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Trichoptera are holometabolous insects with aquatic larvae that, together with the Lepidop-
tera, comprise the Amphiesmenoptera. Previous phylogenetic hypotheses and progress on our
ongoing data collection are summarized. Fragments of the large and small subunit nuclear
ribosomal RNAs (D1, D3, V4-5), the nuclear elongation factor 1 alpha gene and a fragment
of mitochondrial cytochrome oxidase 1 (COI) were sequenced, and molecular data were
combined with previously published morphological data. Equally and differentially weighted
parsimony analyses were conducted in order to present a phylogeny of Trichoptera, including
43 of 45 families. Our phylogeny closely resembles that proposed by Herbert Ross with respect
to the relationships among suborders, with a monophyletic Annulipalpia at the base of the
tree, and a clade consisting of Spicipalpia plus a monophyletic Integripalpia. The monophyly
of Spicipalpia is weakly supported in the combined equally weighted analysis, and Spicipalpia
is paraphyletic in the differentially weighted analysis. Within Integripalpia, our phylogeny
recovered monophyletic Plenitentoria, Brevitentoria and Sericostomatoidea. Leptoceroidea
was unresolved in the equally weighted analysis and monophyletic in the differentially
weighted analysis. Within Annulipalpia, we recovered a basal but paraphyletic Philopotamoidea
and a monophyletic Hydropsychoidea.
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Introduction

Trichoptera is an order of holometabolous insects with
aquatic immature stages that are integral components of
almostall freshwater communities (Resh & Rosenberg 1984).
With a fauna of some 10 000 described extant species,
distributed among 45 families (Morse 1997a), the order is
diverse in terms of the microhabitats and trophic niches
occupied by the species (Mackay & Wiggins 1979).

We collected sequence data and re-evaluated a morpho-
logical dataset from Frania & Wiggins (1997). In this study,
we present our progress in the ongoing data collection for the
estimation of phylogenetic relationships within Trichoptera.
‘We have recently presented an analysis of 89 taxa with rRNA
data, and a combined analysis including 59 taxa (Kjer ez al.
2001). Here, we present a combined parsimony analysis of
117-120 taxa, adding 28 taxa and four integripalpian families
that were absent from our previous work.

Within Trichoptera, it is now accepted that the order con-
tains two monophyletic suborders, Annulipalpia and Integri-
palpia, with a third suborder, Spicipalpia, whose monophyly
is equivocal. Annulipalpian larvae make fixed retreats, while

integripalpian larvae make portable tube cases. Spicipalpian
larvae include ‘free-living’ predators (Rhyacophilidae and
Hydrobiosidae), ‘purse-case makers’ (Hydroptilidae) and
‘saddle-’ or ‘tortoise-case makers’ (Glossosomatidae). The
Annulipalpia and Spicipalpia are primarily lotic, while the
Integripalpia occur in both lotic and lentic habitats (Wiggins
1996).

Ross (1956, 1964, 1967) provided the first modern
phylogenetic hypotheses of subordinal and superfamily
relationships (Fig. 1A). Recently, alternative morphologically
based phylogenies have been proposed challenging Ross’
view (Weaver 1983, 1984, 1992a,b; Weaver & Morse 1986;
Wiggins & Wichard 1989; Wiggins 1992; Frania & Wiggins
1997; Ivanov 1997; summarized by Morse 1997b). To date,
at least five very different hypotheses of the relationships
among the components of the three suborders have been
proposed or suggested (Fig. 1A-E). Hypotheses differ in the
placement and monophyly of Spicipalpia and its included
families. Phylogenies challenging traditional classifications
have also been proposed for family relationships within
suborders (Fig. 2; see Morse 1997b for a review).
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While the analysis of morphological characters has been
extensive, consensus over relationships among suborders
is at an impasse. However, apart from our work, only one of
the published studies has used automated searches for most
parsimonious trees (Frania & Wiggins 1997) and none has
included molecular data. Additional data, rigorously analysed,
will provide a fresh perspective to help stabilize caddistly
classification.

Materials and methods

Laboratory protocols

The methods have been completely described by Kjer ez 4.
(2001). DNA was extracted with sodium dodecyl sulphate,
proteinase-K and phenol-chloroform as described by Hillis

& Davis (1986). Polymerase chain reaction-amplified DNA
was separated on a 1.5% low melting point agarose gel
(NuSieve 3 : 1, FMC Bioproducts), and sequenced on an ABI
377 automated sequencer using manufacturer’s recommen-
dations (Applied Biosystems), in a reduced volume reaction.

Our dataset includes outgroup representatives from
Diptera, Mecoptera and Siphonaptera, as well as representa-
tives of every lepidopteran suborder. Ingroup taxa include all
trichopteran families except two: Antipodoeciidae (Sericos-
tomatoidea) and Rossianidae (Limnephiloidea). Due to space
limitations, we do not present here a table that includes
taxonomic affiliation and voucher information. This table is
available upon request from Karl M. Kjer. Complete current
taxonomic information is maintained in the “Trichoptera
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Family Distribution
Philopotamidae Cos
Stenopsychidae OR, AU, AF, PA, sNT
= > Psychomyiidae HO, AF, OR
% % _Exiphocentronidae NT, OR, AF
_5 % Ecnomidae Cos, except NA
2 'ZE —EPoncentropodidae Cos
g E ) Hydropsychidae Cos
Dipseudopsidae AF, OR, NA
2w Hydrobiosidae AU, NT, sNA, sOR
N § g _:Rhyacophilidae HO, OR
23T Glossosomatidae Cos
g % _:Hydroptilidae Cos
rio_)? Phryganopsychidae OR, ePA
@ § Phryganeidae HO, OR
_;;; - Plectrotarsidae AU
3 E Brachycentridae HO, OR
5 -.‘E - Oeconesidae AU
% i:Lepidostomatidae HO, nNT, AF, OR
s Pisuliidae SAF
® Rossianidae wWNA
Limnephilidae, s. str. Cos
oz — Apataniidae HO
g@ Uenoidae HO, OR
- § %- Goeridae HO, OR, AF
g ,)3 Atriplectididae AU
%E Odontoceridae Cos, except AF
7 - Philorheithridae AU, sNT
8, Kokiriidae AU, sNT
S Limnocentropodidae OR, ePA
g' Calamoceratidae Cos
® g _ELeptoceridae Cos
Fig. 2 Composite phylogeny of family group ) Molannidae HO, OR
taxa of Trichoptera and general global - 5 Tasimiidae AU, sNT
distribution. Relationships based on Weaver g ® Anomalopsychidae  NT
(1983, 1984), Weaver & Malicky (1994) for i ) _:Chathamiidae AU
families of Annulipalpia; Weaver (1983, - Calocidae AU
1984) for families of Spicipalpia; Gall (1994, 3 — Conoesucidae AU
1997) for families of Plenitentoria; Weaver g Hydrosalpingidae SAF
(1983), Weaver & Morse (1986) for families 3 Helicophidae AU, sNT
of Leptoceroidea; and de Moor (1993) for Sericostomatidae HO, sNT, OR
families of Sericostomatoidea. AU, Australasian; Helicopsychidae Cos
cos, cosmopolitan; AF, Afrotropical; HO, Petrothrincidae SAF
Holarctic; NA, Nearctic; N'T, Neotropical; Barbarochthonidae  sAF
OR, Oriental; PA, Palaearctic; e, eastern; n, Beraeidae HO
northern; s, southern; w, western. Antipodoeciidae AU

World Checklist’ http://entweb.clemson.edu /database /trichopt/
(Morse 1997a).

Some taxa were not included in our analysis of branch
support because data were missing from two or more of our
molecular fragments. These taxa were: Limnocentropus, Plec-
trotarsus, Goera, Philanisus and Barbarochthon. When measur-
ing nodal support through bootstrapping or decay index,
adding taxa for which much of the data are missing results in a
potentially large decrease in resolution and support, because
the missing data permit the taxa to ‘float’ relatively freely
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throughout the tree. Therefore, a separate differentally
weighted parsimony analysis was conducted that included
these taxa, representing five families, in order to place them
as best as we could at this time.

We sequenced the first and third variable regions of the
large subunit nuclear rRNA (D1, 334 nucleotides (nts); D3,
233 nts), the fourth through the fifth variable regions of the
small subunit nuclear rRNA (V4-5, 511 nts) and a fragment
of the mitochondrial COI gene (441 nts) for most taxa.
COI was sequenced to provide additional resolution within
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suborders. Initially, we began sequencing nearly the entire
elongation factor 1 alpha gene (EF-1a, 1098 nts) to obtain
asecond conservative marker (using either its nucleotides or
its amino acids), independent of the RNA genes. However,
preliminary analysis showed that the third codon positions
of the EF-1a sequence varied to saturation (excessive homo-
plasy), while few amino acids varied at all. Therefore, further
sequencing of EF-1a was abandoned, but sequencing of most
of the annulipalpian and spicipalpian taxa had already been
completed for this gene at the time of our preliminary
analysis, and EF-1a amino acids are included here.

The alignment of the COI gene was trivial because it was
length invariant, except for a single missing codon in Dipseu-
dopsidae. The EF-1a gene lacked introns, and did not vary
in length. The rRINA was aligned manually with reference to
secondary structure, as described by Kjer (1995). Alignments
followed secondary structure models of Gutell et 4l. (1994).
Regions that could not be aligned were excluded from the
analysis, based on criteria described by Kjer (1997). Further
discussion on the alignment and character coding is given in
Kjer et al. (2001).

Informative insertions and/or deletions were evaluated
separately by successive outgroup comparison, and divided
into one of three classes: (1) insertions; (2) deletions; (3) ‘indels’.
Ingroup insertions were identified and ‘ancestrally miss-
ing’ nucleotides were coded with an asterisk and defined in
the ‘symbols’ option in paUP. Deletions in the ingroup were
defined as missing data. When we could not categorize a region
as either an insertion or a deletion by outgroup comparison,
we defined the region as an ‘indel.” Indel regions of variable
length were coded by giving each unique combination of
nucleotides a symbol, similar to the method of Lutzoni ez al.
(2000).

Phylogenetic analysis was performed via equally weighted
parsimony using PAUP 4 (Swofford 1999). Heuristic searches
were implemented, with 1000 replicates of random taxa addi-
tions. Support at each node in the cladogram was analysed
according to the decay index (Bremer 1988; Donoghue ez al.
1992) and non-parametric bootstrapping (Felsenstein 1985).

We also performed a differentially weighted parsimony
analysis to place five taxa that were missing sequence data from
at least two of the molecular gene fragments. The weighting
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scheme was accomplished by conducting 100 separate
bootstrap analyses of the combined data, each including only
a single pseudoreplicate, and saving each of these 100 trees.
The 100 pAUP bootstrap treefiles were saved to a file. Also
added to this treefile were trees from analyses of the com-
bined data that had been constrained to the proposals (Fig. 1)
of Ross (1967), Weaver (1984), Wiggins & Wichard (1989)
and Ivanov (1997). Finally, we added trees to the treefile that
had been constrained to topologies from all our previous
partitioned rRNA, EF-1a and COI analyses. The pooled
treefile contained some 500 trees that covered every recent
hypothesis of relationships among the suborders, as well as
trees from the analysis of 100 pseudoreplicated combined
datasets (the bootstrap trees). We then reweighted the data
according to the rescaled consistency index, using the ‘best
fit’ option in PAUP to all starting trees. It was not our goal to
find the optimum tree in creating this pooled set of trees, but
rather to cast a wide net and evaluate a large variety of non-
random trees, any one of which may have been accurate at
some nodes and inaccurate at others, and then to use this
wide set of trees to estimate site-specific substitution rates.
This result was a weighting scheme superficially similar to
successive weighting (Farris 1969), except that it has the
advantage that the large number of diverse but potentially
accurate starting trees break the circularity that can result
from calculating weights from a single initial resolved tree.
We devised this scheme because rRNA datasets are charac-
terized by a high degree of among-site rate variation, and we
do not feel that other weighting schemes (i.e. stem-loop
weighting, transversion parsimony and successive weighting)
adequately define hypervariable sites. We justify this scheme
with the observation that hypervariable characters would
always be measured to be hypervariable, irrespective of any
reasonable tree they are fit upon, while conservative char-
acters, when evaluated with the ‘best fit” option, will likely
be weighted according to (or close to) the true number of
changes on at least one of the many starting trees.

The morphological data used in our analysis were as pre-
sented by Frania & Wiggins (1997) except that, while Frania
and Wiggins assigned plesiomorphic states to outgroup taxa,
even when no homologue existed in the outgroup, we coded
these characters in our dataset as ‘?’ rather than ‘0’. Another

Fig. 3 Strict consensus of 24 trees from the combined parsimony analysis of 117 taxa. Tree length = 8637. Quotation marks indicate taxa shown
as non-monophyletic in this analysis. Numerals above the internodes are bootstrap values/decay indices. Bootstrap values below 50% are
calculated as the highest percentage also compatible with the 50% majority rule. Numerals below selected (basal ingroup) internodes refer to
support by separate analysis of independent datasets (not shown); 1, parsimony analysis of rRINA nucleotides; 1a, maximum likelihood analysis
of rRNA nucleotides; 1b, parsimony analysis of gap characters from rRNA; 2, morphology (Frania & Wiggins 1997); 3, EF-1a maximum
likelihood analysis of nucleotides; 3a, parsimony analysis of EF-1a amino acids; 3b, LogDet minimum evolution analysis of EF-1a nucleotides
(Lockhart e al. 1994); 4, parsimony analysis of COI nucleotides; 4b, parsimony analysis of COI amino acids. Heavier lines indicate nodes
subjectively considered to be well supported, with a decay index of five or above, a bootstrap value of 80% or more or independent
corroboration from multiple datasets. ‘ns’, not supported in the bootstrap analysis.
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difference was that, in our analysis, the morphological
characters were considered to be unordered.

The combined data included taxa for which the majority
of sequences were complete. Characters in this combined
analysis included D1, D3, V4-5 rRNA, EF-1a amino acids,
COI nucleotides and morphology. The dataset is avail-
able in a NEXUS format from the TREEBASE website
(herbaria.harvard.edu/treebase). Data were equally weighted
and unordered in the 117-taxon analysis, and differentially
weighted in the 120-taxon analysis. EF-1a amino acids were
included instead of nucleotides because all measures of signal
showed these data to be saturated.

Results

We preceded our analysis with an evaluation of appropriate
dataset combinations, and we concluded that the EF-1a
nucleotide data should be excluded from a combined analysis.
The EF-1a nucleotides did not show significant left skew in
the distribution of tree lengths from randomly selected five-
taxon (maximally divergent) data subsets according to the g1
statistic of Hillis & Huelsenbeck (1992). EF-1a nucleotides
did not increase in mean uncorrected pairwise distances from
nodes representing the suborders through Amphiesmenop-
tera and then to Mecopterida. A chi-squared test showed that
nucleotide composition for individual taxa, when compared
to mean values, did not deviate significantly from expected
values for either the RNA data or COI data, but did differ
significantly for the EF-la sequences. These differences
remained when the outgroup was eliminated and when each
of the suborders was examined individually. This result cast
further suspicion on the EF-1a nucleotides, and therefore,
due to all these analyses, the EF-la nucleotides were
excluded from the combined analysis, preferring instead to
use the EF-1a amino acids.

Our phylogenetic hypothesis from the combined analysis
(excluding COI amino acids and EF-1a nucleotides) is shown
in Fig. 3. The tree depicted in Fig. 3 is a strict consensus of
24 trees from a combined analysis (tree length = 8637 steps).
In order to place five additional families for which significant
data were missing, and also in order to present a more
resolved tree, we present the results of our weighted parsi-
mony analysis in Fig. 4.

Discussion

Figures 3 and 4 show a similar hypothesis of basal relation-
ships, with differences confined to the more apical branches.
All of the differences involve weakly supported branches. It

K. M. Kjer et al. « Phylogeny of Trichoptera

is prudent to be sceptical of conflicting nodes between the
two trees, and to carefully examine the support presented by
both bootstrap and decay index and the corroboration from
multiple datasets. For the time being, we would prefer the
‘Kjer, Blahnik and Holzenthal hypothesis’ to be a consensus
of Figs 3 and 4.

We conclude that Annulipalpia is the most basal suborder,
with Spicipalpia and Integripalpia forming a clade. Although
the monophyly of Spicipalpia is not consistently supported,
it does emerge from the analyses as a possibility; equally
weighted data support it (Fig. 3), as did the parsimony ana-
lysis of the RNA data from our previously presented 89-taxon
dataset, and the analysis of EF-1a amino acids (not shown).
In Fig. 3, Spicipalpia is monophyletic, with a decay index of
1. With such weak support, we cannot exclude various para-
phyletic alternatives with any confidence. If Spicipalpia is
monophyletic, then equally parsimonious solutions exist for
the evolution of various key innovations, including cocoon-
making and case-making behaviours. Both Annulipalpia and
Integripalpia are found to be monophyletic, with relatively
high measures of support, as well as support from multiple
independent datasets (Fig.3). It is clear that characters
shared between Annulipalpia and Integripalpia cannot be
invoked to have a common origin, except with the possibility
that the character state was primitive for the order and lost in
the Spicipalpia. Shared primitive characters would be harder
to reconcile if Spicipalpia is paraphyletic. Therefore, in terms
of discussing key behavioural attributes within Trichoptera,
we are faced with a problem: the most unstable part of our
tree concerns how the Spicipalpia are related to one another,
and it is this group that shows the behavioural modifications
and intermediates of greatest interest. Any discussion of these
behaviours should be performed with the realization that the
presentation of a resolved tree does not mean that other
suboptimal alternatives are not nearly equally feasible.

Within Annulipalpia, it is most conservative to consider a
quadratomy: Stenopsychidae, Philopotamidae, Hydropsychidae
and a clade consisting of all other annulipalpian families
(Fig. 3). While Fig. 3 shows a monophyletic Hydropsychoidea,
support measured by bootstrap and decay index is weak.
The differentially weighted analysis also supports mono-
phyly of the Hydropsychoidea, and a basal but paraphyletic
Philopotamoidea (Philopotamidae and Stenopsychidae)
within Annulipalpia. The node defining the Hydropsy-
choidea corresponds to a loss of ocelli. Six of the families that
were not recovered as monophyletic in the equally weighted
analysis were recovered as monophyletic in the differentially

Fig. 4 Phylogram from the differentially weighted parsimony analysis of the combined data. Arrows mark the additional families, absent from
the 117-taxon dataset shown in Fig. 3. Note that in order to better present the internodes within the ingroup in this phylogram, outgroup taxa
from Siphonaptera, Mecoptera and Diptera were the same as in Fig. 3, but are not shown here.
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weighted analysis. Within the Integripalpia, we find strong
support from multiple datasets for the division of the group
into two infraorders, Plenitentoria and Brevitentoria, essen-
tially as it has been divided, with the exception that Pangullia
(Kokiriidae) is now placed in the Plenitentoria. The mono-
phyly of Leptoceroidea is supported only in the differentially
weighted analysis (Fig. 4). We are particularly cautious
against overconfidence in the resolution within Plenitento-
ria; many nodes presented in Fig. 3 had extremely low decay
indices (< 2), and were not recovered in the bootstrap analysis
or the differentially weighted analysis (Fig. 4).

Future studies

This work was designed to determine the relationships
among suborders. The dataset was dominated by relatively
conservative rRNA fragments, which were aligned across
four panorpoid insect orders. Because the study was designed
to answer the most basal higher level phylogenetic questions,
we are less confident with the resolution within suborders
and superfamilies. By focusing on more basal nodes and using
a universal alignment, there were few characters to inform us
about relationships within more recent clades. For example,
within the Plenitentoria, the 1078 nucleotide rRNA dataset
had only 30 parsimony informative characters. By focusing
on clades recovered in this analysis, we can now target faster
evolving genes, and realign the data to include many more
positions that can be aligned within lower taxa but not across
Panorpida. Currently, we are in the process of adding
sequence data from the entire 28S gene for a subset of annuli-
palpian taxa, and adding the D2 region of the large subunit
rRNA and a larger portion of the COI gene to evaluate rela-
tionships among Plenitentoria and Sericostomatoidea. Aysha
Prather and Susan Weller are collecting morphological and
additional molecular data in a study of the Leptoceroidea.
Other studies of the relationships among some of the larger
families will follow.
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