Kjer 2 

1
 Department of Entomology, Rutgers University, 93 Lipman Drive, New Brunswick, NJ, 

08901, USA; 
2 
Department of Ecology, Evolution and Natural Resources, Rutgers 

University, 14 College Farm Road, New Brunswick, NJ, 08901, USA 

 

Abstract 

 

Libelluloidea is the most speciose group in Anisoptera, but its complicated 

phylogenetic history has been difficult to interpret. Using the most comprehensive 

morphological and molecular dataset to date (166 taxa, 100 morphological characters and 

9,902 molecular characters), we examine phylogenetic hypotheses of libelluloid 

relationships using parsimony and doublet-model Bayesian analyses. Homoplasy in 

dragonfly wing-based morphological datasets have been previously identified as a source 

of disagreement between molecular and morphological topologies, but our data suggests 

that other morphological larval, penile, accessory genitalic and external body datasets, 

which are similarly prone to convergence, recover topologies in disagreement with 

molecular findings. The taxonomy of non-cordulegastrid Libelluloidea is revised to 

include just four families (Synthemistidae sen. nov, Macromiidae, Corduliidae and 

Libellulidae) with Libellulidae further subdivided into at least 4 subfamilies (Trameinae 

sen. nov, Sympetrinae sen. nov, Pantalinae sen. nov., and Libellulinae). We use our 

Bayesian results to estimate both divergence times and diversification rates. Our 

phylogenetic hypotheses and divergence estimates are discussed in relation to the success 

of Libelluloidea, with a focus on the evolution of exophytic oviposition.  
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1. Introduction 

 

 Libelluloidea comprises at least 4 taxonomic groups including the “River Cruisers” 

(Macromiidae), “Emeralds” (Corduliidae), the diverse “GSI complex” (sensu Ware et al., 

2007) and the most abundant and familiar dragonflies, “Skimmers/Chasers” 

(Libellulidae). Libellulidae are readily recognizable, often with colored or patterned 

wings and a boot shaped series of veins (the anal loop) in the hindwing. They are 

commonly seen in territorial flight around lakes and ponds, or perched along the bank.  

 Of the almost 2900 species in Anisoptera (Schorr et al., 2008), a little more than half 

are Libelluloidea, making it the most speciose taxon in Anisoptera. Several hypotheses 

have been suggested to explain the success of libelluloids. Libelluloids have reduced 

ovipositors, modified for exophytic oviposition, a trait that they share with the second 

most speciose family, Gomphidae. These two groups share some larval habitats, and  

many of the larvae burrow in aquatic sediments (larvae in the small family Petaluridae 

are semiterrestrial burowers). Burrowing may have opened new niches (since muddy 

sediments are present in different habitats), leading to the possible development of other 

correlated changes in morphology and behavior (Carle et al., 2008). The similarities 

between gomphids and libellulids have been treated as being due to common ancestry 

(e.g., Bechly, 1996), which suggests that their great diversity is due to a single event. 

Hennig (1981), Carle (1982a), and Carle and Kjer (2002), however, considered these 

similarities convergent, correlated, and triggered by lost characters. Misof et al., (2001), 

Letsch (2007), Ware et al. (2007) and Bybee (2008) recovered odonate phylogenies in 

which Gomphidae and Libelluloidea are not sister groups, implying that exophytic 
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oviposition and larval burrowing traits are indeed convergences that may have 

contributed to the high level of speciation and diversity in these families. Our 

understanding of what may have led to the success of Libelluloidea would be greatly 

improved with a strongly supported phylogenetic hypothesis of interfamilial and 

intergeneric relationships.  

Among libelluloids, adult reproductive and feeding behavior, larval behavior, ecology 

(Corbet, 1999), and biogeography (Carle, 1995) vary widely and have been investigated 

intensively. A well-supported phylogenetic hypothesis is needed to understand the 

evolution of these traits, but little agreement exists about intergeneric relationships within 

each of the four taxonomic groups. Furthermore, most studies focusing on Libelluloidea 

have relied either entirely on molecular data (e.g., Ware et al., 2007) or entirely on 

morphological data (e.g., Carle and Kjer, 2002). Bybee et al. (2008) recently incorporated 

several Libelluloidea in a study of Odonata using both molecular and morphological data, 

but because libelluloid relationships were not the main focus of this study, libelluloid 

taxon sample was sparse. Pilgrim and Von Dohlen (2008) reconstructed a phylogeny 

using morphological and molecular data but their focus was on the single family, 

Libellulidae.  

Most previous morphological studies of libelluloid phylogeny have relied heavily on 

wing vein characters (Kirby, 1890; Needham, 1903; Martin, 1907; Needham, 1908; Ris 

1909-1919; Tillyard, 1910; Needham and Broughton, 1927; Fraser, 1957; Gloyd, 1959; 

Geijskes, 1970; Lieftinck, 1971; Theischinger & Watson, 1978; Carle, 1982a; Davies and 

Tobin, 1985; Carle and Louton, 1994; Carle, 1995; Bechly, 1996; Lohmann, 1996a,b; 

Trueman, 1996; Jarzembowski and Nel, 1996; Carle and Kjer, 2002; Rehn, 2003; Pilgrim 
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and von Dohlen, 2008; Bybee et al., 2008). Despite progress in understanding 

homologies in Odonata venation (e.g. Carle, 1982b; Riek and Kukolova-Peck, 1984), 

many wing vein characters may support convergent relationships when used to the 

exclusion of other characters (Hennig, 1969; Carle, 1982b; Ware et al., in prep). For 

example, Carle et al. (2008) found that reduced wing venation had resulted in the 

erroneous grouping of protoneurines and disparoneurines (Zygoptera).  The subfamilies 

of Libellulidae recognized in recent catalogs (Davies and Tobin, 1985;  Bridges,1994; 

Steinmann, 1997), largely based on wing vein morphology, have rarely been recovered 

with molecular or total evidence studies (Ware et al., 2007; Pilgrim and Von Dohlen, 

2008). Some studies have focused on egg, genitalic, flight musculature, color, or larval 

characteristics (St. Quentin, 1939; Gloyd, 1959; Lieftinck, 1971; Pfau, 1971; 

Theischinger and Watson, 1984; Pfau, 1991, 2005; May, 1995; Bechly, 1996; Lohmann, 

1996a; Carle and Kjer, 2002). Pfau’s (2005) study of sperm transfer mechanisms lead 

him to an alternate phylogenetic hypothesis that placed Cordulegastridae, 

Chlorogomphidae, and Neopetaliidae within Petaluroidea rather than Libelluloidea. Much 

of the current confusion over libelluloid taxonomy and phylogeny may be the result of 

uncertain character homology and independence (reviewed in Carle, 1982b).  

Here we present the first large-scale phylogenetic hypothesis of the higher 

Libelluloidea that includes both morphological and molecular data. We incorporate data 

generated from three independent gene fragments, (mitochondrial large and small (12S 

and 16S) ribosomal RNA subunits and the protein-coding genes Cytochrome Oxidase I 

(COI) and Cytochrome Oxidase II, (COII); nuclear large and small ribosomal RNA 

subunits (18S and 28S); , and the nuclear protein coding gene Elongation Factor 1-α 
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(EF1-α)). We scored 100 discrete morphological characters consisting of wing venation, 

external body structures, accessory genitalia, penile characters and larval structures.  

Extensive taxon sampling has allowed us to examine several regions of contention in the 

higher Libelluloidea and to evaluate the findings of recent phylogenetic hypotheses 

(Ware et al., 2007; Pilgrim and Von Dohlen, 2008). This phylogenetic reassessment 

provides further information for improving the taxonomy of the historically difficult 

Libelluloidea while evaluating the usefulness of a wide variety of morphological 

characters commonly used in libelluloid systematics. We compare the homoplasy present 

in wing venation, accessory genitalic, penile, larval and external body characters. In 

addition, we use our combined phylogeny to estimate divergence times for each 

libelluloid node using the program r8s (Sanderson, 2003). With these dates, we discuss 

the ecology and behavior of several libelluloid taxa, and explore the factors that may 

have led to Libelluloidea’s success.  

 

2. Materials and Methods 

 

Molecular sampling 

Taxon sampling 

We included all of the taxa sequenced by Ware et al. (2007) and also sequenced 

congeners of several taxa for which Ware et al. (2007) had sequenced only a single 

specimen. Our analysis had a total of 166 taxa (22 GSI taxa, 7 macromiids, 21 corduliids, 

and 116 libellulids). All taxa sequenced or downloaded from GenBank are listed in Table 

1. Cordulegastridae, Chlorogomphidae, and Neopetaliidae served as outgroups, with the 
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tree rooted using Chloropetalia soarer; outgroup taxa consisted of 4 species from 4 

cordulegastrid genera, 3 species from 3 chlorogomphid genera, and 1 species from the 

monotypic Neopetaliidae.  

 

Gene Selection, DNA extraction and PCR amplification 

 Freshly collected dragonflies were used when possible; other taxa were obtained 

from private and museum collections. We amplified the second, third and seventh 

hypervariable (divergent) regions (D2, D3, and D7) of the 28S rDNA, the third domain of 

the mitochondrial 16S rDNA, and a fragment of COI. We downloaded COII, 12S, 18S, 

28S and EF1-α sequences. These characters were included in the analysis and, where 

necessary, coded as missing for our taxa (for a discussion of missing data see Weins, 

2005).  

Muscle tissue was extracted using a Qiagen DNEasy tissue kit overnight at 55°C with 

180 µL of ATL Buffer and 20 µL Proteinase-K. Older specimens (collected prior to 

1980) were extracted with 40 µL (twice the suggested amount) of Proteinase-K buffer for 

several days (a suggestion made by R. Caesar, pers. comm.). All other steps followed the 

manufacturer’s protocol. PCR primers, and their sources, are listed in Ware et al. (2007). 

Programs used for amplifications were (a) 96°C, 3 min; 94°C, 30s; 50°C, 30s; 72°C, 45s 

for 35-40 cycles; 72°C, 10 min and (b) 96°C, 3 min; 94°C, 30 s; 46°C, 30s, 72°C, 45s for 

10 cycles; 94°C, 30s; 48°C, 40s; 72°C, 45s for 30 cycles; 72°C, 10 min. A Qiagen PCR 

purification kit was used to purify amplified product, which was then sequenced on an 

ABI 3100 capillary sequencer. Sequences from both strands were compared and edited in 

Sequence Navigator (Applied Biosystems). Lowercase letters were used to indicate 
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nucleotides that were readable but difficult to interpret with certainty in either strand (i.e., 

there was competing background peaks). These lowercase letters were changed to 

uppercase letters only if there was agreement in the two complementary strands. When 

there was conflict about a single base call between reads from complementary strands, 

this nucleotide was coded with an R (for ambiguous purines), Y (for ambiguous 

pyrimidines) or N (for all other ambiguities).  

 

Alignment  

Initial sequence alignments were made using CLUSTAL–X (Thompson et al., 1997) 

and the resulting files were then aligned manually in Microsoft Word using the structural 

methods described in Kjer (1995) and Kjer et al., (2007), and secondary structure models 

based on Guttell et al. (1993). Ambiguously aligned regions were defined as single 

stranded regions with multiple insertions and deletions (indels) of variable length (and 

thus unclear nucleotide homology), bounded by hydrogen bonded base pairs. These 

regions were excluded from the dataset. For parsimony analyses, these characters were 

recoded as single multistate characters with the program INAASE (Lutzoni et al., 2000), 

with the stepmatrices applied. Alignments are available on the Kjer lab website, 

www.rci.rutgers.edu/~entomology/kjer and original sequences are deposited in GenBank. 

  

Morphological sampling  

We collected morphological data from approximately 590 specimens in the 

Rutgers University Collection (RUC), the California Academy of Sciences (CAS), the 

American Museum of Natural History (AMNH), the National Museum of Natural History 
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(NMNH) and the private collections of Mike May (MMC) and Ken Tennessen (KTC).  

Each specimen was given a voucher number and treated as a separate taxon; once data 

collection was completed, information from multiple specimens of a particular species 

was combined. When multiple specimens from a single species differed in their character 

state, we coded all possible states present in the specimens for that particular species.  

Several taxa could not be amplified with molecular techniques but were still 

coded for morphological characters. The taxa for which we had only morphological data 

were Apocordulia macrops, Anatya guttata, Brachydiplax chalybea, Cannaphila vibex, 

Crocothemis divisa, Diastatops intensa, Didymops floridensis, Elasmothemis 

cannacriodes, Fylgia sp., Idomacromia proavita, Neocordulia batesi longipollex, 

Neocordulia campana, Neophya rutherfordi, Nephepeltia phyryne, Oligoclada walkeri, 

Orthetrum chrysis, Thermochoria equivocata, Trithemis sp., Urothemis sp., and 

Williamsonia fletcheri. We scored 28 wing-vein, 20 external body, 14 accessory 

genitalic, 14 penile, and 24 larval characters (Figure 1a and 1b show selected wing vein 

and larval characters). Terminology for venation followed Riek and Kukavlova-Peck. For 

our morphological character matrix we began with previously published characters from 

Needham and Broughton (1927), Fraser (1957), Miller (1991), Carle (1995), Needham et 

al., (2000), and Garrison et al., (2007), as well as unpublished characters from Tennessen 

(pers. comm.) and Carle (pers. comm.) (Table 7). We could not score all of the penile 

characters from Miller (1991) because we usually lacked fresh material and thus were 

unable to inflate the lobes of the penis; these characters were scored with a “?”. Finally, 

we scored 10 characters that, to our knowledge, have not been used previously.  
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Phylogenetic reconstruction 

The molecular and morphological data were analyzed separately using parsimony to 

evaluate which nodes were independently corroborated. The combined dataset was 

analyzed using parsimony and Bayesian criteria. For the parsimony reconstruction, a tree 

bisection-reconnection (TBR) branch swapping, 10,000 replicate heuristic search, was 

run using PAUP 4.0b10 (Swofford, 2001). Gaps of uniform length were each treated as 

presence/absence characters; other gaps were treated as missing data, except those 

encoded with INAASE, as described above. To estimate branch support, 1000 bootstrap 

pseudoreplicates (Felsenstein, 1985) were performed using 10 random addition searches 

per pseudoreplicate.  

 We used a doublet model (Schoöniger and von Haeseler, 1994) in MR. BAYES 3.1.2 in 

our Bayesian analyses, which allows modeling of nucleotide substitutions independently 

in stem and loop regions of ribosomal DNA (Huelsenbeck and Ronquist, 2002). An 

MCMC analyses was run for 20 million generations (with four chains: one cold and three 

hot). Each analysis had printfreq=500. Prior to maximum likelihood and Bayesian 

analyses, we used MODELTEST 3.06 Akaike weights (Posada and Crandall, 1998; Posada 

and Buckley, 2004) and DT-MODSEL (Minin et al., 2003) to select an appropriate model 

of evolution for each of the non-ribosomal gene fragments. Both programs suggested a 

GTR + I + Γ model (Yang, 1994; Yang et al., 1994; Gu et al., 1995). Non-stem regions 

of the ribosome were also analyzed with the GTR + I + Γ model. Morphological 

characters were analyzed with the MK model (Lewis, 2001). After the analyses were 

completed, we verified that each run had stabilized using Tracer 1.4 (Rambaut and 
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Drummond, 2007), and calculated the burn in regions. The analysis had a burn in of 30% 

for each chain.  

 

R8S analyses 

We used a doublet-model Bayesian tree based on our combined data to run a 

divergence estimation analysis in R8S (Sanderson, 2003) using penalized likelihood, a 

method that applies a penalty against large-rate changes between neighboring branches. 

We optimized the smoothing parameter using cross-validation analysis. Dates and 

substitution rates were estimated using the truncated Newton algorithm with 10 

independent starts. In order to calibrate the divergence estimation analysis, we used fossil 

data from Grimaldi and Engel (2005), Nel et al. (1993), Nel and Paicheler (1994) and 

Jarzembowski and Nel (1996) (Table 2). To determine whether there were differences in 

diversification rates among taxa, we estimated the rate of diversification, rε
^

, of each clade 

using the method of moment calculation from Magallón and Sanderson (2001), where 

e=extinction, t=time and n=diversity measure: 

 

ˆ r ε = 1

t

 
 
 
 
 
 log[n(1−ε) + ε] 

 

Accelerations in the net diversification rate were estimated using the ratio calculation 

from Roelants et al. (2007), where t=time:  
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3. Results 

Maximum parsimony analyses recovered 700 most parsimonious trees of 11072 steps 

long. Our combined analysis included 10,002 characters of which 5783 were constant, 

2332 were variable but parsimony uninformative and 1887 were parsimony informative. 

Results from our combined parsimony analysis are shown in Figure 2, a consensus of 700 

trees; results from Bayesian doublet analyses are shown in Figure 3, which is a consensus 

of 14,001 trees. The most likely tree had a score of -63625.45. Bootstrap support is 

shown above the branches in Figure 2 and posterior probability support is shown above 

the branches in Figure 3. A morphology-only parsimony tree is shown in Figure 4 (1 

most parsimonious tree; best tree was 1025 steps long), with bootstrap support listed 

above the branches.  

 

Disagreement between analytical methods 

Our parsimony analyses recovered a paraphyletic GSI complex, as also found in 

parsimony analyses run by Ware et al. (2007). Corduliidae and Macromiidae are 

recovered in a polytomy with Libellulidae in our parsimony analysis while the Bayesian 

analysis strongly supports Corduliidae as sister to Libellulidae (100% posterior 

probability). The Libellulidae is largely a polytomy in our parsimony analysis, and clades 

that are recovered are not consistent with those from our Bayesian analyses. Bayesian and 

parsimony analyses treat data differently, (e.g. Lewis, 2001), which likely accounts for 

the discrepancies between the results from each analysis method. Since our dataset is 

comprised of several ribosomal fragments, we have chosen to focus on the results from 

our Bayesian analyses because it implemented a more realistic model of evolution, 
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treating paired-hydrogen bonded sites in these fragments independently. Unless otherwise 

noted, the results discussed below referred to our Bayesian analysis.  

 

The GSI complex 

As in previous molecular-based analyses (Ware et al., 2007; Letsch, 2007) the GSI 

was supported as monophyletic. The subfamily Synthemistinae was recovered as 

monophyletic with strong posterior probability (100% posterior probability), but this 

clade included the non-synthemistid taxa Gomphomacromia and Archaeophya, both of 

which were previously considered to be members of the subfamily Gomphomacromiinae 

(Davies and Tobin, 1985). Letsch (2007) recovered a similar arrangement, with the 

additional inclusion of Idomacromia. There are several morphological characters that 

support the monophyly of Synthemistinae, including the number of cross veins between 

the costal braces, the number of cross veins in the midbasal space, the number of 

forewing Cubital-Anal cross veins, the arrangement of larval palpal teeth, and the 

presence of setae on the larval palpal teeth. There are 7 morphological characters (wing 

vein, external body, accessory genitalic, penile, and larval) and several molecular 

characters (16S and COI) that support the Synthemistinae + Gomphomacromia 

+Archaeophya clade. Few of these are true synapomorphies, however, and most are 

either homoplastic derived states, or plesiomorphies shared with Chlorogomphidae, 

Neopetaliidae and/or Cordulegastridae. The absence of a genital lobe, shared by 

Synthemistinae + Gomphomacromia, for example, is a plesiomorphy shared with 

Chlorogomphidae. The absence of setae on larval palpal teeth, another plesiomorphy, 
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shared by Archaeophya + Gomphomacromia + Synthemistidae, is additionally present in 

Pseudocordulia.  

The remaining gomphomacromiine taxa and members of Idionychinae and 

Idomacromiinae (sensu Davies & Tobin, 1985) are recovered in two separate clades. 

Idionyx, and Macromidia are recovered as a monophyletic clade, with 95% posterior 

probability.  

As in Ware et al. (2007), Cordulephya is recovered nested well within the GSI, in a 

clade comprising gomphomacromiine taxa, contra to its previous assignment in 

Corduliinae (Davies and Tobin, 1985). Pseudocordulia and Cordulephya are strongly 

supported as sister taxa (92% posterior probability). These taxa are present in a clade 

comprising the South African endemic Syncordulia, the holarctic Oxygastra and several 

other Australian endemic genera with 100% posterior probability.   

   

Corduliine Corduliidae and Macromiidae 

The monophyly of the Macromiidae is strongly supported with 100% posterior 

probability. In addition to several molecular characters from independent datasets, 

Macromiidae also share morphological traits, such as a large and erect anterior hamule 

(although this is likely a plesiomorphy retained in this group and Lathrocordulia). 

Phyllomacromia is a monophyletic genus (85%). The 2 species of Macromia are not 

recovered as sisters. Macromia urania has only 16S molecular data so the position of 

these taxa relative to the other macromiids may change with the inclusion of more data.  

Corduliidae (sensu Ware et al., 2007, i.e., Corduliinae) is similarly strongly 

supported. Pentathemis  + Aeschnosoma are sister taxa, forming a clade which is sister to 
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the remaining Corduliidae. Unlike in Ware et al. (2007), Hemicordulia is recovered as 

next most apical node, a position similarly found by Letsch (2007; although with a 

different corduliid taxon sample, and in exclusion of Pentathemis and Aeschnosoma).  

Corduliidae are recovered as sister to Libellulidae with 100% posterior probability, a 

position supported by a small number of morphological characters. Several Corduliidae 

and Libellulidae share the arrangement of their postanal cells (two or more closed cells 

present), for example, and both possess lateral carinae on two or more abdominal 

segments.  

 

Libellulidae 

The family Libellulidae is recovered as monophyletic with 96% support. The support 

for this monophyly is 100% in preliminary analyses excluding taxa for which only 

morphological data is present (results not shown). There were 7 clades that were 

consistently recovered in Libellulidae (Clades A-G, Figure 3). Table 3 lists the clades in 

this analysis that were also supported by previous molecular and/or combined data 

studies 

The restricted Tetrathemistinae found in Ware et al. (2007) is recovered with 100%. 

Urothemistinae is not well supported (47% posterior probability).  

Tramea, Hydrobasileus, Tauriphila and Miathyria, all previously considered to be 

members of the subfamily Trameinae were recovered as a monophyletic assemblage 

along with the libelluline taxon Dasythemis (97% posterior probability). Other members 

of the Trameinae; Tholymis, Zyxomma, Rhyothemis, Idiataphe, and Pantala, were not 

recovered in this clade but were instead scattered throughout the Libellulidae.  
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 A restricted Libellulinae was recovered (80% posterior probability), with the 

remaining libelluline taxa scattered throughout the Libellulidae, which is consistent with 

Ware et al. (2007) and Pilgrim and von Dohlen (2008).  

   

Homoplasy in the morphological and molecular datasets 

The characters in our morphological matrix were largely homoplasious. Wing vein 

characters had consistency indices (CI) which ranged from high (1.0) to low (0.04), but 

only one of our wing vein characters (the number of cross veins between costal braces in 

forewing) had a CI of 1.0, and 94% had CI values that were less than 0.5.  

The other morphological datasets had similarly low CI values. Two external body 

characters had CI’s of 1.0 (the presence/absence of ventrolateral processes and the 

presence/absence of the auricle), but most had CI values lower than 0.3333. One genitalic 

character had a CI of 1.0 (the size of the genital lobe), but 42% had CI’s lower than 0.1. 

None of the penile characters scored in our morphological matrix had CI’s greater than 

0.67 and 85% had CI’s ≤ 0.5. Two of the larval characters had CI’s of 1.0, but 33% had 

CI’s lower than 0.1.  

We compared the rescaled consistency index  (Table 4) for each character in our 

morphological matrix using an ANOVA run in EXCEL. The ANOVA failed to 

demonstrate significant variation among the RC values of wing, external body, 

accessory-genitalic, penile and larval characters (P=0.80). 

Molecular characters had higher CI and RC values than the molecular characters. Six 

hundred molecular characters were parsimony informative. The overall CI of the 

molecular characters was 0.5742, and the rescaled consistency index (RC) was 0.5776. 
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The morphological dataset comprising 100 characters had lower mean CI (0.2715) and 

RC (0.1769) values.  

 

Divergence estimation and diversification rates 

The dates recovered in our analysis were largely in agreement with the small number 

of previous libelluloid dating studies (most nodes differ by <25%), although certain 

nodes differed to a greater degree (Ware et al., 2008; Ware et al., submitted; Table 2). 

The root of the tree was estimated to have an age in the late Triassic (approximately 214 

Mya; Figure 6). The ancestor to GSI + the MCL complex (Macromiidae, Corduliidae and 

Libellulidae) diverged approximately 132 Mya, during the Cretaceous. The GSI are 

estimated to have diverged from other Libelluloidea 111 Mya, and the MCL apparently 

diverged from other Libelluloidea 101 Mya. This date is 30% lower]than previously 

recovered (Ware et al., 2008). Within the MCL, Macromiidae is estimated to have 

diverged 93 Mya, Corduliidae 85 Mya, and Libellulidae 68 Mya. The date we recovered 

for macromiid divergence was much older than previously recovered (e.g., 63% different 

from Ware et al., 2008), but this is likely due to our sampling of taxa deeper into the 

macromiid lineage, including several non-holarctic taxa such as Phyllomacromia and 

Macromia urania. The libellulid divergence estimate was 23% older in Ware et al. (2008; 

88 My) than in our analysis (68 My). 

Estimates of diversification rate are dependent on assumptions about extinction rates. 

The diversification rate for Libelluloidea was estimated and used for comparison 

purposes (r0 =0.0127, r0.95=0.0075). Diversification estimates were lowest in 

Cordulegastridae (r0 =0.0107, r0.95=0.0034) and highest in Libellulidae (r0 =0.0328, 
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r0.95=0.0219) (Table 5). The diversification rate for Libelluloidea as a whole may be 

lower than the actual value, since we estimated it with the age of oldest known 

Anisopteran fossil rather than the date from the split of Libelluloidea from it’s closest 

sister group, since this has to yet been determined. Acceleration rates of net 

diversification were lowest in Cordulegastridae (0.0044) and highest in GSI (0.2998) and 

Libellulidae (0.4864). Acceleration rates were similar in Macromiidae and Corduliidae 

(0.0948 and 0.0911, respectively).  

 

4. Discussion 

The results from the current study are largely in agreement with Carle and Kjer 

(2002), Ware et al. (2007), Pilgrim and von Dohlen (2007), Letsch (2007), and Bybee 

(2008), in terms of the monophyly of each of the MCL families.  

High posterior probability values for GSI monophyly support a taxonomic distinction 

between GSI and Corduliidae. Within the GSI there are three subfamilies, each one 

strongly supported (<95% posterior probability). As discussed in Letsch (2007) and 

briefly mentioned in Ware et al. (2007), the relative positions of Gomphomacromia and 

Oxygastra agree with Theischinger and Watson’s (1984) suggested division of 

gomphomacromiines into an Oxygastra group and Gomphomacromia group. They based 

this distinction on Gomphomacromia, Archaeophya and Pseudocordulia larvae, which 

are similar in many ways to synthemistine larvae (both synthemistids and 

Gomphomacromia lack larval palpal setae, have subrectangular larval heads, broad, flat 

larval pronota, well developed larval frontal plates, and lack lateral spines on the larval 

abdominal tergites). Gomphomacromia + Synthemistidae was recovered with strong 
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support by Letsch (2007; 100% posterior probability), but he did not include 

Pseudocordulia or Archaeophya. With a more complete synthemistid taxon sample and 

Archaeophya, we recovered Archaeophya + Gomphomacromia + Synthemistidae. In our 

analysis, Pseudocordulia, suggested to be a member of the Gomphomacromia group, is 

never recovered with Synthemistidae, Gomphomacromia and/or Archaeophya but rather 

is sister to Cordulephya in a clade comprising the ‘Oxygastra-group’ taxa. Our results 

therefore support the definition of Archaeophya + Gomphomacromia +Synthemistidae as 

a monophyletic subfamily within the GSI only in the exclusion of Pseudocordulia.  

Macromiidae comprises 4 genera: Didymops, Epophthalmia, Macromia and 

Phyllomacromia (May, 1997); taxa from each genus were included in the present study. 

With the exception of the strongly supported arrangement of Epopthalmia + Macromia 

urania (100% posterior probability), both of which are Indomalayan in their distribution, 

and Didymops transvera + Macromia illinoiensis (100% posterior probability), both of 

which are North American genera, our results do provide much information about 

intergeneric relationships in Macromiidae. The general lack of generic monophyly 

recovered here should be treated with caution until more molecular data can be 

incorporated for these taxa, and until more Macromiidae are sequenced.  

Corduliidae is recovered as sister to Libellulidae, which has been found by several 

previous phylogenetic studies (e.g., Carle and Kjer, 2002; Bybee, 2008; Letsch, 2008). 

As in Letsch (2008), and Ware et al. (2007), some species of Somatochlora and Cordulia 

are recovered together, although in our phylogeny neither the 3 species of Cordulia nor 

the 2 species of Somatochlora are recovered in together in one clade. With the gene and 

taxon sample of the present study, we cannot evaluate the status of the monophyly of 



  126 

 

Cordulia or Somatochlora. Species of Cordulia are so similar as to be difficult to 

distinguish morphologically, and we believe the genus is surely monophyletic (Jodicke et 

al., 2002). Somatochlora, however, is an extremely speciose and heterogeneous genus, 

the systematics of which are currently being evaluated using a wider taxon sample and 

gene fragments that evolve more rapidly than those used here (Voigt, pers. comm.).  

As in Ware et al. (2007), and Pilgrim and von Dohlen (2007), the libellulid 

subfamilies Brachydiplacinae, Leucorrhiniinae, Palpopleurinae, Sympetrinae, 

Tetrathemistinae, Trameinae, and Trithemistinae, as defined by Fraser (1957) or Davies 

and Tobin (1985), are not supported as monophyletic (see Table 3 for a comparison of 

which nodes were supported by recent molecular analyses of Libelluloidea).  

The libellulid clades recovered here are similar in composition to Ware et al. (2007), 

Letsch (2007), and Pilgrim and von Dohlen (2008), with a few notable exceptions (Table 

3). All of these studies used secondary structural alignment of ribosomal data, and each 

ran Bayesian analyses. The present study, Ware et al. (2007) and Letsch (2007) each used 

evolutionary models that took into account the interdependence of ribosomal paired-sites, 

although Ware et al. used an RNA7A model to code the stem regions of their data while 

Letsch and the present study used the doublet model in MR. BAYES (Huselbeck and 

Ronquist, 2002). The aforementioned studies differed in the composition of their 

molecular datasets and Letsch (2007) did not incorporate morphological data. These 

differences may have been responsible for the minor disagreements between phylogenetic 

hypotheses.  

Some of the taxonomic groupings that were recovered were surprising deviations 

from previous morphology-based assumptions. Pantala and Trithemis, for example, are 
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recovered as sister groups by Ware et al. (2007), Pilgrim and von Dohlen (2008) and the 

present study. This is surprising, considering striking differences in their appearance, 

behavior and biogeography. Pantala are cosmopolitan, large winged, migratory 

dragonflies while Trithemis are small to medium sized dragonflies that are non-migratory 

and found in Africa, Indo-Malaya and Southern Europe. The recovery of Diastatops + 

Perithemis and Zenithoptera in clades separate from Palpopleura was similarly 

surprising, since these taxa have been commonly placed in the subfamily Diastatopidinae 

based on their wing coloration and the presence, in some taxa, of a concave costal vein. 

In general, taxa represented by morphological characters alone were treated with 

caution, especially in cases where these taxa were recovered outside of the family within 

which they were traditionally placed (i.e., Fylgia). Indeed, the positions of Fylgia, 

Neocordulia, and Idomacromia varied with analysis method, and between preliminary 

(not shown) and final Bayesian analyses. The position of these taxa did not appear to 

greatly affect the topology of the trees recovered, but the stochasticity of their placement 

is worthy of note. Many odonate collections are deficient in taxa from African, Asian and 

Middle Eastern regions and too often any available specimens from these regions are 

difficult to amplify due to age and/or preservation method. If we wish to include such 

taxa into our phylogenetic analyses, but are unable to obtain fresh specimens, it would be 

useful to be able to incorporate them into a combined analysis on the basis of 

morphological characters alone. The high levels of homoplasy within most 

morphological datasets, however, might prevent these taxa from being recovered in a 

position reflective of the ‘true tree’. Although previous authors have suggested that the 

use of morphological characters other than wing venation might be useful in resolving 
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dragonfly relationships (e.g., Pilgrim and von Dohlen, 2008), we found that these other 

suites of morphological characters were similarly unable to provide strong support or 

resolution among genera and families within Libelluloidea.  

 

Homoplasy among morphological and molecular characters 

Differences in the evolutionary relationships proposed by libelluloid molecular and 

morphological datasets are numerous. In general, morphological and molecular data often 

disagree in phylogenetic studies, and it can be difficult to determine what to do when 

these datasets clash: (a) wait for more data, (b) combine the data, or (c) favor the results 

from one data source over another (Jenner, 2004). Awaiting more data may not be 

profitable in the present case, since a wide range of both small-scale (Kambhampati 

1996; Misof et al., 2001; Hasegawa and Kasuya, 2006) and large-scale (Ware et al., 

2007; Letsch, 2007; Pilgrim and von Dohlen, 2008; Bybee, 2008) studies have already 

been undertaken, incorporating anywhere from one to several independent molecular 

datasets, each of which has been largely in disagreement with morphological data. 

Traditional subfamily and even family level morphological based taxonomy is in conflict 

with present molecular and combined data hypotheses (Ware et al., 2007; Letsch, 2007; 

Pilgrim and von Dohlen, 2008; Bybee, 2008). Other genes might increase resolution and 

branch support in molecular data, but it seems unlikely that this would also result in the 

resolution of conflict between morphological and molecular data. Additional 

morphological data should be useful if it were low in homoplasy, but, given the apparent 

extent of homoplasy in widely-used morphological characters, it is difficult to identify 

suites of non-homoplasious morphological features without reference to independent 
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data. A better argument may be that molecular data give more concordant results when 

comparing independent sequences and/or result obtained independently by different 

researchers. When we combined the datasets here, we recovered a phylogeny largely in 

agreement with previous molecular-only phylogenetic hypotheses by Ware et al. (2007) 

and Letsch (2007). Extensive homoplasy in the morphological dataset leads us to favor 

molecular and/or combined phylogenetic hypotheses over morphology-only datasets.  

Carle (1995) recovered monophyletic families using morphological data and 

algorithmic manual parsimony, but he assigned character states at the family level, which 

may hide intrafamilial and intrageneric variation, both of which influence the amount of 

homoplasy within our dataset. . In order to reduce homoplasy and non-independence 

among his characters, Carle (1995) downweighted or omitted character changes that were 

likely to be correlated with previously used characters (“coapomorphies”) or that 

represented losses (“expomorphies”) and thus made detection of convergence difficult. 

We concur that such characters can easily distort results of morphology-based 

phylogenetic analyses, and accounting for these effects would be beneficial, but we found 

it extremely difficult to determine objectively which characters are indeed functionally 

correlated. Moreover, if coapomorphies or exapomorphies are to be downweighted in 

relation to their frequency of occurrence, weights will vary depending on taxon sampling. 

We therefore adhere to the more common assumption that homoplasy will be revealed by 

conflict with presumably more frequent homologous changes. Nevertheless, we believe 

that efforts to identify accurately strongly coapomorphic characters, and the exercise of 

considerable caution in relying on putative homologies due to loss of structural features, 
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will probably be necessary to improve our ability to interpret phylogeny and character 

evolution in dragonflies.  

Molecular-only phylogenetic hypotheses are also seldom in agreement either, and in 

theory an independent morphological dataset low in homoplasy would be useful in 

clarifying intrafamilial relationships. Unfortunately, characters commonly used in 

dragonfly morphology, and the new characters from the present study, are extremely 

homoplasious.  

It is common for molecular and morphological evolution to occur at different rates 

(Patterson et al., 1993), and interpretation of morphological characters, especially, is 

complicated by functionally driven convergent evolution. Wing venation features, for 

example, may be highly correlated (e.g., Carle, 1982b; Pilgrim and von Dohlen, 2008; 

Ware et al., in prep), and flight behavior may influence vein density, the shape and size 

of the wing, and the venation pattern. As discussed in Pilgrim and von Dohlen (2008), for 

example, Trameinae (sensu Fraser, 1957; not supported as monophyletic by molecular 

data) have similarly shaped wings, with broad bases and expanded anal regions. This area 

of the wing has been thought to be correlated with flight behavior (e.g., Bechly, 1996; 

Pilgrim and von Dohlen, 2008). Similarly, as found in Ware et al. (2007) and Fleck et al. 

(2008), Tetrathemistinae are not found to be monophyletic. Dijkstra and Vick (2006) 

noted that venation in Tetrathemistinae is likely to be subject to convergence associated 

with narrowing of the wing base.  

Several of the venation patterns in our morphological matrix (such as the number of 

cells in the RSPL (Figure 1b), the presence of undulation in the R4+5, and the angle of the 

anal loop midrib) may affect chordwise flexibility, spanwise stiffness and wing twisting 
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or camber. Understanding of the details of wing kinematics and aerodynamics during 

flapping flight, however, is as yet too rudimentary to make confident predictions of these 

effects (Wooton and Kukalova-Peck, 2000; Combes and Daniel, 2003a, b; 2005) or, in 

general, to relate differences in venation patterns to specific flight characteristics.  

Wing venation is often cited as a character-set prone to convergence (e.g., Carle, 

1982b; Bechly, 1996), but we found that morphological characters unrelated to venation 

could also be highly homoplasious. Larval morphology may be linked to larval habitat 

and behavior, such as water current speed, burrowing behavior, larval position in the 

stream (since terrestrial, bank dwellers, rock clingers and larvae dwelling among plants in 

the middle of the stream may have different adaptations) and the presence of predators or 

competitors. Dorsal spines on the larval abdomen, for example, have been shown to differ 

in Leucorrhinia with fish predator presence (Mikolajewski and Johansson, 2003; 

Hovmoller and Johansson, 2004). Still other studies have suggested that spines may help 

stabilize the larva during recoil from labial protraction (Nestler, 1980) or when crawling 

through vegetation (Aguiar, 1989). Other characters, such as the prothoracic epaulets, 

have been suggested to protect eyes during burrowing in mayflies (Edmunds and Traver, 

1959).  

Male dragonflies use their secondary genitalia to remove sperm from competing 

males, and this behavior may have led to highly variable, often extremely elaborate 

penile structures, the homologies of which are sometimes difficult to assess for the 

purposes of morphological analyses (e.g., Miller, 1991). Miller (1991) extensively 

investigated the highly varied penile structures within Libellulidae. Using the 

classification scheme from Davies and Tobin (1985), Miller was unable to reconcile the 
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often complex, penile structures with libellulid taxonomy. We compared Miller’s data 

with our combined phylogenetic hypothesis but also found no obvious phylogenetic 

pattern in the arrangement and length of these structures (Table 8). Additional penile 

characters scored in our matrix were also found to vary greatly between species within a 

single genus. Figure 5 displays SEM photographs showing the high variability of penile 

structures in Libellulidae: Figure 5b shows variation in a clade that has been widely 

supported as monophyletic, Sympetrum + Celithemis + Leucorrhinia, and Figure 5c, 5d, 

and 5e show variation among the distantly related Brachydiplax, Chalcostephia and 

Brachythemis. In Clade E of our phylogeny, however, there was some penile similarity 

between libellulid genera: the taxa Nannothemis, Erythrodiplax, Pseudoleon, Uracis and 

Ypirangthemis have in common an elongated, cylindrical distal segment of the vesica 

spermalis (Figure 5a; identified in Garrison et al., 2006).  All of these taxa, with the 

exception of the yet to be sequenced Ypirangthemis, are recovered in a monophyletic 

clade with moderate support (83%; Figure 2; Pseudoleon was not sequenced here but 

found to be closely related to Erythrodiplax by Pilgrim & von Dohlen, 2008). Based on 

our phylogeny, one could assume that an elongated distal vesica spermalis segment was 

the gained several times, or that it was the ancestral condition (which has subsequently 

been lost in the other taxa in this clade, i.e., Acisoma, Rhodopygia, Nannophya, 

Bradinopyga, Hemistigma, Palpopleura, Diplacodes, and Crocothemis). Secondary 

losses such as this may distort our perception of the amount of disagreement between 

morphological and molecular datasets (Jenner, 2004).  

Although color and color pattern have been used in phylogenetic analyses, especially 

at lower taxonomic levels (e.g., Carle and Kjer, 2002; May, 2002), its use at higher 
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levels, especially, is problematic because of the likelihood of strong selection for 

signaling, concealment, or thermal functions (e.g., Calopteryx: Waage, 1984, Misof et al., 

2000; Chlorocypha: Lempert, 1988; Corbet, 1999; Plathemis: Corbet, 1999). The 

libellulid subfamily Palpopleurinae (not supported as monophyletic by our molecular 

data), for example, share colored wings, which they may have converged upon for visual 

display purposes, or to act as wasp mimics (Perithemis: Paulson, 1966; Michalski, 1988). 

Further complicating the use of wing coloration in libelluloid taxonomy is the 

geographical variation in many coloration patterns (e.g., Tetragoneuria: Donnelly, pers. 

comm.). Some odonates use their wing or body coloration patterns for visual displays.  

In general, morphological characters may not be able to answer the questions we have 

about interfamilial and intergeneric relationships. When we ran analyses of each 

morphological grouping (wing venation, external body, genitalia, penile, and larval 

characters) we found that there was large disagreement between each phylogenetic 

reconstruction recovered, which are also in conflict with the molecular data (Table 6).  

 

Taxonomy  

Given the similarity and consistency in libelluloid phylogenetic hypotheses between 

the combined analysis from the present study and recent analyses (Letsch, 2007; Ware et 

al., 2007; Pilgrim and von Dohlen, 2008; Bybee, 2008), we propose names for the GSI 

group and 4 libellulid clades.  

The GSI comprises taxa from the putative subfamilies Idionychinae, Idomacromiinae, 

Neophyinae, Synthemistinae and Gomphomacromiinae (Davies and Tobin, 1985). The 

oldest family-group name is Synthemistidae, based on Tillyard (1917), who applied it to 
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the subfamily Synthemistinae. We therefore propose that the GSI should be named 

“Synthemistidae” to include at least the taxa presently incorporated, other 

gomphomacromiines.  

Libellulidae was previously considered to comprise at least 11 subfamilies (Davies 

and Tobin, 1985; Steinmann, ), but given the lack of support for these subfamilies we 

take this opportunity to revise, in part, the taxonomy of Libellulidae based on current 

evidence. Here we recognize four subfamilies, each somewhat different in composition 

from the traditional understanding (Fraser, 1957; Davies and Tobin, 1985; Bridges, 194; 

Steinmann, ) of these subfamilies; the remaining genera are left incertae sedis pending 

more detailed study. Where possible, we used the oldest genus name when assigning 

subfamily names. Part of Clade B is designated Trameinae, sens. nov., comprising at least 

Tramea Hagen, 1861, Hydrobasileus Kirby, 1989, Miathyia Kirby, 1889, and Tauriphila 

Kirby, 1889, but not Pantala Hagen, 1861, Rhyothemis Hagen, 1867, or Tholymis, 

Hagen, 1867, all of which have been commonly placed here previously. Dasythemis 

appears to belong here, but this is so unexpected on morphological grounds that we 

suggest that its position needs further study. Likewise Tetrathmistinae (sensu Fleck et al., 

2008) and Urothemistinae could be included, but again we prefer to await additional data 

before suggesting this change, especially since support for an amalgamation of these 

three groups is low. Trameinae, thus restricted, was also found by Pilgrim and von 

Dohlen (2008), and Letsch (2007) recovered this grouping as sister to the urothemistines, 

but not to tetrathemistines.  

We designate Clade C as Sympetrinae, sens. nov., currently including the type genus 

Sympetrum Newman, 1833, as well as Leucorrhinia Brittinger, 1850 and Celithemis 
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Hagen, 1861, and the formerly recognized subfamily Leucorrhiniinae is subsumed within 

Sympetrinae; a very similar result was reported by Letsch (2007), Ware et al., (2007), and 

Pilgrim and von Dohlen (2008). For Clade F, comprising Trithemis Brauer, 1968, and 

Pantala Hagen, 1861, among others, we propose the name Trithemistinae, sens. nov. 

Pilgrim and von Dohlen (2007) and Ware et al (2007) both found Pantala and Trithemis 

to be closely related; Letsch (2007) did not include Pantala in his analysis. It is highly 

likely that a number of genera will be added to this subfamily as research progresses, but 

it seems clear that it will have little resemblance to the traditional Trithemistinae, which 

appears to be a polyphyletic assemblage of convenience.  

For Clade G, which largely comprises libelluline taxa and contains the genus 

Libellula Linnaeus 1758, we accept the current name Libellulinae, for the present 

excluding Cannaphila, Dasythemis and Hadrothemis, previously assigned to Libellulinae 

but not recovered within Clade G (confirmation of the placement of these taxa with 

additional molecular data would be very desirable). Letsch (2007), Ware et al., (2007), 

and Pilgrim and von Dohlen (2008) recovered a very similar libelluline clade. It is also 

reasonably well-defined by a suite of larval characters discussed by Fleck, et al. (2008). 

Given the complicated taxonomic history and frequent name changes of libelluloids (see 

Ware et al., 2007 for a review of the various nomenclature changes over the last 125 

years), low support for some clades that are candidates for subfamily designation, and the 

near certainty that composition of some clades will change with addition of more taxa to 

later analyses, one may question the wisdom of naming some new subfamilies now. We 

suggest that the formal designation of taxon names to the well-supported clades in our 

phylogeny will be beneficial for future study of libelluloids. Taxon name designation 
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provides definition to our phylogenetic hypotheses, which can be tested in the presence of 

additional taxa and outgroups. Named taxa provide ready indication groups that are likely 

to be phylogenetically justified and thus stable and, by omission, indicate the subordinate 

taxa for which relationships are most problematic. They also guide the study of character 

evolution and may facilitate recognition of morphological synapomorphies that can in 

turn refine and provide firmer support of succeeding phylogenetic hypotheses. To avoid 

unnecessary future complications in libelluloid taxonomy, however, we avoided naming 

clades for which support values were low (Clade E had the lowest posterior support, 

59%).  

 

Libelluloid speciation, divergence estimation, biogeography and success 

Radiation in Libelluloidea, particularly in Libellulidae, was apparently rapid, as 

evidenced by the short branch lengths along the backbone of this section of the tree 

(Figure 3). This rapid radiation may be responsible for the poorly supported nodes in 

Libellulidae. As found previously (Misof et al., 2001; Hasegawa and Kasuya, 2006; 

reviewed in Pilgrim and von Dohlen, 2008), the 16S and 12S fragments are not very 

useful in resolving the relationships within the Libelluloidea. Pilgrim and von Dohlen 

(2008) suggest that rapid radiation in Odonata, along with saturation of nucleotide sites 

has made phylogenetic analysis difficult. 

Libelluloidea comprises a large number of heterogeneous taxa, and is the most 

speciose superfamily in Anisoptera. Our analysis had a large taxon sample, with 77% of 

GSI genera, 100% of macromiid genera, 63% of corduliid genera and 50% of libellulid 

genera represented (with a representation of 17% of GSI species, 6% of macromiid 
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species, 14% of corduliid species and 12% of libellulid species). Using this large taxon-

set, we were able to assess diversification rates and estimate divergence times, in order to 

explore what may have led to such a rapid radiation in Libelluloidea (Figure 6). Our r8s 

analysis suggested the age of the root of the tree was Triassic (214). At this time, the 

continents were still in close proximity, following the break-up of the supercontinent of 

Pangea that created the southwest Indian Ocean rift, splitting South America + Africa 

from East Gondwana and moving India away from Antarctica, and the North Atlantic-

Caribbean rift, which separated Laurasia from South America and Africa (Dietz and 

Holden, 1970). If the ancestor to Libelluloidea was present on all landmasses, the 

isolation followed by these geographical vicariant events may have influenced its 

divergence. 

Our estimate for the divergence of non-cordulegastrid taxa (132 Mya) is similar to 

that of Carle (1995), who suggested that the radiation of non-cordulegastrid Libelluloidea 

began ‘at least 140 million years ago’. During the early Cretaceous, Gondwanaland began 

to break apart (e.g., Veevers, 2004), which likely resulted in the creation of geographical 

barriers to dispersal and the isolation of populations. Vicariant events such as this have 

been suggested to drive the rate of speciation (e.g., Nelson, 1969; Rosen, 1975, 1978; 

Platnick and Nelson, 1978; Nelson and Rosen, 1980; Nelson and Platnick, 1981; Wiley, 

1981). Movement of continents may have resulted in an increased amount of inland water 

(e.g., Hallam, 1993); the occurrence of additional water sources might have encouraged 

dispersal of dragonflies, virtually all of which have aquatic or semiaquatic larvae. 

Perhaps the ancestor of non-cordulegastrid taxa was able to exploit smaller, and/or 

temporary bodies of water that developed as a result of Gondwanaland’s breakup, many 
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of which may not have been able to support the wide variety of plant material present in 

larger water sources. Movement to new, smaller and/or temporary water sources might 

have been a strategy to avoid predators, such as neobatrichid frogs, which diversified 

during the Jurassic period, approximately 160 Mya (Roelants et al., 2007). We find it 

hard to reconcile the evidence from our dating analysis with the hypothesis that non-

cordulegastrid Libelluloidea diverged in Antarctica (Carle, 1995)  

As discussed in Ware et al. (2008) divergence estimation m.ay be useful in shaping 

our hypotheses about the evolution of structures related to libelluloid success, such as 

exophytic oviposition and burrowing. Mentioned above, reduction in the ovipositor, 

convergently shared with the Gomphidae (Carle, 1995), is a prominent feature of 

Libelluloidea. The ovipositor of Aeshnoidea and Petaluridae (and Zygoptera) comprises 

three pairs of ventral processes. The first and second pairs (anterior and posterior 

gonapophyses) are enclosed by the third (gonoplacs). In libelluloids, including 

Cordulegastridae, the ovipositor is modified for exophytic oviposition (Tillyard, 1917; 

Carle, 1995; Figure 6). In Cordulegastridae, the third processes (gonoplacs) are vestigial. 

In the GSI clade, the third processes are absent and at least the second processes are 

reduced, although in some taxa the first pair is present and nearly as long as in 

Cordulegastridae. In the MCL, the first processes are reduced to small flaps and the other 

structures are apparently absent except for the probable vestige of the styli emerging 

directly from the 9th sternite (Tillyard, 1917). In a few instances, the 8th (e.g., some 

Somatochlora) or 8th and 9th sternites (Uracis) are secondarily produced to form an 

ovipositor in MCL species. If increased speciation is linked to a reduction in the 

ovipositor (Carle, 1995), we would expect the rate of diversification to be highest in the 
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clades which diverged after the ovipositor was extremely reduced. Based on their 

oviposition morphology, we might expect the highest diversification rates in our dataset 

to occur in the MCL and the lowest diversification rates to occur in the Cordulegastridae. 

We calculated diversification rates (r) for Libelluloidea, and for each family using the 

dates obtained from our r8s analysis and the numbers of species listed by Schorr et al. 

(2008), assuming either a low extinction rate (ε=0) or a high extinction rate (ε=95). The r 

values for Libelluloidea were progressively higher in the more apical nodes of 

Libelluloidea, under both assumptions of extinction rate (Figure 6), with Libellulidae 

having a tenfold higher rate than Chlorogomphidae. The net diversification rate 

calculations suggested that GSI at one time had higher acceleration of diversification than 

is presently observed which might imply that they were better adapted to previous 

environmental conditions, and/or that they are less able to compete for resources upon the 

divergence of Libellulidae.  The GSI likely diverged during the Jurassic, with the 

ancestor to Gomphomacromia + Archaeophya + Synthemistinae diverging from other 

GSI taxa approximately 85 Mya. During this time period, Australia had begun to move 

away from Antarctica and South America (Veevers, 2004). The ancestor to Archaeophya 

+ Synthemistidae became isolated in Australasia, which may have led to the speciation of 

Archaeophya and Synthemistidae. The Indomalayan GSI taxa Idionyx +Macromidia 

diverged around the time when India collided with Eurasia (approximately 54 Mya; e.g., 

Zhu et al., 2005). The recovery, with strong support, of Oxygastra and Syncordulia in a 

clade comprising Australian endemics diverging 47 Mya, well after the break-up of 

Pangea, might suggest that the current distribution of these taxa in Europe and Africa, 

respectively is due to dispersal.  
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The radiation of the MCL complex began 101 million years ago, with Macromiidae 

diverging 10 million years before Corduliidae and 30 million years before Libellulidae. 

Each of these families diverged during the Jurassic, with most of the genera within these 

clades diverging during the Cretaceous and Cenozoic. This suggests that the current 

distribution of taxa like Libellula, which are present on 4 continents but diverged well 

after the formation of the Atlantic Ocean, may be due to dispersal. Similarly, taxa such as 

Orthetrum, present in several countries in the Old World, may have dispersed into their 

present locations after they diverged from their libelluline ancestor during the Cenozoic.   

  

Summary 

The Libelluloidea comprise four families: Synthemistidae (sens. nov), Macromiidae, 

Corduliidae and Libellulidae. Libellulidae comprises 7 apparent clades, four of which are 

consistent enough in composition to be named: Trameinae (sens. nov.), Sympetrinae 

(sens. nov.), and Trithemistinae (sens. nov.), and Libellulinae (s.s.). The recovery of 

monophyletic libelluloid clades is largely due to molecular data, and our morphological 

data when analyzed alone is in conflict with the phylogenetic hypotheses generated by 

combined analyses. Homoplasy is rampant in each of the morphological datasets we 

examined, not just in wing venational characters.  Divergence estimation suggests that 

Libelluloidea diverged from its ancestor during the late Triassic, with non-cordulegastrid 

taxa diverging during the Jurassic. Diversification rates were highest in the most speciose 

family, Libellulidae, which diverged during the early Cretaceous, and lowest in the 

Chlorogomphidae. Exophytic oviposition may have been responsible the success of 

Libelluloidea, and taxa with highest diversification rates have are those with the most 



  141 

 

reduction in the gonapophyses. Future work on Libelluloidea should begin to discover 

whether there are morphological synapomorphies which support the taxonomic groupings 

recovered by combined analyses. In order to best estimate the divergence times and 

biogeography of Libelluloidea still more taxa should be sequenced, particularly from 

African and Asia, to increase the number of genera represented.  
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Figure 1a: Selected larval morphological characters from our matrix. A: median 
prominence on frons; B: degree of eye protuberance; C: eyes position relative to occiput; 
D: coxal protuberances; E: prothoracic epaulets; F: wing pads; G: hind tarsae and claw 
length relative to tibial length; H: dorsal hooks present on segment 4-segment 8; I: lateral 
spines on abdomen; J: paraprocts; K: arrangement of labial palpal teeth and setae; L: cleft 
in premental hinge; M: hair presence on premental hinge; N: transverse sulcus; O: sulcus 
presence on 8 and 9. 
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Figure 1b: Selected wing vein morphological characters from our matrix; image is based 
on an electronic scan of Pantala flavescens wing. RSPL= Radial sector planate vein, 
MBS= Midbasal space, Cu-A= Cubito-anal cell.  
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Figure 2: Consensus tree from a parsimony heuristic search (10,000 addition sequence 
replicates; consensus of 700 trees). Numbers above branches are bootstrap support 
values. Taxa for which only morphological data were present are noted with a dragonfly 
symbol. * indicates that the clade composition differs from the Bayesian analysis.   
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Figure 3: Bayesian analysis consensus tree (from 14001 post “burn-in” trees). Posterior 
probabilities are listed above branches. Taxa for which only morphological data were 
present are noted with a dragonfly symbol. Inset box is a phylogram of the most likely 
tree.  
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Figure 4: Morphology based maximum parsimony tree; consensus tree.  
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Table 3: Libelluloid taxonomic groups recovered among recent molecular studies; PP= 
posterior probability from Bayesian analysis.  
 
Clade Ware et 

al., 2007; 

12S, 16S, 

D2, D3, 

D7 

fragments 

of the 28S 

Pilgrim and von 

Dohlen, 2008; 

12S, 16S, EF-1a, 

wing 

morphology 

Letsch, 2007; 12S, 

16S, tRNA 

Valine, 28S 

Present Study; 

COI, COII, 

12S, 16S, 18S, 

28S, EF-1a, 

adult and larval 

morphology; 

doublet model 

Synthemis + 

Eusynthemis + 

Choristhemis + 

Cordulephya + 

Idionyx + 

Micromidia + 

Hesperocordulia 

+ 

Gomphomacromia 

+ Oxygastra + 

Macromidia + 

Lathrocordulia + 

Pseudocordulia + 

Syncordulia + 

Austrocordulia + 

Austrophya + 

Archaeophya+ 

Synthemiopsis 

Yes, 
100% PP 

Not included  Yes, 100% PP, 
including only  
Synthemis, 

Eusynthemis, 

Gomphomacromia, 

Oxygastra, and 
Idomacromia 

Yes, 95% PP, 
additionally 
including 
Idomacromia* 

and Neocordulia 
campana* 

Corduliinae Yes, 86% 
PP 

Only Cordulia 
shurtleffii 
included 

Yes, 100% PP. Yes, 96% PP, 
additionally 
including 
Apocordulia* 

and Fylgia*. 
Macromiidae Yes, 

100% PP 
Only Macromia 
magnifica 

included 

Yes, 100% PP. Yes, 100% PP 

Sympetrum + 

Leucorrhinia + 

Celithemis 

Yes, 99% 
PP 

Yes, 100% PP Yes, 100% PP. Yes, 94% PP; 
but with the 
possible 
contaminant 
Chlorogomphus 

Chalcostephia + 

Brachythemis + 

Brachydiplax + 

Deielia + 

Yes, 98% 
PP 

Yes, 94% PP, no 
data for 
Brachydiplax, 
Idiataphe, 

Yes, 95% PP, also 
including 
Pseudothemis, not 
including 

No;,but 
supported by 
57% PP if 
Brachydiplax 
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Idiataphe + 

Tholymis + 

Zyxomma 

Zyxomma. Idiataphe or 
Brachythemis 

excluded 

Dythemis + 

Macrothemis + 

Scapanea + 

Paltothemis + 

Brechmorhoga 

Yes, 96% 
PP 

Yes, 99% PP, no 
data for 
Macrothemisor  
Scapanea  

Only 
Brechorrhoga 
included. 

Yes, 96% PP 

Diplacodes + 

Bradinopyga + 

Hemistigma + 

Palpopleura+ 

Nannophya + 

Uracis + Acisoma 

+ Erythemis + 

Nannothemis + 

Erythrodiplax + 

Crocothemis 

+Pachydiplax 

Smaller 
analysis 
[?]: Yes, 
60% 
[46%?];  

No; but 100% PP 
also including 
Neurothemis, 
Nanodiplax, 

Pseudoleon, and 
Philonomon; not 
including 
Acisoma, 
Nannothemis, 
and Erythemis; 
no data for 
Hemistigma, 

Pachydiplax, or 
Palpopleura;  

Yes, 80%, 
additionally 
including 
Rhodothemis, 
Thermochoria  and 
Neurothemis. 
 

 

Yes, 96% PP[?], 
with the 
additional 
inclusion of 
Rhodopygia and 

Thermochoria* 

[Pachydiplax?] 

Pantala + 

Malgassophlebia 

+ Trithemis + 

Onychothemis + 

Zygonyx + 

Nannophlebia 

+Bironides + 

Huonia 

Yes, 68% 
PP 

No, <50% PP, no 
data for 
Malgassophlebia, 

Nannophlebia 

and Huonia.  

Yes, 100% PP,  
additionally 
including 
Oplogastra, 
Atoconeura, and 
Porpacithemis, no 
data for Pantala or 
Nannophlebia. 

No, but 58% PP, 
for Pantala + 
Trithemis + 

Cannaphila* + 

Nephepeltia* + 

Atoconeura; no 
data for [?] 
Malgassophlebia 

 
*Morphological data only.
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Table 4: Rescaled-consistency indexes for each morphological dataset.  
Morphological 
dataset 

Mean RC Variance in RC Standard 
deviation in 
RC 

Number of 
characters 

Wing venation 0.083286138 0.06495527 0.254863238 29 
External body  0.03804605 0.003719649 0.060988925 20 
Accessory 
genitalic 

0.052767143 0.004895385 0.069967031 14 

Penile 0.098025429 0.070147723 0.264854154 14 
Larval 0.108457727 0.049381177 0.22221876 22 
 
 
Table 5: Diversification rates among clades in Libelluloidea. *= For the diversification 
rate of Libelluloidea we chose an age for the stem group of 250.00, the age of the oldest 
Anisopteran fossils, which is a conservatively high estimate. The actual rate of 
diversification may be slightly higher, but not higher than the rate estimated using the 
root age (rε=0.95=0.0088; rε=0.0=0.0148).  
Stem Group Number of 

species in 
stem group 

Age of node Diversification 
rate; ε=0.95 

Diversification 
rate; ε=0 

Libelluloidea* 1459 250.00* 0.007474578 0.012656221 
Chlorogomphidae 46 214.14 0.002390414 0.007764817 
Cordulegastridae + 
Neopetaliidae 

50 158.56 0.003391896 0.010714998 

GSI 126 132.1027 0.006512645 0.015899528 
Macromiidae 122 100.7658 0.00841743 0.020705039 
Corduliidae + 
Libellulidae 

1116 90.8788 0.019300055 0.03353548 
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Table 6: Recovery of monophyletic groups in Libelluloidea using morphological datasets; 
Y= monophyly supported, N= monophyly not supported 
Taxonomic 
Group  

Wing 
venation 

Penile 
characters 

Larval 
characters 

Accessory 
genitalic 
characters 

External 
body 
characters 

Cordulegastridae N N Y Y N 
GSI N N N N N 
Macromiidae N N N N N 
Corduliidae N N N N N 
Libellulidae Y N Y N Y 
Tetrathemistinae N N N N N 
Leucorrhiniinae N N N N N 
Libellulinae N N N N N 
Urothemistinae N N N N N 
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Abstract 

 
 Dictyoptera, comprising Blattaria, Isoptera, and Mantodea, are diverse in appearance 

and life history, and are strongly supported as monophyletic. We downloaded COII, 16S, 

18S, and 28S sequences of 39 dictyopteran species from GenBank. Ribosomal RNA 

sequences were manually aligned with reference to secondary structure. We included 

morphological data (maximum of 175 characters) for 12 of these taxa and an additional 

15 dictyopteran taxa (for which we had only morphological data). We had two datasets, 

one 59 taxon dataset with 5 outgroup taxa including Phasmatodea (2 taxa), 

Mantophasmatodea (1 taxon), Embioptera (1 taxon), and Grylloblattodea (1 taxon), and a 

62 taxon dataset including 3 additional outgroup taxa from Plecoptera (1 taxon), 

Dermaptera (1 taxon) and Orthoptera (1 taxon). We analyzed the combined molecular-

morphological dataset using both the doublet and MK models in MrBayes, and using a 

parsimony heuristic search in PAUP. Within the monophyletic Mantodea, Mantoida and 

then Chaeteessa are confirmed as the most basal branches; the monophyly of most of the 

more derived families as currently defined is not supported. Unique to our study, one 

Bayesian analysis places Polyphagoidea as sister to all other Dictyoptera; other analyses 

and/or the addition of certain orthopteran sequences, however, placed Polyphagoidea 
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more deeply within Dictyoptera. Isoptera falls within the cockroaches, sister to the genus 

Cryptocercus. Separate parsimony analyses of independent gene fragments suggest that 

gene selection is an important factor in tree reconstruction. When we varied the ingroup 

taxa and/or outgroup taxa, the internal dictyopteran relationships differed in the position 

of several taxa of interest including Cryptocercus, Polyphaga, Periplaneta and Supella. 

This provides further evidence that the choice of both outgroup and ingroup taxa greatly 

affects tree topologies. 

 
 
1. Introduction 

 
 The Dictyoptera includes the eusocial Isoptera (ca. 3,000 species), predatory 

Mantodea (ca. 2,450 species) and Blattaria (ca. 4,000 species), which show extreme 

divergence in both appearance and life history. Yet, the monophyly of this group is 

generally accepted based on morphological synapomorphies in the male and female 

genitalia, proventriculus, tentorium, and wings (Kristensen, 1975, 1981, 1991; Klass, 

1995, 1998a, b, 2000, 2003; Grimaldi and Engel, 2005; Beutel and Gorb, 2006; Klass and 

Meier, 2006). This has been confirmed by many molecular-based cladistic analyses 

(Maekawa et al., 1999; Wheeler et al., 2001; Kjer, 2004; Terry and Whiting, 2005; Kjer 

et al., 2006).  

 Ancestral Paleozoic 'roachoids' date from the Upper Carboniferous (320 million years 

ago) and there are abundant fossils in the coal swamps of that period (Kukalová-Peck, 

1991; Grimaldi and Engel, 2005). However, it is doubtful whether many of these fossils 

belong to the stem group of Dictyoptera or other major lineages of Neoptera. Extant 

Dictyoptera probably share a Jurassic, omnivorous, detritus-feeding ancestor (200-150 
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million years ago), which possessed the shortened ovipositor common to modern 

Dictyoptera (Grimaldi and Engel, 2005). The oldest fossils of modern families may date 

from the early Cretaceous (Ross, 2001; Vršanský, 2002; Grimaldi, 2003; Grimaldi and 

Engel, 2005). However, such systematic assignment is necessarily tentative, because the 

characters crucial for the phylogeny-based classification of Blattaria and Mantodea are in 

the genitalia (McKittrick, 1964; Klass, 1997, 1998a; Grandcolas, 1996), which are not 

sufficiently recognizable in fossils. 

 While the monophyly of Dictyoptera is generally accepted, the relationships within 

this group have been strongly disputed during the last 15 years (Figure 1; Table 2; see 

Deitz et al., 2003 and Klass and Meier, 2006 for a further summary of prior phylogenetic 

hypotheses).  

 The most striking point in this dispute has been the relationship of Isoptera and the 

blattarian genus Cryptocercus, which includes several species from North America and 

northeastern Asia. This relationship has generated great interest, because Cryptocercus 

shares some key life history attributes with "lower termites" (i.e., Isoptera excluding the 

highly derived family Termitidae): xylophagy, brood care (at least partly biparental), anal 

trophallaxis, and – unique among animals – a rich hindgut fauna of flagellates from the 

taxa Oxymonadida and Hypermastigida (e.g., Cleveland et al., 1934; Nalepa and Bandi, 

2000; see Klass and Meier, 2006 for a summary and for absence of such flagellates in the 

cockroach genus Parasphaeria, contra Pellens et al., 2002, 2007). Most older 

contributions suggested that Isoptera is the sister-group of Blattaria or even of Blattaria + 

Mantodea (morphology: McKittrick, 1964; Hennig, 1981; Thorne and Carpenter, 1992; 

molecules: Kambhampati, 1995). Several studies have even used Isoptera as outgroup 
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taxa in analyses of blattarian phylogeny (morphology: Grandcolas, 1996; molecules: 

Kambhampati et al., 1996; Maekawa and Matsumoto, 2000; Grandcolas and D'Haese, 

2001). Cryptocercus was also proposed to be deeply nested within the blattarian family 

Polyphagidae, close to the genus Therea (Grandcolas, 1994, 1997a). Later, however, 

when morphological datasets were revisited, enlarged/expanded, and subjected to more 

refined and diverse analytical treatments, a well-supported Isoptera + Cryptocercus was 

consistently found nested within Blattaria (morphology: Deitz et al., 2003; Klass and 

Meier, 2006; molecules: Lo et al., 2003; Terry and Whiting, 2005; Kjer et al., 2006; 

Pellens et al., 2007; Lo et al., 2007; Inward et al., 2007). In parallel, it was shown that the 

assignment of Cryptocercus to Polyphagidae cannot be upheld, because it had been based 

on spurious morphological interpretations (Klass, 1997, 2001), and because in molecular 

analyses including both Cryptocercus and some polyphagid(s) these taxa do not cluster 

(Lo et al., 2003; Kjer et al., 2006; Pellens et al., 2007; Inward et al., 2007; Lo et al., 

2007). In summary, current evidence strongly supports a lineage Cryptocercus + Isoptera. 

Some authors have used "Blattodea" to include extant and extinct cockroaches, and limit 

the use of Blattaria to describe extant cockroaches. We refer to the clade comprising 

Blattaria and Isoptera as "Blattodea", following Hennig (1969, 1981). This usage of 

“Blattodea” is not common in recent dictyopteran phylogenetics studies (although it is 

used in Inward et al., 2007).  

 Within the Isoptera, a long accepted sister group relationship between the relic 

Australian termite, Mastotermes darwiniensis, and all other termites (e.g. Hennig, 1981) 

is based on the many morphological plesiomorphies in Mastotermes that are unique 

within Isoptera but reminiscent of Blattaria (Klass, 1995; Donovan et al., 2000; Klass and 
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Meier, 2006). Examples are a complete ovipositor (Klass, 1998b), the formation of an 

ootheca (though somewhat reduced; Nalepa and Lenz, 2000), five tarsomeres, an anal 

field in the hind wing (though small; Kukalová-Peck and Peck, 1993), a high number of 

Malpighian tubules (see Klass and Meier, 2006: character 151), and bacteriocytes 

containing Blattabacterium in the fat body (e.g. Sacchi et al., 1998, 2000; Lo et al., 

2003). Molecular analyses have overwhelmingly confirmed this hypothesized 

relationship (Kambhampati et al., 1996; Thompson et al., 2000a; Kjer et al., 2006; Inward 

et al., 2007). Only Thorne and Carpenter (1992) arrived at a clade comprising 

Mastotermitidae + Kalotermitidae as opposed to Termopsidae (other termite families not 

included), but this resulted from problems with their morphological dataset (Deitz et al., 

2003). 

 For Blattaria, McKittrick (1964) and McKittrick and Mackkerras (1965) distinguish 

five families: Blattidae (with the subfamilies Blattinae, Polyzosteriinae, Tryonicinae, 

Lamproblattinae), Cryptocercidae, Polyphagidae, Blattellidae (with the subfamilies 

Anaplectinae, Plectopterinae = Pseudophyllodromiinae, Blattellinae, Ectobiinae, 

Nyctiborinae), and Blaberidae. In recent years, the outline and relationships of the major 

blattarian lineages have become a major point of debate resulting from the morphological 

contributions by P. Grandcolas and K.-D. Klass (Grandcolas, 1994, 1996, 1997b, 1999a, 

b; Klass, 1997, 2001, 2003; Klass and Meier, 2006; Fig. 1F versus E,K), who both 

predominantly use male genitalic characters. It is uncontroversial among these authors 

that the basal dichotomy is between Blattidae and the remaining Blattaria; that 

Blattellidae is paraphyletic with respect to Blaberidae; that Anaplectinae is sister to all 

other blattellid lineages; and that Polyphagidae and its relatives are sister to the blattellid 
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+ blaberid clade. One point of controversy, however, is the placement of Cryptocercus 

(see above). Another concerns the Tryonicidae and Lamproblattidae (elevated to family 

rank by Klass and Meier, 2006), both including only a few species, which are assigned to 

Blattidae by Grandcolas but considered isolated lineages by Klass (Figure 1E,K). The 

proposed relationships within the clade Blattellidae + Blaberidae are also very different. 

Furthermore, the identical clades proposed by Grandcolas and Klass are largely based on 

different apomorphies (see Klass, 2001). This is mainly rooted in different hypotheses of 

topographic homologies, i.e. which structural components of the phallomeres (e.g., 

sclerites, projections) correspond among different taxa and should be compared within 

the same character (‘alignment’ of structural components). This issue, which is the basis 

for most of the controversy, is extensively documented in Klass (2001). 

 From the molecular side, little had been contributed to the resolution of blattarian 

phylogeny until recently, mainly because the most disputed taxa (Lamproblattidae, 

Tryonicidae) and other key taxa (such as Anaplectinae, most subgroups of Polyphagidae, 

and the enigmatic Nocticolidae) had not yet been included, and dictyopteran taxon 

samples were generally quite poor (Kambhampati, 1995, Kambhampati et al., 1996; 

Maekawa et al., 1999; Maekawa and Matsumoto, 2000; Lo et al., 2003; Terry and 

Whiting, 2005; Kjer et al., 2006). Three very recent contributions, however, have set a 

new scene: Pellens et al. (2007), Lo et al. (2007) and especially Inward et al. (2007) 

(Figure 1L–N). The Pellens et al. (2007) taxon sample is strongly dominated by 

Blaberidae and Isoptera, and the results are not so relevant to deeper dictyopteran or 

blattarian relationships. The two other papers include Nocticolidae, and Inward et al. 

(2007) include a variety of Polyphagidae among a large sample of 107 dictyopteran taxa. 
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Yet, Lamproblattidae, Tryonicidae, and Anaplectinae are not represented in any of these 

analyses. Apart from the well-supported Cryptocercidae + Isoptera clade common to all 

three contributions, the relationships among the major dictyopteran lineages are very 

different (and also differ from the morphology-based hypothesis of Klass and Meier, 

2006: compare Figure 1K–N). The most striking findings of these studies are: (a) the 

sister group relationship between Cryptocercidae + Isoptera and the remaining 

Dictyoptera (including Mantodea!) in Lo et al. (2007; weakly supported); (b) the clade 

Polyphagidae + (Nocticolidae + Mantodea) in the same paper (weakly supported); and (c) 

the sister group relationship between Nocticolidae + Polyphagidae ("Polyphagoidea") and 

the remaining Blattodea (i.e., incl. Isoptera) in Inward et al. (2007; strongly supported; 

Mantodea sister to all other Dictyoptera). 

 In contrast to Isoptera, Mantodea are usually considered to be positioned outside 

Blattaria, as its sister group. This is suggested both by morphological work (Klass, 1995; 

Klass and Meier, 2006) and by molecular analyses (Maekawa et al., 1999; Lo et al., 2000, 

2003: figure 2; Terry and Whiting, 2005; Kjer et al., 2006; Pellens et al., 2007; Inward et 

al., 2007). However, as mentioned above, Lo et al. (2007) find Mantodea nested in 

Blattodea (Figure 1M). Beier (1968) divided the group into 8 families: Mantoididae, 

Chaeteessidae, Metallyticidae, Amorphoscelidae, Eremiaphilidae, Empusidae, 

Hymenopodidae, and Mantidae (maintained by Klass and Ehrmann, 2005). Other 

classifications (e.g. Vickery and Kevan, 1983; Balderson, 1991; Wang, 1993; Terra, 

1995; Kaltenbach, 1996, 1998; Roy, 1999; Ehrmann, 2002; Otte and Spearman, 2005) 

differ mainly in the upranking of subfamilies of Mantidae to family-level (Mantidae 

s.str., Acanthopidae, Iridopterygidae, Liturgusidae, Sibyllidae, Tarachodidae, Thespidae, 
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and Toxoderidae in Otte and Spearman, 2005), and in the inclusion of fossil taxa 

(Grimaldi, 2003). Common to all these systems is the consideration of the monogeneric 

Mantoididae (Mantoida), Chaeteessidae (Chaeteessa), and Metallyticidae (Metallyticus) 

as sister to the "higher Mantodea". Phylogenetic work based on morphology has only 

focused on the most basal dichotomies (Klass, 1995, 1997; Klass and Meier, 2006) and 

has recovered the relationships Mantoida + (Chaeteessa + (Metallyticus and remaining 

Mantodea)). The molecular study of Svenson and Whiting (2004) based on five genes 

(mitochondrial 16S rRNA and COII, nuclear 18S rRNA, 28S rRNA, and histone 3) and 

63 genera confirmed the position of Mantoida, as did Inward et al.´s (2007) and Lo et 

al.´s (2007; using downloaded mantodean sequences from Svenson and Whiting, 2004) 

studies based on much smaller taxon samples. However, none of these three studies 

included Chaeteessidae, and Metallyticidae is represented only in Inward et al. (2007), 

where it is nested in the "higher Mantodea". Grimaldi (2003) gives an excellent revision 

of early fossil Mantodea, but could not provide a clear picture of the basal relationships 

among extant Mantodea. His tentative suggestion of a sister group relationship between 

Chaeteessa and all other extant Mantodea (figure 27 therein) has been discussed and 

rejected in Klass and Meier (2006: 16f). In general, the classification of Mantodea is in 

phylogenetic chaos, with many monogeneric taxa, unknown character polarities, and 

frequent parallel evolution of characters. Currently defined mantodean families are not 

effective guides for selecting exemplar taxa. The results of Svenson and Whiting (2004) 

also show that the current family-level classifications of higher Mantodea need extensive 

revision.  
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 In the present study, apart from generally revisiting dictyopteran phylogeny, we 

especially want to investigate some crucial phylogenetic issues, such as the placement of 

Isoptera, Cryptocercus, and Polyphagidae within Dictyoptera, and Mastotermes within 

Isoptera. For this purpose we gathered multiple genes from several previous studies, for a 

fairly large taxon sample. We additionally used the morphological data matrix from Klass 

and Meier (2006) and thus provide the first cladistic analyses for Dictyoptera where 

extensive morphological and molecular data are combined. Further innovations of our 

study are the alignment of ribosomal RNA (rRNA) sequences with reference to 

secondary structure, and our selection of a paired-sites doublet model. This doublet 

model considers paired nucleotides in rRNA stem regions to be interdependent, and has 

been shown, in many cases, to be an appropriate model for rRNA datasets (Jow et al., 

2002). Although such paired-sites models have been shown to be more biologically 

realistic for rRNA data, they have not previously been used in dictyopteran 

phylogenetics. We also tested the extent to which recovered ingroup relationships depend 

on (a) the selection of outgroup taxa, (b) the inclusion of ingroup taxa, and (c) gene 

selection. The phylogenetic work presented here will hopefully help shape the taxon and 

gene selection of future studies on dictyopteran phylogeny.  

 

2. Materials and Methods 

 

Taxon and character sampling 

 We chose mitochondrial (COII, 16S) and nuclear (18S, 28S) sequences from 

GenBank representing a broad sample of dictyopteran taxa from Mantodea, Blattaria and 
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Isoptera. To limit missing molecular data, we used only dictyopteran taxa for which 18S 

sequences were available (the gene fragment available for the majority of the sequenced 

dictyopteran taxa; we chose only a representative sampling of Mantodea from Svenson 

and Whiting, 2004). In the case of Blattella, we combined genes from 3 different species 

into one terminal taxon. The sequences from Inward et al. (2007) were not used, because 

they were published after completion of our analyses. A limited number of sequences 

from Lo et al. (2007) and Pellens et al. (2007) were added to our dataset at the final 

stages of manuscript completion and the entire dataset was reanalyzed: these added taxa 

included a Therea 18S sequence from Pellens et al. (2007) and two Nocticola 18S 

sequences from Lo et al. (2007). Both Therea and Nocticola were included to increase 

our sampling within the Polyphagoidea (sensu Inward et al., 2007). It was beyond the 

scope of the current paper to add the other, non-polyphagid taxa from Pellens et al. 

(2007) and Lo et al. (2007).  

 The 175 morphological characters in our dataset were taken from Klass and Meier 

(2006), who scored them (or part of them) for 4 mantodean, 20 blattarian, and 3 isopteran 

taxa (tables 1–3 therein). Both "-" (character not applicable) and "?" (character not 

examined) in that matrix were here treated as "missing data" (not as gaps).  

 We combined molecular and morphological characters of closely related taxa in a few 

cases where molecular characters were available only for the one taxon and 

morphological characters only for the other. Such combined terminal taxa are (see Table 

1): Blattella spp. (DNA) + Parcoblatta lata (morphology), Statilia apicalis (DNA) + 

Sphodromantis sp. (morphology), Gromphadorhina portentosa (DNA) + Blaberus 

craniifer (morphology), Hodotermopsis japonica (DNA) + Termopsinae (morphology), 
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Cryptotermes (DNA) + Kalotermitidae (morphology), and Sclerophasma paresisense 

(DNA) + Karoophasma biedouwense (morphology). 

 Outgroup representatives for our standard analyses were selected from 

Mantophasmatodea (1 taxon), Phasmatodea (2 taxa), Grylloblattodea (1 taxon) and 

Embioptera (1 taxon) (i.e., the 5-outgroup analysis, 5OG), and we also analyzed the data 

under addition of representatives of Dermaptera, Plecoptera, and Orthoptera (1 taxon 

each) (i.e., the 8-outgroup analysis, 8OG). This appears appropriate considering the 

unresolved relationships among the major lineages of Neoptera (see Klass and Meier, 

2006: chapter 2.3.; Klass, 2007). In specific analyses aimed at testing the influence of the 

selection of taxa and markers, we included various members of the aforementioned 

neopteran outgroup taxa and, in addition, members of the non-neopteran Odonata and 

Archaeognatha as more distant outgroup taxa. 

 

Alignment 

 We first used ClustalX (Thompson et al., 1997) to perform a preliminary sequence 

alignment, with the default settings for gap costs (gap opening penalty=10.00; gap 

extension penalty=0.20). The resulting files were then aligned manually in Microsoft 

Word using the structural methods described in Kjer et al. (1994), Kjer (1995), Kjer et al. 

(2006a, b) and secondary structure models based on Gutell et al. (1993). Manual 

alignment has strong support as the most accurate method available for aligning 

ribosomal data (Kjer, 1995, 2004; Ellis and Morrison 1995; Titus and Frost, 1996; 

Hickson et al., 1996, 2000; Morrison and Ellis, 1997; Lutzoni et al., 2000; Mugridge et 

al., 2000; Gillespie et al., 2005a; Deans et al., 2006; Morse and Normack, 2006). Regions 
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of ambiguous alignment, defined as areas with multiple single gaps and flanked by 

hydrogen bound stem region pairs, were coded in INAASE and included along with the 

stepmatrices in parsimony analysis (Lutzoni et al., 2000). These ambiguous regions were 

not included in the Bayesian analysis. The resulting alignment contained a COII fragment 

of 776 nucleotides, a 16S fragment of 210 nucleotides, an 18S fragment of 1643 

nucleotides, and a 28S fragment of 1708 nucleotides.  

 

Cladistic analyses 

Parsimony analyses  

 We performed parsimony analyses in PAUP (Swofford, 2000) under equal weighting 

of all molecular and morphological characters with 10,000 random addition sequence 

replicate heuristic analysis under TBR branch swapping. Gaps of uniform length were 

treated as presence/absence characters; other gaps were treated as missing data, except 

those encoded with INAASE as described above. To estimate branch support, we ran 

1000 parsimony nonparametric bootstrap replicates with 10 random addition sequence 

replicates under TBR branch swapping. We also ran additional, separate bootstrap 

analyses on the entire dataset with each data partition weighted 1000fold, to evaluate any 

differences that might occur between genes and/or morphology.  

 

Bayesian analyses 

 We used the doublet model (Schoniger and von Haeseler, 1994) in Mr. Bayes 3.1.2, 

which allows independent modeling of nucleotide substitutions in both stem and loop 

regions of ribosomal DNA (Huelsenbeck and Ronquist, 2001, 2002). Two MCMC 
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analyses were run for each of the 8OG and 5OG datasets: one ran for 20 million 

generations each (with four chains: one cold and three hot), and one ran for 10 million 

generations each (with four chains: one cold and three hot). Each analysis had 

printfreq=500.The morphological characters were analyzed with the MK model (Lewis et 

al., 2005). After the analyses were completed, we verified that each run had stabilized 

using Tracer 1.4 (Rambaut and Drummond, 2007), and calculated the burnin regions. The 

8OG 20 million generation analysis had a burnin of 5% for each chain; the 10 million 

generation analysis had a burnin of 8% for one chain and 10% for the other chain. Both 

5OG analyses had a burnin of 5% for each chain. 

 We ran both the Mr. Bayes and PAUP analyses with 39 ingroup (dictyopteran) and 

either 5 or 8 outgroup (non-dictyopteran) taxa for which we had downloaded nucleotide 

sequences, plus 15 ingroup taxa for which we had only morphological information (59 or 

62 taxa total). With regard to the ingroup sampling we call this our standard dataset (see 

Table 1), but we varied the composition of the outgroup, conducting 5- and 8-outgroup 

analyses.  

 

Tests of the influence of taxon sampling 

 To test preliminary results that ingroup and outgroup taxon selection affected 

internal dictyopteran relationships, we ran several analyses using and modifying the 

datasets from Maekawa and Matsumoto (2000) and from Kjer et al. (2006). All analyses 

were run using parsimony in PAUP, with 10,000 replicate heuristic searches under TBR 

branch swapping.  
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We ran Maekawa and Matsumoto’s (2000) COII dataset with Grylloblatta and 2 

dragonfly species as outgroups, both with and without mantodean COII sequences. We 

analyzed Kjer et al.’s (2006) dataset (reduced to only dictyopteran taxa and the genes 

used in our study, i.e., COII, 16S, 18S and 28S) with outgroup taxa that were (a) close 

relatives and (b) distant relatives of the ingroup. Closely related outgroup taxa included 

members of Mantophasmatodea, Phasmatodea, Embioptera, Dermaptera, 

Grylloblattodea, Plecoptera and Orthoptera (i.e., various Neoptera), while more distantly 

related taxa included members of Odonata and Archaeognatha. To determine whether the 

presence/absence of the COII, 16S or 28S fragments influenced the resulting 

phylogenetic hypotheses, we also ran the analyses of Kjer et al.’s (2006) dictyopteran 

taxa with just the 18S fragment, which was present for all taxa (for further clarification of 

the taxa used in each analysis, see Tables 2 and 3).  

 

3. Results  

 

Phylogenetic analyses using our standard dataset with distantly and/or closely related 

outgroups 

Maximum parsimony (MP) results 

In the analysis with five closely related (neopteran) outgroup taxa (5-OG analysis), 

the dataset consisted of 2608 constant characters, 923 variable but parsimony-

uninformative characters and 988 parsimony-informative characters. The score of the 

best tree was 4625. In the analysis with an additional three closely related outgroup taxa 

(8-OG analysis), there were 2396 constant characters, 1083 variable but parsimony-
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uninformative characters and 1040 parsimony-informative characters. The score of the 

best tree was 11155. Figures 2A and 2B show results from analyses including 8-OGs or 

5-OGs (strict consensus trees from 206 and 156 most parsimonious trees, respectively). 

As in previous analyses, Mantodea and Isoptera are monophyletic (5-OG bootstrap 

support, bo=94% and 100% respectively; 8-OG bo=95% and 100% respectively); within 

“Blattodea”, Blaberoidea, i.e., Blattellidae + Blaberidae is also monophyletic (5-OG 

bo=88%; 8-OG bo=88%), which has been previously recovered in all morphological 

studies. Similarly, Blattellidae is paraphyletic, and Blaberidae is monophyletic (but with 

bo<50% in both the 5- and 8-OG analyses); Anaplecta and Nahublattella are basal in 

Blaberoidea. Blattidae are also clearly obtained as monophyletic (bo=83% in both the 5- 

and 8-OG analyses). Unlike in Inward et al. (2007), both analyses leave the various 

polyphagoid taxa in a basal blattodean or dictyopteran polytomy.  

Several of the results of our parsimony analyses (MP) differed depending on which of 

the outgroup taxa we included (Figure 2A,B). The topology incorporating only five 

outgroup taxa is less resolved, with a polytomy occurring between the major groups of 

Dictyoptera: Mantodea, Blattidae, Blattellidae + Blaberidae, Cryptocercidae + Isoptera, 

Tryonicidae, the 3 polyphagid taxa, 2 Nocticola species, and Lamproblatta. The analysis 

including the three additional outgroup taxa is more resolved. In this tree, Mantodea is 

sister to the remaining Dictyoptera (Figure 2A; but with bo<50%). The 8-OG tree is 

unresolved only within the Blaberoidea, forming a polytomy between Nahublattella, 

Supella and Blattella + Nyctibora. The resolution of this polytomy, which is not present 

in the Bayesian analysis, may be possible with the addition of more data. By contrast, the 

Blaberoidea were well resolved in the 5-OG analysis (Figure 2B).  
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Cryptocercidae is sister to the Isoptera with strong support in both analyses (5-OG 

bo=91%; 8-OG bo=92%). Within the Isoptera, in both the 5- and 8-OG analyses the 

Hodotermitidae, Rhinotermitidae, and Termitidae form a clade (bo<50%), and their 

relationships are identical: Microhodotermes + (Nasutitermes + (Reticulitermes + 

Copotermes) (5-OG bo=54% for Termitidae + Rhinotermitidae and 83% for the 

Rhinotermitidae; 8-OG bo=52% for Termitidae + Rhinotermitidae and 82% for 

Rhinotermitidae). While in the 5-OG analysis the base of the isopteran tree is an 

unresolved polytomy, the 8-OG analysis yields – though with bo<50% – Mastotermes 

most basal, followed by a Hodotermopsis + Cryptotermes clade and then by the 

aforementioned isopterans.  

Although there is disagreement about the relative position of Mantodea within 

Dictyoptera, the inner-mantodean relationships are consistent between analyses. Seven of 

the 15 currently recognized extant families (Otte and Spearman, 2005) are represented. 

Mantoida is the sister to all other Mantodea (5-OG bo=75%; 8-OG bo=78% for 

remaining Mantodea), which agrees with both the molecular results in Svenson and 

Whiting (2004) and the morphological results in Klass and Meier (2006). This basal split 

is followed by a polytomy comprised of Bantia, Hoplocorypha (both from Thespidae), 

Chaeteessa, Metallyticus, and a clade including all the remaining Mantodea (the latter 

weakly supported by bo<50%). Following the polytomy is the clade Litaneutria + 

Heterochaetula (bo=57% in both analyses). We find Iridopterygidae and 

Amorphoscelidae forming a monophyletic group (5-OG bo=61%; 8-OG bo=59%), a 

result similar to that of Svenson and Whiting (2004), in which Liturgusidae was also 

grouped with Iridopterygidae and Amorphoscelidae (our study did not include 
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Liturgusidae). As in Svenson and Whiting (2004), taxa from Mantidae and Thespidae are 

found to be broadly polyphyletic, with representative taxa found at both basal and apical 

positions on the tree.  

 

Bayesian analysis (MB) results 

The 20 million generation 8-OG Bayesian analysis had an average likelihood score of  

-2.889E4,and -2.885E4 in the 10 million generation analysis. Posterior probabilities from 

a majority rule consensus of 112,400 trees from the 10 million and 20 million generation 

analyses are shown in Figure 3A. The 20 million generation 5-OG Bayesian analysis had 

an average likelihood score of -2.740E4; the 10 million generation analysis had an 

average likelihood score of -2.741E4. Posterior probabilities from a majority rule 

consensus of 114,000 trees from the 10 million and 20 million generation analyses are 

shown in Figure 3B.  

As in the MP analysis, and previous studies, Mantodea and Isoptera are monophyletic 

(Mantodea: 8-OG posterior probability, pp=100%; and 5-OG pp=100%; Isoptera: 8-OG 

pp=100% and 5-OG pp=100%). Similarly, Cryptocercidae is supported strongly as sister 

to the Isoptera (8-OG pp=99%; 5-OG pp=99%). Within Blaberoidea, Blattellidae is 

paraphyletic. Blaberidae is a monophyletic grouping in both analyses (8-OG pp=72%; 5-

OG pp=58%). Blattidae is monophyletic (8-OG pp=99%; 5-OG pp=99%). In both the 5-

OG and 8-OG analyses, Tryonicidae is in a polytomy with Blattidae and Cryptocercidae 

+ Isoptera. Regarding the polyphagoid cockroaches, the 8-OG analysis finds a 

Polyphagidae + Lamproblatta + Nocticola clade (pp=92%) sister to the remaining 

Blattodea (pp=73% for Blattodea). The 5-OG analysis yields Lamproblatta and a clade 
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comprising the other polyphagoid cockroaches as separate lineages of a basal 

dictyopteran trichotomy, whose third clade (with pp=77%) includes the remaining 

Blattodea plus Mantodea.  

Within Isoptera, Mastotermes is never recovered at the base of Isoptera, but in each 

analysis its position is supported with less than 60% pp. Two other groupings occur: 

Microhodotermes + Hodotermopsis + Cryptotermes and Nasutitermes + Reticulitermes 

+ Coptotermes in both the 5- and 8-OG analyses (both groups with pp=100% in the 8-

OG and 5-OG analyses).  

Several of the relationships within Mantodea are consistent between our two 

Bayesian analyses, and both MP analyses. Mantoida is recovered in every analysis as 

sister to the remaining Mantodea (8-OG pp=95%; 5-OG pp=96%), there is a Litaneutria 

+ Heterochaetula clade (8-OG pp=92%; 5-OG pp=91%), and a clade comprising all 

Iridopterygidae and the amorphoscelid (8-OG pp=85%; 5-OG pp=85%). As above, taxa 

from Mantidae and Thespidae are found to be broadly polyphyletic, with representative 

taxa found at both basal and apical positions on the tree. Apical to Mantoida, as 

compared to the MP analyses, only Bantia and Chaeteessa are found in a basal position 

(8-OG pp=84%, 5-OG pp=85% for the monophyly of the remaining Mantodea), while 

Metallyticus and Hoplocorypha are more deeply nested in the remaining Mantodea. 

Bantia and Chaeteessa are either placed in a trichotomy (8-OG analysis) or form a clade 

sister to the other Mantodea (5-OG analysis); the latter result is intriguing, because for 

Chaeteessa we scored only morphological data, and for Bantia only molecular data.  
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Additional phylogenetic analyses for testing ingroup/outgroup influence on topology in 

Dictyoptera  

Tests based on COII data of Maekawa and Matsumoto (2000)  

To inspect the signal coming from COII sequences we ran analyses on the COII 

dataset used by Maekawa and Matsumoto (2000). Initially, we added Grylloblatta and 

two Odonata to the original dataset (which lacks mantodeans) in order to provide rooting 

(Figure 4A). The recovered dictyopteran relationships were Cryptocercus + (((Ergaula + 

Polyphaga) + Isoptera) + remaining Blattaria). This tree is consistent with the original 

topology in Maekawa & Matsumoto (2000: figure 1A or 1B) if rooted between 

Cryptocercus and the remaining taxa. Trees with either Grylloblatta or the Odonata used 

as outgroups showed the same relationships.  

Based on the dataset with both Grylloblatta and Odonata used as outgroup taxa we 

sequentially added 1, 5, and 21 mantodean species. This had a dramatic influence on 

ingroup relationships. Regardless of the number or species of mantodeans that were 

added, the relationship Isoptera + (Cryptocercus + (paraphyletic roaches + ((Polyphaga + 

Ergaula) + Mantodea))) is recovered, i.e., termites are dragged to the base of the tree, and 

Polyphagidae are sister to the Mantodea.  

Altogether, with our various expansions of Maekawa and Matsumoto´s (2000) data 

set (Figure 4A,B), we recovered Polyphagidae as sister to either Mantodea or Isoptera, 

suggesting that Polyphaga and Ergaula are taxa whose position differs greatly when 

mantids are included. COII is a gene fragment that is more suited for resolving genus and 

species level phylogenies, and less expected to resolve inter-ordinal relationships, so we 
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chose to evaluate the effect of ingroup/outgroup selection with additional, less rapidly 

evolving genes (16S, 18S and 28S) using data from Kjer et al. (2006).  

Tests based on multiple gene data of Kjer et al. (2006) 

Some of our results on the position of Polyphagidae conflict with Kjer et al. (2006), 

which is surprising since our taxon sampling within Dictyoptera was similar. We used the 

dataset from Kjer et al. (2006) (sequences and alignment) to try to determine the cause of 

the discrepancy between our studies. Our dictyopteran taxon set for molecular data 

comprised  11 blattarians, 7 isopterans and 21 mantodeans, whereas Kjer et al.´s (2006) 

dataset comprised 6 blattarians, 8 isopterans and 6 mantodeans. Thirteen of their 

dictyopteran taxa were also members of our ingroup taxonset (and their dataset contained 

all family-level taxa that we used as outgroup taxa). Thus, we chose to use these shared 

ingroup taxa plus outgroup taxa from the same families that we used in our 5-OG 

analyses as a basis to run our additional ingroup/outgroup testing analyses (taxon content 

as in Figure 4C with: Mantodea= Tenodera and Gongylus; Blattaria= Polyphaga, 

Blatella, Supella, Gromphadorhina, Periplaneta and Cryptocercus; and Isoptera= 

Mastotermes, Coptotermes, Hodotermopsis, Microhodotermes, and Termitidae). Then we 

sequentially added ingroup taxa and varied the set of outgroup taxa. All these analyses 

were conducted using maximum parsimony, running 1000 replicate heuristic searches 

with ten random addition searches and TBR branch swapping. For most ingroup and 

outgroup taxa the Genbank sequence in Kjer et al.´s (2006) dataset was the same 

sequence that we had downloaded for a particular species; the only exceptions are the 

COII sequences for Blattella, Gromphadorhina, and Tenodera; and the 16S sequence for 

Cryptocercus punctulatus.  
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First we excluded all dictyopteran taxa and gene fragments from Kjer et al.'s (2006) 

molecular taxonset except for those that we had used in our study (COII, 16S, 18S, 28S), 

and all outgroup taxa except for those five neopteran taxa used in our “5-OG” study (with 

the following exceptions: we included Lobophasma and Carausius and did not include 

Timema). This analysis recovered the clade Polyphaga + Mantodea sister to the 

remaining Dictyoptera (congruent with the tree in Lo et al. 2007), but with bootstrap 

support <50% for the remaining Dictyoptera (Figure 4C; bootstrap support not shown). 

Thus, it appears that the discrepancies between Kjer et al. (2006) and the 5-OG study are 

a result of outgroup rooting (Figure 4).  

Using the dictyopteran sample in the aforementioned basic analysis, we assessed the 

effect of adding different outgroup taxa to those we had already included (starting from 

the sample in Figure 4C). As a first series of modifications we added orthopteran and 

further phasmatodean taxa into the alignment block, one by one. The addition of Gryllus, 

Timema and Tettigonia, separately or together, altered neither the position of Polyphaga 

nor the other ingroup relationships (Figure 4D).  

Next we ran analyses in which only one or two outgroup taxa were added to the 

dictyopteran sample from in Kjer et al. (2006) (the dataset described above). Using a 

member of Gryllotalpidae (Figure 4E) resulted in Polyphaga placed as sister to the 

remaining Blattodea (with the exception of the oddly placed Supella), and Mantodea 

being sister to all other Dictyoptera. In addition, in contrast to the previous analyses 

(Figure 4C,D), this analysis yields a Cryptocercus + Isoptera clade. The use of a single 

outgroup taxon from other orders also changed ingroup relationships, in particular those 

of Polyphaga and Cryptocercus. An embiopteran outgroup, Oligotoma, results in 
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Cryptocercus + Polyphaga as sister to Mantodea (Figure 4F). The phasmatodean 

outgroup Carausius yields Polyphaga + (Cryptocercus (remaining Blattaria + Isoptera)) 

(Figure 4G). An archaeognathan outgroup, Allomachilis, results in (Cryptocercus + 

Polyphaga) + Isoptera (Figure 4H). Using the mantophasmatodean Sclerophasma (Figure 

4I) or the dermapteran Forficula (Figure 4J) as outgroup taxon provided more 

conventional topologies, both showing a Cryptocercus + Isoptera clade sister to 

Polyphaga. The addition of Grylloblatta (Figure 4K) resulted in a clade comprising 

Polyphaga + Mantodea and Cryptocercus + Isoptera as sister groups, nested in 

paraphyletic Blattaria. An interesting aspect of some of these outgroup taxa (Figure 

4F,G,I,J,K) is that either the sole blattid of the sample (Periplaneta; dermapteran, 

embiopteran, and mantophasmatodean outgroup) or one of the blattellid + blaberid 

representatives (Supella; archaeognathan and grylloblattodean outgroup) is dragged to the 

very base of the dictyopteran tree, Supella then far remote from the two other members of 

Blattellidae + Blaberidae (Blattella and Gromphadorhina). In some of these analyses 

(Figure 4F,J) the morphology-based hypothesis (Polyphaga + (Cryptocercus + Isoptera)) 

is recovered.  

For some of the outgroup taxa that we used in these analyses sequence data for COII, 

16S, and/or 28S were lacking (Table 1), and it is thus unclear to what extent differences 

in the results of these analyses are effects of different outgroup selection or of gene 

selection in the outgroup. To evaluate whether outgroup selection alone affected results 

on dictyopteran phylogeny, we ran the same tests as above with just the 18S gene 

fragment, for which all taxa had sequence information. The results are shown in Figure 

5A–F. These phylogenetic reconstructions differed greatly from those above, and also 
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among each other. The addition of a gryllotalpid (Figure 5A), or a dermapteran (Figure 

5E), or an archaeognathan (Figure 5D) resulted in Cryptocercus being dragged to the 

base of the dictyopteran tree, followed by Isoptera; except for the placement of 

Periplaneta, ingroup relationships are identical using these three outgroup taxa. Using the 

embiopteran Oligotoma as an outgroup taxon (Figure 5B), Isoptera is the sister to all 

other Dictyoptera, followed by Cryptocercus as sister to cockroaches + mantodeans. 

Using a phasmatodean (Figure 5C) or a grylloblattodean (Figure 5F), the blattellid 

Supella is dragged to the base of the dictyopteran tree, and a clade Cryptocercus + 

Isoptera is recovered; the other dictyopteran relationships are very different between 

these two latter analyses. Altogether, a great variety of incongruent dictyopteran clades 

receives support from analyses using different outgroup taxa. 

 

Gene selection 

To evaluate further the effect of gene selection on dictyopteran phylogenetic 

reconstruction we used a version of Kjer et al.’s (2006) Dictyoptera dataset as described 

above with Grylloblatta campodeiformis or Grylloblatta sculleni as an outgroup taxon 

(taxon content as for Figure 4K, with Grylloblatta campodeiformis used in the 18S 

analysis). In separate analyses, we weighted each gene fragment 1000fold and ran 

parsimony analyses as described above (thus maintaining the same taxon list for easier 

comparison between genes). We found that the topology differed depending on the gene 

fragment. Each fragment yielded a different dictyopteran lineage as sister to the 

remaining Dictyoptera (topologies not shown): Periplaneta with 16S (but with bo<50%); 

Supella with 18S (remote from other Blattellidae + Blaberidae; this is the analysis shown 
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in Figure 5F; bo=72%), and Mantodea + Polyphaga with COII (but with bo<50%). The 

28S yields a more conventional topology (but note there are no polyphagoid 28S 

sequences): Mantodea + (paraphyletic “Blattaria” + (Cryptocercus + Isoptera))) (but with 

bo<50% for the monophyly of Dictyoptera). In all cases except COII, Cryptocercus is 

sister to the Isoptera (although with bo<50%). In the COII analysis, Cryptocercus is sister 

to Supella and Periplaneta is sister to Isoptera (but with bo<50%). The 16S analysis 

recovers Polyphaga as sister to Mantodea (again, with bo<50%). In the 18S analysis, 

Polyphaga is sister to Periplaneta + (Mantodea + (Cryptocercus + Isoptera)) (with 

bo<50%).  

 

4. Discussion  

 

Gene selection and ingroup and outgroup taxon selection  

Gene selection is often a difficult decision for researchers who wish to reveal both 

ancient and younger cladogenetic events. Lin and Danforth (2004) extensively tested the 

performance of both mitochondrial and nuclear genes for a variety of insect datasets. 

They found that mitochondrial genes, in general, were much more heterogeneous with 

respect to among site rate variation, with a few sites evolving and saturating quickly, 

thereby leading to high levels of homoplasy. They suggest that, with the exception of 

studies focusing on very closely related taxa, nuclear genes are more informative than 

mitochondrial genes such as COII. Danforth et al. (2005) suggest that when 

reconstructing divergences of Mesozoic age or older, we should rely on either nuclear 
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ribosomal genes or nuclear protein-coding genes rather than using mitochondrial genes 

that may be too rapidly evolving to be informative.  

In our study we showed that the relationships among the dictyopteran lineages varied 

greatly depending on gene selection. This is in part disagreement between the 

mitochondrial and nuclear data. We note that COII is commonly sequenced for 

Dictyoptera yet it is a rapidly evolving gene and may add considerable homoplasy to the 

analysis. This all suggests that resolving family-level relationships in Dictyoptera, which 

are probably mostly due to cladogenetic events in the early to middle Mesozoic, will 

likely require more nuclear gene information. 

The selection of outgroup taxa is a decision that should be made with care, as 

outgroup taxa that are too distant may erroneously polarize characters (Maddison et al., 

1984; Wheeler, 1990; Maddison et al., 1992; Smith, 1994; Lyons-Weiler et al., 1998; 

Nylander, 2001; Sanderson and Shaffer, 2002). The selection of ingroup taxa is another 

vital step, one that is dependent on outgroup selection because different combinations of 

ingroup and outgroup taxa affect tree topology (and therefore phylogenetic hypotheses) 

(Milinkovitch and Lyons-Weiler, 1998).  It is difficult to assess which taxon sampling 

will recover the true tree, but by evaluating different taxon sets during standard analyses, 

researches will be better able to determine which nodes are unstable with respect to taxon 

selection. Hypotheses, such as those regarding character evolution, should be treated with 

caution when tree topologies are unstable with respect to outgroup or ingroup selection.     

In this study, the initial selection and addition of ingroup and outgroup taxa greatly 

affected the interrelationships among dictyopteran taxa as is evident from the above 

descriptions and subsets of Figures 4 and 5. The basal placement of Supella and 
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Periplaneta under use of certain outgroups are particularly impressive examples. 

Sampling taxa closely related to such rogue taxa might be a strategy to stabilize ingroup 

relationships under use of different outgroups. Of course, the mutual interactions between 

gene selection, outgroup selection, and ingroup sampling are difficult to conceive and 

evaluate. 

 

Phylogenetic implications  

Relationships among major dictyopteran lineages 

The results on the deeper relationships within Dictyoptera are highly incongruent 

among the recent molecular-based phylogenetic analyses completed by Inward et al. 

(2007), Pellens et al. (2007), and Lo et al. (2007), and the morphology-based study of 

Klass and Meier (2006) finds yet different relationships (Figure 1K–N). The only 

consistent elements therein are the monophyly of Mantodea, of Mantodea excluding 

Mantoididae (see also Svenson and Whiting, 2004), of the clade Blattellidae + 

Blaberidae, of the clade Cryptocercidae + Isoptera, and of Isoptera; as far as decent 

samples are included, the Blattidae (sensu Klass and Meier, 2006: excluding 

Lamproblattidae and Tryonicidae) and Polyphagidae also appear as monophyla. Further, 

smaller taxa to be taken into consideration as "major" lineages are the Lamproblattidae, 

Tryonicidae, and Nocticolidae, all sparsely represented in studies, or not at all.  

Our own 5-OG and 8-OG MP and Bayesian analyses (Figures 2 and 3) have added a 

few additional possibilities for deep dictyopteran relationships. The number of 

possibilities is even further increased considering our various experimental analyses 

(Figures 4 and 5), though these were tests not aimed at resolving the phylogeny. While it 
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appears impossible to mutually compare and discuss all the different hypotheses inherent 

in our analyses and the previously published ones, we want to address some particular 

issues. 

One major point is the most basal splitting event within Dictyoptera. This has 

traditionally been assumed to separate Blattodea (including cockroaches and termites) 

and Mantodea, but according to the aforementioned molecular studies as well as our own, 

the Polyphagoidea (Polyphagidae, Nocticolidae, and perhaps Lamproblattidae) may also 

be involved, and the Cryptocercidae + Isoptera clade is another (though unlikely) 

candidate to be sister to all other Dictyoptera.  

The Blattodea-Mantodea dichotomy has been confirmed by Inward et al. (2007: 

pp=87% for Blattodea), who find the most basal inner-blattodean split between a clade 

Polyphagidae + Nocticolidae and the remaining Blattodea (the latter supported by 

pp=96%; Lamproblattidae and Tryonicidae not sampled). The same basal dichotomy is 

well-supported in Pellens et al. (2007: jackknife support ja=95% for Blattodea) and in 

Klass and Meier (2006), but a clade Polyphagidae + Lamproblattidae is more deeply 

subordinate in Blattodea (sister to Cryptocercidae + Isoptera in Klass and Meier, 2007; 

Lamproblattidae not sampled in Pellens et al., 2007, and Nocticolidae missing in both 

studies).  

In contrast, Lo et al. (2007) find the basal dictyopteran dichotomy between the 

Cryptocercidae + Isoptera clade and the remaining representatives, though this is weakly 

supported (bo<50% for remaining Dictyoptera). In this study the Mantodea are deeply 

subordinate in Blattodea – inside a clade Polyphagidae + (Nocticolidae + Mantodea), 

which is placed in a trichotomy otherwise giving origin to Blattidae and a Blattellidae + 



  228 

    

Blaberidae clade. After re-rooting the Lo et al. (2007) tree between Mantodea and 

Nocticolidae, it would be quite similar to that of Inward et al. (2007), yet some 

differences would remain (e.g., Nocticolidae and Polyphagidae would be successive basal 

clades of Blattodea rather than forming one monophyletic basal clade). Nonetheless, one 

might suspect that outgroup choice is one crucial issue responsible for the differences 

between the trees. 

Among our analyses, the 8-OG maximum parsimony and Bayesian analyses (Figures 

2A and 3A) also yield the basal Mantodea-Blattodea dichotomy, though Blattodea is 

weakly supported (bo<50% in MP, pp=73% in MB); in the MP tree the sampled 

polyphagoid species originate all separately from a large polytomy at the base of 

Blattodea, while in the MB tree they are aggregated to a clade, which is sister to the 

remaining Blattodea. The latter result agrees with that in Inward et al. (2007), who in 

their Bayesian analysis use a similar set of gene fragments (they have H3 in addition, but 

lack 16S), but a different method for sequence aligment and a different model of 

evolution. The 5-OG MP analysis (Figure 2B) results in a large basal dictyopteran 

polytomy.  

In contrast, our 5-OG Bayesian analysis (Figure 3B) obtains the polyphagoid taxa as 

sister group to all other Dictyoptera, the latter having a support of pp=77%. This is a 

topology not obtained in any previous study. With this hypothesis, from a taxonomic 

perspective, Mantodea (like Isoptera) would be a subgroup of Blattodea, i.e. highly 

derived cockroaches adapted to a predatory lifestyle, and the terms "Blattodea" and 

"Dictyoptera" are then synonymous. Evolutionary scenarios would also have to be 

revised. For instance, Blattaria and Mastotermes produce their ootheca in the vestibulum 
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(the space above the subgenital plate, coxosternum VII; McKittrick, 1964; Klass, 1998b; 

Nalepa and Lenz, 2000), whereas Mantodea build it externally upon some substrate. 

While previously the internalized production of the ootheca was parsimoniously 

considered apomorphic for Blattodea (see Klass and Meier, 2006: 22), this phylogenetic 

hypothesis would rather suggest that the external production in Mantodea is derived from 

internal production. 

Yet we tentatively suggest that a Mantodea-Blattodea dichotomy is still the most 

plausible hypothesis for basal dictyopteran relationships. With this viewpoint, the next 

issue to discuss in the most basal splitting event in Blattodea. 

The molecular results of Inward et al. (2007), and perhaps those of Lo et al. (2007; if 

re-rooting is advocated), as well as our combined molecular-morphological results 

suggest that Nocticolidae and Polyphagidae (and Lamproblattidae) are the most basal 

subgroups of Blattodea. They may together form a single clade sister to the remaining 

Blattodea (our Bayesian analyses, Figure 3; Inward et al., 2007, with Lamproblatta 

lacking), or form two successive basal clades, i.e., Nocticolidae + (Polyphagidae + other 

Blattodea) (Lo et al., 2007 if rerooted). The latter possibility would nicely agree with the 

absence of bacteriocytes in Nocticolidae (Lo et al. 2007; like in Mantodea and non-

dictyopterans), the respective symbiosis being a synapomorphy of Polyphagidae and the 

"other Blattodea". 

The basal position of Polyphagidae in Blattodea would suggest a reinterpretation of 

the polarity of many morphological characters in Dictyoptera, including those of the most 

useful character system, the male genitalia (concerning both the interpretations of 

Grandcolas, 1996 and Klass and Meier, 2006). In addition, much homoplasy would have 
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to be assumed for this character system. However, related revisions should wait for more 

elaborate combined data sets with a more complete overlap between the taxa sampled for 

morphological and molecular data. In addition, the lacking inclusion of key taxa such as 

Lamproblattidae and Tryonicidae in large molecular analyses, and the striking instability 

of basal dictyopteran relationships depending on gene selection and taxon sampling (see 

Figures 4 and 5: Polyphaga either as sister to the Mantodea, Blattaria, or Isoptera) still 

advise caution with the molecular results.  

Anyway, Polyphagidae and Nocticolidae are evidently crucial in analyses of 

dictyopteran phylogeny. Nocticolidae includes only a few genera and is quite 

homogenous; there are hardly any useful data on the morphology of their male and 

female genitalia, while such data would be highly desirable. Polyphagidae as currently 

delimited (Grandcolas, 1994; but with Cryptocercus excluded), however, is widespread 

and composed of several subfamilies that are morphologically and ecologically quite 

diverse. Most phylogenetic analyses (including ours) only sampled members of the 

subfamily Polyphaginae (Polyphaga, Ergaula and Therea). Representatives of the 

Euthyrrhaphinae and Latindiinae were limited to the analysis of Kambhampati (1996), 

who, however, sequenced only 12S. Among the recent large-scale analyses only Inward 

et al. (2007) included members of the polyphagid subfamilies Euthyrrhaphinae and 

Tiviinae, which along with Polyphaginae and Nocticolidae formed a well-supported 

monophyletic group (pp=100%). In our analyses the sampled Polyphaginae – Polyphaga, 

Ergaula and Therea – remain as a monophyletic group, with the exception of the MP 

analyses, in which they are placed separately in a large polytomy. This is not likely a hard 

polytomy, but rather a soft one that more data (see patchy coverage in terms of sequence 
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data in Table 1) and/or an increased polyphagid taxon sample might resolve. In an 

additional 5-OG MP analysis (not shown) that excluded Nocticolidae, Polyphaginae was 

recovered as sister to all remaining Dictyoptera (as in the 5-OG Bayesian analysis, Figure 

3B).  

One step up in the blattodean tree the next problematic issue is the relationship among 

the large blattodean clades Blattidae (sensu Klass and Meier, 2006), Blattellidae + 

Blaberidae, and Cryptocercidae + Isoptera, and the small taxon Tryonicidae (not yet 

sampled for molecular analyses) – and the Polyphagoidea if their basal position is not 

accepted. The morphology-based analysis of Klass and Meier (2007) yields Blattidae as 

sister to all other Blattodea; the latter have Tryonicidae as the basalmost branch, and the 

rest falls into a clade Blattellidae + Blaberidae and a clade including Polyphagidae + 

Lamproblattidae and Cryptocercidae + Isoptera (Figure 1K). In contrast, most molecular 

studies tend to obtain a close relationship between Blattidae and Cryptocercidae + 

Isoptera. This clade is strongly supported in Inward et al. (2007: pp=100%) and Pellens et 

al. (2007: ja=84%) and was also found in the study of Lo et al. (2003) (a clade 

Cryptocercidae + Blattidae, i.e. without Isoptera, was recovered in Kambhampati, 1995). 

The tree in Lo et al. (2007) shows relationships altogether very different from the other 

analyses (Figure 1M); if rerooted between Mantodea and Blattaria (see above), the clades 

Blattidae, Blattellidae + Blaberidae, and Cryptocercidae + Isoptera are placed in an 

unresolved trichotomy. 

Among our standard analyses, the 5-OG and 8-OG Bayesian analyses (Figure 3) and 

the 8-OG MP analysis (Figure 2A) also show a Blattidae + (Cryptocercidae + Isoptera) 

clade, which furthermore includes Tryonicidae. However, the support for this clade is at 
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most moderate (pp=80%, pp=74%, or bo<50%), though this may be due to the lack of 

molecular data for Tryonicidae. The 5-OG MP analysis (Figure 2B) obtains all these taxa 

as branches of the large polytomy at the base of Dictyoptera. 

Altogether, the relationships among the principal lineages of Blattodea remain an area 

of continued conflict. The inclusion of molecular data for a few Tryonicidae (only 

Lauraesilpha or Tryonicus; see Klass, 2001) would be the most important improvement 

of the database. However, the available samples for Blattidae and basal Blattellidae + 

Blaberidae (mainly the basal groups Anaplectinae and Plectopterinae = 

Pseudophyllodromiinae) should also be increased. On the other hand, the Blaberidae are 

usually "oversampled" in analyses on dictyopteran phylogeny. 

 

The Cryptocercus + Isoptera clade 

Our Bayesian and parsimony analyses strongly support the clade Cryptocercus + 

Isoptera (bo=91 or 92%; pp=99%), confirming the predominant previous hypothesis 

(Boudreaux, 1979; Nalepa et al., 1997; Lo et al., 2000; Lo et al., 2003; Deitz et al., 2003; 

Terry and Whiting, 2005; Kjer 2004; Kjer et al., 2006; Lo, 2003, Klass, 1995, 2003). The 

cladistic analyses by Klass and Meier (2006), Lo et al. (2007), Pellens et al. (2007) and 

Inward et al. (2007) also recovered this relationship, all with strong support (except for 

Lo et al., 2007).  

Some earlier molecular studies contradicted this result, but these studies were based 

either on small taxon samples or short sequences (Vawter, 1991; DeSalle et al., 1992), 

predefined Isoptera as an outgroup taxon (Maekawa and Matsumoto, 2000; 

Kambhampati, 1996), or have otherwise been revised by subsequent studies (e.g., 
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Grandcolas and D'Haese, 2001 for Kambhampati, 1995). Morphological studies not 

recovering Cryptocercus + Isoptera were shown to be based on uncertain morphological 

data (Thorne and Carpenter, 1992 revised in Deitz et al., 2003; Grandcolas, 1994, 1996, 

1997a revised in Klass, 1997, 2001) or also used Isoptera as an outgroup taxon 

(Grandcolas, 1996).  

While the current evidence for a Cryptocercus + Isoptera clade is overwhelming, in 

our tests based on Kjer et al.´s (2006) data we found that this clade is not robust to 

changes in outgroup selection. Indeed, only with either a gryllotalpid orthopteran, a 

mantophasmatodean, a dermapteran, or a grylloblattodean outgroup (Figure 4E,I,J,K) the 

clade was obtained. Most of the same analyses led to the problem that particular 

blattarians (Periplaneta or Supella) are dragged to the base of Dictyoptera. Nonetheless, 

these were tests rather than analyses optimized for resolving dictyopteran relationships. 

 

Relationships within Isoptera 

As our termite sample is fairly small, we only discuss here the most basal split inside 

the Isoptera. The traditional view that this is between Mastotermes and all other Isoptera 

(Hennig, 1969, 1981; Klass, 1995; see also Krishna, 1970; Thompson et al., 2000a) has 

been contradicted by Thorne and Carpenter (1992; but see Deitz et al., 2003 for a 

revision), while it has been confirmed by most subsequent studies, both morphological 

(Klass and Meier, 2006, but therein the only termite taxa additionally included are the 

lower-isopteran Termopsinae and Kalotermitidae) and molecular (Kambhampati et al., 

1996; Lo et al., 2003). Among the recent large-scale molecular analyses, Pellens et al. 

(2007: ja=100%) and Inward et al. (2007: no support values indicated) also find this 
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relationship, while Lo et al. (2007) obtain a polytomy of 4 clades at the base of Isoptera 

(one of them is Mastotermes).  

Also from our analyses the position of Mastotermes cannot be determined, despite the 

inclusion of the morphological data from Klass and Meier (2006). In our Bayesian 

analyses (Figure 3) it forms a clade together with the other "lower termites", but the 

support is low (pp=55% or pp=60%). In our MP analyses Mastotermes is either placed in 

a basal isopteran polytomy (5-OG analysis, Figure 2B), or it indeed appears as sister to 

all other Isoptera (8-OG analysis, Figure 2A), but with low support (bo<50%) for the 

clade comprising the remaining termites. The latter result was also obtained in a 5-OG 

Bayesian analysis run in exclusion of Nocticolidae (not shown). A basal placement of 

Mastotermes might be more strongly favored as soon as the morphological characters 

have been scored for all termite taxa sampled, as the (apomorphic) states are mostly the 

same in all termites except for Mastotermes. 

Altogether, the basal position of Mastotermes within Isoptera may be considered the 

most convincing hypothesis, but is currently not too strongly supported. 

 

Relationships within Mantodea 

The majority of our molecular data on Mantodea are from the previous study by 

Svenson and Whiting (2004). Yet, our datasets are different in several ways: Although 

both of us used COII, 16S, 18S, and 28S, Svenson and Whiting additionally included H3, 

whereas we added morphological data for 4 taxa (see Table 1); the morphological data, 

however, due to the limited taxon sample, can affect only the very basal mantodean 

dichotomies. We aligned rRNA sequences manually with reference to secondary 
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structure, whereas Svenson and Whiting applied a manual alignment in Sequencher 

followed by subsequent alignment by direct optimization. In their analysis, Svenson and 

Whiting used an unspecified model determined by Modeltest 3.06 PPC (Posada and 

Crandall, 1998) whereas we used a standard GTR + I + G model for COII and a doublet 

model for rRNA. Nevertheless, the mantodean topologies we reconstructed are largely 

congruent.  

One particularly interesting issue is the phylogenetic positions of the 3 genera usually 

considered most basal among the mantodeans (e.g. Beier, 1968): Mantoida, Chaeteessa, 

and Metallyticus. Notably, all three genera show characters that make them good 

candidates to be sister to all remaining Mantodea. In Mantoida the male genitalia are in 

several characters strongly reminiscent of blattarian genitalia and lack apomorphies 

shared by all other examined Mantodea, including Chaeteessa and Metallyticus (Klass, 

1995, 1997). Chaeteessa is peculiar among Mantodea by the simple structure of the 

spination of its raptorial forelegs; for instance, the terminal claw of the tibia is hardly 

differentiated from the other tibial spines, and all spines are very slender, seta-like (Beier, 

1968). Metallyticus shows some characters of wing venation that resemble conditions in 

Blattaria, mainly the extensive branching of some major veins and the presence of a 2nd 

anal vein in the hind wing (Smart, 1956). 

Klass (1995, 1997) and Klass and Meier (2006) found the relationships Mantoida + 

(Chaeteessa + (Metallyticus and remaining Mantodea)) using morphological characters. 

Based on molecular data, both Svenson and Whiting (2004) and Lo et al. (2007) found 

Mantoida to be the most basal mantodean lineage, but neither study did include 

Chaeteessa or Metallyticus. Inward et al. (2007), who sampled Mantoida and 
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Metallyticus, also found the former most basal, while Metallyticus was placed apical to 

the most basal "higher mantodean" (the iridopterygid Ichromantis).  

Our analyses consistently confirm Mantoida to be the sister group of the remaining 

Mantodea (support for the latter: bo=78 or 75%, pp=95 or 96%). The positions of 

Metallyticus and Chaeteessa (both only represented by morphological data) are not so 

well resolved. In the MP analyses (Figure 2) the two are placed in a polytomy 

immediately apical to Mantoida, which additionally includes the Thespinae Bantia and 

Hoplocorypha (both only represented by molecular data), and a lineage comprising the 

remaining Mantodea. In the Bayesian analyses (Figure 3) relationships are similar but 

appear more resolved: Metallyticus and Hoplocorypha both fall into the large apical 

mantodean clade, while Bantia either remains in a basal trichotomy or is sister to 

Chaeteessa. All these resolutions are congruent with the results in Klass and Meier 

(2006; Bantia not sampled). Yet, the position of Bantia sister to Chaeteessa is intriguing. 

This is also true in a technical sense, since Bantia is only represented by molecular data 

and Chaeteessa only by morphological data, and they thus cannot share any matrix 

character state that could provide a synapomorphy. Apparently the scattered availability 

of data across the mantodean taxa leads to problems in the analyses.  

For forthcoming studies, molecular data would be highly desirable for Chaeteessa 

(they are meanwhile available for Metallyticus: Inward et al., 2007). Morphological data, 

especially on the male genitalia, are urgently needed for the majority of the mantodean 

taxa, and for Bantia and Hoplocorypha in particular. 

Concerning the "higher Mantodea", it is clear from Svenson and Whiting (2004) and 

from this study’s results that the monophyly of most of its families is unlikely, and 
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family-level classification is thus not a useful guide for taxon sampling. Extensive, 

broadly representative taxon sampling is still needed for the elucidation of mantodean 

phylogeny; the chance of missing a lineage that has been mistakenly lumped into the 

wrong mantodean family is high.  

As mentioned above, the mantodean topologies are largely congruent between 

Svenson and Whiting (2004) and our study. For example, both studies recover 

Litaneutria + Heterochaetula, Phyllovates + Anamiopterx and Bolbe + Ima + 

Gyromantis. The main areas of conflict lie in the positions of Pseudocreobotra, and 

Stagmomantis + Tenodera. Pseudocreobotra + Gongylus + Phyllocrania is recovered in 

the the 8-OG Bayesian studies, and in both MP analyses. This is not found by Svenson 

and Whiting (2004), who instead find Chrysomantis to be sister to Pseudocreobotra. 

Tenodera and Stagmomantis are supported as sister taxa in both MP analyses (although 

with bo<50%), with pp=96% in our 8-OG analysis and pp=96% in our 5-OG analysis, 

while their analysis recovers Stagmomantis with Melliera with 100% posterior 

probability and 100% nonparametric bootstrap. Although these support values cannot be 

directly compared, we simply wish to acknowledge that differences occur between our 

results. However, this is probably a result of differing model selections (the doublet 

model we implemented takes into account the interdependence of hydrogen-bonded stem 

pairs in rRNA data). When we ran an additional analysis in Mr. Bayes with a GTR + I + 

G model in the exclusion of morphology (5 million generations; not shown) 

Stagmomantis and Melliera form a clade with pp=99% posterior probability, Tenodera 

being its sister taxon, supported by pp=96%.  
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Conclusions 

 

This study is a comprehensive analysis of Dictyoptera phylogeny, incorporating 

nucleotide sequences from a mitochondrial protein coding gene and both mitochondrial 

and nuclear rRNA genes (structurally aligned), plus morphological data. Data were 

analysed according to maximum parsimony and Bayesian methodology.  

In our analyses as well as those of other authors, the relationships among the major 

dictyopteran lineages still show considerable variation. Perhaps the most instructive 

finding of the present study is the strong effect of ingroup and outgroup sampling on 

dictyopteran molecular analyses. For instance, the addition of Mantodea greatly 

influences the resulting dictyopteran topology; thus, studies considering only Blattodea 

are not unlikely to arrive at erroneous results. Studies should use both distantly and 

closely related outgroup taxa for rooting, and then evaluate whether the positions of 

dictyopteran lineages are stable under different combinations. Our outgroup analyses 

suggest that several blattarians are rogue taxa, whose placement in molecular studies 

should be viewed with caution. Our evidence for gene selection influencing ingroup 

topologies is more commonplace.  

For further progress in the reconstruction of dictyopteran phylogeny, the sampling of 

additional taxa, and sequencing of additional (preferably nuclear) genes is evidently 

needed. While taxon sampling within Dictyoptera generally needs to be greatly 

expanded, important taxa still to be sampled for molecular studies are Chaeteessidae, 

Tryonicidae, Lamproblattidae, and Anaplectinae, as well as certain enigmatic genera such 
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as the myrmecophilous Atticola and Attaphila, and additional polyphagid genera. Future 

studies should endeavor to use as many independent gene fragments as possible, with as 

many closely and distantly related outgroup taxa as is feasible to stabilize the position of 

these taxa in the tree.  
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Figure 1: Previous phylogenetic hypotheses of dictyopteran relationships. (out) = taxa 
formally used as outgroup representatives for dictyopteran ingroup. * including the genus 
Cryptocercus; ** including the Tryonicidae and Lamproblattidae.  
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Figure 2: Parsimony analysis of COII, 16S, 18S, 28S and morphological data, strict 
consensus of most parsimonious trees; bootstrap values shown above branch are from a 
1000 bootstrap replicate search using 10 random addition searches and TBR branch 
swapping. Mantodean families: AM Amorphoscelidae; CH Chaeteessidae; EM 
Empusidae; HY Hymenopodidae; IR Iridopterygidae; MD Mantoididae; ML 
Metallyticidae; MT Mantidae; TH Thespidae. (A) 8-OG analysis, shortest tree recovered: 
11155 steps??, (B) 5-OG analysis, shortest tree recovered: 4625 steps??. See Table 1 for 
the data partitions included for the various terminal taxa.  
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Figure 3: Bayesian doublet analysis of COII, 16S, 18S, 28S and morphological data, 
majority rule consensus trees; posterior probabilities shown above branch. Mantodean 
families: AM Amorphoscelidae; CH Chaeteessidae; EM Empusidae; HY 
Hymenopodidae; IR Iridopterygidae; MD Mantoididae; ML Metallyticidae; MT 
Mantidae; TH Thespidae. (A) 8-OG analysis, (B) 5-OG analysis. See Table 1 for the data 
partitions included for the various terminal taxa. 
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Figure 4: Effect of ingroup and outgroup selection on phylogeny reconstruction 
(maximum parsimony): (A) Maekawa and Matsumoto (2000) COII data + Odonata 
(Sympetrum and Argia) sequences + Grylloblatta sequence; (B) Maekawa and 
Matsumoto (2000) COII data + Mantodea + Odonata (Sympetrum and Argia) + 
Grylloblatta; (C) Kjer et al. (2006) COII, 16S, 18S, 28S with taxon list from current 
study; (D) Kjer et al. (2006) COII, 16S, 18S, 28S with current taxon list plus Timema, 
Gryllus and Tettigonia; (E) Kjer et al. (2006) COII, 16S, 18S, 28S with orthopteran 
outgroup; (F) Kjer et al. (2006) COII, 16S, 18S, 28S with embiopteran outgroup; (G) 
Kjer et al. (2006) COII, 16S, 18S, 28S with phasmatodean outgroup; (H) Kjer et al. 
(2006) COII, 16S, 18S, 28S with archaeognathan outgroup; (I) Kjer et al. (2006) COII, 
16S, 18S, 28S with mantophasmatodean outgroup; (J) Kjer et al. (2006) COII, 16S, 18S, 
28S with dermapteran outgroup; (K) Kjer et al. (2006) COII, 16S, 18S, 28S with 
grylloblattodean outgroup. Note that in C–K for most outgroup taxa not all data partitions 
are included. 
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Figure 5: Effect of outgroup selection on maximum parsimony phylogeny reconstruction 
using only 18S sequences from taxa included in Kjer et al. (2006); composition of 
ingroup (Dictyoptera) constant. (A) with orthopteran-gryllotalpid outgroup; (B) with 
embiopteran outgroup; (C) with phasmatodean outgroup; (D) with archaeognathan 
outgroup; (E) with dermapteran outgroup; (F) with grylloblattodean 
outgroup.
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