Evolution, 44(8), 1990, pp. 2089-2105

PHYLOGENETIC ANALYSIS OF CHLOROPLAST DNA RESTRICTION
SITE DATA AT HIGHER TAXONOMIC LEVELS:
AN EXAMPLE FROM THE ASTERACEAE
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!Department of Ecology and Evolutionary Biology, University of Connecticut, Box U-42,
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Abstract. —Chloroplast DNA variation was examined among 57 genera of Asteraceae representing
15 currently recognized tribes. Complete cleavage maps were constructed for 11 six-base pair
restriction enzymes, and a total of 927 cleavage site differences was detected, 328 of which are
phylogenetically informative. The data were used to construct phylogenetic trees using both Wagner
and Dollo parsimony and the resulting monophyletic groups were evaluated statistically using the
bootstrap method. The level of homoplasy in the restriction site data is 54—56% (excluding autapo-
morphies), most of which is due to parallel site losses. The most parsimonious trees generated by
both parsimony methods have nearly identical topologies at lower taxonomic levels, but differ in
subfamilial circumscriptions and tribal groupings. Dollo parsimony provides support for the mono-
phyly of two subfamilies, the Lactucoideae (excluding the Barnadesiinae) and Asteroideae, but
Wagner parsimony supports the monophyly of the Asteroideae only. This incongruence is due to
different assumptions of the two parsimony methods about relative rates of parallel site gains and
losses. After eliminating the six most rapidly changing restriction sites or performing successive
approximation, Wagner parsimony produces trees with the same subfamilial groupings as the Dollo
trees. We conclude that the Dollo tree with two monophyletic subfamilies is the best estimate of
phylogenetic relationships in the Asteraceae because this method more accurately reflects the
evolution of restriction sites. We also demonstrate that in spite of high levels of homoplasy in
chloroplast DNA restriction site data at these higher taxonomic levels, it is possible to make
statistically supported estimates of phylogenetic relationships.

Received September 19, 1989. Accepted April 9, 1990.

Recently there has been a rapid surge in
the use of comparative restriction site map-
ping of the chloroplast genome for phylog-
eny reconstruction (reviewed in Palmer,
1987; Palmer et al., 1988). Most studies have
used this approach to examine relationships
among closely related species or genera of
flowering plants. These studies demonstrate
low levels of homoplasy (0-5%) in chloro-
plast DNA (cpDNA) restriction site data,
enabling the construction of consistent and
statistically supported phylogenies at low
taxonomic levels. For many of the previous
investigations the phylogenetic analysis of
restriction site data was simple, with good
congruence among the trees generated by
different algorithms. The use of cpDNA re-
striction site data at higher taxonomic levels
will naturally result in increased levels of

3 Current address: Department of Biology, Bowling
Green State University, Bowling Green, OH 43402
USA.

4 Current address: Department of Biology, Indiana
University, Bloomington, IN 47405 USA.

convergent and parallel mutations, making
phylogenetic analyses more complicated.
Several theoretical studies proposed alter-
native phylogenetic methods for dealing with
homoplasious changes (Templeton, 1983,
19835b, 1987; DeBry and Slade, 1985; Nei
and Tajima, 1985, 1987; Li, 1986). Only a
few investigations of cpDNA restriction site
variation have compared the efficacy of the
different algorithms (Sytsma and Schaal,
1985; Sytsma and Gottlieb, 1986; Jansen
and Palmer, 1988; Schilling and Jansen,
1989), but in all of these studies the level
of homoplasy was sufficiently low that near-
ly identical results were obtained for all
methods.

We are examining cpDNA variation in
the sunflower family (Asteraceae) to pro-
vide new characters for evaluating phylo-
genetic relationships at higher taxonomic
levels. In this paper we compare trees gen-
erated by several different methods of phy-
logenetic analysis using a large number of
taxa (57) and restriction site mutations (328).
Qur results demonstrate that different trees
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are generated by Dollo and Wagner parsi-
mony methods. However, theoretical con-
siderations, a posteriori character weight-
ing, and statistical analyses all favor the
Dollo tree with two monophyletic subfam-
ilies of Asteraceae, Lactucoideae (excluding
the Barnadesiinae) and Asteroideae. A de-
tailed discussion of the systematic and evo-
lutionary implications of the cpDNA vari-
ation in the Asteraceae is provided in a
separate paper (Jansen et al., 1991).

MATERIALS AND METHODS

Because there are over 1,100 genera in
the Asteraceae it was necessary to sample
representative taxa for our examination of
restriction site variation. We selected 57
genera (Table 1) from 15 of the currently
recognized tribes. Within each tribe we se-
lected a single species from each of three to
eight genera representing diverse evolution-
ary lineages. Five additional genera (Blen-
nosperma, Cotula, Echinops, Stokesia, and
Ursinia) whose assignment to particular
tribes has been controversial were also in-
cluded in the analysis.

Chloroplast DNAs were isolated using the
sucrose gradient technique of Palmer (1986).
Where tissue amounts were limited, total
DNA was extracted by the procedure of Sag-
hai-Maroofet al. (1984) and further purified
in cesium chloride/ethidium bromide gra-
dients. Restriction endonuclease digestions,
agarose gel electrophoresis, bidirectional
transfer of DNA fragments to Zetabind
(AMF CUNO) nylon filters, labelling of re-
combinant plasmids by nick-translation, fil-
ter hybridizations, and autoradiography
were performed as described in Palmer
(1986), Jansen and Palmer (19874), and
Palmer et al. (1988). A total of 22 cloned
restriction fragments of lettuce cpDNA (see
Fig. 1 in Jansen and Palmer, 1988) were
used in filter hybridization experiments to
map sites for 11 enzymes (Appendix I) in
cpDNAs of all 57 examined species. The
mapping strategy involved a simplification
of the overlap hybridization procedure
(Palmer, 1986; Jansen and Palmer, 1987a)
as described in Jansen and Palmer (1988).

Restriction site data were analyzed by both
Wagner (Farris, 1970) and Dollo (Le-
Quesne, 1974) parsimony on MacIntosh and
Zenith microcomputers and an IBM 3090
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using PAUP (Phylogenetic Analysis Using
Parsimony; developed by D. Swofford, ver-
sion 3.0), PHYLIP (Phylogenetic Inference
Package; developed by J. Felsenstein, ver-
sion 3.2) and HENNIG86 (developed by S.
Farris, version 1.5). Global branch swap-
ping with MULPARS (Hold=5) and the
mhennig* bb* options were performed to
search for the most parsimonious tree using
PAUP and HENNIG86, respectively. Wag-
ner parsimony gives equal weight to parallel
restriction site gains and losses, whereas
Dollo parsimony prohibits parallel site gains
but allows parallel site losses. A discussion
of the limitation of both parsimony algo-
rithms is provided in DeBry and Slade
(1985) and Jansen and Palmer (1988). The
CONTREE and NELSEN options of PAUP
and HENNIGS86 were used to generate a
strict consensus tree when more than one
equally parsimonious tree was found. Re-
peated successive approximations (Farris,
1969; Carpenter, 1988) were performed on
the most parsimonious Wagner trees using
the xs w cc options in HENNIG86. The
bootstrap method (Felsenstein, 1985, 1988)
of PHYLIP was used to place confidence
intervals on monophyletic groups. The large
data matrix (57 taxa and 328 mutations)
required the use of an IBM 3090 computer
at the University of Connecticut Computer
Center. One hundred bootstrap replicates
were performed, and majority rule consen-
sus trees were constructed using Wagner and
Dollo parsimony and the local branch swap-
ping option. A modification of the bootstrap
algorithm permitted the examination of all
100 replicate trees.

All trees were rooted using the subtribe
Barnadesiinae of the tribe Mutisieae as the
outgroup. Our previous cpDNA studies in
the Asteraceae identified this subtribe as the
sister group to the rest of the family. This
placement of the Barnadesiinae is strongly
supported by its primitive chloroplast ge-
nome arrangement (Jansen and Palmer,
19874, 1987b) and by phylogenetic analyses
of restriction site data (Jansen and Palmer,
1988) and sequence data (Michaels, Palmer,
and Jansen, unpubl.) using other Asteridae
families as outgroups. Furthermore, a re-
cent cladistic study of the Asteraceae based
primarily on morphological data (Bremer,
1987), but also including the 22 kb cpDNA



suowoads ISYONOA JO BONREOO] Y1 ESTPUI SISUINU UOTII[[03 MO[[O) 1B} SWAUOIE WNLEQISY PILPUR)S SI3q uor JO UONA][0D SIE SOUIEU
u3pIed [estuEioq PUE 101397105 Futmofjog ‘aminoLBY JO JusUILIEda( SHVEIS PANUN = VAS() ‘UIPIED [ETUERIO BILIOJTED JO ANSIATUL) = D[] ‘USPIED) [OIUelof WeYnEl = OGN ‘UopJeD [eatueiog maX = MI) q
“(8L61) A1Of MOJ[Of SIqUI} PUE SIATIWEIQNS JO 151 YL ¢

2091

CHLOROPLAST DNA RESTRICTION SITE DATA

(HDIW) €16 ussuef

(HOIN) S06 uosuef
(190) 67S81 oY
(190) LSP81 19

9CETL DIN
(HOIW) L66 uasuef
(HOIN) 766 ussuef
(O 6£L8 ynpwio

(HOIW) 786 uasuef
(HOIN) 086 ussuef
(SO) 98€IN 1oAeyg

QUON

(SaV.1) 68 BH ud
QUON

(HDINW) 001 ussuef
CravN) s¢Le ynuws g

(HOIW) 106 udsuef

(HOIW) #06 ussuef
(HOIW) 706 ussuef
(HOIW) £06 ussuef

(HDIW) 186 ussuef
(HOIN) 966 uasuef
(HDIN) 666 uasuef
(HOIW) 916 ussuef
(HOIW) 906 ussuef

auoN

(HDIW) 0001 ussuef
(HOIW) 116 ussuef

puvu vIUISi) LS
SBITUISI()
D10242 $3198V *9S
vsoddpd s1302g *G¢
viavyoviuad DIPOSSAT “pS
aearede]
saprowuvytw 012U ¢S
snpunoad sdodunsy 7§
S1SUISIGDIUDD DIDIUULD 1§
vuvu vuiiadsouudlg Qs
JBOUOIIUIS
wniuagay vinur "6y
wnqoam] wnijoydoun gy
DOIOIPOIU DIIDUUIIUY " [
seanuj
ndiowa ajdniad "9
snnuuD SNy “Sh
SUIISIUDD DIDIIE) b
puuid viypq "¢y
vuOfipuv.s s1sdoato) Ty
araUIUBIPH
vIPQLvG DINIOD ‘1
9BaM10D
WNIDILINW WNW2dS02ISO "Of
syvanyd voayoydiowq "6¢
sypurnffo vinpuav) 8¢
Jesnpuse)d
"ds o8oprjog “Lg
DUDIDEI2qG DI "9E
SHPLIGAY Uu0428145 "SE
stuuaiad sijpg p§
SIOfipa0d 42ISY €€
JBIINSY
SHSSUDAAO2DMDYD DULIOIUDS “TE
WNUIXDUL Ny uosdiy) "1¢
wniofaljnu vaIYIY “Of
JeapruIdyIUYy

9EBOPIOINSY

(HOIW) $66 ussuef
(HOINW) 986 uasuef
(VD) SO11 ynws ‘D
(VD) 9001 yynuws ‘O

1098€-6£-98¢ MIN
£008Z-v9-087 MTA
0IST-#9 DN
(HDIW) §16 uasuef
16882-29 DN
(HOIW) L06 ussuef
LSL00-08-011 AMTA
(10) $+681 119N

¥9870-69-88¢ MA]
(D €vo¥ voma

$9870-69-88¢ MA
(HDIW) 806 uasuef
(1) S01 uona

JuoN
(HOIW) L66 uasuef
SUON

(HDIW) 008 uosuef

SUON

(HDIW) 1001 uasuef
(HOIW) 66 ussuef
(HOINW) L16 ussuef
(HOINW) 0668611d VASN

(HOIW) 616 ussuef
(HOIW) 716 uosuef
(HOIW) 076 uasuef

vofijidsawt viuoudq ‘67
S19D] DISINOIS ‘8T
supjpxy vydipooidid "7
vsoquauto] vioydouyody "9z
JBIIUOWIO A
vyvsdiys DS ST
vaoyiinu v1zasad by
DIDUIUNOD DISUNIY €T
1uosaupl vi2qian 77
SaproyuvIDIY WnJAYdAsoq "17
vjjdydodivo visapouivg (g
DIOaSSIp DIVYSULY 6]
pioydadoiotu D1nody g
JeaISIN
wnaqoi8 wungory L1
vso8n4 DIUSOID) 9]
aeoqery
pIvI1ds SLIDIT G
SUIQNIOLID WnLIowdny 1
‘ds puavpowioayH ¢
seasuojednyg
snijofiaiod uoSodo8viy ‘71
DIIDIIO SNYoUOS 11
panDS DoNPYT QI
asuawid WOV 6
eaONIOE]
WNUPLIDUW wngdjis g
snmioxa sdouryoq °j
ds wnisar)y ‘9
DUDIUOUW DIINDIUID °G
SALIOIOUY] SNUWDYLIDD
aeanpie)
psodpos vydivooldpl] ¢
suapuayds viuvzvn ‘g
DIOJIpDYI301S SHOILY *|
aL310101y
dBopIodNIoR|

qUOTIBULIOJUT 33YoNOA

$2103dg

QUONBILLIOJU JOYONOA

saadg

2’ 9BIIBIASY JO $o19ads WOl VN 15e[dOoIO[YDd JO $30In0g

] a1avy



2092

inversion (Jansen and Palmer, 19875),
placed the Barnadesiinae at a basal position
in the Asteraceae. We selected one species
(Table 1) from two of the seven genera of
this subtribe (sensu Cabrera, 1977) to root
the phylogenetic trees.

RESULTS
Restriction Fragment Length Variation

The size of the chloroplast genome in the
57 genera of Asteraceac examined here
ranges from 148 to 151 kilobases. One hun-
dred and fifty one restriction fragment length
variations ranging in size from 100 to 800
base pairs (bp) were detected. The majority
(108) of the length variants were less than
200 bp. This number represents a lower
bound on length variation because we could
not detect deletions and insertions smaller
than 100 bp in our gel system. Palmer
(1985) has previously noted that most
length mutations in cpDNA are 1-10 bp in
size. Jansen and Palmer (1988) provide de-
tails on the frequency of length variation
within the major regions of the chloroplast
genome (inverted repeat and small and large
single copy regions).

Length mutations are not generally used
in the phylogenetic analyses because of the
difficulty associated with determining ho-
mology (see discussion in Moritzetal., 1987,
Palmer et al., 1988). We determined the ex-
tent and location of length variation to dis-
tinguish between restriction fragment
changes caused by base substitutions and
those caused by length mutations. We in-
cluded in the analysis a single 300 bp length
mutation (character number 5 in Appendix
I). This length mutation occurs in only two
discrete and readily distinguished size class-
es, is unambiguously polarized, and maps
to the same location in the inverted repeat,
where little length variation has been found
(Jansen and Palmer, 1988; Schilling and
Jansen, 1989; Wallace and Jansen, 1990).
Thus, it is likely to be homologous in those
taxa that share it.

Phylogenetic Analysis of Restriction
Site Mutations

Approximately 400 restriction sites were

mapped in cpDNAs of each of the 57 species
examined in the Asteraceae. A total of 927
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site changes was detected, 328 of which are
phylogenetically informative (Appendix I).
The Wagner parsimony analysis resulted in
20 equally parsimonious trees of 1,316 steps
(including autapomorphies) and with a con-
sistency index of 0.46 (excluding autapo-
morphies). If autapomorphies are included
the consistency index is 0.70. Inferred ho-
moplasious site changes include 262 par-
allel losses, 11 parallel gains, 55 gain/losses,
and 60 loss/gains. One of the shortest trees
is shown in Figure 1 and a strict consensus
tree of the 20 equally parsimonious trees is
shown in Figure 2 (reduced to show only
tribes).

The Wagner trees (Figs. 1, 2) support the
monophyly of 13 previously recognized
tribes in the Asteraceae, including the Mu-
tisieae (excluding the subtribe Barnadesi-
inae), Cardueae, Lactuceae, Liabeae, Ver-
nonieae, Arctoteae, Astereae, Calenduleae,
Anthemideae, Senecioneae, Inuleae, Core-
opsideae and Eupatorieae. The tribes He-
liantheae and Tageteae are shown to be
paraphyletic. The positions of Coreopsis and
Dahlia support their separation as a trite
distinct from the core of the Heliantheae. A
number of genera that had been previously
segregated as distinct tribes or whose tribal
affinities were uncertain are grouped with
one of the monophyletic tribes (Fig. 1), in-
cluding Ursinia (Anthemideae), Cotula
(Anthemideae), Echinops (Cardueae), Sto-
kesia (Vernonieae) and Blennosperma (Se-
necioneae). Thus, the tribal placement of
these genera is resolved by the cpDNA data.

The Wagner trees provide insights into
phylogenetic relationships among the tribes
(Figs. 1, 2). The subfamily Asteroideae is
monophyletic in all 20 trees and includes
the nine tribes Astereae, Calenduleae, An-
themideae, Senecioneae, Inuleae, Coreop-
sideae, Eupatorieae, Heliantheae, and Tage-
teae. The second previously recognized
subfamily, Lactucoideae (excluding the Bar-
nadesiinae, sensu Carlquist, 1976 or Wage-
nitz, 1976), is monophyletic in 8 and para-
phyletic in 12 of the 20 most parsimonious
trees, and therefore collapses in the strict
consensus tree (Fig. 2). The Vernonieae and
Liabeae form a monophyletic group in all
equally parsimonious trees, but no other
tribal groupings occur within the paraphy-
letic Lactucoideae. Within the Asteroideae
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Fic. 1. One of 20 equally most parsimonious Wagner trees using 927 restriction site mutations, 328 (Appendix
1) of which are phylogenetically informative. The tree has a total of 1,316 steps (including autapomorphies) and
a consistency index of 0.46 (without autapomorphies) or 0.70 (with autapomorphies). Brackets show the current
circumscription of 15 tribes, while the four subtribes of the Mutisieae (sensu Cabrera, 1977) are indicated with
asterisks. The numbers at each node and along each lineage indicate the number of site mutations.

two major groups of tribes are present in all The Dollo parsimony analysis resulted in
20 trees. The first includes the Astereaec and 16 equally parsimonious trees with a length
Calenduleae, and the second includes the of 1,344 steps (28 steps longer than the
Eupatorieae, Heliantheae, Coreopsideae, shortest Wagner trees, including autapo-
and Tageteae. morphies). The trees have a consistency in-
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Fics. 2, 3. Strict consensus Wagner (Fig. 2) and Dollo (Fig. 3) trees using 927 cpDNA restriction site
mutations, 328 (Appendix I) of which were phylogenetically informative. The trees have been reduced to show
the tribes only except for the four subtribes of the Mutisieae (underlined). Brackets show circumscription of
subfamilies of Asteraceae according to Thorne (1983). The Wagner tree has a total of 1,316 steps (including
autapomorphies) and a consistency index of 0.46 (without autapomorphies) or 0.70 (with autapomorphies) and
the Dollo has 1,344 steps and a consistency index of 0.44 (without autapomorphies) or 0.69 (with autapomor-

phies).
FiGs. 4, 5.

Majority-rule consensus trees generated by the bootstrap analysis using 927 cpDNA restriction

site mutations (328 informative ones) using Wagner (Fig. 3) and Dollo (Fig. 4) parsimony. The trees have been
reduced to show the tribes of Asteraceae only except for the four subtribes of the Mutisieae (underlined). Numbers
indicate how many times out of 100 bootstrap replicates that a monophyletic group occurred. Brackets show
the circumscription of subfamilies according to Thorne (1983).

dex of 0.44 without autapomorphies, or 0.69
ifautapomorphies are included. Since Dollo
parsimony prohibits parallel gains and
losses/gains, all homoplasious changes are
necessarily parallel losses or gain/losses. The
CONTREE option of PAUP generated a

strict consensus tree of the 16 equally par-
simonious trees (Fig. 3). The tree has been
reduced in size to show only the tribes of
Asteraceae since the generic groupings were
identical to those in the Wagner strict con-
sensus tree (Figs. 1, 2) with the following
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four minor exceptions. In the Dollo tree, 1)
Lactuca and Sonchus are sister taxa; 2) the
three genera of the Eupatorieae form an un-
resolved trichotomy; 3) Helianthus is in-
cluded in a monophyletic group with Peri-
tyle and Geraea; and 4) Pectis and Tagetes
form a monophyletic group.

The Dollo tree (Fig. 3) provides a different
scheme of tribal relationships in the Aster-
aceae than the Wagner trees. The most no-
table difference is that four restriction site
changes (characters 9, 143, 192, 199 in Ap-
pendix I), three of which are parallel losses,
support the monophyly of the subfamily
Lactucoideae (excluding the Barnadesi-
inae). A re-evaluation of these four char-
acters reveals that the polarity of number
192 is somewhat uncertain because of vari-
ation within the two outgroup genera of the
Barnadesiinae for this restriction site. Our
polarity decision was based on the absence
of this site in mapped cpDNAs from related
Asteridae families, including the Rubiaceae
and Dipsacaceae. If the polarity of this site
is reversed, Dollo parsimony produces 14
equally parsimonious trees of 1,345 steps,
none of which support the monophyly of
the Lactucoideae. However, in Dollo trees
only one step longer the lactucoid tribes do
form a monophyletic group. Two additional
differences between the Dollo and Wagner
trees are (compare Figs. 2, 3): 1) in the Dollo
tree the Cardueae and those Mutisieae with
the cpDNA inversion (Jansen and Palmer,
19875) form a monophyletic group; and 2)
the Astereae is the sister tribe to the An-
themideae rather than the Calenduleae.
Similarities between the Wagner and Dollo
analyses include support for the monophyly
of 13 of the 15 previously recognized tribes
of Asteraceae and the subfamily Asteroide-
ae, the close phylogenetic relationship of the
Liabeae and Vernonieae, and the inclusion
of the Tageteae, Coreopsideae, Heliantheae,
and Eupatorieae in a monophyletic group.

The bootstrap resampling method (Fel-
senstein, 1985, 1988) determined the reli-
ability of our phylogenetic conclusions. One
hundred replicate samples were performed
using Wagner and Dollo parsimony, and
majority-rule consensus trees were con-
structed (Figs. 4, 5, reduced to show only
the tribes; see Figs. 1 and 2 in Jansen et al.,
1991 for trees including all taxa). The total
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lengths of these trees were 1,319 and 1,345
steps for the Wagner and Dollo analyses,
respectively. The number of times each
monophyletic group occurred in the 100
replicates is given on the trees. Felsenstein
(1985) considered a 95% frequency of oc-
currence as evidence of statistical signifi-
cance. However, the bootstrap analysis gives
a conservative estimate of the composition
of any particular group in that all taxa and
only those taxa must be included in that
group to be recorded from any of the 100
replicate trees (see Sanderson, 1989 for de-
tailed discussion). Thus, although several
groups do not occur in more than 95% of
the bootstrap replicates, we believe that these
groups should be viewed as being supported
by the data.

There is strong statistical support (Figs.
4, 5) for the monophyly of most of the 13
tribes that were monophyletic in the Wag-
ner and Dollo trees, including the Mutisieae
(excluding the subtribe Barnadesiinae; 59%
Wagner and 87% Dollo), Cardueae (100%
both), Vernonieae (98% and 99%), Liabeae
(97% and 100%), Lactuceae (100%), Arc-
toteae (80% and 100%), Astereae (100%),
Anthemideae (93% and 100%), Senecioneae
(100%), Calenduleae (97% and 99%), Core-
opsideae (89% and 94%), and Eupatorieae
(93% and 98%). Only the Inuleae, which was
monophyletic in 40% (Wagner, Fig. 4) or
77% (Dollo, Fig. 5) of the bootstrap repli-
cates is not strongly supported statistically.
Inspection of the 100 trees in the bootstrap
sample reveals that the low confidence in-
terval of this tribe can be attributed to the
grouping of Inula with other tribes, es-
pecially the Astereae, Senecioneae, Anthe-
mideae, or with the monophyletic group in-
cluding the tribes Tageteae, Heliantheae, and
Eupatorieae. Both bootstrap analyses sup-
port the monophyly of the subfamily As-
teroideae (86% and 87%), which was shown
to be monophyletic in all of the equally par-
simonious trees generated by Wagner and
Dollo parsimony (Figs. 1-3). The group of
tribes comprising the subfamily Lactucoi-
deae (excluding the Barnadesiinae) occurs
in only 29 of the 100 bootstrap replicates
in the Wagner analysis and does not appear
in the majority-rule consensus tree. In con-
trast, the Dollo analysis provides moderate
statistical support for the monophyly of the
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Lactucoideae (74%). Overall, the bootstrap
confidence intervals are consistently higher
in the Dollo tree (Fig. 5) than in the Wagner
tree (Fig. 4).

There is a high level of homoplasy in the
cpDNA data, as well as substantial differ-
ences between the Wagner and Dollo trees
concerning the monophyly of the Lactucoi-
deae and the relationships among the tribes
of Asteraceae. However, note that in the
Wagner tree 186 (57%) of the 328 phylo-
genetically informative restriction sites
change only once and most of the homo-
plasy in the data set is due to a small pro-
portion of the sites changing multiple times
(Fig. 6). Furthermore, 166 of the 186 sites
that change only once are restriction site
gains, whereas most of the changes at the
frequently changing sites are homoplasious
losses. This is not surprising in view of the
much higher probability of parallel site losses
than gains (Templeton, 1983a, 19835;
DeBry and Slade, 1985). To determine if
elimination of the more rapidly evolving
sites would resolve some of the differences
between the Dollo and Wagner trees, we
developed a conservative statistical test for
outliers based on the average number of
changes in the data set (see Appendix II).
With 95% confidence, all characters that
change nine times or more are outliers and
can be deleted. Six characters (numbers 146,
147, 164, 209, 213, and 326 in Appendix
I) were removed and the remaining 322 mu-
tations were reanalyzed using Wagner par-
simony and bootstrapping (trees not shown).

The Wagner analysis of the reduced data
set resulted in a single most parsimonious
tree with a length of 1,252 (including aut-
apomorphies). The tree has a consistency
index of 0.49 without autapomorphies and
0.74 if autapomorphies are included. Al-
though only six characters have been delet-
ed, the tree is 64 steps shorter than the Wag-
ner tree generated using the complete data
set. The Wagner tree using 322 mutations
provides support for the monophyly of both
the subfamilies Asteroideae and Lactucoi-
deae, which agrees with the relationships
indicated by the Dollo trees (Figs. 3, 5) for
the complete data set. In this case, however,
there are only two (versus four for Dollo)
site changes (numbers 192 and 199 in Ap-
pendix I) supporting the monophyly of the
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FiG. 6. Histogram showing the number of changes
for the 328 informative restriction sites based on the
Wagner majority-rule consensus tree.

Lactucoideae (excluding the Barnadesiinae)
and the only one of these that is not homo-
plasious (number 192) is of uncertain po-
larity (see above). The Lactucoideae occurs
in only 28 of the 100 bootstrap replicates
in the reduced data set, again providing only
weak statistical support for the monophyly
of this subfamily with Wagner parsimony.
Successive approximation (Farris, 1969;
Carpenter, 1988) is another approach for
reducing the influence of the rapidly evolv-
ing restriction sites on the phylogenetic es-
timates using Wagner parsimony. This is an
a posteriori weighting method that alters the
weight of characters on the basis of how
many times they change in the equally par-
simonious trees. Characters that change
more than once are down weighted by the
average number of times they change on the
shortest trees. Parsimony analysis is per-
formed on a data set using new weights, and
this is repeated until the cladograms on suc-
cessive iterations are identical. After four
rounds of successive approximation using
the Asteraceae restriction site data set, 20
trees were generated with a consistency in-
dex of 0.88 (excluding autapomorphies). All
trees (not shown) support the monophyly of
the two subfamilies Lactucoideae (exclud-
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ing the Barnadesiinae) and Asteroideae, a
topology that is congruent with the Dollo
trees (Figs. 3, 5).

DiscussIoON

Dollo and Wagner parsimony analyses of
cpDNA restriction site data in the Astera-
ceae generate phylogenetic trees that differ
in the circumscription of subfamilies and
tribal relationships. These differences have
major implications for our understanding
of the systematics of this large and impor-
tant flowering plant family. The most no-
table difference is that the Dollo trees sup-
port the monophyly of two subfamilies,
Asteroideae and Lactucoideae (excluding the
Barnadesiinae), whereas most of the equally
parsimonious and the majority-rule Wagner
trees support the monophyly of the former
tribe only. This incongruence is due to the
different assumptions about relative rates of
parallel site gains and losses in these two
parsimony methods. Templeton (1983a,
1983d) indicated that there are four major
types of parallel changes in restriction sites:
1) loss/gain, 2) parallel gain, 3) parallel loss,
and 4) gain/loss. For a six base pair restric-
tion enzyme there are 18 different ways to
lose a site, but only one way to gain a site
if the recognition sequence is only one sub-
stitution away from being a recognition site.
Thus, Templeton’s type three and four par-
allel changes occur at least an order of mag-
nitude more frequently than type one and
two. In fact, in comparisons involving very
divergent taxa, parallel losses may be more
than 30 times as frequent as parallel gains
(Templeton, 19835).

Wagner parsimony assumes that parallel
site gains and losses are equally likely,
whereas Dollo parsimony assumes that the
probability of a parallel site loss is much
greater than a parallel gain, and in fact pro-
hibits this latter class of mutations. DeBry
and Slade (1985) provided statistical argu-
ments that Dollo parsimony is a more con-
sistent and eflicient estimator of phyloge-
netic relationships from restriction site data
because it takes into account the differential
probability of parallel site gains and losses.
Their conclusion was based on animal mi-
tochondrial DNA, but they suggested that
Dollo parsimony would be the method of
choice for restriction site data for other ge-
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nomes as well. Although complete prohi-
bition of parallel gains may be unrealistic
especially in comparisons among divergent
taxa (Jansen and Palmer, 1988), it is clearly
closer to the truth that parallel gains are
much less likely than parallel losses. Thus,
the Dollo trees probably represent a better
estimate of phylogenetic relationships with-
in the Asteraceae than the Wagner trees.

Wagner analyses also provide some sup-
port for the monophyly of the subfamily
Lactucoideae (excluding the Barnadesiinae)
since eight of twenty equally parsimonious
trees support its monophyly. Furthermore,
a posteriori character weighting by succes-
sive approximation (Farris, 1969; Carpen-
ter, 1988) and by elimination of the most
rapidly changing restriction sites produces
Wagner trees that have the Lactucoideae as
a monophyletic group. Finally, we note the
moderately high confidence interval (74%,
Fig. 5) of the Lactucoideae in the Dollo
bootstrap analysis. Thus, we conclude that
our combined Wagner and Dollo analyses
provide substantial, although by no means
overwhelming, support for the monophyly
of the two subfamilies Asteroideae and Lac-
tucoideae.

The bootstrap confidence intervals are
consistently higher in the Dollo majority-
rule consensus tree (Fig. 5) than the Wagner
tree (Fig. 4). This is due primarily to the
greater likelihood that a group sharing site
gains will appear in each of the 100 Dollo
bootstrap replicates. Numerous examples
support this explanation (compare Figs. 1
and 2 in Jansen et al., 1991). For example,
the monophyletic group including the tribes
Liabeae and Vernonieae shares the same two
restriction site gains in both the Dollo and
Wagner trees, but the confidence interval for
this group is 20% higher in the Dollo anal-
ysis. This pattern was not observed in the
two previous bootstrap comparisons of these
parsimony methods (Jansen and Palmer,
1988; Schilling and Jansen, 1989); however,
in both of these studies homoplasy was low-
er (30-40% vs. 54-56% here, excluding aut-
apomorphies).

We have made two methodological ob-
servations that will be pertinent for the fu-
ture use of restriction site data at higher
taxonomic levels. First, it is important to
analyze the data using a diverse array of
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phylogenetic methods, especially ones that
identify the statistical strengths and weak-
nesses of monophyletic groups (e.g., boot-
strapping, Felsenstein, 1985). If we had per-
formed only Dollo or Wagner parsimony of
our cpDNA data set we might have come
to very different systematic conclusions
concerning the number of monophyletic
subfamilies in the Asteraceae, as well as re-
lationships among the tribes. The use of both
types of parsimony, each of which has some
limitations (DeBry and Slade, 1985; Jansen
and Palmer, 1988), in conjunction with
careful character analysis and bootstrapping
permitted us to make more reliable system-
atic conclusions. Our results clearly empha-
size the importance of rigorous phylogenetic
analysis of cpDNA restriction site data at
higher taxonomic levels.

Second, our study, like those of Sander-
son and Donoghue (1989), Archie (1989),
and Steele et al. (1991), indicates that the
consistency index is not a good indicator of
the reliability of phylogenetic estimates. In
spite of the low consistency index (0.44—
0.46, excluding autapomorphies) for the
cpDNA data, we were able to make statis-
tically supported statements about phylo-
genetic relationships. Most of the homopla-
sy in our data can be attributed to multiple
parallel losses in a small proportion of re-
striction sites (Fig. 6). Because 186 of the
restriction sites (166 of which are site gains)
only changed once, our data give a very con-
sistent estimate of evolutionary relation-
ships. Deletion of the six most homopla-
sious characters from the data set had almost
no effect on the statistical support for any
of the groups in the bootstrap majority-rule
consensus tree, although the topology of the
most parsimonious tree was affected. Thus,
the strongly supported groups are being de-
termined primarily by sites that change only
a few times and the very homoplasious sites
have little effect on the statistical reliability
of the resulting phylogenies. This indicates
that the level of homoplasy per se does not
determine the reliability of restriction site
data in estimating phylogenetic relation-
ships. Rather it is the distribution of ho-
moplasy in the data set. This conclusion
may also help explain why Bremer’s (1987)
phylogenetic analysis of morphological
characters in the Asteraceae, which has a

R. K. JANSEN ET AL.

substantially higher consistency index (0.65)
than our analysis, produced many more
equally parsimonious trees (@ minimum of
576). Clearly the consistency index alone is
not a very accurate indicator of the quality
of phylogenetic data. Perhaps the retention
index (Farris, 19894, 198956) or homoplasy
excess ratio (Archie, 1989) will provide a
better guide for determining the reliability
of phylogenetic data.
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APPENDIX 11

Felsenstein (1973) has shown that the maximum
likelihood estimate of a phylogeny corresponds to the
Wagner parsimony estimate when the rate of change
for any particular character is small and the rates of
change for all characters are approximately equal. We
seek a method of detecting characters that are changing
more rapidly than is consistent with the hypothesis that
all characters in the sample are changing at equal rates.

We start with a Wagner parsimony estimate of phy-
logenetic relationships. Notice that if all characters in
the sample are changing at equal rates, then the number
of changes each character has undergone will be equal,
within the limits of statistical error. If there are a total
of B branches and the number of changes observed for
character i is »,, then the proportion of branches on
which i changes is simply p; = n/B. We develop a
conservative test for the null hypothesis that all of the
p; are equal.

Under the null hypothesis that all characters are
changing at equal rates, the maximum likelihood es-
timate of p, the proportion of branches on which a
character changes, is simply p = (1/N) Z p,, where N

2105

is the total number of characters. Let w(k) be the prob-
ability that a given character changes k or fewer times.
Then

k
(k) = 2 C(B, mp~(1 — p)°™;
n=1
where C(B, n) is the binomial coefficient. Let 1 — a(k)
be the probability that all of the characters change k
or fewer times. Then 1 — a(k) = {x(k)}V. Thus, a(k)
=1 — {m(k)}"N is the experimentwise probability that
at least one character changes k or more times.
Let a be the experimentwise probability that we seek.
Then we seek the largest k such that o < a(k). This is
equivalent to finding the largest k such that

#IN =1 — o (A1)

Given « and the estimate of p obtained above, it is a
simple matter to evaluate w(k) and determine the larg-
est k for which (A1) is satisfied. The experimentwise
probability of observing any characters that change
more than k times is less than or equal to «. Thus, all
characters that change more than k times are statistical
outliers that should be removed from the analysis.

Note added in proof: We have recently analyzed the restriction site data by using the step matrix in
PAUP 3.0 k. Gains were weighted over losses by a factor of 1.3 as recommended by V. Albert, B.
Mishlev, and M. Chase (unpubl.). A single tree was produced that had the Dollo topology (Figs. 3, 5)
with both the subfamilies Asterocideae and Lactucoideae monophyletic.



