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CHAPTER 23

The systematics of insect ribosomal DNA

WARD CHRISTOPHER WHEELER*

Department of Organismic and Evolutionary Biology and Museum of Comparative Joology, Harvard University,
Cambridge, MA 02138, U.S.A.

Systematic background

This paper is concerned with the phylogenies of three insect groups: the Paleoptera,
Eumetabola, and Holometabola. The evolutionary status of these groups has not been
firmly established; in each case, not only monophyly but various paraphyletic ar-
rangements have been proposed. The lack of consensus is due, no doubt, to the age
of the taxa. Since the insect orders are ancient, much of the morphological evidence
of kinship has been diluted through eons of unique evolution. In such circumstances,
the homologies of slowly evolving molecules may help to resolve the monophyly versus
paraphyly arguments. This paper uses the character evolution of ribosomal DNA to
examine these genealogies fogged by time.

The three possible arrangements of the extant paleopteran orders each have their
adherents (Fig. 1). Hennig [1] initially divided this group and placed the Odonata
with the Neoptera, but later changed his view to one of monophyly [2,3]. His revised
opinion is based on four putative synapomorphies: the aquatic larval stage, the fusion
of the inner lobes of the maxillae, the presence of intercalary veins between longitudi-
nal veins, and the short ‘bristle-like’ antennal flagellae. By contrast, Kristensen [4,5]
supports the monophyly of Odonata 4 Neoptera, breaking up the Paleoptera. He
finds the paleontological evidence unconvincing, and criticizes Hennig’s characters as
prone to convergence. To explain his own grouping, Kristensen cites — among other
characters — the lack of imaginal molts, tracheization pattern in the wings and pte-
rothoracic legs, muscle insertions, R and Rs veins with a common stem, and single
female gonophore. Boudreaux offers yet another hypothesis [6]. He creates a new
group, the Opisthopterata, to unite Ephemerida and Neoptera. His configuration is
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NEOPTERA ODONATA
EPHEMERIDA EPHEMERIDA
ODONATA NEOPTERA
Hennig (1969) Boudreaux (1979)
EPHEMERIDA
ODONATA
Kristensen (1975)
NEOPTERA

Fig. 1. Phylogenetic hypotheses proposed for the Paleoptera.

based on similarities in the folding of the nymphal wing pads, the means of sperm
transfer, and on functional morphological criteria. Thus, as these competing claims
demonstrate, the issue of paleopteran phylogeny is far from settled.

There is somewhat less controversy over the Eumetabola (Paraneoptera + Holome-
tabola), or as Boudreaux calls them, the Phalloneoptera (Fig. 2). Hennig cites the Ho-
lometabola and Paraneoptera as two of the four primary Neopteran groups [2,3].
Kristensen and Boudreaux both support this grouping but differ with respect to the
taxa included and the characters employed. Boudreaux unites the Phalloneoptera
based on the formation of the male gonopod from ‘phallic rudiments’, hence the
name. He places the Zoraptera with the orthopteroid orders [6]. According to
Kristensen, however, the characters cited do not appear to be uniformly present [5].
Kristensen includes the Zoraptera in his Paraneoptera, discarding one of Hennig’s eu-
metabolan characters — the absence of larval ocelli — since these structures are present
in Zoraptera. By Kristensen’s analysis, the ‘jugal bar’ of Hamilton [7] is the only pos-
sible eumetabolan synapomorphy.

Although the monophyly of the Holometabola is well established, the groupings
within this taxon are less so (Fig. 3). With regard to the arrangements of the four
major lineages (Hymenoptera, Coleoptera, Neuroptera, and Panorpida), Hennig is
cautious. He states that affinities must exist, but there is no evidence of sufficient clari-
ty to support them [2]. Boudreaux, ever bolder, suggests that the primary division is
between the Coleoptera (+ Strepsiptera) and the rest [6]. Telomerida share the
namesake character of a male gonopod divided (unlike Gaul) into two sections, a ba-
somere and a telomere; the absence of gastric ceca; and ‘derepression of limb buds’.
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PAUROMETABOLA
G < PARANEOPTERA Hennig (1969)
3 HOLOMETABOLA g POLYNEOPTERATA
Boudreaux (1979) < PHALLONEOPTERATA
POCH IR IR ENDOPTERYGOTIDA
< PARANEOPTERA Kristensen (1975)
HOLOMETABOLA

Fig. 2. Phylogenetic hypotheses proposed for the Eumetabola.

HYMENOPTERA COLEOPTERA

COLEOPTERA HYMENOPTERA
NEUROPTERA NEUROPTERA
PANORPIDA PANORPIDA

Ross (1965) Boudreaux(1979)
NEUROPTERA

COLEOPTERA
HYMENOPTERA

Kristensen (1975) PANORPIDA

Fig. 3. Phylogenetic hypotheses proposed for the Holometabola.
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Kristensen disputes these characters and argues for the monophyly of the Coleoptera
(+ Strepsiptera) and Neuroptera (Raphidoidea, Megaloptera, and Planipennia)
[4,5]. To define this group, he looks to the absence of cruciate cervical muscles, the
reduction of the second valvule in the ovipositor, and the multilayer monaxonal stem-
mata. A third possibility, put forward by Ross [8], unites all Holometabola except
Hymenoptera, due to their shared reduction of ovipositors (criticized by Kristensen
[4] as convergent because the type of reduction differs), and, furthermore, joins the
Neoptera and the Panorpida. Although the hypotheses of Ross, Kristensen, and
Boudreaux are quite different, their conflicts center chiefly on the monophyly of Co-
leoptera + Neuroptera.

Ribosomal DNA

The ribosomal DNA (rDNA) complex is an 8-35 kb segment of DNA which codes
for three ribosomal RNAs (188, 5.85, 26S) (Fig. 4). These genes are present in large
numbers (> 100 per genome), in tandem arrays at several chromosomal locations.
They are believed to evolve in a concerted fashion [9], therefore — although there are
many copies — the pool of coding sequences is thought to remain homogeneous [10].

These rDNAs code for rRNAs, which are the sites of protein synthesis. The mature
ribosomes have a complex secondary structure that results from the interaction of in-
ternal base-pairs. The base-paired regions seem to evolve in a different manner and
at a different rate than the single-stranded areas, and these disparities have been
shown to affect phylogenetic reconstruction [11].

As shown by bacterial systematics, the rRNAs have several strikingly conservative
regions, which allow for the reconstruction of truly ancient events, as well as other
areas — in the intergenic spacer — which evolve so rapidly that individuals are poly-
morphic. Such diversity within a single gene complex makes this sequence useful at
a whole host of systematic levels [12].

In this paper, restriction enzyme mapping and DNA sequencing of rDNA are used
to determine the structure, organization, and base-pair sequence of these genes. The
analysis garners new character data and attempts to reconstruct the genealogy of the
Paleoptera, Eumetabola, and Holometabola.

Dm103 it K. T
S
Dm103(C) il
Dm103 (D) 5 8Kb_
+ EcoR|
4 Hind Il

Fig. 4. Structure of the Drosophila melanogaster rDNA clone cDM103.




311
Methods

Specimens of Podura aquatica, Argia_fummipennis, Heptagema diabasia, Oncopellus fasciatus,
Dolichovespula maculata, Chrysopa sp., and Pieris rapae were collected in Middlesex
County, Massachusetts, U.S.A. Drosophila melanogaster was donated by Dr. James
Birchler, Gromphaderina portentosa by Dr. James Carpenter, Formica excectoides by Dr.
Norman Carlin, and Warramaba picta by Dr. Rodney Honeycutt. Additional Oncopeltus
Jfasciatus and Tenebrio molitor were obtained from Carolina Biological Supply.

Using the method of Bingham et al. [13] for Drosophila, nuclear DNA was ex-
tracted from aggregate samples of each species and purified on a CsCl gradient. To
conduct restriction enzyme analysis, DNAs were digested with Apal, BamHI, BgllI,
Clal, EcoR1, HindII1, Pstl, Sacl, and Xbal according to manufacturers’ specifications.
These reactions were performed in various combinations to determine the relative lo-
cations of recognition sites.

Digested DNAs were electrophoresed on 0.89%, to 2.09, agarose slab gels, and then
transferred to Gene Screen Plus charged nylon hybridization membrane according to
the method of Southern [14], with the modifications advised by the supplier.

Using the method of Rigby et al. [15] and Maniatis et al. [16], the Drosophila mela-
nogaster rDNA clones, pDM238 and ¢cDM103 [17], were radioactively labelled by
nick-translation (Fig. 4). They were then used to hybridize and visualize rDNA from
the genomic digests.

To isolate rDNA fragments, the polymerase chain reaction procedure [18] was used
according to manufacturers’ specifications with the primers 5'-GAGGTAGTGAC-
GAAAAA-3" and 5-CAGACTGTTATTGCTCA-3". These primers defined a 1200
bp target sequence which was selectively amplified. Additional sequence upstream
was isolated by screening genomic libraries constructed in M13, as in Benton et al.
[19]. Using oligonucleotide primers, these fragments were cloned into M13 and se-
quenced by the method of Sanger et al. [20].

The sequences were aligned with a Needleman—Wunsch [21] type algorithm, im-
plemented on a personal computer. Phylogenetic analysis was performed using Swof-
ford’s PAUP version 2.4.1. In the sequence analysis, gaps inserted by alignment were
treated as missing data, and thus played no role in phylogenetic reconstruction. The
Drosophila sequence was taken from [22], the Tenebrio from [23], and the Artemia from
[24]. Secondary structure models used to separate the data into single- and double-
stranded positions were taken from Hendriks et al. [23].

Results

Three kinds of data were collected in this study: restriction fragment length variation,
gene size polymorphism, and direct sequence variation. Each type of data addressed
different aspects of the insect phylogenies in question.
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Restriction enzyme analysis
Two types of polymorphism were observed in this analysis — restriction site changes
and insertion/deletion events involving large segments of DNA.

rDNA maps. The nine enzyme digestions yielded 49 sites in the taxa (Fig. 5). Of
these, nine were invariant and 11 were autapomorphic. Of the 29 remaining sites the
22 sites which fell in coding regions were used to test the phylogenetic hypotheses of
Ross, Hennig, Kristensen, and Boudreaux. The other sites occurred in spacer regions
which undergo expansion and contraction in their evolution in addition to simple
nucleotide transformation [12], hence it was not possible to homologize these sites.
Phylogenetic analysis of the informative restriction sites yielded 17 equally parsimoni-
ous trees at the minimum length of 51 steps, with a consistency index of 0.43 (via
branch-and-bound algorithm). The strict (Nelson) consensus tree that was con-
structed from these cladograms is shown in Fig. 6. Even though the consistency is
quite low, the resolved groups are supported by all the most parsimonious clado-
grams.

Two groups are supported by this consensus tree: Odonata + Neoptera, and Cole-
optera + Neuroptera. The results affirm Kristensen’s groupings [4,5]. Phylogenetic
hypotheses were constructed de novo from the restriction site maps; in addition, the
models of paleopteran and holometabolan genealogy were tested to determine their

rDNA Restriction Maps
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Fig. 5. Restriction enzyme maps.
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Consensus Tree From Restriction Enzyme Analysis

Podura

Heptagenia
Argia

Warramaba

Gromphaderina

Oncopeltus

Drosophila

Pieris

Formica

Chrysopa

Tenebrio

Fig. 6. Strict consensus tree of the seven most parsimonious rDNA restriction map data cladograms.

consistency with these data. Using PAUP, the restriction fragment characters were fit-
ted to the hypotheses of Hennig [2,3], Kristensen [4,5], Boudreaux [6], and Ross [8].
Overall, Kristensen’s hypothesis has the greatest explanatory power. Nonetheless,
with 60 steps, it is less parsimonious than the optimal but unresolved version of the
same topology. Interestingly, Hennig’s proposal of monophyly for the Paleoptera, at
61 steps, is almost as well supported as Kristensen’s. However, modifying the shortest
tree to accommodate the group Odonata + Ephemerida would require an additional
two restriction site changes. Neither Ross’ proposal (62 steps) nor Boudreaux’s (68
steps) are as parsimonious as Kristensen’s. The clear support for Kristensen’s genealo-
gy is due to the presence of two to six site changes on the branch leading to Coleopte-
ra+ Neoptera, and six to seven changes on the branch joining Odonata + Neoptera.
Variation in the number of synapomorphies stems from alternate equally parsimoni-
ous character state reconstructions.

Size variation
Eukaryotes possess an Xbal site at the 5" end of the 18S gene and an EcoRI site near
its 3" terminus [24]. These sites are separated by approximately 1500 bases. To define
the fragment, genomic DNAs of various hexapods were digested with these two en-
zymes. As depicted in Table 1 and Fig. 7, the collembolan, Podura aquatica, has a
slightly smaller 18S fragment. Thus the addition of approximately 100 bases to the
insect 18S gene may define a group perhaps as restrictive as Pterygota or as all-en-
compa&;sitlg a5 [US(,‘.C[H s€nsu strict().

A second insertion event appears to support the monophyly of the Eumetabola. As
shown in Table 2 and Fig. 7, when digested with restriction enzymes that cut the re-
peat unit only once, Oncopeltus, and Tenebrio, Chrysopa, Drosophila, and Pieris among the
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TABLE 1

Size variation in 18S gene.

18S Xbal|EcoR1 digestion fragment

Podura 1.52 kb
Heptagenia 1.63 kb
Argia 1.62 kb
Warramaba 1.65 kb
Gromphaderina 1.65 kb
Oncopeltus 1.62 kb
Tenebrio 1.65 kb
Chrysopa 1.65 kb

holometabolan taxa share a large — 5 kb — insertion in the central portion of the 26S
gene. Formica and Dolichovespula do not appear to have this insertion. Moreover, when
present, this insertion appears to be polymorphic: two bands corresponding to com-

Gene Region Size Variation
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Fig. 7. Size variation in the 18S and 268 sequences.
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TABLE 2

Repeat length polymorphism.

Repeat length

Podura 13 kb
Heptagenia 14 kb
Argia 13.5 kb
Warramaba 14 kb
Oncopeltus 12/17 kb
Tenebrio 13/18 kb
Chrysopa 13.5/18 kb
Drosophila 12/17 kb
Formica 12 kb
Dolichovespula 13 kb

plete repeats are observed. The size and position of the insertion correspond to those
of the intervening sequence in the rDNA repeats on the X-chromosome of Drosophila
[17]. They may be involved in a ‘bobbed’ type of expression.

Sequence analysis

Of the 1083 aligned sequence positions 398 are variable and 276 informative. Of
these, 147 contribute to the creation of secondary structures through internal double
helix formation, while the remaining 129 lie in the single-stranded areas of the mole-
cule. (The aligned sequences are available on request.)

These three data sets — all variable bases, double-stranded positions, and single-
stranded positions — were analyzed separately (Table 3). The genealogies supported
by the different data sets are at large variance with one amother. When all 276 infor-
mative sites are used, there are two shortest cladograms: one breaks up the Holometa-
bola and the other supports the Eumetabola (Fig. 8A). The base-paired positions also
refute the monophyly of Holometabola, by uniting the mayfly, Heplagenia, with the
grasshopper, Warramaba (Fig. 8B). Single-stranded base positions produce a single
most parsimonious hypothesis at 247 steps (Fig. 8C). This is the Eumetabola hypothe-
s1s.

In order to provide a more statistical framework for cladistic analyses of sequence
data, I have developed a method (Wheeler, in preparation) which can distinguish
among equally parsimonious cladograms based on sequence data, and place a confi-
dence interval about the derived tree length statistics. Briefly, the procedure involves
the creation of a matrix of transformation frequencies based on the relative frequency
of the concurrence of nucleotides throughout the molecule (i.e., whether As and Gs
occur together at the same position more frequently than As and Ts). This forms the
foundation of a weighting schedule. The relative transformation frequencies are then
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TABLE 3
Cladogram lengths for 18S rDNA data.

Data set Hypothesis Number of characters Length
(no autapomorphies)
All bases Eumetabola 483
Lower Neoptera 276 488
Holometabola
paraphyly 483
Stem bases Eumetabola 236
Lower Neoptera 147 238
Holometabola
paraphyly 229
Loop bases Eumetabola 247
Lower Neoptera 129 250
Holometabola
paraphyly 254

18S rDNA Sequence Based Phylogenies

Drosophila Warramaba
Heptagenia
Tenebrio bt
Oncopeltus
Oncopeltus
Tenebrio
Warramaba

Heptagenia Drosophila

A B
Artemia Artemia

Warramaba

Oncopeltus
Tenebrio
Drosophila

Heptagenia

Artemia

Fig. 8. Sequence-based phylogenies of the Eumetabola.
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translated into character weights by taking the absolute value of their natural loga-
rithms.

Thus the length of the tree is the sum of the costs of all the steps required to explain
the data. In this way, two trees which require the same number of events with differ-
ent likelihoods of occurrence (such as many transversions versus many transitions) are
distinguished from one another. Since the weights are determined from a matrix,
which is itself calculated from a finite number of variable bases in the sequence, there
is an associated sampling error. Through simulation and analysis of these values,
called ‘Inprobs’ for ‘natural logarithmic probabilities’, an estimate of the variance in
tree length is easily calculable. Through further computer simulation, these values are
found to be normally distributed; thus, with knowledge of means and variances, the
statistical significance of the difference in the lengths of two cladograms can be esti-
mated. The Inprob procedure was applied to the two hypotheses of eumetabolan rela-
tionships (Fig. 8A,C) using the loop data alone.

As is seen in Table 4, the eumetabolan phylogeny is favored, if marginally, over the
monophyly of the Paraneoptera + Polyneoptera (P=0.20).

Conclusions

The molecular information presented here supports monophyletic groups at several
levels: Ectognatha- Odonata + Neoptera, Eumetabola, and Coleoptera + Neuroptera
(Fig. 9). But this hierarchy is not limited to the taxa; for the data themselves, the
types of synapomorphy, are also inherently hierarchical.

Even at the broadest level, large insertions and deletions are conspicuously informa-
tive. For example, the 100 bp insertion that defines the ectognath insects is a large-
scale event, perhaps not observable at lower levels. If the only information available
were DNA or RNA sequence data, such a large change might go unnoticed.

The same applies to the very large, 5 kb, insertion in the 26S gene. This event is
interesting in and of itself, because of the systematic ramifications; but it is all the
more interesting when we consider the nature of the synapomorphy, which is — and
I believe must be — polymorphic. The 5 kb insertion maps to the site of the interrup-
tion in the 26S of Drosophila that causes the ‘Bobbed’ phenotype [12]. In Drosophila,

TABLE 4

Significance value for eumetabolan phylogenies (loop positions).

Phylogeny Length Inprob value SD

Fumetabola 247 2525 3.6
Lower Neoptera 250 235%H 3.6
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Fig. 9. Insect phylogeny as deduced from rDNA.

there are two rDNA repeat types. One has an uninterrupted 26S (Y-chromosome
type), and the second has a large insertion in the 26S (X-chromosome type) which
disables that gene. When the copy number of uninterrupted, fully functional rDNA
repeats falls below about 50, the ‘bobbed’ phenotype can be lethal. Since the organ-
ism cannot survive without functional rDNAs, this polymorphism will not become
fixed.

As mentioned above, the 5 kb insertion defines the Eumetabola with one exception:
the Hymenoptera. The Hymenoptera examined here possess only one detectable re-
peat type, which is about the size of the short, uninterrupted gene complex in other
species. Since the Hymenoptera are haplodiploid, the effective rDNA copy number
in males may be only half that of females. This disparity may increase the selection
pressure for transcriptional efficiency, hence reducing the viability of those with any
‘bobbed’ genotype. Such an interpretation may appear to offer little more than a nice
story to justify the homoplasy in this character; the observation is testable, however,
through the analysis of other haplodiploid eumetabolans such as members of the Mi-
cromalthidae and thrips.

At a finer grain, restriction enzyme analysis is better equipped than large structural
variants to evaluate the level of sequence change among organisms. Since these en-
zymes recognize specific, known strings of bases, the polymorphisms in restriction sites
are usually assumed to result from single base substitutions in one of the handful of
bases that the enzyme recognizes. If the changes can be compared to a known se-
quence, the insights of sequence evolution from mapping can rival those from se-
quencing. Moreover, while the information acquired by mapping is not as direct or
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exact as that gained by sequencing, restriction enzyme analysis does offer the oppor-
tunity to sample larger stretches of the genome than could readily be sequenced. In
this paper, polymorphisms in restriction sites are distributed over a 10-15 kb segment.
Falling outside the area that could be sequenced in a reasonable period of time are
many changes that support the union of the Odonata with the Neoptera and the sister
group status of the Coleoptera and Neuroptera. Because restriction site changes are
the products of descent with modification, hierarchically distributed, they are poten-
tially extremely informative — even though we may not know the details of their evo-
lution.

But to truly understand the mechanisms of molecular evolution, sequencing is in-
valuable. As shown by Wheeler and Honeycutt [11], ribosomal RNAs (at least short
ones) are prone to a type of molecular convergence that can impede systematic infer-
ence. The secondary structure of the mature rRNAs places constraints on the evolu-
tion of the primary structure, the sequence of bases. Observations such as these can
only be made through direct sequence analysis. Likewise, although other types of mo-
lecular polymorphism are informative, homoplasy and its roots can only be examined
with the sequences themselves. Given the ability to examine the causes of homoplasy,
we can place greater confidence in conclusions drawn from sequence-based phyloge-
nies.

The sequence data presented here also show the confounding effects of secondary
structure, but these can be mitigated by removing the double-stranded base positions
from the analysis. An additional benefit of sequence data emerges in the opportunity
to perform statistical analysis. Since the individual base positions only come in four
flavors, bases may acquire the behavior of a large number of independent, semi-inde-
pendent, or tightly linked variables. With different notions of the mechanisms of base
transformation, phylogenetic analysis can take advantage of the serial homology of
base positions. Such a method (Wheeler, in preparation) is used here to distinguish
among the sequence-based phylogenies of the Eumetabola.

One of the drawbacks to the sequencing approach, however, is that it can only ex-
amine relatively short segments of DNA. Without doubt, local structural and selective
pressures affect the evolution of specific sequences. In the analysis of single genes or
regions of genes, the dangers of being misled by unforeseen, systematically confound-
ing phenomena are certainly worthy of consideration.

Clearly in phylogenetic analysis there are informative data at many levels, each
with its own strengths and weaknesses. The insect groupings examined here are sup-
ported by very different qualities of synapomorphy. The Insecta sensu stricto (or per-
haps Pterygota) are unified by a medium-sized sequence insertion, the Odonata +
Neoptera by restriction site changes, the Eumetabola by both sequence data and a large
structural change, and the Coleoptera + Neuroptera again by restriction site synapo-
morphies. Without the simultaneous examination of molecular information at multi-
ple levels, many of the distinctions among these genealogies would be missed. Differ-
ent levels of synapomorphy require different types of synapomorphy.
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