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Abstract.—Notoriously slow rates of molecular evolution and convergent evolution among some
morphological characters have limited phylogenetic resolution for the palm family (Arecaceae). This
study adds nuclear DNA (18S SSU rRNA) and chloroplast DNA (cpDNA; atpB and rbcL) sequence
data for 65 genera of palms and characterizes molecular variation for each molecule. Phylogenetic
relationships were estimated with maximum likelihood and maximum parsimony techniques for
the new data and for previously published molecular data for 45 palm genera. Maximum parsi-
mony analysis was also used to compare molecular and morphological data for 33 palm genera.
Incongruence among datasets was detected between cpDNA and 18S data and between molecular
and morphological data. Most con�ict between nuclear and cpDNA data was associated with the
genus Nypa. Several taxa showed relatively long branches with 18S data, but phylogenetic resolu-
tion of these taxa was essentially the same for 18S and cpDNA data. Base composition bias for 18S
that contributed to erroneous phylogenetic resolution in other taxa did not seem to be present in
Palmae. Morphological data were incongruent with all molecular data due to apparent morpholog-
ical homoplasy for Caryoteae, Ceroxyloideae, Iriarteae, and Thrinacinae. Both cpDNA and nuclear
18S data �rmly resolved Caryoteae with Borasseae of Coryphoideae, suggesting that at least some
morphological characters used to place Caryoteae in Arecoideae are homoplastic. In this study, in-
creased character sampling seems to be more important than increased taxon sampling; a compar-
ison of the full (65-taxon) and reduced (45- and 33-taxon) datasets suggests little difference in core
topology but considerably more nodal support with the increased character sample sizes. These re-
sults indicate a general trend toward a stable estimate of phylogenetic relationships for the Palmae.
Although the 33-taxon topologies are even better resolved, they lack several critical taxa and are
affected by incongruence between molecular and morphological data. As such, a comparison of re-
sults from the 45- and 33-taxon trees offers the best available reference for phylogenetic inference on
palms.

The Palmae (Arecaceae) include »2000
species in 189 genera found throughout the
tropics and subtropics of the world. Com-
prehensive taxonomic studies of the fam-
ily (Drans�eld and Uhl, 1998; Uhl and
Drans�eld, 1987) and several analyses of
phylogenetic relationships have been con-
ducted (Wilson et al., 1990; Uhl et al., 1995;
Baker et al., 1999; Asmussen et al., 2000;
Asmussen and Chase, 2001; Lewis and
Doyle, 2001). Although none of these stud-
ies completely resolved palm relationships,
each offeredan enhanced foundation for con-
tinued study of palm phylogeny.
A combined phylogenetic analysis of all

available palm data has not been performed
but a comparison of the trees from the
different studies indicates many points of
congruence. Studies using chloroplast DNA
(cpDNA) are themost extensive and offer the
broadest basis for comparison, through nu-
clear DNA and morphological analyses also
make important contributions to phyloge-
netic understanding of the family.

All palm cpDNA studies (Wilson et al.,
1990; Uhl et al., 1995; Baker et al., 1999;
Asmussen et al., 2000; Asmussen and Chase,
2001) identify a monophyletic Calamoideae
and the monotypic Nypoideae as the �rst
branching elements, but their speci�c or-
der of branching is not consistent. For the
remainder of the family, two poorly sup-
ported groups are identi�ed. In the �rst
group, Coryphoideae and the three gen-
era of Caryotoid palms (Arenga, Caryota,
and Wallichia) are consistently grouped by
cpDNA data but Coryphoideae s.l. is not
always monophyletic. The second group
contains Arecoideae (minus Caryoteae),
Ceroxyloideae, and Phytelephantoideae (the
Arecoid Line sensu Moore, 1973). Subfam-
ilies Arecoideae and Ceroxyloideae (sensu
Drans�eld and Uhl, 1988) are paraphyletic
in all morphological and molecular phyloge-
netic studies published to date.

Nuclear DNA malate synthase intron data
(Lewis and Doyle, 2001) identify Nypa as the
�rst branching lineage of palms but differ
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from cpDNA data in placing Pseudophoenix
(Ceroxyloideae) as the next branching lin-
eage, followed by a largely unresolved as-
semblage of the remaining taxa. Several dis-
tinct lineages are supportedwithin this latter
group, including Calamoideae and tribes
Caryoteae and Iriarteae of Arecoideae (sensu
Drans�eld and Uhl, 1988), but most relation-
ships are either unresolved or not supported.
Other studies of nuclear DNA (e.g., Gaut
et al., 1996) included few taxa and offer lit-
tle insight into palm relationships.
Morphological phylogenies of palms (Uhl

et al., 1995) are highly unresolved and there-
fore do not directly contradict molecular
phylogenies in most respects. Of the differ-
ences that are supported, perhaps the most
striking concerns the Caryotoid palms. This
group is placed sister to tribe Borasseae of
subfamily Coryphoideae in all cpDNA phy-
logenies but is resolved within subfamily
Arecoideae in the morphological analyses.
Nuclear DNA data are equivocal on the po-
sition of the Caryotoid palms.
These studies provide many points of

phylogenetic resolution for palms, but none
offers a fully resolved hypothesis of rela-
tionship for the family nor are any of the
published trees well supported in all areas.
Among the proposed reasons for these short-
comings are dif�culties in outgroup choice
and character polarization, homoplasy in
morphological data, and slow rates ofmolec-
ular evolution for standard DNAmarkers.
Theposition of thepalmsamongmonocots

has been dif�cult to ascertain, and relation-
ships with groups as varied as the Araceae,
Cyclanthaceae, Pandanaceae, and Poaceae
havebeen suggested (seeUhl andDrans�eld,
1987, for discussion). More recent morpho-
logical (Stevenson and Loconte, 1995) and
molecular phylogenetic studies (Chase et al.,
2000; Soltis et al., 2000) have resolved Pal-
mae within the Commelinid monocots, but
the speci�c placement of Palmae among
Commelinids is unclear. Nonetheless, the
use of Commelinid outgroups have reduced
dif�culties in palm outgroup comparison
(e.g., Asmussen and Chase, 2001; Lewis and
Doyle, 2001).
Homoplasy for some morphological char-

acters has also contributed to dif�culties in
palm phylogeny reconstruction. Uhl et al.
(1995), using morphological data, were un-
able to resolve relationships within the
family and identi�ed substantial homoplasy

among the characters studied. Furthermore,
the morphological and molecular phyloge-
nies of Uhl et al. (1995) differed in several
ways suggesting that at least one of the data
types was improperly coded or was exhibit-
ing patterns unexpected under the evolu-
tionary model. Similar results have been ob-
served in other morphological phylogenetic
studies of palms (e.g., Baker et al., 2000, for
the Calamoideae), an indication that mor-
phological data alone are insuf�cient to re-
solve phylogenetic relationships within the
family.

Several authors have used molecular data
to explore palm phylogenetic relationships.
Unfortunately, the comparatively slow rates
ofmolecular evolution forpalms identi�ed in
every study to date (e.g., Wilson et al., 1990;
Gaut et al., 1992;Eyre-Walker andGaut, 1997)
and the patterns of palm diversi�cation limit
the ability of standard molecular markers to
resolve phylogenetic relationships. Thus in-
ference of these relationships requires care-
ful consideration of the data and analyses
needed to recover palm phylogeny.

Asmussen and Chase (2001) used compar-
atively large samples of coding (rbcL) and
noncoding (rps16 introns and trnL-trnF int-
rons and spacers) cpDNA sequence data to
resolve palm phylogenetic relationships.
Their results demonstrated greater resolu-
tionwith increased sample sizes, but thephy-
logenetic signal in their data was still inad-
equate for complete resolution. MP searches
were terminated at 5,000 shortest trees, and
consensus trees were only partly resolved,
indicating that additional data are required
to resolve palm relationships.

Although uncertain outgroup relations,
morphological homoplasy, and slow rates
of molecular evolution have contributed to
the limited phylogenetic resolution of palms,
a more general problem may be responsi-
ble for the lack of success (Hahn, 1999).
The palm fossil record suggests an early ori-
gin for the family and comparatively rapid
radiation into many of the main lineages
(see Harley and Baker, 2001, for a recent re-
view). Since the initial diversi�cation, rela-
tively few new major groups of palms have
emerged, but considerable time has passed
in which additional uninformative changes
could have accumulated along the long ter-
minal branches. If any of these changes are
convergent or parallel, dif�culties in phy-
logenetic reconstruction can result among
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the critical deep branches (Felsenstein, 1978;
Hendy and Penny, 1989; Donoghue and
Sanderson, 1992; Cooper and Fortey, 1998).
Theobservedpatterns ofpalmmorpholog-

ical homoplasy seem to �t the deep branch
phylogeny scenario. Morphological synapo-
morphies are not de�ned for most major
groups in the family, and no morphologi-
cal synapomorphy has been identi�ed for
the family overall. Furthermore, only 8 of
the 40 informative morphological characters
used by Uhl et al. (1995) are completely con-
sistent within the family.
Molecular data for palms also �t the pat-

tern of a deep branch phylogeny and are
further limited by their slow rates of evo-
lution (Gaut et al., 1992; Eyre-Walker and
Gaut, 1997). With such rates, the number of
substitutions thatmight have occurred along
the internal edges of the true underlying
tree would probably be very small and eas-
ily obscured by any parallel changes along
the comparatively long terminal branches.
This is observed in the molecular data avail-
able, where relatively few sites are variable
and many of those exhibit homoplasy (e.g.,
Asmussen and Chase, 2001).
Several approaches have been suggested

for reconstructing phylogenies of apparently
deep and rapid evolutionary radiations and
phylogenies with comparatively long termi-
nal branches. These include (1) the use of less
variable (and presumably less homoplastic)
characters (Swofford et al., 1996), (2) the use
of larger and more comprehensive datasets
(e.g., the “total evidence” approach of Kluge,
1989; but see Bremer et al., 1999; Halanych,
1998), (3) the inclusion of more taxa and bal-
anced selection of ingroup taxa to help break
up long branches (e.g., Kim, 1996; Graybeal,
1998; Poe, 1998; Poe and Swofford, 1999),
(4) careful attention to outgroup choice (e.g.,
Maddison et al., 1984), and (5) the use of
methods of analysis that are less sensitive
to the effects of long branch attraction (e.g.,
Huelsenbeck and Hillis, 1993; Huelsenbeck,
1995).
In the present study, palm phylogenetic re-

lationships were estimated by a combination
of these strategies. Comparatively large sam-
ples of cpDNA and nuclear rDNA sequences
were generated to complement existing non-
coding cpDNA data and to explore patterns
of evolution for each of these different data
types. A broad array of ingroup and out-
group taxa were analyzed to help break up

long branches thought to exist among some
palm lineages. Finally, the relative quality of
the different data types was evaluated by
way of combined and partitioned analyses,
and by usingmethods of analysis considered
to be less sensitive to deep branch problems
or homoplastic data.

METHODS AND MATERIALS

Taxon sampling.—Sixty-�ve palm genera
were sampled, representing all six subfam-
ilies and 14 tribes recognized in the fam-
ily. Members of all but 6 of the 36 sub-
tribes (sensu Drans�eld and Uhl, 1998) were
included.

Monophyly of Palmae has been supported
in all phylogenetic studies to date (e.g.,
Stevenson and Loconte, 1995; Chase et al.,
2000; Soltis et al., 2000), but sister group re-
lationships of the palms to other monocots
are less certain. For the present study, out-
group taxa were restricted to Calectasia and
Dasypogon ofDasypogonaceae andHanguana
of Hanguanaceae, as indicated in the studies
of Soltis et al. (2000) and Chase et al. (2000).
DNA extraction, ampli�cation, and sequenc-

ing.—Leaf tissue was collected from wild or
cultivated material (Table 1). Total nucleic
acids were extracted by using a modi�ed
hexadecyl trimethyl ammonium bromide
(CTAB) method (Taylor and Powell, 1982;
Hahn and Sytsma, 2000) and the same iso-
late was used to generate all new sequences.

Three gene regions were sampled: atpB
and rbcL from the plastid genome, and the
18S small subunit of the 45S nuclear rDNA
cistron. These regions were ampli�ed with
primer pairs S2 and S1494R (Hoot et al.,
1995), Z1 and rbcL 3’ (Zurawski et al., 1981;
Olmstead et al., 1992), and NS1 and C18L
(Bult et al., 1992), respectively. Sequencing
primerswere used as listed by these authors.

Polymerase chain reaction (PCR) condi-
tions were as described by Bult et al. (1992).
Some ampli�cations used the FailSafe°R am-
pli�cation premix (Epicentre Technologies,
Madison, WI). PCR products were cleaned
by using the polyethylene glycol/NaCl pre-
cipitation method of Kusukawa et al. (1990).

Sequencing was performed on Applied
Biosystems 373a or 377 automated sequenc-
ers by using dye terminator cycle sequenc-
ing chemistry with »100 ng of DNA tem-
plate, 4.0 ¹L of DyeDeoxy°R FS Terminator or
BigDye°R premix (PE Biosystems, Inc., Foster

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/51/1/92/1631355 by guest on 24 April 2024



TA
B
L
E
1.

Ta
xa

sa
m
pl
ed

in
th
is
st
ud

y.
Ta

xo
no

m
y
fr
om

D
ra
ns
Fi
el
d
an

d
U
hl

(1
99

8)
;F

TG
,F

ai
rc
hi
ld

Tr
op

ic
al

G
ar
de

n;
H
,H

ah
n;

M
O
N
T,

M
on

tg
om

er
y
Bo

ta
ni
ca
lC

en
te
r;
N
Y
BG

,
N
ew

Yo
rk

Bo
ta
ni
ca
lG

ar
de

n;
W

IS
,U

ni
ve

rs
ity

of
W
is
co
ns
in
,M

ad
is
on

.

G
en

Ba
nk

ac
ce
ss
io
n
no

s.

SU
B
FA

M
IL
Y

Sp
ec
ie
s

V
ou

ch
er

an
d
or
ig
in

at
pB

rb
cL

18
S

T
R
IB
E
,S

ub
tr
ib
e

C
O

R
Y

P
H

O
ID

E
A

E
C
O
R
Y
PH

EA
E

Th
ri
na

ci
na

e
C
he
ly
oc
ar
pu
s
re
pe
ns

K
ah

n
an

d
M
ej
ia

H
70

70
,W

IS
;c
ul
t.
FT

G
88

55
9

A
Y
01

24
00

A
Y
01
24
57

A
Y
01
23
43

C
ha
m
ae
ro
ps
hu
m
ili
s
L.

H
70

44
,W

IS
;c
ul
t.
FT

G
s.
n.

A
Y
01

23
99

A
Y
01
24
56

A
Y
01
23
42

R
ha
pi
s
su
bt
ili
s
Be

cc
.

H
70

94
,W

IS
;c
ul
t.
FT

G
71

23
9

A
Y
01

24
01

A
Y
01
24
58

A
Y
01
23
44

T
hr
in
ax
ra
di
at
a
Lo

d
d.

ex
Sc
hu

lt.
&

Sc
hu

lt.
f.

H
76

00
,W

IS
;F

lo
ri
da

,U
SA

A
Y
01

24
02

A
Y
01
24
59

A
Y
01
23
45

Tr
ac
hy
ca
rp
us
fo
rt
un
ei
(W

.J
.H

oo
k.
)H

.W
en

d
l.

H
70

74
,W

IS
;c
ul
t.
FT

G
92

20
2

A
Y
01

24
03

A
Y
01
24
60

A
Y
01
23
46

Tr
it
hr
in
ax
ca
m
pe
st
ri
s
(B
ur

m
ei
st
er
)D

ru
d
e
an

d
G
ri
es
eb

.e
x
D
ru

d
e

H
71

04
,W

IS
;c
ul
t.
FT

G
91

27
3

A
Y
01

24
04

A
Y
01
24
61

A
Y
01
23
47

Li
vi
st
on

in
ae

Li
cu
al
a
gr
an
di
s
H
.A

.W
en

dl
.

H
63

94
,W

IS
;c
ul
t.
FT

G
61

45
B

A
Y
01

24
05

A
Y
01
24
62

A
Y
01
23
48

Li
vi
st
on
a
sp
ec
io
sa

K
ur
z

H
59

18
,W

IS
;T

ha
ila

nd
A
Y
01

24
06

A
Y
01
24
63

A
Y
01
23
49

P
ri
tc
ha
rd
io
ps
is
je
an
ne
ne
yi

Be
cc
.

H
s.
n.
,W

IS
;N

ew
C
al
ed

on
ia

A
Y
01

24
07

A
Y
01
24
64

A
Y
01
23
50

W
as
hi
ng
to
ni
a
�l
lif
er
a
(L
in
de

n)
H
.W

en
d
l.

H
69

41
,W

IS
;c
ul
t.
U
ni
v.
W
is
c.

A
Y
01

24
08

A
Y
01
24
65

A
Y
01
23
51

C
or
yp

hi
na

e
C
or
yp
ha
ut
an

La
m
ar
ck

H
70

53
,W

IS
;c
ul
t.
FT

G
R
M
10

06
A
Y
01

24
09

A
Y
01
24
66

A
Y
01
23
52

Sa
ba

lin
ae

Sa
ba
ld
om
in
gu
en
si
s
Be

cc
.

H
77

33
,M

O
N
T;

D
om

in
ic
an

R
ep

ub
lic

A
Y
01

24
10

A
Y
01
24
67

A
Y
01
23
53

PH
O
E
N
IC

EA
E

P
ho
en
ix
da
ct
yl
ife
ra

L.
H
68

99
,W

IS
;c
u
lt.

U
ni
v.
W
is
c.

A
Y
01

24
11

A
Y
01
24
68

A
Y
01
23
54

BO
R
A
SS

EA
E

La
ta
ni
in
ae

B
or
as
su
s
�a
be
lli
fe
ra

L.
H
70

59
,W

IS
;c
ul
t.
FT

G
74

20
1

A
Y
01

24
12

A
Y
01
24
69

A
Y
01
23
55

H
yp

ha
en

in
ae

H
yp
ha
en
e
co
ri
ac
ea

G
ae
rt
n.

H
70

80
,W

IS
;c
ul
t.
FT

G
86

20
8

A
Y
01

24
13

A
Y
01
24
70

A
Y
01
23
56

C
A

L
A

M
O

ID
E

A
E

C
A
LA

M
E
A
E

M
et
ro
xy

lin
ae

M
et
ro
xy
lo
n
vi
ti
en
se

(H
.A

.W
en

dl
.)
Be

nt
h.

an
d
J.
D
.H

oo
k.

H
63

73
,W

IS
;c
ul
t.
FT

G
89

19
7

A
F2

33
08

6
A
F2

33
08
9

A
F1

68
86
0

C
al
am

in
ea
e

Sa
la
cc
a
za
la
cc
a
(J
.G

ae
rt
n.
)V

os
s
ex

Bi
lm

or
in

H
63

77
,W

IS
;c
ul
t.
FT

G
64

66
1

A
Y
01

24
15

A
Y
01
24
72

A
Y
01
23
58

C
al
am
us
ca
es
iu
s
Bl
um

e
H
63

90
,W

IS
;c
ul
t.
FT

G
64

12
9C

A
F2

33
08

1
A
Y
04
46
19

A
F1

68
82
8

LE
PI
D
O
C
A
R
Y
EA

E
M
au
ri
ti
a
�e
xu
os
a
L
.f
.

H
70

87
,W

IS
;c
ul
t.
FT

G
88

57
6

A
Y
01

24
16

A
Y
01
24
73

A
Y
01
23
59

N
Y

P
O

ID
E

A
E

N
yp
a
fr
ut
ic
an
s
W
ur
m
b.

H
71

06
,W

IS
;c
ul
t.
FT

G
s.
n.

A
Y
01

24
14

A
Y
01
24
71

A
Y
01
23
57

C
E

R
O

X
Y

L
O

ID
E

A
E

C
Y
C
LO

SP
A
TH

EA
E

P
se
ud
op
ho
en
ix
vi
ni
fe
ra

(M
ar
t.)

Be
cc
.

H
77

32
,M

O
N
T;

D
om

in
ic
an

R
ep

ub
lic

A
Y
01

24
17

A
Y
01
24
74

A
Y
01
23
60

C
ER

O
X
Y
LE

A
E

R
av
en
ea
hi
ld
eb
ra
nd
ii
C
.D

.B
ou

ch
é
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City, CA), 2.0 pM primer, and water to a �nal
volume of 10 ¹L. Reactionswere centrifuged
on Sephadex columns (Centri-Sep; Princeton
Separations, Adelphia, NJ) and dried under
a vacuum.
Sequence alignment and phylogenetic anal-

ysis.—Contigs were assembled with Se-
quencher ver. 3.1 (GeneCodes, Ann Arbor,
MI). Multiple sequence alignments of rbcL,
atpB, and 18S rDNA were mostly unam-
biguous and were performed manually. 18S
alignments were guided by those used by
Soltis et al. (2000). The new data were an-
alyzed independently and with the previ-
ously published cpDNA trnL-trnF and rps16
spacer/intron sequences of Asmussen and
Chase (2001) and the morphological and
cpDNArestriction fragment length polymor-
phism (RFLP) data of Uhl et al. (1995). The
cpDNA spacer/intron data were kindly pro-
vided by B. Baker and C. Asmussen (Royal
Botanic Gardens, Kew, London). The align-
ment analyzed the excluded gap positions
as indicated in Asmussen and Chase (2001).
The appended binary gap characterswere in-
cluded in some but not all analyses.
For the combined analyses, different

species of the same genus were occasionally
represented among the different datasets. An
assumption was made that genera repre-
sented by different species aremonophyletic.
In only a few cases does evidence contradict
this (e.g., Calamus and Prestoea/Euterpe).
For comparisonswith the cpDNAnoncod-

ing sequence data of Asmussen and Chase
(2001) and the morphology and cpDNA
RFLP data of Uhl et al. (1995), the matrix was
trimmed to include only genera with com-
plete information on both sides of the par-
titions (45 genera for DNA sequence data
and 33 genera for morphology and RFLP
data). A copy of the data matrix is posted
at http://cerc.columbia.edu/hahn/datasets.
palm3gene.
Phylogenetic analyses used the maximum

parsimony (MP) and maximum likelihood
(ML) criteria implemented in PAUP¤ ver.
4.0b8 (Swofford, 2001) onaPower PCG3/350
with MacOS 8.6 and a Sun UltraSPARC
10/350 running Solaris 8.
Incongruence among data partitions was

evaluated with the partition-homogeneity
(PH) test (the incongruence length differ-
ence test of Farris et al., 1994) as imple-
mented in PAUP¤ (Swofford, 2001). The PH
test used 100 resamplings under the MP

criterion with only variable characters in-
cluded, all characters equally weighted, tree
bisection-reconnection (TBR) branch swap-
ping, and a maximum of 200 trees held in
memory for each character resampled. Spe-
ci�c tests ofdata partition incongruencewere
conducted between all plastid and nuclear
sequence data, between coding and noncod-
ing cpDNA data, and between morphologi-
cal and molecular data.

MP analyses were conducted on the 65-
taxon data set for (1) 18S alone, (2) cpDNA
coding data (atpB C rbcL), and (3) the com-
bined three-gene data (atpB C rbcL C 18S).
MP analyses were conducted on a reduced
45-taxon set by using (1) 18S data alone,
(2) cpDNAcoding sequence data, (3) all plas-
tid sequence data (atpB C rbcL C rps16
intron C trnL-trnF spacer and intron), or
(4) all sequence data (18S C cpDNA se-
quences). MP analyses on a further reduced
33-taxon dataset were conducted with (1) all
molecular data (DNA sequence data plus
the cpDNA RFLP data of Uhl et al., 1995)
and (2) all molecular data plus the mor-
phological data of Uhl et al. (1995). Because
cpDNA RFLP and morphological data were
not available for the outgroup taxa, the 33-
taxon analyses were not rooted with these
taxa but rather with a functional outgroup
as determined from the 45- and 65-taxon
analyses.

MP analyses used a heuristic search strat-
egy with 10 random-order of taxon entry
replicates, TBR branch swapping, saving all
shortest trees at each step (MULPARS), and
branch swapping on all trees saved at each
step (STEEPEST descent). The MP analy-
ses weighted all characters and character
state transformations equally, scoring gaps
as missing data. Tree searches for the parti-
tioned 65-taxon 18S and atpB C rbcLmatrices
held amaximum of 5,000 trees. Full heuristic
searches swapping on all shortest trees were
performed on the 33- and 45-taxon matrices
and the 65-taxon three-gene matrix.

Consensus trees and other results from the
original publications were referenced as out-
lined above andused in comparisonswith re-
sults from the current study. Relative support
for each clade was assessed by MP bootstrap
analysis (Felsenstein, 1985; Sanderson, 1995)
with 1,000 pseudoreplicates of the data and
TBR branch swapping in which a maximum
of 200 trees were saved during branch swap-
ping. Character statistics (consistency index,
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CI; retention index, RI) were calculated with
outgroups removed.
ML analyses were conducted on the MP

trees to determine which tree(s) scored
highest for an external optimality criterion
and to estimate model parameters for ML
tree searches. For initial evaluation of MP
trees, a general time-reversible model was
assumed (GTR; Lanave et al., 1984; equiva-
lent to the REV of Yang, 1994a) with a �xed
proportion of invariable sites and gamma-
distributed rate variation across sites free to
vary (I C 0; Gu et al., 1995). All parameter
values were estimated from the data.
A randomly sampled subset of 25 trees

from each of the 65-taxon MP searches was
evaluated for likelihood model �tting. All
45-taxon 18S and cpDNA sequence data
types (coding, noncoding, and combined)
were evaluated against the respective
45-taxon trees. Several taxa with long
branches in the 18S ML trees (relative to the
cpDNAML trees) were removed to examine
whether their presence affected estimates
of base composition and the proportion of
invariable sites (Steele et al., 2000). Because
of the size of the dataset and computational
limits of existing software (e.g., PAML;
Yang, 1997), mixed-model likelihood anal-
yses were not conducted on the combined
18S C atpB C rbcL data or the MP trees.
The Shimodaira–Hasegawa (SH) test as

implemented in PAUP¤ (Shimodaira and
Hasegawa, 1999; Swofford, 2001) was used
to identify trees for which likelihood scores
were not signi�cantly worse (at P < 0.05)
than scores for the optimal ML trees. The
RELL method of Kishino et al. (1990) was
used for bootstrap replications (Shimodaira
and Hasegawa, 1999; Goldman et al., 2000).
Trees with the greatest log-likelihood

scores for each of the character/taxon sets
were analyzed to choose the simplest accept-
able model of substitution (Swofford et al.,
1996; Frati et al., 1997; Sullivan and Swofford,
1997; Sullivan et al., 1997; Naylor and
Brown, 1998). Five models of base substitu-
tion were compared: (1) Jukes–Cantor (JC;
Jukes and Cantor, 1969), (2) F81 (Felsenstein,
1981), (3) K2P (Kimura, 1980), (4) HKY-85
(Hasegawaet al., 1985), and (5)GTR.Among-
site rate variability was modeled under the
following assumptions: (1) all sites were
equal in rate (E); (2) invariable sites were a
�xed proportion (estimated from the data),
with equal rates across sites being free tovary

(I; Hasegawa et al., 1985); (3) rate variation
was �tted to a discrete gamma distribution
(with eight rate categories) across all sites (0;
Yang, 1994b); and (4) a �xed proportion of
invariable sites had gamma-distributed rate
variation across sites free to vary (I C 0; Gu
et al., 1995).

Signi�cance of differences in likelihood
for the different models (when the simpler
model was nested within the more complex
model) was assessed with a likelihood-ratio
test (e.g., Goldman, 1993; Yang et al., 1994;
Whelan andGoldman, 1999). Using themost
complex model as a starting point (GTR C
I C 0), each simpler model was tested for a
signi�cantly lower likelihood with the goal
of using the simplest acceptable model for
subsequent tree searches.

Once the appropriate substitution model
was identi�ed, all optimal trees and mod-
els of change for each of the character/taxon
sets were used as starting points for ML tree
searches in an iterative procedure (Swofford
et al., 1996; Sullivan et al., 1997; Mallatt and
Sullivan, 1998). Heuristic searches were con-
ducted, starting with the highest likelihood
MP trees followed by TBR branch swap-
ping to completion. If the resulting tree from
the �rst search iteration was different from
the starting trees, all model parameter val-
ues were reestimated on the new tree and
a new search was initiated holding the new
parameter values �xed. This procedure was
repeated until no new topologies were re-
covered. The signi�cance of the difference in
likelihood between all trees savedwas tested
with the SH test as described above. Boot-
strap support for theML treeswas estimated
using the FASTSTEP option in PAUP¤:

RESULTS

Sequence Analysis

The three genes sequenced in this study
showed relatively little variation in length,
base composition, or distribution of indels
among the palms sampled (Table 2). Com-
parisons of the 65- and 45-taxon datasets
produced almost identical results for these
variables. To facilitate comparison with
previously published data on noncoding
cpDNA, only the values for the 45-taxon
dataset are presented.

Sequences of atpB had one 6-base deletion
in Trachycarpus, whereas rbcL sequences had
no indels within the coding stretch. For each
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TABLE 2. Characteristics of the �ve DNA sequences used in this study. Values were calculated on the 45-taxon
datasetwith outgroups excluded. The long-branch taxa removedwereArenga,Caryota,Corypha,Hyphaene,Roystonea,
and Sabal.

Length analyzed Gap sites Parsimony- Range of % GC for
Sequence (and total length) analyzed Variable sites informative sites p-distances variable sites

18S 1,710 8 278 (16.3%) 158 (9.2%) 0.1–6.0% 50–66%
18S w/o long- 1,710 7 212 (12.4%) 113 (6.0%) 0.1–4.1% 51–66%

branch taxa
atpB 1,515 6 100 (6.6%) 31 (2.0%) 0.1–1.1% 42–50%
rbcL 1,428 0 142 (9.9%) 57 (4.0%) 0.3–2.5% 45–52%
rps16 785 (1,556) 130 152 (19.4%) 47 (6.0%) 0.4–5.4% 43–49%
trnL-trnF 1,003 (1,337) 308 123 (12.3%) 42 (4.2%) 0.0–3.1% 39–49%

gene, the position of the �rst stop codon var-
ied among species, particularly with atpB,
thus resulting in some length variation. Only
�ve gaps (two of 1 bp and three of 2 bp)
were required to align the 18S sequences
for the 65 palm genera; two additional gaps
(one each of 1 bp and 2 bp) were required
to align outgroups. The few indels found in
the 18S data were easily aligned with align-
ments from previous monocot 18S studies
(e.g., Hershkovitz et al., 1999; Chase et al.,
2000).
Raw p-distances among taxa ranged

from 0.1% to 6.0%, with 18S demonstrat-
ing the greatest and atpB the least maxi-
mum p-distances for the 45-taxon dataset
(Table 2). Removal of only three long-branch
taxa (Arenga, Caryota, and Roystonea) from
the 18S comparisons reduced variable and
parsimony-informative sites by »25% and
maximum p-distances by »30%.
Base composition for variable sites in each

of the three gene sequences was similar
among taxa (Table 2); differences were not
signi�cant as determined by the Â 2 test (non-
independence formultiple comparisonswith
this test is ignored). None of the long-branch
taxa in the 18S rDNA analyses showed a
signi�cantly heterogeneous base composi-
tion. cpDNA sequences showed relatively
uniformAT-richness,whereas nuclear rDNA
18S sequences showed relatively uniform
GC-richness. There was no signi�cant dif-
ference in base composition among variable
sites between coding and noncoding cpDNA
sequences.
PH tests of the data identi�ed incongru-

ence (P < 0:01) between atpB C rbcL and 18S
sequence data in the full 65-taxon set and be-
tween all cpDNA sequence data and 18S on
the 45-taxon set (P< 0.01). Selective removal
of numerous taxa from the 45-taxon set iden-
ti�ed Nypa as responsible for most of the in-

congruence. PH tests on the 45-taxon data
showed no signi�cant heterogeneity among
the different cpDNA data (coding and non-
coding sequences, RFLP). For the 33-taxon
set, morphological data were incongruent
with all other datasets, whether combined or
partitioned (all P < 0.01). Selective removal
of taxa identi�ed several that contributed to
incongruence, including Caryoteae, Ceroxy-
loideae, and Iriarteae.

For all character/taxon combinations an-
alyzed, model �tting on the relevant MP
trees identi�ed the GTRC IC 0 model as the
simplest acceptable model. Likelihood-ratio
tests rejected all simplermodels (P ¿ 0:001),
whether substitution matrix or among-site
rate parameters were involved. Exclusion
of 18S long-branch taxa (Arenga, Bentinckia,
Borassus, Caryota, Corypha, Hyphaene, Roy-
stonea, and Salacca) did not change this
result.

Removal of these long-branch taxa did in-
�uenceestimates on thenumber of invariable
sites and the among-site rate heterogeneity
gamma shape parameter. For the 65-taxon
analysis (outgroups excluded), PInvar was
54% but increased to 63% when the eight
long-branch taxa were removed. The gamma
shape parameter also changed from 0.39 to
0.43 when long-branch taxa were removed.
Even greater differences were seen in the
45-taxon analysis (Table 3). Only minor dif-
ferences were seen in the cpDNA values
when these same taxa were removed.

For 18S data, ML model parameter esti-
mates indicatedmore CT transitions than ex-
pected under an equal rates model (Table 3).
In contrast to the effects on among-site
rate estimates, removal of long-branch taxa
had a relatively minor effect on substitu-
tion parameter estimates. Parameter esti-
mates for cpDNA data indicated less bias
between transition types but an greater rate
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TABLE 3. Maximum parsimony tree statistics. CI, consistency index; RI, retention index. Outgroups have been
removed from all calculations. Long-branch taxa removed in the 18S studies were Arenga, Bentinckia, Borassus,
Caryota, Corypha, Hyphaene, Roystonea, Sabal, and Salacca. Simple sequence repeat and binary-coded gaps were
removed from trnL-trnF data as described in text.

No.

Dataset Trees Chars. Inform. chars. Tree length CI RI

65 taxa/18S >5000 1710 190 691 0.535 0.612
65 taxa/18S no long-branch taxa 2601 1710 113 438 0.578 0.638
45 taxa/18S 2248 1710 158 534 0.592 0.599
45 taxa/18S no long-branch taxa 36 1710 96 344 0.625 0.607
65taxa/atpBCrbcL >5000 2943 104 541 0.580 0.611
45 taxa/atpBCrbcL 292 2943 88 410 0.632 0.592
45 taxa/atpBCrbcLCrps16CtrnL-trnF 606 4709 166 736 0.732 0.661
65 taxa/atpBCrbcLC18S 4209 4653 286 1280 0.534 0.577
45 taxa/atpBCrbcLC18S 22 4653 299 1197 0.631 0.575
45 taxa/atpBCrbcLCrps 16C 32 6419 406 1667 0.684 0.596
trnL-trnFC18S

33 taxa/sequenceCcpDNA RFLP 29 6562 358 1245 0.682 0.651
33 taxa/all data 2 6603 393 1375 0.655 0.647

of AC transversions (presumably because
of silent third-position AC transversions for
isoleucine).

Phylogenetic Analysis

18S data.—MP tree searches of the 18S
data for 65 palm genera were terminated
at 5,000 shortest trees (LD 691, CID 0.535,
RID 0.612). A strict consensus of these
preserved signi�cant structure with boot-
strap support for many clades at >70%.
Well-supported clades includeCalamoideae,
Phytelephantoideae, the three genera of
Hyophorbeae (Chamaedorea, Hyophorbe, and
Wendlandiella), the clade of BorasseaeC
CoryphinaeC Caryoteae, and a clade of
Livistoninae COld World Thrinacinae. The
clade of CoryphoideaeC Caryoteae was
monophyletic but not strongly supported.
MP analysis of 18S data for the reduced
45-taxon set identi�ed 2,248 shortest trees
(LD 534, CID 0.592, RID 0.599). A strict
consensus of these identi�ed the same
overall topology with similar patterns of
support.
ML analysis of the 65-taxon/18S data re-

covered a topology (Fig. 1) showing many
similarities to previously published cpDNA
trees (e.g., Asmussen and Chase, 2001) but
differing in several regards. In the 18S tree,
Nypa is sister to Coryphoideae, tribe Iriarteae
is paraphyletic and embedded among vari-
ous members of tribe Areceae, Geonomeae
is unresolved relative to the remainder of
the Arecoid Line, and Phoenix is part of a
clade containing Livistoninae and Thrinaci-
nae. However, very few of the 18S place-

ments arewell supported bybootstrap analy-
sis. The 18S ML tree for the 45-taxon dataset
maintained the essential features of the 65-
taxon ML tree.

Branch lengths were noticeably longer for
several taxa in the 18SML trees. Themost vis-
ible long-branch taxa are the two Caryotoid
palms (Arenga and Caryota), the two mem-
bers of Borasseae (Borassus and Hyphaene),
and Sabal. Because these taxa sometimes
group with each other in the MP trees, we
examined the possibility of long-branch at-
traction by sequentially removing each long-
branch taxon in various combinations. Al-
though this strategy greatly reduced the
number of MP trees, in no case did removal
of any taxon in�uence the relative resolution
of any other taxon or group of taxa in the
analysis.
cpDNA data.—MP searches of the 65-

taxon/atpB C rbcL dataset were terminated
at 5,000 trees (LD 541, CID 0.580, RID 0.611).
The strict consensus retained some resolu-
tion, mostly within the Coryphoid clade,
where relationships were similar but not
identical to those uncovered with 18S data.
Several other groups were supported as
monophyletic by bootstrap analysis includ-
ing Calamoideae and Phytelephantoideae,
and tribes Cocoeae, Geonomeae, Hyophor-
beae, and Iriarteae.However, relationshipsat
the base of the familywere almost completely
unresolved. Analysis of the 45-taxon data re-
covered 292 MP trees (LD 410, CID 0.632,
RID 0.592). A strict consensus displayed the
samegeneral topologyas the 65-taxon atpB C
rbcL consensus tree.
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The atpBC rbcL ML tree was not well
resolved and demonstrated many short
branches with little or no ML bootstrap sup-
port (Fig. 2).None of the basal nodes are sup-
ported, and many taxa supported as mono-
phyletic in MP analyses are not recoved in
the ML tree (e.g., Cocoeae, Iriarteae).
MP analysis of combined cpDNA se-

quence data (atpBC rbcLC rps16 intronC
trnL-trnF intron and spacer) for the 45-taxon
dataset recovered 606 trees (LD 736,
CID 0.732, RID 0.661). A strict consensus
retained considerable structure, and support
for resolution is seen throughout most of the
tree. The parsimony score for the ML tree
obtainedwith these data (Fig. 3) was actually
one step shorter than the corresponding
MP trees and was highly congruent with
the MP consensus tree. Calamoideae and
Nypoideae are unresolved at the base of the
tree but the Coryphoid and Arecoid groups
are together supported asmonophyletic. The
Coryphoid group itself is not monophyletic
but the Arecoid Line is.
Within the Coryphoid clade, the position

of the Neotropical Thrinacinae is the biggest
difference from the 18S trees. Relationships
within the Arecoid Line clade are much bet-
ter resolved than in the 18S ML andMP trees
or in the atpBC rbcL ML trees. Phytelephan-
toideae is not supported asmonophyletic but
Cocoeae,Geonomeae, Hyophorbeae, and Iri-
arteae are. Additionally, a clade of the Indo-
Paci�c pseudomonomerous Areceae gen-
era (Areca, Balaka,Cyphophoenix,Cyrtostachys,
Gronophyllum, Hydriastele, Kentiopsis, and
Veitchia) plus the Malagasy Dypsis is
identi�ed.
Combined data.—Despite the incongru-

ence between the 18S and cpDNA data,
MP analyses of combined data were per-
formed to compare properties of the dif-
ferent datasets. MP analysis of the com-
bined atpBC rbcLC 18S data for the 65-taxon
set identi�ed 4,209 shortest trees (L D 1208,
CID 0.534, RID 0.577), the strict consensus
being resolved mostly among Coryphoids.
Analysis of these data for the 45-taxon set

Ã
FIGURE 1. Maximum likelihood reconstruction for the 18S sequence data for 65 genera of palms plus

three outgroups (GTRC IC 0 model, -log likelihoodD 6,992.98; ACD 0.665, AGD 3.129, ATD 0.741, CGD 0.998,
CTD 9.801, GTD 1, ID 0.520, 0 D 0.384). Parameter values were estimated with outgroups. Bootstrap proportions
>60% are listed on the branches. The four major lineages of palms are identi�ed (Calamoideae, Nypoideae,
Coryphoideae CCaryoteae, and the Arecoid Line). Subfamilies Ceroxyloideae (Chamaedorea, Hyophorbe, Pseu-
dophoenix, Ravenea, and Wendlandiella), and Phytelephantoideae (Aphandra and Phytelephas) are identi�ed as Ce
and P, respectively.

recovered only 22 trees (LD 1197, CID 0.631,
RID 0.575) with the strict consensus (Fig. 4)
showing considerable resolution. Subfamily
Calamoideae is the �rst branching lineage
followed by an unresolved group with Ny-
poideae, two groups of Coryphoids, and the
Arecoid Line. Each of these is well supported
asmonophyletic but the relationships among
them are uncertain. The most notable differ-
ence between these trees and the cpDNA se-
quence trees is theposition of theNeotropical
Thrinacinae.

MP analysis of all available molecular
sequence data (atpBC rbcLC rps16 intronC
trnL-trnF intron and spacerC 18S) increased
the number of trees only slightly to 32
(LD 1667, CID 0.684, RID 0.596), the consen-
sus being very similar to that derived from
atpBC rbcLC 18S only.

MP analysis of all available molecular data
(cp and nuclear DNA sequenceC cpDNA
RFLP) on the 33-taxon dataset recovered
29 trees (L D 1,245, CID 0.682, RID 0.651), the
consensus (Fig. 5a) being similar to that for
the all-sequence data trees.MP analysis of all
available molecular and morphological data
combined identi�ed only two trees (Fig. 5b;
LD 375, CID 0.655, RID 0.647). These were
very similar to the combined molecular data
trees.

DISCUSSION

The primary results of this study demon-
strate that relationships among themajor lin-
eages ofpalmscan be better resolved through
a combination of increased character sam-
pling and characterization of the different
data forms. Although incongruence is de-
tectable among some partitions of the data
analyzed and many of the patterns of re-
lationship identi�ed are only weakly sup-
ported, the general trend is toward a more
fully resolved and well-supported estimate
of phylogenetic relationships for the Palmae.

Character Sample Size

Several authors have discussed the rel-
ative merits of increasing character data
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FIGURE 2. Maximum likelihood reconstruction for atpBC rbcL data for 65 genera of palms plus three outgroups
(GTRC IC 0 model, –log likelihoodD 9,439.44; ACD 2.034, AGD 4.618, ATD 0.425, CGD 0.981, CTD 5.309, GTD 1,
ID 0.637, 0 D 0.518). Parameter values were estimated with outgroups. Bootstrap proportions >60% are listed on
the branches. Higher taxa are labeled as in Figure 1.
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FIGURE 3. Maximum likelihood reconstruction for the combined cpDNA sequence data (atpB, rbcL,
rps16, and trnL-trnF) dataset for 45 genera of palms (GTRC IC 0 model, -log likelihoodD 13,321.03; ACD
1.575, AGD 3.297, ATD 0.556, CGD 0.975, CTD 3.506, GTD 1, ID 0.528, 0 D 0.678). Parameter valueswere estimated
with outgroups. Bootstrap proportions >60% are listed on the branches. Higher taxa are labeled as in Figure 1.
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FIGURE 4. Strict consensus of 32MP trees for the combinedmolecular sequence data (atpB, rbcL, rps16, trnL-trnF,
and 18S) for 64 taxa of palms. Bootstrap proportions >60% are labeled on the branches. Higher taxa are labeled as
in Figure 1.
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FIGURE 5. Strict consensus of MP trees for the reduced 33-taxon analyses. Bootstrap proportions >50% are
labeled on branches. On the left, consensus of 29 trees (L D 1,245, CI D 0.682, RI D 0.651) from the combined
molecular data analyses. On the right, consensus of two trees (L D 1,375, CID 0.655, RI D 0.647) from analysis of the
combinedmorphological andmolecular data. The four major lineages of palms are identi�ed as Ca DCalamoideae,
N D Nypoideae, C C C D Coryphoideae C Caryoteae, and A D the Arecoid Line.

versus increasing taxon representation (e.g.,
Graybeal, 1998;Halanych, 1998; Bremer et al.,
1999). For the palms, increased character
sampling seems to be more important in
that a comparison of results for the full
(65-taxon) and reduced (45- and 33-taxon)
datasets suggests little difference in core
topology but a considerable increase in sup-
port as more characters are added. Further-
more, the presence of long branches in the
family is noted only with 18S data and
for only a few taxa. Long-branch attrac-
tion (sensu Hendy and Penny, 1989) does
not seem to be responsible for grouping of
the Caryoteae and Borasseae because that
grouping is seen with both 18S (with long
branches) and cpDNA data (with compar-

atively average branch lengths). Relation-
ships among the basal branches of the family,
however, may be obscured by long-branch
attraction, and additional study is needed
to resolve the branching pattern among
the Calamoid, Nypoid, and Coryphoid
lineages.

The effects of character sample sizes on
phylogenetic analysis arewidely recognized.
Character data must be suf�cient in num-
ber as well as appropriate in quality. A large
number of variable characters may lead to
poor phylogenetic resolution because of ho-
moplasy, whereas inadequate numbers of
character data, no matter what their qual-
ity, will never provide enough evidence
for estimates of phylogenetic relationships.
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Con�icting orhomoplastic character data are
seen in almost every phylogenetic dataset,
but the lack of adequate signal is proba-
bly a more important reason for the poorly
resolved estimates of relationship in the
Palmae—particularly at the base of the fam-
ily and at the base of the larger Coryphoid
andArecoid Line clades, where relationships
remain uncertain.
Morphological data have been analyzed

in the palm family (Uhl et al., 1995) but
overall phylogenetic resolution was poor.
Much of the lack of resolution was at-
tributable to a lack of unambiguous char-
acter information because most of the char-
acters exhibited homoplasy. Additionally,
polymorphisms for many characters may
have in�uenced resolving power. Nonethe-
less, the reported homoplasy indices for the
morphological analyses (CID 0.34, RID 0.75)
are about average for the number of taxa
and characters analyzed (Sanderson and
Donoghue, 1989). With the total number of
character states (41 with 10 multistate for
a minimum of 52 steps) signi�cantly fewer
than the number of taxa analyzed (67), a lack
of resolution is not surprising.
Notoriously slow rates ofmolecular evolu-

tion in palms have also limited the number of
characters available for analysis (e.g.,Wilson
et al., 1990; Gaut et al., 1992). The initial stud-
ies of Wilson et al. (1990) clearly demon-
strated this, and all subsequent molecular
sequences have delivered the same result: a
lack of adequate character variation to un-
ambiguously support phylogenetic resolu-
tion for the number of taxa sampled. For ex-
ample, the cpDNA intergenic spacer/intron
studies of Asmussen et al. (2000) produced
only 110 parsimony-informative sites for
the 64 taxa surveyed. Average intergeneric
p-distances ranged from 0.1% to 5.6% for
the cpDNA regions studied—values usually
seen for interspeci�c comparisons of the same
regions in other taxa.
As �rst seen in the cpDNA RFLP studies

of Wilson et al. (1990), an additional prob-
lem exists with palm molecular data: Of the
variation observed, most is con�ned to only
a few taxa. For example, in the cpDNA stud-
ies of Uhl et al. (1995), a total of 287 stepswas
recorded in the most-parsimonious trees for
the 143 characters analyzed. Of the total tree
length reported in that study, »37% is con-
�ned to four clades accounting for only 18 of
the 67 terminal taxa analyzed: Nypa, Calam-

oideae (2 spp.), Hyophorbeae (14 spp.), and
Caryoteae (1 sp.). If the genera of Hyophor-
beae thatwere sampledmore than oncewere
to be represented by only a single species
each, this fraction changes to »36% of the
variation being con�ned to only 14 of the
67 taxa sampled. The cpDNA sequence stud-
ies of Asmussen et al. (2000) showed an even
stronger pattern with these taxa. Of a total
tree length of 255 steps in the trees recovered
by these authors 180 steps (71%) were con-
�ned to only 14 of the 65 taxa sampled.

The number of characters analyzed in
the current analysis (4,653 new characters
with 286 parsimony-informative characters
among palms) is much greater than the
number analyzed in any previous analysis
of palms, which has contributed to the in-
creases in phylogenetic resolution obtained
among the 65 genera studied. Nonetheless,
many points of weak or con�icting resolu-
tion remain. Datasets of this size have been
adequate to resolve relationships for equiv-
alent number of taxa in other plant families
(e.g., Rubiaceae; Bremer et al., 1999), but the
speci�c distributions of variation and branch
lengths were more limited in the palm study.
This result suggests that at least some aspects
of character evolutionmay be limitingpoten-
tial phylogenetic resolution.

Congruence Among Character Types

Arguments for and against combined and
partitioned analyses are numerous (e.g.,
Bull et al., 1993; Farris et al., 1994; de Queiroz
et al., 1995;Huelsenbeck et al., 1996; Swofford
et al., 1996; Ballard et al., 1998) and form the
basis for some of the exploratory analyses
in the current study. Partitioned analyses of
the data were conducted because of (1) the
possibility of erroneous homology assess-
ment in sequence alignments (e.g., 18S and
cpDNA noncoding regions), (2) heterogene-
ity in patterns of evolution for nuclear rDNA
18S sequences (e.g., Hershkovitz et al., 1999),
and (3) known or suspected patterns of ho-
moplasy in morphological data (Drans�eld
et al., 1990; Uhl et al., 1995).

In the current study, incongruence be-
tween data partitions was centered on
only a few taxa. Morphological data were
incongruent with all molecular data as a
result of apparentmorphological homoplasy
for Caryoteae, Ceroxyloideae, Iriarteae,
and Thrinacinae. Among molecular data,

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/51/1/92/1631355 by guest on 24 April 2024



108 SYSTEMATIC BIOLOGY VOL. 51

incongruence was found between 18S and
cpDNA data mostly because of the position
of Nypa. Several other points of incongru-
ence were present between the recovered 18S
and cpDNA trees, butmost of the differences
were poorly supported and suggest limited
rather than con�icting signal.
Differences between morphology and

molecules are not too surprising, given that
the morphological homoplasy within the
family is well documented (e.g., Drans�eld
et al., 1990; Uhl et al., 1995). Unfortunately,
many aspects of palm taxonomy are founded
on seemingly homoplastic patterns of simi-
larity (Uhl and Drans�eld, 1987; Drans�eld
and Uhl, 1998). Characters such as carpel fu-
sion, �oral arrangement, leaf division, and
branching pattern were formerly considered
strong indicators of relationship but subse-
quentlyhavebeen shown tobe subject tocon-
vergent evolution (e.g., Baker et al., 2000). In
fact, some of the most dramatic differences
seen between the taxonomies ofMoore (1973)
andDrans�eld andUhl (1988) center ondif�-
culties in homology determination for these
same structures.
The most visibile difference between

molecular and morphological phylogenies is
with the Caryotoid palms (Arenga, Caryota,
and Wallichia). This group is placed either
close to Coryphoideae when leaf anatomy
is emphasized (as subfamily Caryotoideae
sensu Moore, 1960, 1973) or within Are-
coideae when �oral arrangement is stressed
(as tribe Caryoteae sensu Drans�eld and
Uhl, 1998). Phylogenetic studies offer mixed
results on these alternative hypotheses of
relationship.
Wilson et al. (1990) demonstrated a long

branch for Caryota with cpDNA RFLP data
and their analysis grouped the genus close to
a paraphyletic Coryphoideae. The morpho-
logical study of Uhl et al. (1995) suggested
an Arecoideae af�nity for Caryoteae (repre-
sented byWallichia), but their cpDNA RFLP
study placed the genus squarely among
Coryphoideae. More recent cpDNA stud-
ies (e.g., Asmussen and Chase, 2001) have
placed Caryoteae within Coryphoideae.
While nuclear malate synthase intron data
(Lewis and Doyle, 2001) are equivocal on
the placement of Caryoteae. The current
study �rmly resolved Caryoteae with Bo-
rasseae of Coryphoideae with both cpDNA
and nuclear 18S data. A synthesis of these
results supports the grouping of Caryotoid

palms with Coryphoideae and suggests that
at least some morphological characters are
homoplastic, given the consistent pattern
displayed by a range of molecular data
types.

The pattern of incongruence between
morphology and most molecular data sets
is stable regarding the position of Cary-
oteae, but several points of incongruence
are present among the different molecu-
lar datasets. Speci�cally, the positions of
Nypa, Geonomeae, Iriarteae, and Neotropi-
cal Thrinacinae differ between cpDNA and
18S trees. Several factors may be respon-
sible but most important may be some
properties of 18S. Despite its widespread
use in molecular phylogenetics (e.g., Hillis
and Dixon, 1991; Hershkovitz et al., 1999),
18S has demonstrated incongruence with
manyother datasets (e.g.,Huelsenbeck, 1997;
Stiller and Hall, 1999) and the current study
may represent yet another example of this.

For palms, 18S demonstrates CT transi-
tionsabout three times more frequent than
AG transitions and 10–15 times as frequent
as transversions (Table 4). This observation
is common in ribosomal RNA genes where
either C or U can form bonds with G, thus
leaving fewer constraints on the CT class
of transitions than on the AG class. Remov-
ing long-branch taxa reduced the composi-
tional heterogeneity between species but the
overall pattern remained for both the 65- and
45-taxon sets.

Base composition heterogeneity for 18S
that contributed to erroneous phylogenetic
resolution in other taxa (e.g., Steel et al., 2000)
does not seem tobepresent in Palmae.For the
palms, base composition is relatively even
across taxa (50–66%), and long-branch taxa
are well within this range (Table 2).

Among-site rate variation is more ex-
treme with 18S than with cpDNA data
and does change with removal of long-
branch taxa (Table 4). In particular, the per-
centage of estimated invariable sites (PIn-
var) was greater when long-branch taxa
were removed (0.633 in the 65-taxon set vs.
0.542when long-branch taxa were included).
This is about as severe as the difference
seen in the Streptsiptera example discussed
by Steele et al. (2000) and may be respon-
sible for some of the variation in resolu-
tion between analyses seen in the current
study. Further investigation of the evolution-
ary properties of these taxa is necessary to
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TABLE 4. Maximum likelihood model parameter estimates. PInvar D proportion of invariable sites. Alpha D
gamma distribution shape parameter. Calculations are based on the GTRC IC 0 model with eight rate categories
for the shape parameter. Outgroup taxa are removed for all parameter calculations. Long-branch taxa removed in
the 18S studies were Arenga, Bentinckia, Borassus, Caryota, Corypha , Hyphaene, Roystonea, and Salacca.

Dataset Log likelihood CT AG AT AC CG GT PInvar Alpha

65 taxa/18S 6,611.33 10.457 3.477 0.822 0.605 1.007 1 0.542 0.388
65 taxa/18S w/o 5,181.10 10.349 3.841 1.044 0.723 0.977 1 0.633 0.431

long-branch taxa
45 taxa/18S 5,580.42 11.251 3.665 0.994 0.619 0.981 1 0.550 0.440
45 taxa/18S w/o 4,561.41 10.747 3.695 1.224 0.693 0.988 1 0.660 0.491

long-branch taxa
65 taxa/atpBCrbcL 7,929.00 3.332 3.370 0.319 1.746 0.832 1 0.753 0.456
65 taxa/atpBCrbcL w/o 7,373.57 3.423 3.096 0.267 1.744 0.773 1 0.763 0.475

long-branch taxa
45 taxa/atpBCrbcL 7,021.71 3.477 3.783 0.373 1.903 0.959 1 0.769 0.484
45 taxa/atpBCrbcL w/o 6,571.28 3.546 3.771 0.293 1.893 0.926 1 0.788 0.542

long-branch taxa
45 taxa/atpBCrbcL C 11,709.60 2.829 2.744 0.464 1.469 0.986 1 0.634 0.654
rps16C trnL-trnF

45 taxa/atpBCrbcLC 10,891.91 2.807 2.632 0.357 1.425 0.863 1 0.656 0.665
rps16C trnL-trnF w/o
long-branch taxa

fully understand the nature of incongruence
among datasets.

Phylogenetic Results

The results of the current study indicate
a general trend toward a stable estimate of
phylogenetic relationships for the Palmae. In
the larger-scale 65-taxon analyses, the data
available (atpB, rbcL, and 18S) were insuf�-
cient to resolve relationships with any de-
gree of support. Nonetheless, the recovered
phylogenies are compatiblewith those found
in the various 45-taxon analyses, which are
much better resolved and supported. The
33-taxon topologies are even better resolved
but lack several critical taxa and are more
subject to the effects of incongruence be-
tween molecular and morphological data.
As such, a comparison of results from the

45- and 33-taxon trees offers the best refer-
ence for phylogenetic inference on palms. Of
the different 45-taxon analyses, the two that
provide thebest-supported resolutionare the
cpDNA sequence ML tree (Fig. 3) and the
complete DNA sequence MP consensus tree
(Fig. 4). The two 33-taxon trees are presented
in Figure 5.
Synthesizing the results of the various

phylogenetic studies of palms identi�ed
four main groups of palms: (1) a mono-
phyletic Calamoideae sister to the remain-
der of the family, (2) Nypoideae as the
next branching element, (3) a monophyletic

Coryphoideae plus the Caryotoid palms,
and (4) a monophyletic Arecoid Line sensu
Moore (i.e., theArecoideaeminus Caryoteae,
Ceroxyloideae, and Phytelephantoideae of
Drans�eld and Uhl, 1998).

The basal branching pattern in palms is
still not certain but the weight of evidence
suggests that Calamoideae branched �rst,
followed by Nypoideae (e.g., Fig. 4). Both of
these taxahavedeep fossil records and are as-
sociated with comparatively long branches
in most available phylogenetic reconstruc-
tions. Although cpDNA data are relatively
consistent in supporting Calamoideae as the
�rst branching lineage, nuclear data and
morphological information are equivocal
and introduce some uncertainty (e.g., Fig. 4).
Aparticular concern is thepossibility of long-
branch attraction among these early diverg-
ing lineages. Some evidence for this is found
with 18S data in the present study but fur-
ther investigation is required to verify long-
branch attraction and to properly ascertain
the basal branching order within the family.

Monophyly of Coryphoideae has been
questioned by Drans�eld et al. (1990) but
that study did not consider the Caryotoid
palms directly. Given that all molecular
studies to date group the Caryotoid palms
with Corypoideae, a morphological syna-
pomorphy of induplicate leaves could be
used to de�ne a clade of Coryphoideae
CCaryoteae. Molecular data are equivocal,
however, on the overall monophyly of this
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group. In the current study, monophyly for
the group was found with 18S data (Fig. 1)
andwith combined data in the 33-taxon anal-
yses (Fig. 5) but not in any of the cpDNA-
only analyses. Asmussen and Chase (2001)
recovered a similar result in their studies
of cpDNA sequence data. Monophyly was
supported in the combined cpDNA plus 18S
analyses but the clade also includedNypa. As
with the question of basal branching order,
monophyly of CoryphoideaeCCaryoteae is
still incompletely answered.
Although monophyly of the Coryphoid

clade is not strongly supported in all analy-
ses, relationshipswithin the CoryphoideaeC
Caryoteae are relatively stable. The Old
World Thrinacinae groups with Livistoni-
nae in most analyses and Corypha is usually
associated with Borasseae and Caryoteae.
Only the position ofNeotropical Thrinacinae
was unstable among the different analy-
ses. The positions of Sabal and Phoenix were
stable in the current analysis but differed
from placements observed in other stud-
ies of palm relationships. In the current
study, Sabal usually grouped with Corypha,
and Phoenix was resolved with Livistoni-
nae. In contrast, previous studies of cpDNA
data (e.g., Uhl et al., 1995; Asmussen and
Chase, 2001) resolved SabalwithNeotropical
Thrinacinae and placed Phoenix at the base
of the Coryphoid assemblage. Although dif-
ferent species of these genera were used in
the different studies, other factors seem to be
involved.
The grouping of Caryoteae with Cory-

phoideae has been observed in all cpDNA
molecular studies to date (e.g., Uhl et al.,
1995; Asmussen et al., 2000) and repre-
sents the most noticeable difference between
molecular and morphological trees. The res-
olution of CaryoteaeCCoryphoideae with
nuclear 18Sdata in the current serves as addi-
tional corroboration of this result. Although
Caryoteae show very long branches in the
18S trees and group with other long-branch
taxa such as Borassus and Hyphaene, there is
no evidence that long-branch attraction is re-
sponsible for the resolution achieved in the
current study.
The fourth main group of palms, the

Arecoid Line, is well supported as mono-
phyletic in most of the analyses. Within
the clade, tribes Cocoeae, Geonomeae,
Hyophorbeae, and Iriarteae and subfamily
Phytelephantoideae are usually identi�ed

as monophyletic. Additionally, the IndoPa-
ci�cC Malagasy clade identi�ed in the cur-
rent analysis is also recovered in most
othermolecular studies.However, resolution
among themajor lineages of theArecoid Line
is poor and in need ofmuch additional study.
These results have been observed in other
phylogenetic analyses (e.g., Asmussen and
Chase, 2001) but the current study provides
additional support and resolution.

In summary, estimates of palm phyloge-
netic relationships based on combined mor-
phological and molecular data have shown
increased resolution and support relative
to previously published palm phylogenies.
Although incongruence between molecules
and morphology and between cpDNA and
nuclear DNA is evident, the abundance of
cpDNA data and their relatively simple sub-
stitution properties seem tomake cpDNAes-
timates of palm phylogeny the most reliable
at the present time.
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