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Abstract.—A central question concerning data collection strategy for molecular phylogenies has
been, is it better to increase the number of characters or the number of taxa sampled to improve the
robustness of a phylogeny estimate? A recent simulation study concluded that increasing the num-
ber of taxa sampled is preferable to increasing the number of nucleotide characters, if taxa are cho-
sen specifically to break up long branches. We explore this hypothesis by using empirical data from
noctuoid moths, one of the largest superfamilies of insects. Separate studies of two nuclear genes,
elongation factor-la (EF-1a) and dopa decarboxylase (DDC), have yielded similar gene trees and
high concordance with morphological groupings for 49 exemplar species. However, support levels
were quite low for nodes deeper than the subfamily level. We tested the effects on phylogenetic sig-
nal of (1) increasing the taxon sampling by nearly 60%, to 77 species, and (2) combining data from
the two genes in a single analysis. Surprisingly, the increased taxon sampling, although designed to
break up long branches, generated greater disagreement between the two gene data sets and de-
creased support levels for deeper nodes. We appear to have inadvertently introduced new long
branches, and breaking these up may require a yet larger taxon sample. Sampling additional char-
acters (combining data) greatly increased the phylogenetic signal. To contrast the potential effect of
combining data from independent genes with collection of the same total number of characters
from a single gene, we simulated the latter by bootstrap augmentation of the single-gene data sets.
Support levels for combined data were at least as high as those for the bootstrap-augmented data
set for DDC and were much higher than those for the augmented EF-1a data set. This supports the
view that in obtaining additional sequence data to solve a refractory systematic problem, it is pru-
dent to take them from an independent gene. [Combining data; independent genes; Noctuidae;

Noctuoidea; taxon sampling.]

Quantifying empirical support for a phy-
logeny is now the norm in systematics, and
weak support is typically regarded as a
problem in need of solving. The solution
most often proposed, particularly for mole-
cular studies, is to collect more data. How-
ever, given financial and other constraints,
one may have to choose between either col-
lecting additional sequence data for the
taxa already sampled or sampling addi-
tional taxa. The benefits of collecting more
characters are evident: By definition, con-
sistent methods of phylogeny estimation
will converge on the correct answer or true
tree as the number of characters increases.
Increasing taxon sampling can help phy-
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logeny estimation by reducing long branch
effects, but the benefits are less obvious be-
cause the number of potential trees, and
thus the size of the estimation problem, in-
creases geometrically with the number of
taxa (Felsenstein, 1978a).

Taxon-sampling density has been the
subject of much debate in the recent sys-
tematics literature, e.g., Systematic Biology,
March 1998. Many authors have noted that
increased taxon sampling might generally
increase the accuracy of estimates of phy-
logeny (e.g., Hillis, 1996; but see Kim, 1996).
Graybeal (1998) explicitly addressed the is-
sue in a simulation study, concluding that if
taxa are chosen specifically to break up
long branches, increasing the number of
taxa sampled is preferable to increasing the
number of nucleotide characters. However,
there have been few empirical studies on
these questions.
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We present a case study of noctuoid
moths (Insecta: Lepidoptera) in the context
of this debate. Given previously low levels
of support for the hypotheses of interest, in
this case the deeper nodes in the tree, we
ask whether it is better to increase the num-
ber of characters or the number of taxa sam-
pled to improve the overall robustness of
the phylogeny? We also expand the ques-
tion to contrast the possibility of collecting
additional characters from the same source,
as in the simulations of Graybeal (1998), to
that of obtaining such characters from a sec-
ond, independent gene. With the recent de-
velopment of several nuclear protein—en-
coding genes for use in systematics (Slade
et al.,, 1994; Cho et al., 1995; Gupta, 1995;
Waters, 1995; Friedlander et al., 1996; Orti
and Meyer, 1996; Fang et al., 1997; Regier
and Shultz, 1997; Galloway et al., 1998), and
the promise of more to come (e.g., Friedlan-
der et al., 1992; Graybeal, 1994), there is
now greater potential for utilizing indepen-
dent sources of nucleotide characters in a
single analysis.

We investigated these questions as part
of an ongoing systematic study of the Noc-
tuoidea, one of the largest superfamilies of
insects (>45,000 species; Scoble, 1992). Sep-
arate studies of two nuclear genes, elonga-
tion factor-la (EF-1a) and dopa decarboxy-
lase (DDC), have shown each to carry
much information about noctuoid relation-
ships (Mitchell et al., 1997; Fang et al,
1999). The two genes yield very similar
trees for overlapping sets of 49 exemplar
species and show almost complete concor-
dance with groupings that have been
strongly supported by earlier morphologi-
cal evidence. However, in each gene tree,
support was weak for the deeper nodes,
which represent relationships above the
subfamily level.

Seeking a more robust phylogeny esti-
mate, in this study we investigate the effect
on phylogenetic signal of (1) increasing the
taxon sampling by nearly 60%, to 77
species, and (2) combining data from the
two genes in a single analysis. To contrast
the effect of combining data from different
sources to collection of the same total num-
ber of characters from a single gene, we
simulate the latter by bootstrap augmenta-

tion of the single-gene data sets. The results
confirm that adding data from a second
gene can yield greater benefit for phy-
logeny reconstruction than obtaining more
characters from a single gene. Somewhat
surprisingly, however, we find that our in-
creased taxon sampling, even though de-
signed to break up long branches, produced
markedly greater incongruence between
genes and, if anything, decreased support for
deeper nodes.

Phylogenetic Framework:
Current Understanding of
Noctuoid Relationships

Phylogenetic relationships within Noc-
tuoidea have been problematic (Kitching,
1984), but recent work has identified sev-
eral probable monophyletic groups, for
which Poole (1995) and Kitching and Rawl-
ins (1999) cite at least one synapomorphy.
We will refer to these as “concordance
groups” (Mitchell et al., 1997). Although
these groupings are not beyond all doubt,
they are surely close approximations; we
therefore used recovery of concordance
groups as one gauge of phylogenetic utility
for EF-1a, DDC, and their combination. We
sampled multiple representatives from 24
such groups, 21 of which are indicated in
Table 1 and in the figures. The remaining
three concordance groups are (Euteliinae +
Stictopterinae), Spodoptera, and (S. frugi-
perda + S. ornithogalli); the monophyly of
the latter two groups was confirmed by a
morphological study in progress (M. Pogue,
pers. comm.).

Of the four traditional noctuoid families,
Notodontidae s.1. is widely agreed to be sis-
ter group to the others, i.e., Noctuidae, Arc-
tiidae, and Lymantriidae (Miller, 1991;
Kitching and Rawlins, 1999). Arctiidae and
Lymantriidae are very likely monophyletic
groups (Kitching and Rawlins, 1999). In
contrast, unambiguous synapomorphies
for Noctuidae are lacking (see Speidel et al.,
1996, vs. Kitching and Rawlins, 1999).
Within Noctuidae, recent reviews support
two groups, trifines and quadrifines. Tri-
fines appear to be monophyletic (Poole,
1995; Speidel et al., 1996; Kitching and
Rawlins, 1999), but quadrifines probably
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TABLE 1. Species of noctuids and outgroups sampled.

GenBank accession no.¢

Higher taxa? Exemplars® Abbrev. EF-1a DDC
Notodontidaed
Notodontinae Furcula cinerea Fcie U85665 AF151539f
Gluphisia septentrionis Gseps AF151603f AF151542
Phalerinae Datana perspicua Dpees U85666 AF151540
Nystaleinae Symmerista albifrons Sales U85667 AF151541
Heterocampinae Nerice bidentata Nbideg AF151604 AF151543
Arctiidaed
Lithosiinae Hypoprepia miniata Hmies U85669 AF151547
Arctiinaed
Arctiini Estigmene acrea Eaces U85670 AF151549
Hyphantria cunea Hcune U85671 AF151550f
Ctenuchini Cisseps fulvicollis Cfu AF151606f AF151548¢
Lymantriidaed
Lymantriini Lymantria dispar Ldies U85672 AF151544
Orgyiini Dasychira obliquata Dobes U85673 AF151545
Orgyia leucostigma Oleu AF151605f AF151546f
“Quadrifine” Noctuidae :
Aganainae Asota caricae Asot AF151607¢ AF151551f
Herminiinaed Palthis angulalis Pane U85678 AF151552
Idia aemula Iaes AF151608f AF151553¢
Catocalinae Catocala ultronia Cules U85677 AF151561
Caenurgina crassiuscula Ccrs AF151613f AF151562
Calpinae Hypsoropha monilis Hyps AF151612f AF151560
Hypeninae Hypena scabra Pscs AF151609f AF151554
Euteliinae Paectes pygmaea Ppyes U85674 AF151555
Stictopterinaed Odontodes aleuca Qale AF151611f AF151557¢
Lophoptera sp. Loph AF151610f AF151556f
Nolinaed
Nolini Meganola sp. Mmies U85675 AF151558
Sarrothripini Baileya levitans Bleve U85676 AF151559¢
“Trifine” Noctuidaed
Acontiinaed Tarachidia candefacta Tcaes U85681 AF151565
Spragueia leo Sleoe U85680 AF151566f
Eustrotiinae Thioptera nigrofimbria Thnes U85679 AF151564
Lithacodia musta Lmss AF151614f AF151563
Plusiinaed Anagrapha falcifera Afacs U85686 AF151567
Chrysanympha formosa Cfor AF151615f AF151568f
Trichoplusia ni Tnies U20140 U71401

are not. Kitching and Rawlins, for example,
excluded the quadrifine subfamily Nolinae
from Noctuidae, regarding it as related to
Lymantriidae and Arctiidae. Three recent
molecular studies, using 28S ribosomal
RNA and the mitochondrial gene ND1

(Weller et al., 1994), EF-1a (Mitchell et al.,
1997), and DDC (Fang et al., 2000), similarly
suggest that some quadrifines are related to
lymantriids and arctiids, but in none of the
studies were these groupings strongly sup-
ported. Regarding trifines, Poole (1995)
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TasLE 1. Continued

GenBank accession no.¢

Higher taxa? Exemplarsb Abbrev. EF-la DDC
Heliothinaed Pyrrhia exprimens Pexes U20137 U71430
Eutricopis nexilis Enees U20126 U71410
Schinia arcigera Sares U20138 U71431
Adisura bella Abess U20123 U71407
Heliocheilus albipunctella Hales U20127 U71413
Heliothis (Masalia) terracottoides Mtes AF151631f U71427
Heliothis virescens Hyvis U20135 U71428
Helicoverpa zea Hzees U20136 U71429
Stiriinaed Basilodes chrysopis Bches U20125 U71405
Plagiomimicus olvello Polies AF151620f U71406
Oncocnemidinaed Oncocnemis obscurata Oobe UB5685 AF151585f
Catabena lineolata Clin AF151621f AF151586f
Cuculliinae Cucullia convexipennis Ccone U85694 AF151584f
Psaphidinaed Psaphida resumens Preses UB85695 AF151581
Feralia major Fmaces UB5696 AF151579
Triocnemis saporis Tsap AF151619¢ AF151580f
Amphipyrinae Amphipyra pyramidoides Apyres U85693 AF151578
Pantheinae Panthea furcilla Pfure U85684 AF151572f
Charadra deridens Cdere U85683 AF151573f
Raphiinae Raphia abrupta Rabre U85689 AF151574f
Acronictinae Acronictasp. 1 Aspls AF151618f AF151575
Acronicta sp. 2 Asp2e U85687 AF151576f
Polygrammate hebraeicum Phees U85688 AF151577
Condicinaed
Condicini Condica videns Cvies U85682 AF151569
Homophoberia sp. Homo AF151616f AF151570f
Leuconyctini Leuconycta diptheroides Ldip AF151617f AF151571f
Agaristinaed Eudryas grata Egres U85690 AF151582
Psychomorpha epimenis Pepics U85691 AF151583
Eriopinae Callopistria mollissima Cmol AF151622f AF151587f
Noctuinae s.1.4h
“Caradrinini”
Prodeniini Spodoptera frugiperda Sfres U20139 U71403
Spodoptera exigua Sexs AF151624f U71404
Spodoptera ornithogalli Sor AF151623f AF151588f
Elaphria grata Elges U85697 AF151589
Galgula partita Gpa AF151626f AF151591f
Anorthodes tarda Atar AF151625f AF151590f
Dypterygiini Nedra ramulosa Nraes U85698 AF151592

used a broad definition of the group, and
combined the true cutworms of Lafontaine
(1993) into an expanded subfamily Noctu-
inae s.l., containing most of the trifine
species. Kitching and Rawlins (1999) used
a more restricted definition of trifines, ex-

cluding Acronictinae and associated taxa as
well as Pantheinae from this group. One
goal of the present study was to further test
these hypotheses of noctuid nonmono-
phyly and of the boundaries of the trifine
clade.
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TaBLE1. Continued

GenBank accession no.

Higher taxa2 Exemplarsb Abbrev. EF-la DDC
Hadenini )
Hadenina Lacinipolia renigera Lrees Us5700 AF151594
Pseudaletia unipuncta Puns AF151627f AF151595
Eriopygina Orthodes crenulata Ocres U85699 AF151593
Apameinid Apamea amputatrix Aamp AF151629¢ AF151597¢
Papaipema sp. Papp AF151628f AF151596f
Xyleninid Anathix ralla Arales U85702 AF151598
Lithophane hemina Lhemes U85701 AF151599
Noctuini s.1.4
Noctuina Abagrotis alternata Aalt AF151630f AF151601f
Agrotina Agrotis ipsilon Aipes U85704 AF151600
Aniclina Anicla infecta Ainfeg U85703 AF151602

aNomenclature follows Kitching and Rawlins (1999) and Poole (1995); where these classifications were in conflict, we used the
more finely split alternative.

bAll species were collected in the USA, except as follows: Asota caricae, Odontodes aleuca, and Lophoptera sp. from Thailand;
Heliocheilus albipunctella and Heliothis (Masalia) terracottoides from Mali.

The entire alignment is available from the Society of Systematic Biologists web site (http:/ /www.utexas.edu/admin/systbiol/).

dConcordance groups, supported by morphological synapomorphies. The following are also concordance groups: Euteliinae +

Stictopterinae, Cuculliinae + Oncocnemidinae, Spodoptera, and S. frugiperda + S. ornithogalli.
Species included in reduced data set of 49 taxa, closely matching the taxon sampling of Mitchell et al. (1997).

f{Gene sequences new to this study.

8Species included in reduced data set of 49 taxa, closely matching the taxon sampling of Fang et al. (2000).
hAlthough there is strong evidence for the monophyly of Noctuinae s.l., its limits are poorly defined; “Caradrinini” is placed

here tentatively (Poole, 1995).

MATERIALS AND METHODS
Species Sampled

Table 1 lists the species sampled and
GenBank accession numbers of their EF-1a
and DDC partial sequences used in this
study, arranged according to recent propos-
als on noctuoid classification. The new data
comprise 56 gene sequences. The entire
alignment is also available from the Society
of Systematic Biologists web site (http://
www.utexas.edu/admin/systbiol/).

Our earlier studies of Noctuoidea, using
EF-1a (Mitchell et al., 1997) and DDC (Fang
et al., 2000), sampled 49 exemplar species
each, only 35 of which were shared between
data sets. Because each data set was sensi-
tive to taxon-sampling effects, we decided
not to attempt combining data for analysis
until we had determined both gene se-
quences for most species. This goal was
achieved for 60 species, after which se-
quence data for both genes were obtained
from an additional 17 species, chosen to
break up long branches present in trees
from our earlier analyses. Seven of these

new species were from previously unsam-
pled clades within Noctuoidea (Ctenuchini,
Apameini, Eriopinae, and the Old World
subfamilies Aganainae and Stictopterinae),
seven were from previously underrepre-
sented clades (Lymantriidae, Plusiinae, On-
cocnemidinae, Psaphidinae, Condicinae,
and “Caradrinini”) and the last three were
species of Heliothinae, as reported in Cho
et al. (1995) and Fang et al. (1997). All told,
our sample includes all four traditional
families; 23 of the 31 subfamilies of Noctu-
idae recognized by Kitching and Rawlins
(1999), including the two noctuid subfami-
lies which they raise to family rank; and 27
of the 45 tribes recognized (both explicitly
and implicitly) within Noctuidae.

Laboratory Protocols

Specimens were either live-frozen at
—80°C or collected directly into 100%
ethanol at ambient temperature in the field
and subsequently stored at temperatures as
cold as —20°C for as long as 6 months be-
fore being cooled to —80°C.
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TaBLE 2. Sequences of DDC primers used in this study. International Union of Biochemistry (1986) codes are
used to indicate degeneracy. All primers included an M13 sequence at the 5" end to facilitate automated sequenc-
ing. Primer names ending in F identify forward primers, which bind to the antisense strand of DNA; primer
names ending in RC identify reverse complement primers.

Primer Sequences (5'-3") Position?
1.7sF GCH TGY ATY GGN TTY WCN TGG AT 471-493
1.9sF ATG HTN GAY TGG YTV GGY CAR ATG 528-551
3.2sF TGG YTN CAY GTN GAY GCN GCN TAY GC 975-1000
3.3sRC CCA YTT RTG NGG RTT RAA RTT RAA 1065-1088
4sRC GG DAT YTG CCA RTG HCK RTA RTC 1203-1225

aNucleotide position relative to the DDC sequence of Manduca sexta (GenBank accession no. U03909).

Wings and abdomens were removed
from specimens and vouchered. Genomic
nucleic acids were extracted from the tho-
rax (head + thorax for smaller specimens)
by using a commercially available DNA/
RNA isolation kit (Amersham Corp., Ar-
lington Heights, IL). Polymerase chain reac-
tion (PCR) primer sequences for EF-1a were
those from Cho et al. (1995). DDC primers
incorporated slightly more degeneracy
than those of Fang et al. (1997) and are
listed in Table 2. An additional DDC primer
(3.3sRC) was also made. The 3.3sRC primer
binds downstream from 3.2sF and allows
amplification of two overlapping PCR frag-
ments (1.7sF/3.3sRC or 1.9sF/3.3sRC and
3.2sF/4sRC). PCR amplification protocols
for EF-1a and DDC were unchanged from
Mitchell et al. (1997) and Fang et al. (1997),
respectively. Note that reverse transcription
(RT)-PCR was used to avoid introns in
DDC. To obtain purer templates for se-
quencing, we always used a nested PCR
approach; that is, a first amplification used
external primers, and reamplifications uti-
lized nested internal primers. Sequences
were generated with an Applied Biosys-
tems 373A Stretch DNA sequencer using
Taq polymerase and dye-primer. Templates
were sequenced in both directions.

Data Analysis

We used the XDAP program within the
software package STADEN (Staden, 1992)
to check chromatograms for accuracy of
base-calling and to assemble contiguous
DNA fragments. Sequences were aligned
manually by using the Genetic Data Envi-
ronment software package (GDE 2.2; Smith

et al., 1994). No gaps were needed for align-
ment.

Nucleotide sequences for each gene were
first analyzed separately for the 77-taxa
data sets, and then sequences for the two
genes were concatenated for the combined
data analyses. To facilitate direct compar-
isons between our current data set with 77
taxa and those of our earlier studies with 49
taxa each (Mitchell et al., 1997; Fang et al.,
1999), we also analyzed reduced data sets
with 49 taxa each. Taxa included in these
smaller data sets are indicated in Table 1
and were selected to match the taxon sam-
pling of the earlier studies as closely as
possible. Exact matches were not possible
because DDC sequences could not be ob-
tained for some of the species used in the
earlier EF-1a study, and vice versa.

To test the hypothesis that the increased
support levels seen in the combined data
set were a direct consequence of combining
data from independent genes, as opposed
to simply increasing the total number of in-
formative characters, we made additional
data sets as follows. Seqboot, part of the
Phylip package (Felsenstein, 1995), was
used to generate bootstrap pseudodata sets
from the original data for each gene, sepa-
rately. For EF-la, the first 709 bp from a
bootstrap pseudodata set were added to the
1,240 bp of the original data set to get 1,949
bp. For DDC, 1,240 bp from three separate
bootstrap pseudodata sets were added to
the 709 bp of the original data set to get
1,949 bp. To account for the considerable
random variation expected among boot-
strap pseudodata sets (Hillis and Bull,
1993), we repeated this procedure twice.
Thus there were three bootstrap-aug-
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mented data sets for either gene, each equal
in size to the combined data set.

Parsimony analysis.—Calculation of un-
corrected pairwise divergences and all
maximum parsimony (MP) analyses were
performed by using test versions of
PAUP*4.0 (D. Swofford, pers. comm.). MP
analyses consisted of heuristic searches
with 1,000 random addition sequences and
tree bisection-reconnection (TBR) branch
swapping, unless stated otherwise. Initial
MP analyses used equal weights for all
taxa. Subsequent analyses used six-parame-
ter parsimony step matrices, calculated by
using a spreadsheet described by Cunning-
ham (1997a) and supplied to us by the au-
thor. In these analyses, transformations
were weighted by the negative of the nat-
ural logarithm of their frequencies (our “In-
weighting”).

Bootstrap percentages (BPs) were based
on 1,000 bootstrap replicates with three ran-
dom addition sequences per replicate, for
each gene separately and for combined
data, using equal weighting for all charac-
ters. Each bootstrap analysis performed un-
der In-weighting was restricted to 200 repli-
cates, because the use of step matrices
increased computer run time approxi-
mately fivefold.

Partitions.—Before combining the single-
gene data sets in an effort to increase phy-
logenetic resolution, we considered how,
and indeed whether, a combined analysis
should be performed. Proponents of condi-
tional combination argue that the degree of
incongruence among data partitions should
determine whether independent data sets
can be combined (e.g., Swofford, 1991; Bull
et al., 1993; Huelsenbeck et al., 1996). The
incongruence length difference (ILD) test
(Farris et al., 1994) appears to be the most
appropriate method currently available for
this purpose, but it may be too conservative
a test (Sullivan, 1996; Cunningham, 1997b).
Thus, adherence to conventional signifi-
cance levels under this test could mean not
combining some independent data sets,
even when doing so would yield a more ro-
bust and accurate phylogeny. To investigate
this possibility, we carried out a combined
analysis for the 77-taxa data set despite a
significant incongruence test result.

The ILD test was performed in
PAUP*4.0b2 (D. Swofford, 1999). As sug-

gested by Cunningham (1997a), invariant
characters were excluded before the tests
were performed. Details of parameters
used for each test are given under Results.
All ILD tests used 200 replicates with ran-
dom addition sequences for taxa and TBR
branch swapping. Tests performed on the
reduced 49-taxa data sets used 10 random
addition sequences, whereas tests per-
formed on the 77-taxa data sets used three
random addition sequences per replicate.
To determine the contributions of indivitl-
ual taxa to overall significance of ILD test
results, we excluded taxa for which place-
ment varied markedly between genes or
within a gene among methods and re-
peated the tests.

Distance analyses.—Some data partitions
showed significant heterogeneity of base
frequencies among taxa. Nonstationarity of
base frequencies can cause inconsistency of
some phylogenetic methods, but LogDet
distances (Lockart et al., 1994) are robust to
nonstationarity (Swofford et al., 1996). An
initial minimum evolution (ME; Rzhetsky
and Nei, 1992) analysis using LogDet dis-
tances with invariable sites was performed
for comparison with ME trees derived un-
der the preferred maximum likelihood
(ML) model (see below). A ME bootstrap
analysis also. was performed, with the ML
distances estimated by using the same
model and parameters as the ML analyses
(below). Five hundred bootstrap replicates
were performed, each of which used five
random-addition sequences for taxa and
TBR branch swapping. Complete-and-par-
tial bootstrap analyses were carried out by
using the software “njbootli” (Zharkikh
and Li, 1995), which uses a synonymous
versus nonsynonymous rate model, based
on Li (1993). This technique corrects boot-
strap values based on the number of taxa in
a data set, facilitating comparison of sup-
port levels among data sets with different
taxon samples.

Comparison of support levels.—Support
levels were compared in two ways. First,
the overall frequency of strong support was
used as a measure of resolution strength
per se, regardless of which groups these
were. Second, clade-by-clade comparisons
of support levels were made, in which we
also kept track of concordance groups. This
provides a combined measure of support
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and accuracy. For comparisons between 49-
taxa and 77-taxa data sets, we considered
only those groups represented by multiple
taxa in both data sets. We used sign tests, as
described by Zar (1984), to evaluate the sta-
tistical significance of differences in BPs be-
tween data sets; only the direction (sign) of
differences between members of a pair is
used in this test, not the actual difference.
Nodes that broke up concordance groups
and therefore were expected to have low
support levels were treated differently from
other groups; that is, the sign was reversed
before performing the test. Differences of
zero are not considered in sign tests, so 7 is
the number of differences having a sign.

Maximum likelihood analyses.—ML analy-
ses were performed on the 77-taxa com-
bined data set by using PAUP*4.0b2 (Swof-
ford, 1999). As suggested by Frati et al.
(1997), 16 models (four substitution models
permuted with four rate-distribution mod-
els) were evaluated on the most-parsimo-
nious (mp) trees derived under In-weight-
ing. Likelihood ratio tests are used to
determine which models have the signifi-
cantly higher likelihood scores. The best
model is then chosen from the set of models
with the best score, preference being given
to the model with the fewest free parame-
ters. This model was selected for further
analyses, with all parameters estimated
once from the data on the mp trees, and
fixed subsequently. The ML heuristic search
strategy entailed (1) TBR branch swapping
to completion on user-input trees, includ-
ing the mp trees obtained under equal and
In-weighting, and ME trees obtained under
the preferred ML model and the LogDet
model; (2) 15 random addition sequence
replicates for taxa with nearest neighbor in-
terchange (NNI) branch swapping to com-
pletion; (3) 10 random addition sequence
replicates for taxa with TBR branch swap-
ping, with only a single replicate swapping
to completion because of time constraints.
The Kishino-Hasegawa test (Kishino and
Hasegawa, 1989) was used to choose
among ML trees.

RESULTS

Third-codon position base composition
was significantly heterogeneous among
taxa for both EF-1a and DDC (x2-tests, P =

0.013 and 0.000, respectively). For EF-la,
exclusion of Arctiidae and Lymantriidae
from the data set resulted in homogeneity
of base composition (P = 1). For DDC we
had to exclude all or part of Notodontidae,
Arctiidae, Lymantriidae, and quadrifine
Noctuidae before nonsignificance was
achieved. However, the LogDet-model ME
trees recovered the same concordance
groups as the In-weighted mp tree and dif-
fered from the ML-model ME trees only in
minor rearrangements among adjacent
nodes.

ILD tests performed on the two com-
bined-gene 49-taxa data sets yielded non-
significant results under both equal weight-
ing (P = 0.450 and 0.500) and In-weighting
(P =0.210 and 0.570).

For the 77-taxa data set results of ILD
tests are summarized in Table 3. Under
equal weighting, an initial ILD test sug-
gested statistically significant incongruence
between the two genes (P = 0.005, the mini-
mum value possible for 200 test replicates).
Incongruence became less significant on ex-
clusion of certain relatively long-branch
taxa (P = 0.035). Under In-weighting, ILD
test P-values were usually higher, and a
marginally significant test result was ob-
tained by excluding eight taxa (P = 0.040).

Maximum Parsimony Analyses, 77 Taxa

Table 4 summarizes the more notable dif-
ferences among the mp trees recovered by
each gene and by the combined data set un-
der both equal weighting and six-parame-
ter parsimony In-weighting. The number of
concordance groups recovered by data par-
titions under different weighting schemes
is shown in Table 5. Summary statistics for
various data partitions plotted onto one of
the mp trees are shown in Table 6.

EF-1a.—Uncorrected pairwise diver-
gence values (total nucleotides) for EF-1a
ranged from 1.0% (within Spodoptera) to
10.7% (Aganainae + Herminiinae vs. Arcti-
idae + Lymantriidae). EF-la divergence
values were greater within the Arctiidae +
Lymantriidae clade because of differences
in third-codon position base composition
(Mitchell et al., 1997). Equally weighted MP
analysis of EF-1a alone resulted in 25 mp
trees of 2,736 steps each, with the retention
index (RI) = 0.443. The strict consensus tree
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TaBLE3. Incongruence length difference tests on 77-taxa data set.
P-values
Taxa excluded? No. of taxa excluded Equal weight In-weight
None 0 0.005 0.010
Hmi 1 0.005 0.035
Blev 1 0.015 0.005
Hmi, Blev 2 0.035 0.020
Hmi, Blev, Gsep 3 0.010 0.020
Nolinae 2 0.035 0.020
Nolinae, Hmi, Gsep 4 0.005 0.010
Acontiinae 2 0.010 0.005
Plusiinae 3 0.005 0.010
Plusiinae, Hmi 4 0.035 0.040
Plusiinae, Hmi, Gsep 5 0.025 0.040
Plusiinae, Acontiinae, Hmi 6 0.015 0.020
Nolinae, Acontiinae 4 0.005 0.005
Nolinae, Plusiinae 5 0.035 0.015
Acontiinae, Plusiinae 5 0.010 0.005
Notodontidae 5 0.005 0.005
Acontiinae, Plusiinae, Gsep, Hmi, Blev 8 0.015 0.040

aAbbreviations of species names are given in Table 1.

had only 41 resolved nodes out of a possi-
ble 75. Under In-weighting a single mp tree
was found, with a length of 3,869 steps and
RI = 0.458 (Fig. 1, left).

DDC.—Pairwise divergence values for
DDC ranged from 2.8% (within Xylenini) to
26.7% (within Nolinae). Equally weighted
MP analysis of DDC alone resulted in four
mp trees of 4,661 steps each, with RI =
0.456. The strict consensus tree had 66 re-
solved nodes, many more than EF-la
(equally weighted), the conflict being pri-
marily among the clades of higher trifine

noctuids. The In-weighting scheme gave
two mp trees with lengths of 7,255 steps
and RI = 0.474. The strict consensus of these
trees had a 12-branch polytomy at the base
of the trifine clade. This polytomy was pri-
marily the result of alternative placements
of Acontiinae, either at the base of the
trifine noctuid clade or as a highly derived
trifine group. The similarity between the
two trees is thus better illustrated by an
Adams consensus tree (Fig. 1, right).
Combined data.—Equally weighted MP
analysis of the combined data set gave four

TaBLE 4. Summary of most notable differences among trees inferred from equally weighted versus In-

weighted parsimony analyses.

DDC only

EF-1a only Combined data
Relationships recovered in mp trees Eq. In Eq. In Eq. In
Ingroup monophyletic? N Y Y/N Y Y Y
Arctiidae monophyletic? N N Y Y Y/N Y
(Arctiidae + Lymantriidae) monophyletic? Y/N Y N N Y/N Y
Nolinae placed with other quadrifines? Y/N Y Y Y N Y
Plusiinae placed within trifine Noctuidae? N Y N N N N
Acontiinae placed within trifine Noctuidae? Y/N Y N Y Y Y
Acontiinae basal within trifine Noctuidae? N Y N/A Y/N N Y

Eq., equal weighting; In, six-parameter parsimony, logarithmic weighting; Y/N, yes for some trees and no for others; N/A, not

applicable.
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TABLES5. Recovery of concordance groups by 77-taxa data sets under different methods.

Data sets MP eq. wt.2 MP In wt.2 MLa
Combined 21 21 21
EF-1a 13 17 -
DDC 19 20 -
EF-la BA1Y 13 - -
EF-1a BA2b 12 - -
EF-1a BA3P 15 - -
DDC BA1b 20 - -
DDC BA2b 19 - -
DDC BA3® 18 - -

aMaximum number possible = 24; dashes indicate analysis not performed.
bBootstrap-augmented data sets with 1,949 bp from single genes.

mp trees, the strict consensus of which had
71 resolved nodes. Three mp trees were re-
covered under In-weighting, with lengths
of 11,259 steps and RI = 0.461 (Fig. 2).

Maximum Likelihood Analyses,
77 Taxa

The best-fitting likelihood model for the
In-weighted mp tree was the most general
and parameter-rich model, the general time
reversible model (GTR; Lanave et al., 1984;
Rodriguez et al., 1990), with invariant sites
and gamma-distributed rates, that is, GTR
+ I+ I'. This model had a score of —In L =
33,226.45 (where L refers to likelihood),
which proved significantly better than the
second-best model, HKY85 (Hasegawa et

al., 1985) + I + T, based on the likelihood ra-
tio test with 4 df (Aln L = 54.07, P < 0.001).
Table 7 shows the estimated parameters
of the GTR substitution model with rate
heterogeneity, for different partitions of the
data, based on the mp tree (Fig. 2). EF-la
had ~1.5 times as many invariable sites as
DDC and showed somewhat greater rate
heterogeneity, even when the proportion of
invariable sites in each gene was accounted
for. Site-specific rate models (not tabulated)
yielded the following rate estimates: the
partition EF-1a:DDC gave relative rates of
~1:3.3, and the partition first:second:third
codon position gave relative rates of 4:1:81
and 2.7:1:22 for EF-1a and DDC, respectively.
The best tree recovered for the combined
data set under the ML criterion (Fig. 3) had

TaBLE 6. Summary statistics for data partitions mapped onto one of four mp trees for the combined data set,

under equal weighting.
No. No. (%) No. (%) No. steps
characters variable informsa on tree CI RI
Combined 1,949 803 (41) 666 (34) 7,485 0.168 0.443
EF-la
All sites 1,240 399 (32) 329 (27) 2,792 0.196 0.428
ntl 413 35(8) 15 (4) 145 0.174 0.450
nt2 413 18 (4) 6(1) 37 0.259 0.500
nt3 414 , 346 (84) 303 (73) 2,610 0.197 0.426
DDC
All sites 709 404 (57) 337 (48) 4,693 0.152 0.452
ntl 236 110 (47) 79 (33) 609 0.206 0.544
nt2 236 65 (28) 32(14) 237 0.262 0.570
nt3 237 229 (97) 226 (95) 3,847 0.137 0.428

CI = consistency index, excluding uninformative characters; Rl = retention index.
sParsimony informative characters.

220z 1snBny 0z uo 1senb Aq /£0.891/202/2/67/9101HE/0IqsAS/W00"dNo o|Wapeoe//:Sjy WOy papeojumoq



212 SYSTEMATIC BIOLOGY VOL. 49

F3
T ——NOTODONTIDAE =753
Plusiinae* =mle
— Nolinae* —
— Euteliinae —
e Stictopterinag* =
Hypeninae
Eustrotiinae (part)
Calpinae
Catocalinae -
[ —— Rebnainas
= Herminiinae*
ARCTIIDAE*
Aganainae -
Calpinae
—C—= LYMANTRIIDAE*
] Acontiinae* —
Condicinae* S
Spodoptera® =l
pr—— Stiriinae”
Amphipyrinae s.s.
—-E‘; Psaphidinae* ]
|| Cuculliinae s.s.

Eustrotiinae
Oncocnemidinae*
Agaristinae*

ool e— Plusiinae*
“Raphiinae” —
Acronictinae
L] Pantheinae n
Eriopinae I
laphria
Condicinaeg P
Oncocnemidinae*

e ————
_:% Heliothinae* ‘3—5:'_.-’

Galgula
Elaphria
podoptera*
Cuculliinae s.s.
Agaristinae”
Anorthodes
Noctuini s.I.*

Hadeninae(part)
Apameini*
Xylenini*

Hadeninae
Nedra

FIGURE 1. Comparison of mp trees derived under In-weighting for EF-1a and DDC gene sequences. For DDC,
tree shown is an Adams consensus of 2 mp trees. Thick branches have =70% bootstrap support. The genera of
“Caradrinini” are bold. Asterisks indicate concordance groups. Four additional concordance groups are Euteli-
inae + Stictopterinae, Cuculliinae + Oncocnemidinae, Spodoptera (Sex + Sfr + Sor), and S. frugiperda + S. orni-
thogalli (Sfr + Sor).
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FIGURE 2. One of three mp trees for the combined data set, under In-weighting. The single branch that col-
lapses in the strict consensus tree is indicated by a thick line. Numbers above branches are bootstrap percentages
(shown only if =50%), followed by branch lengths under ACCTRAN optimization. Asterisks indicate concor-
dance groups. Four additional concordance groups are as detailed in Figure 1. Taxa included in the Noctuinae s.1.
by Poole (1995) but not strongly allied with that group by our data are indicated by a dotted line.
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TABLE 7. Parameters for the general time reversible (GTR) substitution model with rate heterogeneity, esti-
mated by maximum likelihood on the mp tree derived under in-weighting.

Parameters EF-la DDC Combined
I'-distr. shape parameter ()2 0.82 0.94 0.86
Proportion of invariable sites (¢)? 0.64 0.45 0.58
« estimated with ¢ =0 0.20 0.31 0.23
Relative substitution rate parameters®
A-C 2163 1.939 2.044
A-G 11.32 7.741 9.085
A-T 4.402 2.160 3.027
C-G 1.825 1.140 1.302
C-T 20.01 7.327 10.44
G-T 1 1 1

aq and ¢ estimated simultaneously.
PR-matrix values.

a score of —In L = 33,181.26. Nine of the 12
random addition sequence replicates using
TBR branch swapping, including the single
replicate that was allowed to swap to com-
pletion, found this tree. The latter replicate
used approximately the same time as all 15
random addition sequence replicates that
used NNI branch swapping, combined.
None of the NNI-swapped replicates found
trees as good as the TBR-swapped trees, but
13 replicates found trees that were not sig-
nificantly worse (Kishino-Hasegawa tests,
P > 0.05).

The relationships recovered by the best
ML tree (Fig. 3) were similar to those of the
mp tree under In-weighting (Fig. 2). The
most notable difference was in the place-
ment of Condicinae, which was. the basal
trifine lineage under MP but a much more
derived group under ML. Although none of
the intervening nodes were strongly sup-
ported under either MP or ME, all the mp
trees had significantly lower likelihoods
than the ML tree (Kishino-Hasegawa tests,
P = 0.040). The two methods recovered the
same number of concordance groups, al-
though Psaphidinae was recovered by ML
only, and the expected relationships within
Spodoptera were recovered by MP only.

The following rearragements of taxa
could be performed under the ML criterion
without significantly altering tree scores,
based on Kishino-Hasegawa tests: Plusi-
inae could be moved to the base of the
trifine clade; Cucullia convexipennis (Ccon)

could be placed as sister group to Agaristi-
nae, as in the mp trees; Raphia abrupta
(Rabr) could be placed as sister group to
Pantheinae; and the four basal-most clades
of trifines in the ML tree could be united as
a monophylextic group.

Taxon Sampling: Effects on Support Levels

EF-la analyses yielded 18 groups with
multiple representatives in both the 49-taxa
and 77-taxa data sets (Table 8). Under MP,
half of these groups showed <10% differ-
ence in BP between data sets and were not
considered further. Of the remaining nine
clades, seven had greater BPs with 49 taxa
than with 77 taxa (clades 1, 7, 9, 19, 27, 29,
and 33); only two had greater BPs with 77
taxa (clades 4 and 8). However, clade 8
breaks up a concordance group (Arctiidae),
which means that the lower BP obtained
with the 49-taxa data set is more congruent
with existing phylogenetic evidence. Thus,
for EF-1a, eight of nine clades have “better”
BPs with 49 taxa than with 77 taxa. This
trend is statistically significant (sign test,
0.05 <P <0.02).

For DDC, 19 BP comparisons were avail-
able (note that the DDC and EF-1a 49-taxa
data sets sampled different taxa). Under
MP, 12 clades showed <10% difference be-
tween data sets and were not considered
further. Of the remaining seven clades,
three had greater BPs with 49 taxa (clades 1,
4, and 33) and four had greater BPs with 77
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FIGURE 3. Maximum likelihood tree obtained under GTR + I + I' model, —In L = 33,181.26. Branches with
=70% and 290% bootstrap support under ME analysis using the same ML model are drawn 2X and 3X thicker,
respectively. The seven longest terminal branches and the seven longest internal branches are indicated by “t” or
“i,” respectively, and their rank order in parentheses above the branch; following the parentheses is the branch
length in number of substitutions per site. The dotted line indicates taxa included in the Noctuinae s.1. by Poole

(1995) but not strongly allied with that group by our data.
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taxa (clades 2, 9, 19, and 29). The sign test
for BP comparisons was nonsignificant (P >
0.5).

The complete-and-partial bootstrap, de-
signed to correct BPs for the number of taxa
used and implemented for neighbor-join-
ing (Zharkikh and Li, 1995) was performed
next. For EF-1a, all five of the clades that
showed =10% difference in BP between
data sets (clades 6, 7, 19, 25, and 27) had
larger BPs for the 49-taxa data set. This
trend was not statistically significant be-
cause of the small number of comparisons
available (n = 5; 0.5 < P < 0.2). For DDC,
eight of nine comparisons (clades 1, 2, 15,

17, 25, 29, 30, and 33) showed the same
trend (0.05 < P < 0.02).

Combining Data: Effect on Support Levels

Overall support, measured by the per-
centage of nodes with parsimony BP =
50%, was greater for the combined-data mp
trees than for either gene alone: Under In-
weighting, 48% and 55% of nodes in the
EF-1a and DDC trees, respectively, had BP
=50%, whereas 65% of the nodes in the
combined-data mp tree are supported at
that level.

The effect of combining data on levels of
support for particular groups, under three
different methods of analysis, is shown in
Table 8 (ignoring the values in parenthe-
ses). The five clades that break up concor-
dance groups (i.e., clades 3, 8, 35, 36, and
37) almost certainly represent incorrect re-
lationships. It is therefore better that these
clades receive little support. Indeed, under
equally weighted parsimony, these clades
have substantially lower BPs in the com-
bined analysis than the highest value for
either gene analyzed separately. Of the re-
maining 32 clades, all but seven have
higher BPs in the combined analysis than
for each gene alone. For five of the remain-
ing seven clades (11, 13, 20, 33, and 34), the
combined-data BP is much nearer the
higher than the lower of the two BPs from
each gene alone. Of the remaining two
clades, one (clade 9) reflects strong conflict
between the two genes over the placement
of the arctiid Hypoprepia miniata, and the
other (clade 21) reflects conflict, albeit weaker,
over the placement of Raphia abrupta. Thus,
30 of 37 clades have better BPs in the com-

bined analysis and only two clades have
substantially better BP in the analysis of a
single gene. This difference is highly signif-
icant (sign test, P < 0.001). If one excludes
BP differences of =10% from consideration,
then 16 of 20 clades show the same trend
(0.02 > P > 0.01). The same trends were seen
under In-weighted parsimony and distance
methods.

The BPs for each of the above 37 clades
were also tabulated separately for the com-
bined data set and each of the six bootstrap-
augmented, single-gene data sets (data not
shown). Results of these BP comparisons
are summarized in Table 9. For DDC, the
differences in BPs between the bootstrap-
augmented data sets and the combined
data set were nonsignificant. For EF-1a, the
differences were significant, with the com-
bined data set having higher BPs.

The number of concordance groups re-
covered by the bootstrap-augmented data
sets was also noted (Table 5). None of the
six bootstrap-augmented data sets recov-
ered as many concordance groups as the
combined data set did.

DiscussioN

The source and effects of third-position
base composition bias in EF-1a were identi-
fied by Mitchell et al. (1997) and are men-
tioned here only for completeness. For
EF-la the source of heterogeneity was the
Arctiidae and Lymantriidae. These families
shared a distinctive third-position base
composition, but the similarity of LogDet
ME trees and ML ME trees, among other
things, suggested that this bias had little if
any effect on phylogeny reconstruction. A
similar conclusion was reached by Fang et
al. (2000) for DDC third positions, although
the source of heterogeneity in the 77-taxa
data set is not as easily definable, including
Notodontidae and at least some quadrifine
noctuids, arctiids, and lymantriids.

Combining disparate phylogenetic data
sets in a single analysis can be problematic
if there is substantial disagreement among
them (e.g., Bull et al, 1993). However,
defining “substantial disagreement” is dif-
ficult. The ILD test (Farris et al., 1994) has
been proposed as an objective test of the de-
gree of disagreement among data parti-
tions, but recent studies suggest that the
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TaBLE 9. Sign tests performed on bootstrap percentage (BP) comparisons between each of the six bootstrap-
augmented data sets and the combined data set for the 37 clades listed in Table 8.

Data sets +2 b 0 n P4
EF-la 1 34 3 0 37 <0.001
EF-1a 2 33 4 0 37 <0.001
EF-1a 3 32 5 0 37 <0.001
DDC1 15 17 5 32 >0.5
DDC 2 14 20 3 34 >0.5
DDC 3 13 20 4 33 <0.5,>0.2

“Number of clades for which the combined data set had the larger BP.
®Number of clades for which the combined data set had the smaller BP.

‘Number of clades showing no difference in BP.
ITwo-tailed test.

ILD test is not entirely appropriate as a test
for combinability of separate data parti-
tions. For example, Cunningham (1997b)
suggested that “a significance threshold of
0.05 may be too conservative for the ILD
test,” after finding that ILD test P-values
had to be much less than 0.01 (P = 0.001)
before combined analysis of data partitions
led to reduced recovery of a known phy-
logeny. By this criterion, many of our ILD
tests performed under In-weighting are ef-
fectively nonsignificant (0.05 < P < 0.01),
justifying our analysis of the combined data
set. Nonetheless, much information may
be gleaned from comparison of P-values
among different tests, as discussed below.
Because there can be only one true
species phylogeny, incongruence must indi-
cate either that phylogeny reconstruction
for at least one of the data partitions was in-
accurate, attributable to poor data quality
or inappropriate phylogenetic analysis, or
that the partitions have different evolution-
ary histories, attributable to lineage sorting,
for example. The latter explanation is more
plausible when internodes are relatively
short, as is seen for the deeper branches of
the ML tree. Thus lineage sorting cannot be
ruled out for this data set. In our analyses,
however, much of the incongruence can be
eliminated by excluding highly diverged
taxa, which involve relatively deep nodes
in the tree. This observation seems to favor
error in the gene tree(s), possibly from long
branch attraction (Felsenstein, 1978b), as
the explanation for the incongruence. It is
therefore surprising that ILD tests per-
formed on the reduced 49-taxa data sets
gave consistently higher P-values than

equivalent tests performed on the complete
77-taxa data sets; that is, incongruence be-
tween data partitions increased with in-
creased taxon sampling. Long branch and
taxon sampling effects could reasonably be
expected to decrease with the addition of
taxa, making it easier to reconstruct the true
phylogeny (e.g., Hillis, 1996). A possible
reason for this apparent contradiction is
that we could be exacerbating the long
branch problem when adding more taxa,
because we are inadvertently selecting
highly divergent exemplar species from a
poorly known higher-level phylogeny.

Robustness of Results to Variation

in Phylogenetic Methods

Almost all nodes strongly supported by
MP analysis were also strongly supported
by ME analysis, and vice versa, with the fol-
lowing exceptions: Three groups with mod-
erate support under MP (=65%; Nolinae,
Arctiidae + Lymantriidae, and Spodoptera
frugiperda + S. ornithogalli) had much less
support under ME (=55%). In contrast,
support for Psaphidinae, Condicinae, and
Stiriinae + Amphipyrinae + Psaphidinae in-
creased from 33%, 58%, and 75% under MP
to 83%, 90%, and 96%, respectively, under
ME. Relationships within Plusiinae and
within Spodoptera were recovered “cor-
rectly,” that is, in agreement with morphol-
ogy, by the mp tree (Fig. 2) but not by the
ML tree (Fig. 3). Perhaps not coincidentally,
both groups are subtended by long internal
branches. The placement of plusiines
within noctuids also differed: The plusiines
were sister group to the rest of the ingroup

220z 1snBny 0z uo 1senb Aq /£0.891/202/2/67/9101HE/0IqsAS/W00"dNo o|Wapeoe//:Sjy WOy papeojumoq



220 SYSTEMATIC BIOLOGY

VOL. 49

in the mp tree but were sister group to the
quadrifine noctuids, arctiids, and lymantri-
ids in the ML tree. However, under the ML
criterion, Plusiinae can be placed in either
position, or as sister group to all other tri-
fine noctuids, without significantly changing
the likelihood score (Kishino-Hasegawa
tests, P > 0.5).

More Taxa or More Characters?

Taxon sampling effects.—Under the MP cri-
terion, higher support values were seen in
the 49-taxa data set than in the 77-taxa data
set, in comparisons made for EF-la. For
DDC, slightly more than half the clades
compared had higher support with 77 taxa,
but the trend was not statistically signifi-
cant. Note that the extra taxa added in the
77-taxa data set join below the root node of
the same group in the smaller data set for
three clades (1, 4, and 27). This might be
predicted to result in lower BPs for the 77-
taxa data set because the subtending
branch is split. However, for EF-1a clade 4
actually increased in BP with increased
taxon sampling. None of the clades affected
in this way in the DDC analysis showed a
change =10%.

When a distance method with a correc-
tion for the number of taxa in each data set
was used (complete-and-partial bootstrap;
Zharkikh and Li, 1995), the 49-taxa data sets
clearly had higher support values for both
genes. All available comparisons for EF-1a
supported this conclusion. For DDC, al-
most all clades compared showed the same
trend, and the difference was statistically
significant. The nonsignificance of the
EF-la result obtained by this method was
obviously the result of the small number of
comparisons available (n = 5).

Thus, in cases where increasing taxon
sampling changed the support levels for a
clade, the effect was a negative one. This re-
sult was surprising, in light of the large
(57%) increase in taxon sampling, espe-
cially because the taxa had been selected in
an attempt to break up long branches
(Swofford et al., 1996). Furthermore, our re-
sults are contrary to the findings of Poe
(1998) that when adding taxa decreased the
accuracy of a phylogeny estimate, the de-
crease usually did not involve preexisting
relationships.

The reason for the decrease in support
levels with addition of taxa appears to be
that the additional groups sampled were
sampled too sparsely relative to the local
saturation level for these genes. The effect is
that of adding long branches to the tree
rather than breaking up long branches
(Graybeal, 1998; Hillis, 1998). Thus, “lin-
eages that previously were not spuriously
attracted to each other could become ‘long’
in a relative sense by virtue of the shorten-
ing of another branch on which the added
taxa connect” (Poe, 1998).

An alternative explanation for the de-
crease in support levels, that the original 49
species samples were just fortuitous combi-
nations of taxa, and that different combina-
tions might yield lower support values,
was discounted by randomly deleting 28
species from subfamilies for which more
than a single exemplar was sampled in the
77 species data set (this was repeated five
times). Bootstrap analyses of these new 49-
taxa data sets produced support values
very similar to those of the original 49-taxa
data sets.

We have thus provided empirical data in
support of simulation studies (e.g., Poe and
Swofford, 1999) that suggest when trying to
solve a difficult phylogenetic problem,
adding taxa is not a panacea because it can
create additional problems under certain
circumstances.

Addition of characters.—The combined
data sets gave both higher overall levels of
support, measured as percentage of nodes
with strong support, and higher support
levels for the specific groups recovered in
the trees, than did any of the single-gene
data sets alone. That trend was apparent
under all phylogenetic methods used.
Those results are no surprise given that
consistent methods of phylogeny estima-
tion, by definition, will converge on the
true tree with increasing numbers of char-
acters sampled. However, the absolute
number of characters sampled is not the
only consideration. Our data suggest that
equal attention should be paid to potential

. nonindependence among characters.

Combining data from independent genes.—
One caveat to the observation that consis-
tent methods of phylogeny estimation will
converge on the true tree as increasing
numbers of characters are sampled is that
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none of the assumptions of the method can
be violated. However, violations of as-
sumptions are not necessarily easily de-
tected (Swofford et al., 1996). This fact alone
may be grounds for preferring that addi-
tional characters be obtained from an inde-
pendent source, all else being equal.

Other reasons also support the idea that
obtaining characters from independent
genes would hold greater benefit for phy-
logeny inference than obtaining the same
total number of characters from a single
gene. First, the endemic biases of any one
gene (in base composition, evolutionary
rate, and so forth) might be diluted in the
combined data set. Cummings et al. (1995),
for example, showed that data sets consist-
ing of blocks of contiguous sites drawn
from complete mitochondrial genomes
were less likely to recover the genome phy-
logeny than were data sets comprising an
equal number of single sites drawn ran-
domly from the entire genome. They pro-
posed that the effects of “location-dependent
processes in sequence evolution” could be
reduced, and thus the power of phyloge-
netic analysis improved, by sampling “sites
from throughout the genome or from other
genomes in the organisms.” Second, on the
positive side, each gene might carry a sig-
nal for groupings on which the other genes
are silent. These effects could result in de-
creased support for spurious groupings, in
addition to increased support levels for cor-
rect groupings.

Our comparisons of the combined-gene
data set and the single-gene data sets of the
same size obtained by bootstrap augmenta-
tion provide some support for the above
postulates. For EF-1a, support levels for the
bootstrap-augmented data set were consis-
tently lower than for the combined data set.
For DDC, there was little apparent differ-
ence in support levels between the boot-
strap-augmented data set and the com-
bined-gene data set, although the combined
data set recovered more concordance groups.
One might argue that as long as one used
an especially informative gene, it would
make little difference whether one sampled
more of the same gene or an additional
gene. However, the difficulty is knowing in
advance that a given gene is especially in-
formative for the group of interest. Besides,
this misses the point that the resolution and

support levels obtained by using the com-
bined-gene data set were no less than those
obtained from the bootstrap-augmented
DDC data set, despite the fact that EF-1a
proved to offer less information per nu-
cleotide. Thus, while recognizing that the
dynamics of this single case may not be
generalizable, we argue that the prudent
approach to collecting additional sequence
data is to prefer that such data comes from
additional genes.

Systematics of the Noctuoidea

The tentative hypothesis that Noctuidae
is paraphyletic with respect to Arctiidae
and Lymantriidae (Weller et al, 1994;
Mitchell et al.,, 1997; Fang et al., 2000) is
strongly supported by our new data set.
There is 96% bootstrap support under MP,
and 90% under ME, for a clade comprising
Arctiidae, Lymantriidae, and the quadrifine
noctuid subfamilies Aganainae, Hermini-
inae, Catocalinae, Calpinae, and Hypeni-
nae, to the exclusion of other quadrifine
and all trifine Noctuidae. It is thus likely
that Noctuidae is not a natural group. How-
ever, in the interests of taxonomic stability,
we decline to revise noctuoid classification
to reflect the paraphyly of Noctuidae until
the deeper divergences within the family
are resolved with reasonable confidence.

Supporting a growing consensus among
noctuid systematists (Beck, 1960, 1992; Hol-
loway, 1989; Lafontaine and Poole, 1991;
Lafontaine, 1993; Poole, 1995; Speidel et al.,
1996; Kitching and Rawlins, 1999), our data
also provide the strongest evidence to date
(99% bootstrap value under MP and 100%
under ME) for the monophyly of the “true
cutworms” (Noctuinae s.1.; Poole, 1995). As
circumscribed in our trees, Noctuinae s.l.
includes Noctuini s.]., Hadenini, Apameini,
Xylenini, and some “Caradrinini,” (Nedra
and Anorthodes). “Caradrinini” is a hetero-
geneous assemblage of genera, most of
whose placements are still problematic; ac-
cordingly, further work is needed to clarify
the limits of Noctuinae s.1.

Several other higher-level relationships
within trifine noctuids are supported by
our data. Support for the placement of Am-
phipyra with the Psaphidinae, and the Stiri-
inae as sister group to this clade, is rela-
tively strong. Moreover, the broader trifine
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relationships in Figure 2 and Figure 3 corre-
spond well to recent morphological hy-
potheses. For example, groups previously
thought to be relatively primitive, such as
Acontiinae and Eustrotiinae (Poole, 1995),
do indeed take basal positions, whereas
subfamilies generally regarded as derived,
such as Agaristinae, Cuculliinae s.s., Oncoc-
nemidinae, and Amphipyrinae s.s., are al-
lied with the highly derived Heliothinae
and Noctuinae s.l. The placement of other
groups, such as Condicinae and Plusiinae,
remains difficult. Plusiinae are thought to
be allied with the trifine clade (Poole, 1995;
Speidel et al., 1996; Kitching and Rawlins,
1999), but our data set lacks the resolving
power to distinguish among various basal
placements for this group, plusiines being
basal within trifines or within quadrifines,
or even being basal to all other noctuids.
Thus the deeper nodes in Noctuidae remain
weakly supported, and clearly, much more
evidence will be needed to fully sort out the
higher-level relationships of this large para-
phyletic group.

Conclusions

By combining data from independent nu-
clear genes, we obtained the first strong ev-
idence that Noctuidae are paraphyletic
with respect to Arctiidae and Lymantriidae,
and we have increased confidence in many
higher-level relationships within the family.

Concordance among multiple indepen-
dent data sets is probably the most power-
ful evidence systematists can provide for
phylogenetic relationships (Miyamoto and
Fitch, 1995) and this may be reason enough
to turn to an independent source when
more data are needed to answer a difficult
phylogenetic problem. We have provided
some evidence for the importance of char-
acter-set independence. Our study also sug-
gests that the gene-specific biases endemic
to DNA sequence data will be diluted in a
combined data set, thus reducing or even
eliminating support for erroneous relation-
ships.

The increased support levels in the com-
bined data set provided a strong a posteri-
ori argument for combining data in a single
analysis. While we agree in principle with
the desirability of a priori congruence test-
ing, our results support proposals by other

authors that the ILD test is too conservative
for the purpose of deciding when to com-
bine data sets if one applies the conven-
tional significance level of P = 0.05, or even
P =0.01. An additional dilemma is that with
large data sets, the time needed to perform
a rigorous ILD test may be prohibitive.
Quicker methods for testing the signifi-
cance of incongruence would be welcomed.

Increased taxon sampling is often recom-
mended as a fix for problematic molecular
phylogenetic data sets, especially if taxa
are chosen specifically to break up long
branches. However, we present an empiri-
cal example of deleterious effects: Support
levels for most clades decreased when we
introduced previously unsampled, diver-
gent groups to the data set. We suggest that
this might be a more general phenomenon:
If “new” taxa are not sampled densely
enough, one can inadvertently increase ap-
parent long branch effects, thereby reduc-
ing support for clades on the tree, even
when trying to do the opposite! This situa-
tion is most likely to occur in taxa for which
the phylogenetic relationships are poorly
known. At present we are attempting to de-
termine whether a much larger increase in
the taxon sample will permit more confi-
dent resolution of deep nodes on the noc-
tuid tree.
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