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PHYLOGENETIC ANALYSES OF CORNALES BASED ON
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Nuclear 26S rDNA sequences were used to corroborate and test previously published matK-rbcL-based hypotheses of phylogenetic
relationships in Cornales. Sequences were generated for 53 taxa including Alangium, Camptotheca, Cornus, Curtisia, Davidia, Diplo-
panax, Mastixia, Nyssa, and four families: Grubbiaceae, Hydrangeaceae, Hydrostachyaceae, and Loasaceae. Fifteen taxa from asterids
were used as outgroups. The 26S rDNA sequences were initially analyzed separately and then combined with matK-rbcL sequences,
using both parsimony and maximum likelihood methods. Eight strongly supported major clades were identified within Cornales by all
analyses: Cornus, Alangium, nyssoids (Nyssa, Davidia, and Camptotheca), mastixioids (Mastixia and Diplopanax), Hydrangeaceae,
Loasaceae, Grubbia-Curtisia, and Hydrostachys. However, relationships among the major lineages are not strongly supported in either
26S rDNA or combined 26S rDNA-matK-rbcL topologies, except for the sister relationships between Cornus and Alangium and between
nyssoids and mastixioids in the tree from combined data. Discrepancies in relationships among major lineages, especially the placement
of the long-branched Hydrostachys, were found between parsimony and maximum likelihood trees in all analyses. Incongruence
between the 26S rDNA and matK-rbcL data sets was suggested, where Hydrangeaceae was found to be largely responsible for the
incongruence. The long branch of Hydrostachys revealed in previous analyses was reduced significantly with more sampling. Maximum
likelihood analysis of combined 26S rDNA-matK-rbcL sequences suggested that Hydrostachys might be sister to the remainder of
Cornales, that Cornus-Alangium are sisters, that nyssoids-mastixioids are sisters, and that Hydrangeaceae-Loasaceae are sisters, con-
sistent with previous analyses of matK-rbcL sequence data.

Key words: Cornales; Grubbiaceae; Hydrostachyaceae; incongruence; long-branch attraction; matK-rbcL; phylogenetics; 26S
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The order Cornales consists of a diversity of plants from
herbs to shrubs and trees. Taxonomic circumscription of Cor-
nales and phylogenetic relationships within Cornales have long
been controversial. Early in 1898, Harms recognized a broadly
defined Cornaceae (Alangium, Aucuba, Camptotheca, Cornus,
Corokia, Curtisia, Davidia, Garrya, Griselinia, Helwingia,
Kaliphora, Melanophylla, Nyssa, and Toricellia) divided
among seven subfamilies in the order Umbelliflorae. Many of
the genera originally placed in Cornaceae by Harms (1898)
were later treated as distinct families placed in Cornales or
moved to other orders by various authors (Table 1). Several
recent phylogenetic analyses using chloroplast DNA data sug-
gested a Cornales clade that differs from all previous tradi-
tional concepts (Chase et al., 1993; Olmstead et al., 1993;
Xiang et al., 1993, 1998; Xiang and Soltis, 1998; Xiang, 1999;
Albach et al., 2001a, b). This new Cornales clade contains
several genera that have been previously placed in Cornaceae
(Alangium, Camptotheca, Cornus, Curtisia, Davidia, Diplo-
panax, Mastixia, Nyssa) and four other families (Grubbiaceae,
Hydrangeaceae, Hydrostachyaceae, and Loasaceae). Nine gen-
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era (Aralidium, Aucuba, Corokia, Garrya, Griselinia, Helwin-
gia, Kaliphora, Melanophylla, and Toricellia) previously
placed in Cornaceae (or Cornales) by some authors were found
to be related to noncornalean asterids in those studies. This
molecular-based circumscription of Cornales was followed by
the Angiosperm Phylogeny Group (APG) in 1998.

The placement of Hydrangeaceae and Loasaceae within the
Cornales clade was found in all large-scale phylogenetic anal-
yses using single or multiple molecular data sets (e.g., Downie
and Palmer, 1992; Morgan and Soltis, 1993; Olmstead et al.,
1993, 2000; Xiang, 1999; Soltis et al., 2000; Albach et al.,
2001b). The two enigmatic monogeneric African families, Hy-
drostachyaceae and Grubbiaceae, first appeared in the corna-
lean clade in analyses of rbcL sequences for Loasaceae and
Ebenales, respectively (Hempel et al., 1995; Morton et al.,
1996). The affinity of these two families to Cornales was sup-
ported in further analyses for Cornales, asterids, eudicots, and
angiosperms using chloroplast and nuclear genes (e.g., Xiang,
1999; Savolainen et al., 2000a, b; Soltis et al., 2000; Albach
et al., 2001b; Xiang et al., 2002). Relationships within Cor-
nales were not completely resolved in these previous studies,
especially the placement of Hydrostachyaceae, for which there
are few morphological features linking it to other cornalean
taxa. Further, this family was always linked by an extremely
long branch in the phylogenetic trees and its placement within
Cornales was never strongly supported by bootstrap analyses
(Hempel et al., 1995; Xiang, 1999; Soltis et al., 2000; Albach
et al., 2001a; Xiang et al., 2002), and sometimes it was even
placed outside of Cornales (Hufford et al., 2001). In the most
recent analysis of rbcL and matK sequences for Cornales (Xi-
ang et al., 2002), four major clades were identified: Cornus-
Alangium, nyssoids-mastixioids (Camptotheca, Davidia, Nys-
sa, Diplopanax, and Mastixia), Hydrangeaceae (including Hy-
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TABLE 1. Comparison of taxonomic treatments of Cornales by different authors.

Harms (1898) Wangerin (1910) Hutchinson (1967) Takhtajan (1980) Cronquist (1981)

Umbelliflorae
Araliaceae
Umbelliferae
Cornaceae

Alangioideae
Alangium

Curtisioideae

Cornales
Alangiaceae
Cornaceae

Curtisioideae
Cornoideae

Aucuba
Cornus

Araliales
Alangiaceae
Araliaceae

Helwingia
Caprifoliaceae
Cornaceae

Afrocrania

Cornales
Alangiaceae

Alangium
Aucubaceae
Cornaceae

Cornoideae
Curtisioideae

Cornales
Alangiaceae
Cornaceae

Aralidium
Aucuba
Cornus
Corokia

Curtisia
Cornoideae

Aucuba
Cornus
Corokia
Griselinia
Helwingia

Corokia
Griselinia
Helwingia
Kaliphora
Melanophylla
Toricellia

Mastixioideae

Aucuba
Chamaepericlymenum
Cornus
Corokia
Curtisia
Cynoxylon
Dendrobenthamia

Mastixioideae
Davidiaceae

Davidia
Garryaceae
Griseliniaceae
Helwingiaceae
Melanophyllaceae

Curtisia
Griselinia
Helwingia
Kaliphora
Mastixia
Melanophylla
Toricellia

Kaliphora
Melanophylla
Toricellia

Davidioideae
Davidia

Garryoideae
Mastixioideae

Mastixia
Garryaceae
Nyssaceae

Davidioideae
Davidia

Nyssoideae
Camptotheca

Griselinia
Kaliphora
Mastixia
Melanophylla
Swida
Toricellia

Garryaceae

Melanophylla
Kaliphora

Nyssaceae
Camptotheca
Nyssa

Toricelliaceae

Garryaceae
Nyssaceae

Camptotheca
Davidia
Nyssa

Nyssoideae
Camptotheca
Nyssa

Nyssa Nyssaceae
Camptotheca
Davidia
Nyssa

drostachys)-Loasaceae, and Curtisia-Grubbia, with the first
two clades being sisters, which in turn are sister to the third
clade. However, these relationships and the placement of Hy-
drostachys were not strongly supported by bootstrap analyses.

In the present study, we collected a new molecular data set,
nuclear 26S rDNA sequences, to further elucidate phyloge-
netic relationships within Cornales. The 26S rDNA sequences
have been used to reconstruct phylogenetic relationships at
various taxonomic levels of seed plants (e.g., Mishler et al.,
1994; Ro et al., 1997, 1999; Kuzoff et al., 1998; Soltis and
Soltis, 1998; Stefanovic et al., 1998; Ashworth, 2000; Chan-
derbali et al., 2001; Fan and Xiang, 2001; Fishbein et al.,
2001; Neyland, 2001; Simmons et al., 2001; Soltis et al., 2001;
Nickrent et al., 2002; Zanis et al., 2002). As 26S rDNA con-
tains rapidly evolving expansion segments (ES) and conserved
core (CC) regions (Clark et al., 1984; Dover and Flavell, 1984;
Flavell, 1986), another goal of this study is to characterize the
two regions (ES and CC) and evaluate their phylogenetic util-
ities in Cornales.

Long-branch attraction has long been recognized as a po-
tential problem of parsimony analysis (Felsenstein, 1978;
Swofford et al., 1996), whereas maximum likelihood (ML)
methods incorporating appropriate substitution models may
overcome this problem (Swofford et al., 1996). Given that
Hydrostachys has been identified as having extremely long
branches in all previous studies, we analyzed our data using
parsimony and ML methods to see how the two methods per-
form differently regarding its placement.

MATERIALS AND METHODS

Sampling—Fifty-three taxa from Cornales were sampled for the 26S rDNA
sequencing study, including Alangium, Camptotheca, Cornus, Curtisia, Dav-

idia, Diplopanax, Mastixia, and Nyssa, two species of Grubbia, 12 genera
from Hydrangeaceae, three genera of Loasaceae, and seven taxa of Hydros-
tachys representing six species. The sampling for Alangium, Hydrostachys,
and Mastixia is broader than all the previous studies (e.g., Xiang et al., 1998,
2002), including more species from these genera in an attempt to break po-
tential long branches. A broad range of taxa (15 species) from Ericales and
euasterids were chosen as outgroups: five species were from Ericales (Fou-
quieria columnaris, Fouquieriaceae; Halesia diptera, Haesiaceae; Sarracenia,
Sarraceniaceae; Shortia galacifolia, Diapensiaceae; Styrax japonicus, Styra-
caceae); four species were from euasterids I (one from Garryales [Garrya
elliptica, Garryaceae], two from Lamiales [Myoporum mauritianum, Scrophu-
lariaceae; Veronica anagallis-aquatica, Veronicaceae], one from Solanales
[Solanum lycopersicum, Solanaceae]); and six species were from euasterids
II (three from Apiales [Apium graveolens, Apiaceae; Panax quinquefolius,
Araliaceae; Petroselium crispum, Apiaceae], two from Asterales [Corokia co-
toneaster, Argophyllaceae; Tragopogon dubius, Asteraceae], and one from
Aquifoliales [Ilex opaca, Aquifoliaceae]). The 26S rDNA sequences for all
outgroups were downloaded from GenBank except those for Sarracenia and
Shortia, whose sequences were generated in this study. A complete list of
taxa, voucher, and GenBank accession numbers is available as Supplemental
Data accompanying the online version of this article.

DNA extraction—Most genomic DNAs used in this study were isolated
for previous rbcL and matK sequencing studies. The new DNAs were extract-
ed from dried leaves of Alangium chinense, Alangium kurzii, Cornus disciflo-
ra, Hydrostachys polymorpha, Hydrostachys spp., Mentzelia decapetala, Mas-
tixia eugenioides, Mastixia pentandra subsp. chinensis, Petalonyx parryi, and
Shortia galacifolia using the modified cetyltrimethyl ammonium bromide
(CTAB) method of Cullings (1992) with modifications described in Xiang et
al. (1998).

Gene amplification—The entire 26S rDNA (approximately 3.3 kilobases
[kb]) was successfully amplified from total DNA aliquots via a single polymerase
chain reaction (PCR) run for a few taxa using the forward primer N-nc26S1 (59-
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TABLE 1. Extended.

Dahlgren (1983) Takahtajan (1997) APG (1998) Thorne (2000)

Cornales
Adoxaceae, Alangiaceae
Alseuosmiaceae
Anisophylleaceae
Aquifoliaceae
Aralidiaceae
Aucubaceae

Cornales
Alangiaceae

Alangium
Cornaceae

Afrocrania
Cornus
Cynoxylon

Cornales
Cornaceae

Alangium
Camptotheca
Cornus
Curtisia
Davidia

Cornales
Vitineae

Vitaceae
Vitoideae
Leeoideae

Gunnerineae
Gunneraceae

Caprifoliaceae
Cardiopteridaceae
Columelliaceae
Cornaceae, Davidiaceae
Dulongiaceae
Eremosynaceae
Escalloniaceae

Swida
Curtisiaceae

Curtisia
Davidiaceae

Davidia
Mastixiaceae

Diplopanax

Diplopanax
Mastixia
Nyssa

Grubbiaceae
Hydrangeaceae
Hydrostachyaceae
Loasaceae

Gunnera
Cornineae

Cornaceae
Cornus

Nyssaceae
Davidioideae

Davidia
Garryaceae
Helwingiaceae
Hydrangeaceae
Icacinaceae
Montiniaceae, Nyssaceae
Paracryphiaceae
Phellinaceae

Mastixia
Nyssaceae

Camptotheca
Nyssa

Nyssoideae
Camptotheca
Nyssa

Mastixioideae
Diplopanax
Mastixia

Curtisiaceae
Pterostemonaceae
Sambucaceae
Sphenostemonaceae
Stylidiaceae
Symplocaceae
Tetracarpaeaceae
Torricelliaceae
Tribelaceae, Viburnaceae

Curtisia
Alangiaceae

Alangium

CGACCCCAGGTCAGGCG-39) and the reverse primer 3331rev (59-ATCTCA-
GTGGATCGTGGCAG-39) following Kuzoff et al. (1998) with slight modifica-
tions. For most species, the entire 26S rDNA sequence was amplified in two
segments using primers N-nc26S1 with 1449rev (59-ACCCATGTGCAAGTG-
CCGTT-39) and N-nc26S5 (59-CGTGCAAATCGTTCGTCT-39) or N-nc26S6 (59-
TGGTAAGCAGAACTGGCG-39) with 3331rev. Our PCR reactions are described
in Fan and Xiang (2001).

Sequencing—The double-stranded (DS) PCR products were cleaned using
20% polyethylene glycol (PEG) 8000/2.5 mol/L NaCl (Morgan and Soltis,
1993; Soltis and Soltis, 1997). The purified DS DNA products were used as
the templates for sequencing using the ABI PRISM dRhodamine Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, Cal-
ifornia, USA). Cycle-sequencing reactions (10 mL) were prepared by com-
bining 2 mL terminator ready reaction mix, 2 mL sequencing buffer (200
mmol/L Tris-ph8.0, 5 mmol/L MgCl2), 0.6 mL primer (5 mmol/L), 0.5 mL of
200 ng/mL cleaned PCR product, 0.5 mL dimethyl sulfoxide (DMSO), and
4.4 mL deionized water. Addition of 0.5 mL DMSO to the sequencing reac-
tions resulted in cleaner sequences. Sixteen sequencing primers (N-nc26S1,
N-nc26S3, N-nc26S4, N-nc26S5, N-nc26S6, N-nc26S8, N-nc26S10, N-
nc26S12, N-nc26S14, 268rev, 641rev, 950rev, 1449rev, 2134rev, 2782rev, and
3331rev), described in Kuzoff et al. (1998), were used in different combina-
tions to obtain the complete sequence of 26S rDNA. Cycle-sequencing was
conducted on a PTC-100 Programmable Thermal Controller (MJ Research,
Watertown, Massachusetts USA) as follows: 25 cycles of 968C for 30 s, 508C
for 15 s, and 608C for 4 min.

Products of cycle-sequencing were cleaned using ethanol/sodium acetate
precipitation (ABI Applied Biosystems, Foster City, California, USA) with an
additional 95% ethanol wash. The cleaned sequencing products were analyzed
on an ABI-377 automated sequencer (Applied Biosystems). The sequence
chromatogram output files for all samples were checked and edited base by
base manually before being aligned. For a few taxa (Cornus controversa,
Cornus sessilis, Curtisia, and Hydrostachys), the above sequence primers did
not yield complete sequences due to sequence divergence in some primer

regions. Four new primers, 1227F (59-GAACCCACAAAGGGTGTTGGTCG-
39) and 1793R (59-CGCGACGTGCGGTGCTCTTCCAG-39) for C. controv-
ersa and C. sessilis 1951F (59-TTCGGGAAAAGGATTGGCTCTGAGG-39)
and 2857R (59-GTGGTAACTTTTCTGACACCTCTAG-39) for Curtisia and
Hydrostachys were designed to solve this problem.

Parsimony analysis—The 26S rDNA sequences were initially aligned us-
ing ClustalX (Thompson et al., 1997) and then adjusted manually. The aligned
sequences consist of 68 taxa and 3430 base pairs (bp) with small gaps (1–10
bp). The ES and CC regions of 26S rDNA were identified and located ac-
cording to the coordinates for the expansion segments in the sequences of
Oryza sativa (see Kuzoff et al., 1998) and Cornus (Fan and Xiang, 2001).
The data matrix was analyzed with both parsimony and ML methods using
PAUP* 4.0b10 (Swofford, 2002). For parsimony analysis, gaps were coded
as missing data. Heuristic searches were performed using the MULPARS
option with characters equally weighted, character states unordered, random
taxon addition with 1000 replicates, and tree-bisection-reconnection (TBR)
branch-swapping. To evaluate clade support, 10 000 replicates of bootstrap
analysis (Felsenstein, 1985) were performed using fast heuristic search and
TBR branch-swapping. In addition to analyses of the entire 26S rDNA se-
quences, ES and CC regions were also analyzed separately using parsimony
to compare the relative phylogenetic utilities of the two regions.

Modeltest and maximum likelihood analysis—In order to find the appro-
priate substitution models for ML analyses of the 26S rDNA sequence data,
matK-rbcL sequence data, and the combined 26S rDNA-matK-rbcL data,
model searching was performed using the software Modeltest (Posada and
Crandall, 1998). The ML analyses were subsequently conducted using the
best model identified and parameter values estimated from Modeltest. For all
ML analyses, heuristic searches were conducted using random taxon addition
with 10 replicates. Due to the enormous amount of time required for bootstrap
analyses of these large data sets (26S rDNA, 3430 bp; 26S rDNA-matK-rbcL,
6348 bp) using ML methods, we used neighbor-joining bootstrap analysis
employing ML distance to approximate the bootstrap supports for the ML
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trees. The same substitution model and parameters used in the ML analysis
were used in the ML distance estimation. Ten thousand bootstrap replicates
were conducted.

Incongruence test and combined data analysis—A combined data matrix
of 26S rDNA-matK-rbcL including 42 taxa with sequences available for at
least two of the three genes was constructed for a total evidence analysis.
This matrix contains one species from Grubbiaceae, two from Hydrostachy-
aceae, four from Loasaceae, 13 from Hydrangeaceae, all 14 traditional cor-
nalean genera, and eight outgroups. The aligned sequences contain a total of
6348 bp for each taxon, among which 3407 bp were from 26S rDNA, 1504
bp from rbcL, and 1437 bp from matK. An incongruence length difference
test (ILD; Mickevich and Farris, 1981; Farris et al., 1994) was performed to
assess the congruence between 26S rDNA and matK-rbcL sequence data. The
ILD tests were conducted using the partition homogeneity test on PAUP*
following Mason-Gamer and Kellogg (1996). One thousand homogeneity test
replicates were conducted using heuristic search with 100 random taxon ad-
ditions and TBR branch-swapping for each homogeneity replicate. Because
an initial test suggested incongruence between the two data sets, further ILD
tests for individual clades or excluding some clades from the matrix were
conducted to identify lineages responsible for the incongruence. Both parsi-
mony and ML analyses for combined data were conducted as described above.

RESULTS

Sequence data—The 26S rDNA sequences generated for
the 68 species of Cornales and outgroups varied from 3340 to
3390 bp in length. The aligned matrix contained a total of
3430 bp, with small gaps between outgroups and Cornales
taxa. Two additional insertions (bases 2096–2106 and 3251–
3257) were detected in Petalonyx. Sequences for most species
were complete except those for Decumaria and one species of
Grubbia (G. rosmarinifolia), which were missing approxi-
mately half of the 39 end. The sequences for Hydrostachys
angustisecta-HS-4, H. insignis, and H. imbricata were also
incomplete with a portion of the 59 end missing. Including or
excluding these taxa with incomplete sequences in the analyses
did not affect the placements of remaining taxa in the resulting
trees, thus we included them in the analyses for a broader
sampling. Among the 68 sequences of Cornales and outgroups,
1048 of the 3430 sites are variable (30.56%) and 557 sites
(16.24%) are parsimony informative.

Twelve expansion segments (ES) were identified in the 26S
rDNA sequence data matrix including outgroups. The expan-
sion segments span a total of 1052 bp, of which 580 sites
(55.13%) are variable and 393 sites (37.36%) are phylogenet-
ically informative. These values are approximately 3–5 times
higher than from core conserved (CC) regions, which contain
2378 bp, of which 468 sites (19.68%) are variable and only
164 sites (6.90%) are phylogenetically informative.

Among the 42 sequences of the combined data set (26S
rDNA, matK, and rbcL), 2022 of the 6348 sites (31.85%) are
variable and 1168 sites (18.40%) are phylogenetically infor-
mative. Among the 1168 phylogenetically informative sites,
there are 466 from 26S rDNA, 454 from matK, and 248 from
rbcL.

Phylogenetic relationships based on 26S rDNA sequenc-
es—Parsimony analysis of 26S rDNA sequences alone found
47 most parsimonious trees of 2947 steps (Fig. 1). Eight major
clades (supported by bootstrap support values of over 65%)
were identified in all parsimonious trees: (1) Cornus; (2) Alan-
gium; (3) nyssoids (Nyssa, Davidia, and Camptotheca); (4)
mastixioids (Diplopanax and Mastixia); (5) Curtisia-Grubbia;

(6) Loasaceae; (7) Hydrangeaceae; and (8) Hydrostachys (Fig.
1). The relationships among these major clades suggested in
the strict consensus tree are shown in Fig. 1. None of the nodes
connecting the major clades is supported by bootstrap analysis
values of greater than 50% (Figs. 1 and 2). However, the dif-
ferences among the 47 trees mostly involved only arrange-
ments within Hydrangeaceae and among outgroup taxa. Com-
pared to previous matK-rbcL-based phylogeny, the strongly
supported Cornus-Alangium clade is interrupted by Hydros-
tachys, which is placed as the sister of Cornus in the 26S
rDNA trees (9% bootstrap value, Figs. 1 and 2); the mono-
phyly of Hydrangeaceae-Loasaceae is also contradicted by the
26S rDNA strict consensus trees.

Modeltest indicated GTR 1 I 1 G is the best-fit model for
the 26S rDNA sequence data. This GTR 1 I 1 G model in-
corporates both unequal base frequencies and different rates
for all six substitutions and allows for among-site variation of
substitution rates. A single best tree was found from the ML
analysis using the GTR 1 I 1 G model and parameter values
estimated from the model test. The same eight major clades
as those found in the parsimony analysis were identified in the
ML tree (Fig. 3), but the arrangements among these clades
were different between the parsimony and ML trees. The
monophyly of Cornus-Alangium was recovered, although
without high bootstrap support (28%). The placement of Hy-
drostachys is dramatically different between the parsimony
and ML trees. It is placed as the sister of Cornus in the par-
simony analysis, whereas in the ML analysis it is placed as
the sister of Loasaceae (Figs. 1 and 3). In both cases, this
genus is monophyletic and connected by a long branch.

Cornus forms a monophyletic group, with four subclades:
C. canadensis-C. suecica-C. unalaschkensis (the dwarf dog-
woods); C. mas-C. officinalis-C. sessilis (the cornelian cher-
ries); C. florida-C. kousa-C. disciflora (the big-bracted dog-
woods); and C. oblonga-C. racemosa-C. controversa-C. wal-
teri (the blue- or white-fruited group). Species of Mastixia also
form a strongly supported monophyletic group in the mastix-
ioids clade (bootstrap support [BS] 5 100%), which is sister
to Diplopanax with high bootstrap support (83% and 97%).
Nyssa is monophyletic (98%, 100%), and Camptotheca and
Davidia are sisters (57%, 60%) in the nyssoids clade. Peta-
lonyx is sister to Mentzelia among the three sampled genera
of Loasaceae. In Hydrangeaceae, subclade Hydrangeeae, con-
sisting of Platycrater, Decumaria, Pileostegia, Schizophrag-
ma, Hydrangea, Broussaisia, and Cardiandra, and subclade
Philadelpheae, consisting of Deutzia, Fendlerella, and Phila-
delphus, were recognized and well supported. The monophyly
of Jamesioideae, however, was not supported in either parsi-
mony or ML trees (Figs. 1–3). Within Hydrostachyaceae, three
species from Madagascar (H. angustisecta, H. imbricata, and
H. multifida) form a basal clade and are relative to the three
Malawi species (H. polymorpha, H. insignis, and H. augusti-
secta) and one unidentified species from Madagascar (Figs. 1–
3).

The analysis of ES regions using parsimony-generated trees
with topologies similar to those derived from the entire se-
quences (trees not shown). For example, the same eight major
clades were similarly identified in the ES trees, and Hydros-
tachys was placed within Cornales. However, the ES trees
have less resolution within and among major clades and lower
bootstrap support for major clades than trees inferred from the
entire sequences. The analysis of CC regions alone produced
over 10 000 trees without finishing searching, showing unex-
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Fig. 1. The strict consensus tree from parsimony analysis of 26S rDNA sequences. Bootstrap values (.50%) are indicated above branches. The major
clades are marked by thickened lines.

pected relationships within Cornales in the strict consensus
tree, such as the collapse of strongly supported clades, includ-
ing the Cornus clade (C. volkensii was separated from the
other Cornus species, and placed in the outgroup), the nyssoids
clade, and the Loasaceae clade (Mentzelia was placed as the
most basal lineage of Cornales).

Incongruence test—The phylogenetic trees of Cornales in-
ferred from 26S rDNA sequences were substantially different
from those based on matK and rbcL sequences regarding the
relationships among the major clades and within Hydrange-
aceae (Xiang et al., 2002; also compare Figs. 3 and 4). Al-
though the discrepancy mainly involved deep nodes that are
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Fig. 2. One of 47 equally parsimonious trees from parsimony analysis of 26S rDNA sequences (tree length 5 2947 steps, CI 5 0.487 excluding uninformative
characters, RI 5 0.632). Base substitutions are indicated above branches; bootstrap values (.5%) are indicated below branches. The major clades are marked
by thickened lines.
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Fig. 3. The maximum likelihood tree from analysis of the 26S rDNA sequences using the GTR 1 I 1 G model with the following parameter values: rate
matrix of R with AC 5 1.094, AG 5 2.342, AT 5 1.599, CG 5 1.103, CT 5 7.888; base frequencies 5 A, 0.235; C, 0.247; G, 0.314; T, 0.203; proportion
of invariable sites 5 0.488; a of gamma distribution 5 0.522. Bootstrap values (.5%) obtained using neighbor-joining bootstrap analysis that employed ML
distance (see Materials and Methods) are indicated above branches (2Ln likelihood 5 21 451.620). The major clades are marked by thickened lines.
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Fig. 4. The maximum likelihood tree from analysis of combined matK and rbcL sequences of 42 taxa including 26S rDNA sequences that use GTR 1 I
1 G model with these parameter values: rate matrix of R with AC 5 1.389, AG 5 2.274, AT 5 0.393, CG 5 0.919, CT 5 2.274; base frequencies 5 A,
0.296; C, 0.187; G, 0.189; T, 0.328; proportion of invariable sites 5 0.384; a of gamma distribution 5 1.256. The ML bootstrap values (.5%) are indicated
above branches (2Ln likelihood 5 17 850.031). The major clades are marked by thickened lines.

mostly weakly supported in both cpDNA trees and 26S rDNA
trees, we performed ILD tests to evaluate the congruence of
the two data sets. The results indicated significant incongru-
ence between the matK-rbcL and 26S rDNA sequence data (P
5 0.001). Subsequent successive ILD tests excluding individ-
ual major lineage one at a time were further conducted to
locate the problematic lineages. Results revealed that much of

the incongruence was attributed to a single group, Hydrange-
aceae. The P value of ILD tests increased (P 5 0.003) only
when Hydrangeaceae and outgroups were excluded (Table 2).
Further, ILD tests were performed for each major lineage and
results also showed that Hydrangeaceae, in particular the sub-
clade Hydrangeeae, is the only ingroup showing significant
disagreement between the two data sets (Table 2).
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TABLE 2. Incongruence length difference (ILD) test between 26S rDNA and matK-rbcL data sets with different major lineages excluded and
included alone.

Lineages excluded/included alone
Sum of tree lengths for original partition

(excluded/included alone) P (excluded/included alone)

Cornus-Alangium
Nyssoids-mastixioids
Loasaceae
Hydrangeaceae
Hydrangeeae
Curtisia-Grubbia
Curtisia-Grubbia-Loasaceae
Hydrostachyaceae
Hydrostachyaceae 1 outgroups
Outgroups

4018/589
4215/401
4335/NA
3804/815
4088/359
4411/NA
4144/542
4223/NA
2503/2054
2965/1594

0.001**/0.121
0.001**/0.08
0.001**/NA
0.003**/0.001**
0.001/0.001**
0.001**/NA
0.001**/1.0
0.001**/NA
0.001**/0.01**
0.001**/0.22

** Significant discordances between partitions of 26S rDNA and matK-rbcL. NA 5 not applicable, because Modeltest required at least four taxa.

Phylogenetic relationships based on combined 26S rDNA,
matK, and rbcL sequences—Considering that the topological
discrepancy between 26S rDNA and matK-rbcL trees mainly
involved weakly supported nodes, and potentially only a single
lineage exhibits conflicts between the two data sets, we per-
formed analyses of the combined 26S rDNA and matK-rbcL
sequences. A single most parsimonious tree was found from
the parsimony analysis of combined data (tree length 4735,
consistency index [CI] 5 0.570, retention index [RI] 5 0.547)
(Fig. 5). The tree shows the monophyly of Cornus-Alangium,
Loasaceae-Hydrangeaceae (weakly supported), nyssoids-mas-
tixioids, and Grubbia-Curtisia. Hydrostachys groups with out-
groups, sister to the remainder of Cornales (Fig. 5). A model
test similarly suggested that the GTR 1 I 1 G model best fits
the combined data. The ML analysis using this model resulted
in a single tree (Fig. 6) with topology showing the same eight
major clades and relationships within and among the clades
similar to those in the matK-rbcL tree (Fig. 4). Hydrostachys
was placed at the base of Cornales with low bootstrap supports
(Fig. 6). However, bootstrap and CI values increased signifi-
cantly for most clades in the combined 26S rDNA-matK-rbcL
trees (compare Figs. 2 and 3 with 5 and 6).

DISCUSSION

Differential phylogenetic utility of the ES and CC regions
of 26S rDNA in Cornales—The large subunit of rDNA is
structured as a mosaic of core conserved and variable domains
(as defined as expansion segments by Clark et al. [1984]). The
‘‘core’’ conserved segments have primary and secondary
structures conserved in prokaryotes and eukaryotes (Hancock
and Dover, 1990). The expansion segments are responsible for
the difference in size between eukaryotic and prokaryotic
rDNA, and they evolve much faster than conserved core re-
gions. Despite their rapid evolution, expansion segments still
contain a conserved secondary structure and show nucleotide
composition constraints in some species (Hassouna et al.,
1984; Gorab et al., 1995). Comparative analyses confirmed
that the base substitution rates in the expansion segments of
26S rDNA are lower than those observed in nuclear noncoding
regions or neutral bases (Larson and Wilson, 1989). Compared
to animals, the considerable length mutation of the expansion
segments observed in animal rDNA is not found in angio-
sperms (Kolosha and Fodor, 1990), and consequently, the ex-
pansion segments may be more alignable among angiosperms
and the point mutations in the sequence may be phylogeneti-

cally informative at different taxonomic levels in plants (Ku-
zoff at al., 1998). Because of the relatively high rate of sub-
stitutions in the expansion segments, Larson (1991) suggested
that the expansion regions should be excluded from phyloge-
netic analyses of taxa with a common ancestor older than 200
million years ago (MYA) due to possible saturation of substi-
tutions. The 26S rDNA in Cornales contains 12 expansion
segments, which evolve about 3–5 times as fast as the con-
served core regions. This ratio is much lower than that ob-
served for other angiosperms (6.4 to 10.2 times; Kuzoff et al.,
1998). The analyses of separate partitions of ES and CC re-
gions using parsimony suggested that in Cornales most of the
phylogenetic signals of 26S rDNA are from the ES regions
and the CC regions alone are not sufficient to resolve mean-
ingful relationships in the group, although it might be at higher
taxonomic levels.

Discrepancies between parsimony and maximum likeli-
hood analyses—It is well recognized that one potential prob-
lem of parsimony analysis is the inconsistency of the method
if substitution rates are high and unequal among lineages (Fel-
senstein, 1978; Swofford et al., 1996, 2001). In this case, un-
related taxa with high rates (shown as long branches in the
data matrix) will be likely attracted to each other in a simple
parsimony analysis. An ML analysis implementing appropriate
substitution model(s) is supposed to be able to largely over-
come this long branch problem (Felsenstein, 1981; Swofford
et al., 1996). Our analyses of 26S rDNA sequences and com-
bined 26S rDNA-matK-rbcL sequences using parsimony and
ML methods suggested different placement for the long-
branched Hydrostachys. Parsimony analysis of 26S rDNA se-
quence data placed Hydrostachys in the Cornus-Alangium
clade, whereas the ML analysis of 26S rDNA data placed it
with the Loasaceae (Figs. 1–3). Analyses of the combined 26S
rDNA-matK-rbcL using parsimony-grouped Hydrostachys
with outgroups, whereas ML analysis of the combined data
grouped it with Cornales and placed it as the sister to the
remainder of the Cornales clade. The placements of Hydros-
tachys in the 26S rDNA and combined data are both weakly
supported. Additional discrepancies of relationships among
major lineages between parsimony and ML analyses were also
found in our analyses. For example, the sister relationship be-
tween Cornus and Alangium identified in the ML analysis was
congruent with all previous chloroplast data analyses and sup-
ported by morphological characters (Eyde, 1988). Neverthe-
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Fig. 5. The single most parsimonious tree from analysis of combined 26S rDNA-matK-rbcL sequence data (tree length 5 4735 steps, CI 5 0.570 excluding
uninformative characters, RI 5 0.547). Base substitutions are indicated above branches; bootstrap values (.5%) are indicated below branches. The major clades
are marked by thickened lines.

less, this relationship was broken off by Hydrostachys in 26S
rDNA parsimony analysis. The monophyly of traditional cor-
nalean taxa including Alangium, Cornus, nyssoids, and mas-
tixioids recognized in the ML trees (Fig. 3) are in agreement
with morphology and previous chloroplast data analysis, but
the monophyly of these taxa was not identified in the parsi-
mony trees (Figs. 1, 2, and 5). However, it must be noted that
these relationships showing discrepancies are generally not
strongly supported in either parsimony or ML trees.

Placements of Hydrostachyaceae and the long branch—
The systematic affinity of the African aquatic family Hydros-
tachyaceae (consisting of only Hydrostachys with 22–25 spe-
cies) has long been controversial. It has been placed near Po-
dostemaceae (Bentham and Hooker, 1880) or as the distinct
order Hydrostachyales allied with Lamiales and Scrophulari-
ales (Takhtajan, 1969, 1980, 1997; Dahlgren, 1980, 1983,
1989; Leins and Erbar, 1988, 1990; Wagenitz, 1992) and in
Bruniales (Thorne, 1968, 1983, 1992, 2000) and Callitrichales
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Fig. 6. The maximum likelihood tree from analysis of combined 26S rDNA-matK-rbcL sequence data using the GTR 1 I 1 G model with parameter values:
rate matrix of R with AC 5 1.279, AG 5 2.048, AT 5 0.739, CG 5 0.958, CT 5 4.287; base frequencies 5 A, 0.265; C, 0.219; G, 0.257; T, 0.258; proportion
of invariable sites 5 0.498; a of gamma distribution 5 0.735. Bootstrap values (.5%) approximated using neighbor joining employed with ML distance (see
Materials and Methods) are indicated above branches (2Ln likelihood 5 34 716.487). The major clades are marked by thickened lines.
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(Cronquist, 1981) based on the features in morphology. The
family was first linked to Cornales in the rbcL sequence anal-
ysis of Loasaceae by Hempel et al. (1995). More recent mo-
lecular data analyses (Xiang, 1999; Albach et al., 2001a, b;
Xiang et al., 2002) and evidence from phytochemistry
(Rønsted et al., 2002) further supported the placement of this
family in Cornales. A majority of previous phylogenetic anal-
yses suggested a position of Hydrostachys within Hydrange-
aceae, with low bootstrap support (e.g., Hempel et al., 1995;
Xiang, 1999; Xiang et al., 2002). A few possible synapomor-
phies of Hydrangeaceae and Hydrostachys were identified by
previous authors, such as two or more free styles, capsules,
and numerous, anatropous ovules per locule (see Xiang, 1999;
Albach et al., 2001a). The ML analyses of 26S rDNA se-
quence data and combined 26S rDNA-matK-rbcL sequence
data, as well as parsimony analysis of 26S rDNA data, all
suggested that Hydrostachys is a member of Cornales but re-
vealed new placements in Cornales different from those sug-
gested in previous analyses. For example, the ML tree of 26S
rDNA placed Hydrostachys as sister to Loasaceae (Fig. 3). The
ML tree of the combined 26S rDNA-matK-rbcL shows that
Hydrostachys is sister to the remainder of Cornales (Fig. 6).
The placement of Hydrostachys with outgroups in the parsi-
mony analysis of the combined data is likely a result of long-
branch attraction, given that the branches leading to Hydros-
tachys and the outgroup clade are both long (Fig. 5).

As discussed above, long-branch attraction is a concern in
phylogenetic analyses using a parsimony approach (Felsen-
stein, 1978; Swofford et al., 2001). Both simulation (e.g., Hil-
lis and Huelsenbeck, 1993; Huelsenbeck, 1995; Yang, 1996;
Siddall, 1998; Pol and Siddall, 2001) and empirical studies
(e.g., Omilian and Taylor, 2001; Litvaitis, 2002) have shown
that long-branch attraction can result in wrong phylogenies
when using a parsimony method. One recommended solution
to long-branch attraction is to increase the sampling of long-
branched taxa to decrease the branch length. In our 26S rDNA
analysis, seven species of Hydrostachys were sampled with the
attempt to reduce the long branch of the genus revealed in
previous various cpDNA analyses (Xiang, 1999; Xiang et al.,
2002). With increasing sampling, the branches leading to Hy-
drostachys in the parsimony and ML 26S rDNA trees were
significantly reduced in length compared to those in the
cpDNA trees with only one or two species sampled (Xiang,
1999; Albach et al., 2001a, b; Xiang et al., 2002). In the 26S
rDNA trees, the branch of Hydrostachys is not much longer
than the outgroup branches (Figs. 2 and 3) and only about
twice as long as the longest ingroup branches (Figs. 2 and 3).
In all phylogenetic analyses of cpDNA sequence data sam-
pling a single or two species (e.g., Xiang, 1999; Xiang et al.,
2002; Figs. 4–6), the branches of Hydrostachys were much
longer, sometimes several times longer, than the longest
branches of the ingroups, and much longer than the longest
outgroup branches. These results demonstrated that increasing
sampling of the long-branched group indeed substantially de-
creased the branch length.

Many studies have suggested that organisms that are highly
modified may morphologically have accelerated rates of mo-
lecular evolution (Nickrent and Starr, 1994; DePamphilis et
al., 1997; Les et al., 1997; Mallat and Sullivan, 1998; Soltis
et al., 1999, 2000; Chase et al., 2000; Albach et al., 2001a).
Hydrostachys, due to its aquatic habit, is morphologically
highly divergent from the remaining cornalean taxa (e.g., pin-
nate compound leaves, tuber-like rhizomes, and dense spike

inflorescence). Its long branches revealed in previous analyses
could be viewed as evidence of its elevated rates of molecular
evolution in the genus. However, long branches could be sim-
ply a result of the incomplete sampling from the genus, as
increasing sampling substantially reduced the branch length in
our 26S rDNA analysis. However, this sampling effect is less
clear when examining the trees from combined nuclear and
cpDNA sequences (Figs. 5 and 6). Based on the combined
26S rDNA-matK-rbcL sequence data, the separation of Hy-
drostachys from the rest of Cornales might have occurred very
early, before the origin of all other cornalean major lineages
(Fig. 6).

Relationships of Grubbia and Curtisia—Grubbiaceae, an-
other monogeneric family of Cornales from southern Africa,
in addition to Curtisiaceae and Hydrostachyaceae, represents
another family difficult to place in the classification of flow-
ering plants. Both separate and combined data analyses in the
present study suggested that Grubbia and Curtisia are sisters,
in agreement with the previous finding from the matK-rbcL
data (Xiang et al., 2002). The sister relationship between
Grubbia and Curtisia is supported by high bootstrap values in
all analyses. Unlike Hydrostachys, which shows no apparent
morphological similarities with other cornalean taxa, Grubbia
and Curtisia share several morphological features that are
common in the Cornales (see Xiang, 1999). Therefore, the
finding of a close relationship between the two genera both
endemic to southern Africa is not a surprise. The circumscrip-
tion of Grubbiaceae including both Grubbia and Curtisia as
proposed by Xiang et al. (2002) is strongly supported. Rela-
tionships of Grubbia-Curtisia to other cornalean taxa are not
clearly resolved.

Monophyly of nyssoids, mastixioids, Cornus, and Alan-
gium—The monophyly of nyssoids, mastixioids, Cornus, and
Alangium was suggested in the ML analysis of 26S rDNA data
(Fig. 3). This clade is also supported by a few nonmolecular
characters (e.g., fleshy drupaceous fruit with germination
valves on fruit stones, H-shaped thinning in pollen aperture,
and the lack of central bundles in gynoecial vasculature), and
largely corresponds to the Cornaceae of Eyde (1988). How-
ever, given the low bootstrap support for the clade (Fig. 3), it
is better to maintain the nyssoids and mastixioids as separate
families as discussed in Xiang et al. (2002).

The monophyly of the nyssoids, mastixioids, and Cornus-
Alangium subclades is strongly supported in the combined 26S
rDNA-matK-rbcL data analyses. The sister relationship be-
tween Cornus and Alangium has been also recognized in pre-
vious molecular studies (Xiang et al., 1993, 1998, 2002; Xi-
ang, 1999) and is also supported by some morphological and
embryological characters (e.g., unitegmic and crassinucellate
ovules; degeneration of nucleus followed by the differentiation
of an integumentary tapetum; single-celled archesporium; see
Chopra and Kaur, 1965; Eyde, 1968, 1988). Based on this
evidence, Xiang et al. (2002) proposed a Cornaceae consisting
of Cornus and Alangium following Soltis et al. (2000). Be-
cause Alangium has long been recognized as a monogeneric
family and the name Alangiaceae has been widely used, we
proposed here to separate Cornus and Alangium in Cornaceae
and Alangiaceae, respectively.

The relationships within the nyssoids vary between separate
data partitions and combined data. In analysis of 26S rDNA
sequences, Camptotheca is sister to Davidia (57%, 60%; Figs.
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2 and 3), whereas in analyses of combined 26S rDNA-matK-
rbcL sequence data, Nyssa is strongly supported to be the sister
of Camptotheca (BS 5 83%), and the two, in turn, are sister
to Davidia (Figs. 5–6). These relationships were also found in
earlier and present analyses of matK and rbcL sequences (Xi-
ang et al., 1998, 2002). A closer relationship of Camptotheca
to Nyssa is also supported by some nonmolecular data (e.g.,
the structure of the fruits and the inflorescences, Eyde, 1963,
1967; wood anatomy, Titman, 1949; palynology, Eramian,
1971 and Eyde and Barghoorn, 1963; fatty acids, Bate-Smith
et al., 1975 and Hohn and Meinschein, 1976).

The sister relationship between Mastixia and Diplopanax
(Fig. 6) was first recovered in the combined rbcL-matK se-
quence analysis of Xiang et al. (2002) and again recovered in
the present study with high bootstrap support in all analyses.
The close relationship between Mastixia and Diplopanax was
earlier recognized by Eyde and Xiang (1990) and further sup-
ported by Zhu and Xiang (1999) via studies of fruit, leaf, and
floral anatomic structures. Both genera produce flowers with
hooked petals that are arranged in paniculate inflorescences,
fruits that have a bony stone with an intrusive germination
valve lacking a longitudinal septum, and a one-seeded cham-
ber.

Phylogenetic relationships in Hydrangeaceae and Loasa-
ceae—Two strongly supported monophyletic groups, which
correspond to the two tribes Hydrangeeae and Philadelpheae,
were recognized in Hydrangeaceae in both separate and com-
bined analyses. The monophyly of Jamesioideae was not rec-
ognized in the 26S rDNA sequence analyses, but was in the
tree based on combined data (Figs. 1–6). The relationships
within Hydrangeeae suggested by 26S rDNA and matK-rbcL
were different (Figs. 1–4). The combined 26S rDNA-matK-
rbcL data agreed with the matK-rbcL data in placing Pileos-
tegia 1 Decumaria as the sister of Schizophragma with high
bootstrap support (Figs. 4, 5, and 6). The close relationships
among the genera are also supported by morphological data
(Hufford, 1992, 1997) and recovered in previous phylogenetic
analyses (Soltis et al., 1995; Hufford et al., 2001; Xiang et al.,
2002). Morphological data suggested that Platycrater was out-
side of the Hydrangea clade (including genera of Hydrangea,
Pileostegia, Decumaria, Broussaisia, and Schizophragma in
this study), a clade supported by a synapomorphic character
of diplostemony (Hufford, 1997). However, all molecular anal-
yses (Soltis et al., 1995; Xiang, 1999; Hufford et al., 2001;
and the present study) placed Platycrater within the Hydran-
gea clade, suggesting that diplostemony might have been lost
in Platycrater, as previously hypothesized by Hofford et al.
(2001). The relative relationships among Hydrangea, Brous-
saisia, and Cardiandra are different in 26S rDNA and com-
bined 26S rDNA-matK-rbcL trees all with strong bootstrap
supports (Figs. 1–3, 5, and 6). However, these relationships
were not revealed in previous phylogenetic analyses with a
more thorough sampling of genera of Hydrangeaceae (Soltis
et al., 1995; Hufford et al., 2001; Xiang et al., 2002). In those
analyses with a complete sampling of genera in the family,
Cardiandra and Deinanthe were recognized as sisters and
placed at the base within the Hydrangeeae clade (Hufford et
al., 2001; Xiang et al., 2002). Therefore, the sister relation-
ships among these three taxa revealed in the present study is
likely a result of incomplete sampling.

Only four species of Loasaceae representing two of the three
subfamilies (Gronovioideae and Mentzelioideae) were sam-

pled in this study, thus relationships within Loasaceae cannot
be appropriately addressed with confidence. However, the two
genera Eucnide and Mentzelia, from subfamily Mentzelioi-
deae, do form a monophyletic group in the combined data
analyses (bootstrap value 100%). The two are, in turn, sister
to Petalonyx (from subfamily Gronovioideae). These relation-
ships are also congruent with earlier studies using rbcL se-
quence data (Hempel et al., 1995) and our matK-rbcL se-
quence analysis (Fig. 3). However, 26S rDNA sequence data
alone placed Mentzelia sister to Petalonyx, agreeing with the
matK and ITS sequence data (Moody et al., 2001). Eucnide
and Mentzelia share many morphological characters in floral
structures (e.g., polystemonous, multicarpellate, multiovulate,
and dehiscent fruits). However, some possible morphological
synapomorphies (e.g., the absence of the petal-stamen plate in
Mentzelia and Gronovioideae) may unite Mentzelia and Gron-
ovioideae (including Petalonyx). This discrepancy may be due
to either inadequate sampling of Loasaceae in different studies
and/or different phylogenetic signals between data sets, which
needs further investigation.

Conclusion—Phylogenetic analyses of nuclear DNA se-
quence data and combined nuclear and chloroplast DNA se-
quence data further support a Cornales consisting of Cornus,
Alangium, nyssoids, mastixioids, Hydrangeaceae, Loasaceae,
Grubbiaceae (Grubbia-Curtisia), and Hydrostachyaceae (Hy-
drostachys). Four most-inclusive major clades in Cornales
(Cornus-Alangium, nyssoids-mastixioids, Hydrangeaceae-
Loasaceae, and Grubbia-Curtisia) identified in previous matK-
rbcL sequence analyses (Xiang et al., 1998, 2002; Xiang,
1999) were also recovered in analyses of the combined nuclear
and chloroplast DNA sequence data in the present study. The
combined 26S rDNA-matK-rbcL sequence data suggested that
Hydrostachyaceae probably branched early from the remainder
of Cornales. Relationships among major lineages of Cornales
are weakly supported by bootstrap analyses, similar to previ-
ous studies. This uncertainty of relationships among major lin-
eages of Cornales, despite rigorous analyses of a large number
of characters, may reflect an early rapid radiation of the Cor-
nales clade. The present study supports the classification with-
in Cornales proposed in Xiang et al. (2002): a Cornaceae of
Cornus-Alangium, a Nyssaceae consisting of Nyssa, Davidia,
and Camptotheca, a Mastixiaceae consisting of Mastixia and
Diplopanax, a Grubbiaceae including Curtisia and Grubbia,
Hydrangeaceae, Loasaceae, and Hydrostachyaceae. Given that
Alangiaceae has long been widely used and there are also
many morphological differences between Alangium and Cor-
nus (e.g., leaf arrangement nearly always opposite for Cornus,
alternate for Alangium; stamens isomerous with the perianth
in Cornus, but mostly 2–4 times of perianth parts in Alangium;
and inflorescence mostly terminal in Cornus, but mostly lateral
in Alangium), it is more desirable to maintain Cornus and
Alangium as two distinct families. Our study also indicated the
following: (1) increased sampling of Hydrostachys species re-
duced its long branch length substantially; (2) combining data
significantly increased bootstrap support and CI value; (3) ma-
jor discrepancies between parsimony and maximum likelihood
analyses were found regarding the placement of long-branched
taxa (e.g., Hydrostachys).

LITERATURE CITED

ALBACH, D. C., D. E. SOLTIS, M. W. CHASE, AND P. S. SOLTIS. 2001a. Phy-
logenetic placement of the enigmatic angiosperm Hydrostachys. Taxon
50: 781–805.



1370 [Vol. 90AMERICAN JOURNAL OF BOTANY

ALBACH, D. C., P. S. SOLTIS, D. E. SOLTIS, AND R. G. OLMSTEAD. 2001b.
Phylogenetic analysis of the asterids based on sequences of four sequenc-
es. Annals of the Missouri Botanical Garden 88: 163–210.

APG (ANGIOSPERM PHYLOGENY GROUP). 1998. An ordinal classification for
the families of flowering plants. Annals of the Missouri Botanical Garden
85: 531–553.

ASHWORTH, V. E. T. M. 2000. Phylogenetic relationship in Phoradendreae
(Viscaceae) inferred from three regions of the nuclear ribosomal cistron.
I. Major lineages and paraphyly of Phoradendron. Systematic Botany 25:
349–370.

BATE-SMITH, E. C., I. K. FERGUSON, K. HUTSON, S. R. JENSEN, B. J. NIEL-
SEN, AND T. SWAIN. 1975. Phytochemical interrelationships in the Cor-
naceae. Biochemical Systematics and Ecology 3: 79–89.

BENTHAM, G., AND J. D. HOOKER. 1880. Genera plantarum, vol. 3. London,
England, UK.

CHANDERBALI, A. S., H. VAN DER WERFF, AND S. S. RENNER. 2001. Phy-
logeny and historical biogeography of Lauraceae: evidence from the
chloroplast and nuclear genomes. Annals of the Missouri Botanical Gar-
den 81: 104–134.

CHASE, M., M. F. FAY, AND V. SAVOLAINEN. 2000. Higher-level classification
in the angiosperms: new insights from the perspective of DNA sequence
data. Taxon 49: 685–704.

CHASE, M., ET AL. 1993. Phylogenetics of seed plants: an analysis of nucle-
otide sequences from the plastid gene rbcL. Annals of the Missouri Bo-
tanical Garden 80: 528–580.

CHOPRA, R. N., AND H. KAUR. 1965. Some aspects of the embryology of
Cornus. Phytomorphology 15: 353–359.

CLARK, G. B., B. W. TAGUE, V. C. WARE, AND S. A. GERBI. 1984. Xenopus
Laevis 28S ribosomal RNA: a secondary structure and its evolutionary
and functional implications. Nucleic Acids Research 12: 6197–6220.

CRONQUIST, A. 1981. An integrated system of classification of flowering
plants. Columbia University Press, New York, New York, USA.

CULLINGS, K. W. 1992. Design and testing of a plant-specific PCR primer
for ecological and evolutionary studies. Molecular Ecology 1: 233–240.

DAHLGREN, G. 1989. The last dahlgrenogram, a system of classification of
the dicotyledons. In K. Tan [ed.], Plant taxonomy, phytogeography and
related subjects: the Davis and Hedge festschrift, 249–260. Edinburgh
University Press, Edinburgh, Ireland.

DAHLGREN, R. M. T. 1980. A revised system of classification of the angio-
sperm. Botanical Journal of the Linnaeus Society 80: 91–124.

DAHLGREN, R. M. T. 1983. General aspects of angiosperm evolution and
macrosystematics. Nordic Journal of Botany 3: 119–149.

DEPAMPHILIS, C., N. D. YOUNG, AND A. D. WOLFE. 1997. Evolution of
plastid gene rps2 in a lineage of hemiparasitic and holoparasitic plants:
many losses of photosynthesis and complex patterns of rate variation.
Proceedings of National Academy of Sciences, USA 94: 7367–7372.

DOVER, G. A., AND R. B. FLAVELL. 1984. Molecular coevolution: DNA di-
vergence and the maintenance of function. Cell 38: 622–623.

DOWNIE, S. R., AND J. D. PALMER. 1992. Restriction site mapping of the
chloroplast DNA inverted repeat: a molecular phylogeny of the Asteri-
dae. Annals of Missouri Botanical Garden 79: 266–283.

ERAMIAN, E. N. 1971. Palynological data on the systematics and phylogeny
of Cornaceae Dumort. and related families. In L. A. Kuprianova and M.
S. Yakovlev [eds.], Pollen morphology of Cucurbiatceae, Thymelae-
aceae, Cornaceae, 235–273. Nauka, Leningradskoe otd-nie, Leningrad,
USSR.

EYDE, R. H. 1963. Morphological and paleobotanical studies of the Nyssa-
ceae, I. A survey of the modern species and their fruits. Journal of the
Arnold Arboretum 44: 1–59.

EYDE, R. H. 1967. The peculiar gynoecial vasculature of Cornaceae and its
systematic significance. Phytomorphology 17: 172–182.

EYDE, R. H. 1968. Flower, fruits and phylogeny of Alangiaceae. Journal of
the Arnold Arboretum 49: 167–192.

EYDE, R. H. 1988. Comprehending Cornus: puzzles and progress in the sys-
tematics of the dogwoods. Botanical Review 3: 233–351.

EYDE, R. H., AND E. S. BARGHOORN. 1963. Morphological and paleobotan-
ical studies of the Nyssaceae, II. The fossil record. Journal of the Arnold
Arboretum 44: 328–376.

EYDE, R. H., AND Q.-Y. XIANG. 1990. Fossil mastixioid (Cornaceae) alive in
eastern Asia. American Journal of Botany 77: 689–692.

FAN, C., AND Q.-Y. XIANG. 2001. Phylogenetic relationships within Cornus
(Cornaceae) based on 26S rDNA sequences. American Journal of Botany
88: 1131–1138.

FARRIS, J. S., M. KALLERSJO, A. G. KLUGE, AND C. BULT. 1994. Testing
significance if incongruence. Cladistics 10: 315–319.

FELSENSTEIN, J. 1978. Cases in which parsimony or compatibility methods
will be positively misleading. Systematic Zoology 27: 401–410.

FELSENSTEIN, J. 1981. Evolutionary trees from DNA sequence: a maximum
likelihood approach. Journal of Molecular Evolution 17: 368–376.

FELSENSTEIN, J. 1985. Confidence limits on phylogenies: an approach using
the bootstrap. Evolution 39: 783–791.

FISHBEIN, M., C. HIBSCH-JETTER, D. E. SOLTIS, AND L. HUFFORD. 2001.
Phylogeny of Saxifragales (angiosperms, eudicots): analysis of a rapid,
ancient radiation. Systematic Biology 50: 817–847.

FLAVELL, R. B. 1986. Structure and control of expression of ribosomal RNA
genes. Oxford Survey of Plant Molecular Cell Biology 3: 252–274.

GORAB, E., M. G. DE LACOBA, AND L. M. BOTELLA. 1995. Structural con-
straints in expansion segments from a midge 26S rDNA. Journal of Mo-
lecular Evolution 41: 1016–1021.

HANCOCK, J. M., AND G. A. DOVER. 1990. ‘Compensatory slippage’ in the
evolution of ribosomal RNA gene. Nucleic Acids Research 18: 5949–
5954.

HARMS, H. 1898. Cornaceae. In A. Engler and K. Prantl [eds.], Die natür-
lichen Pflanzenfamilien, III.8, 250–270. Wilhelm Engelmann, Leipzig,
Germany.

HASSOUNA, N., B. MICHOT, AND J. BACHELLERIE. 1984. The complete nu-
cleotide sequence of mouse 28S rRNA gene: implications for the process
of size increase of the large subunit rRNA in higher eukaryotes. Nucleic
Acids Research 12: 3563–3574.

HEMPEL, A. L., P. A. REEVES, R. G. OLMSTEAD, AND R. K. JANSEN. 1995.
Implications of rbcL sequence data for higher order relationships of the
Loasaceae and the anomalous aquatic plant Hydrostachys (Hydrostach-
yaceae). Plant Systematics and Evolution 194: 25–37.

HILLIS, D. M., AND J. P. HUELSENBECK. 1993. Success of phylogenetic meth-
ods in the four-taxon case. Systematic Biology 42: 247–264.

HOHN, M. E., AND W. G. MEINSCHEIN. 1976. Seed oil fatty acids: evolution-
ary significance in the Nyssaceae and Cornaceae. Biochemical System-
atics and Ecology 4: 193–199.

HUELSENBECK, J. P. 1995. Performance of phylogenetic methods in simula-
tion. Systematic Biology 44: 17–48.

HUFFORD, L. D. 1992. Rosidae and their relationship to other nonmagnoliid
dicotyledons: a phylogenetic analysis using morphological and chemical
data. Annals of Missouri Botanical Garden 79: 219–248.

HUFFORD, L. D. 1997. A phylogenetic analysis of Hydrangeaceae using mor-
phological data. International Journal of Plant Sciences 158: 652–672.

HUFFORD, L. D., M. L. MOODY, AND D. E. SOLTIS. 2001. A phylogenetic
analysis of Hydrangeaceae based on sequences of the plastid gene matK
and their combination with rbcL and morphological data. International
Journal of Plant Sciences 162: 835–846.

HUTCHINSON, J. 1967. The genera of flowering plants. Clarendon, Oxford,
UK.

KOLOSHA, V. O., AND I. FODOR. 1990. Nucleotide sequence of Citrus limon
26S rDNA gene and secondary structure model of its RNA. Plant Mo-
lecular Biology 14: 147–161.

KUZOFF, R. K., J. A. SWEERE, D. E. SOLTIS, P. S. SOLTIS, AND E. A. ZIMMER.
1998. The phylogenetic potential of entire 26S rDNA sequences in plant.
Molecular Biology and Evolution 15: 251–263.

LARSON, A. 1991. Evolutionary analysis of length variable sequences: diver-
gence domains of ribosomal RNA. In M. Miyamoto and J. Cracraft
[eds.], Phylogenetic analysis of DNA sequences, 221–247. Oxford Uni-
versity Press, New York, New York, USA.

LARSON, A., AND A. C. WILSON. 1989. Patterns of ribosomal RNA evolution
in salamanders. Molecular Biology and Evolution 6: 131–154.

LEINS, V. P., AND C. ERBAR. 1988. Some remarks on flower development and
systematic position of the water plants Callitriche, Hippuris and Hy-
drostachys. Beitrage zur Biologie der Pflanzen 63: 157–178.

LEINS, V. P., AND C. ERBAR. 1990. The possible relationship of Hydrostach-
yaceae based on comparative ontogenetical flower studies. Proceedings
of the Twelfth Plenary Meeting of AETFAT Mitteilungen aus dem Institut
für Allgemeine Botanik, Hamburg 23b: 723–729.

LES, D. H., C. T. PHILBRICK, AND A. R. NOVELO. 1997. The phylogenetic
position of river-weeds (Podostemaceae): insights from rbcL sequence
data. Aquatic Botany 57: 5–27.

LITVAITIS, M. K. 2002. A molecular test of cyanobacterial phylogeny: infer-
ence from constraint analyses. Hydrobiologia 468: 135–145.

MALLATT, J., AND J. SULLIVAN. 1998. 28S and 18S rDNA sequences support



September 2003] 1371FAN AND XIANG—MOLECULAR PHYLOGENETICS OF CORNALES

the monophyly of lampreys and hagfishes. Molecular Biology and Evo-
lution 15: 1706–1718.

MASON-GAMER, R. J., AND E. A. KELLOGG. 1996. Testing for phylogenetic
conflict among molecular data sets in the tribe Triticeae (Granineae).
Systematic Biology 45: 524–545.

MICKEVICH, M. F., AND J. S. FARRIS. 1981. The implications of congruence
in Menidia. Systematic Zoology 30: 351–370.

MISHLER, B. D., L. A. LEWIS, M. A. BUCHHEIM, K. S. RENZAGLIA, D. J.
GARBARY, C. F. DELWIICHE, F. W. ZECHMAN, T. S. KANTZ, AND R. L.
CHAPMAN. 1994. Phylogenetic relationships of the ‘‘green algae’’ and
‘‘bryophytes.’’ Annals of the Missouri Botanical Garden 81: 451–483.

MOODY, M. L., L. HUFFORD, D. E. SOLTIS, AND P. S. SOLTIS. 2001. Phylo-
genetic relationships of Loasaceae subfamily Gronovioideae inferred
from matK and ITS sequence data. American Journal of Botany 88: 326–
336.

MORGAN, D. R., AND D. E. SOLTIS. 1993. Phylogenetic relationships among
members of Saxifragaceae sensu lato based on rbcL sequence data. An-
nals of the Missouri Botanical Garden 80: 631–660.

MORTON, C. M., M. W. CHASE, K. A. KRON, AND S. M. SWENSEN. 1996. A
molecular evolution of the monophyly of the order Ebenales based upon
rbcL sequence data. Systematic Botany 21: 567–586.

NEYLAND, R. 2001. A phylogeny inferred from large ribosomal subunit (26S)
rDNA sequences suggests that Cuscuta is a derived member of Convol-
vulaceae. Brittonia 53: 108–115.

NICKRENT, D. L., A. BLARER, Y-L. QIU, D. E. SOLTIS, P. S. SOLTIS, AND M.
ZANIS. 2002. Molecular data place Hydnoraceae with Aristolochiaceae.
American Journal of Botany 89: 1809–1817.

NICKRENT, D. L., AND E. M. STARR. 1994. High rates of nucleotide substi-
tution in nuclear small-subunit (18S) rDNA from holoparasitic flowering
plants. Journal of Molecular Evolution 39: 62–70.

OLMSTEAD, R. G., B. BREMER, K. M. SCOTT, AND J. D. PALMER. 1993. A
parsimony analysis of the Asteridae sensu lato based on rbcL sequences.
Annals of Missouri Botanical Garden 80: 700–722.

OLMSTEAD, R. G., K.-J. KIM, R. K. JANSEN, AND S. J. WAGSTAFF. 2000. The
phylogeny of the Asteridae sensu lato based on chloroplast ndhF gene
sequences. Molecular Phylogenetics and Evolution 16: 96–112.

OMILIAN, A. R., AND D. J. TAYLOR. 2001. Rate acceleration and long-branch
attraction in a conserved gene of cryptic daphniid (Crustacea) species.
Molecular Biology and Evolution 18: 2201–2212.

POL, D., AND M. E. SIDDALL. 2001. Bias in maximum likelihood and par-
simony: a simulation approach to a 10-taxon case. Cladistics 17: 266–
281.

POSADA, D., AND K. A. CRANDALL. 1998. Modeltest: testing the model of
DNA substitution. Bioinformatics 14: 817–818.

RO, K.-E., H.-Y. HAN, AND S. LEE. 1999. Phylogenetic contributions of par-
tial 26S rDNA sequences to the tribe Helleboreae (Ranunculaceae). Ko-
rean Journal of Biological Sciences 3: 9–15.

RO, K.-E., C. S. KEENER, AND B. A. MCPHERON. 1997. Molecular phylo-
genetic study of the Ranunculaceae: utility of the nuclear 26S ribosomal
DNA in inferring intrafamilial relationships. Molecular Phylogenetics
and Evolution 8: 117–127.

RøNSTED, N., H. STRANDGAARD, S. R. JENSEN, AND P. MøLGAARD. 2002.
Clorogenic acid from three species of Hydrostachys. Biochemical Sys-
tematics and Ecology 30: 1105–1108.

SAVOLAINEN, V., M. W. CHASE, S. B. HOOT, C. M. MORTON, D. E. SOLTIS,
C. BAYER, M. F. FAY, A. Y. DE BRUIJN, S. SULLIVAN, AND Y.-L. QIU.
2000a. Phylogenetics of flowering plants based upon a combined anal-
ysis of plastid atpB and rbcL gene sequences. Systematic Biology 49:
306–362.

SAVOLAINEN, V., ET AL. 2000b. Phylogeny of the eudicots: a nearly complete
familial analysis based on rbcL gene sequences. Kew Bulletin 55: 257–
309.

SIDDALL, M. E. 1998. Success of parsimony in the four-taxon case: long-
branch repulsion by likelihood in the Farris zone. Cladistics 14: 209–
220.

SIMMONS, M. P., V. SAVOLAINEN, C. C. CLEVINGER, R. H. ARCHER, AND J.
I. DAVIS. 2001. Phylogeny of the Celastraceae inferred from 26S nuclear
ribosomal DNA, phytochrome B, rbcL, atpB, and morphology. Molec-
ular Phylogenetics and Evolution 19: 353–366.

SOLTIS, D. E., R. K. KUZOFF, M. E. MORT, M. ZANIS, M. FISHBEIN, L.
HUFFORD, J. KOONTZ, AND M. K. ARROYO. 2001. Elucidating deep-level
phylogenetic relationships in Saxifragaceae using sequences for six chlo-

roplastic and nuclear DNA regions. Annals of the Missouri Botanical
Garden 88: 669–693.

SOLTIS, D. E., M. E. MORT, P. S. SOLTIS, C. HIBSCH-JETTER, E. A. ZIMMER,
AND D. MORGAN. 1999. Phylogenetic relationships of the enigmatic an-
giosperm family Podostemaceae inferred from 18S rDNA and rbcL se-
quence data. Molecular Phylogenetics and Evolution 11: 261–272.

SOLTIS, D. E., AND P. S. SOLTIS. 1997. Phylogenetic relationships among
Saxifragaceae sensu lato: a comparison of topologies based in 18S rDNA
and rbcL sequences. American Journal of Botany 84: 504–522.

SOLTIS, D. E., AND P. S. SOLTIS. 1998. Choosing an approach and an appro-
priate gene for phylogenetic analysis. In D. E. Soltis, P. E. Soltis, and J.
J. Doyle [eds.], Molecular systematics of plants II, 1–42. Chapman and
Hall, New York, New York, USA.

SOLTIS, D. E., Q.-Y. XIANG, AND L. HUFFORD. 1995. Relationships and evo-
lution of Hydrangeaceae based on rbcL sequence data. American Journal
of Botany 82: 504–514.

SOLTIS, D. E., ET AL. 2000. Angiosperm phylogeny inferred from 18S rDNA,
rbcL, and atpB sequences. Biological Journal of the Linnean Society 133:
381–461.

STEFANOVIC, S., M. JAGER, J. DEUTSCH, J. BROUTIN, AND M. MASSELOT.
1998. Phylogenetic relationships of conifers inferred from partial 28S
rDNA gene sequences. American Journal of Botany 85: 688–697.

SWOFFORD, D. L. 2002. PAUP: phylogenetic analysis using parsimony, ver-
sion 4.0b10. Sinauer Associates, Sunderland, Massachusetts, USA.

SWOFFORD, D. L., G. J. OLSEN, P. J. WADDELL, AND D. M. HILLIS. 1996.
Phylogenetic inference. In D. H. Hillis, C. Moritz, and B. K. Mable
[eds.], Molecular systematics, 407–514. Sinauer Associates, Sunderland,
Massachusetts, USA.

SWOFFORD, D. L., P. J. WADDELL, J. P. HUELSENBECK, P. G. FOSTER, P. O.
LEWIS, AND J. S. ROGERS. 2001. Bias in phylogenetic estimation and its
relevance to the choice between parsimony and likelihood methods. Sys-
tematic Biology 50: 525–539.

TAKHTAJAN, A. L. 1969. Flowering plants: origin and dispersal. Translated
from Russian by C. Jeffrey. Oliver and Boyd, Edinburgh, Ireland.

TAKHTAJAN, A. L. 1980. Outline of the classification of flowering plants
(Magnoliophyta). Botanical Review 46: 225–359.

TAKHTAJAN, A. L. 1997. Diversity and classification of flowering plants. Co-
lumbia University Press, New York, New York, USA.

THOMPSON, J. D., T. J. GIBSON, F. PLEWNIAK, F. JEANMOUGIN, AND D. G.
HIGGINS. 1997. The ClustalX Windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools. Nucleic Ac-
ids Research 24: 4876–4882.

THORNE, R. F. 1968. Synopsis of a putatively phylogenetic classification of
the flowering plants. Aliso 6: 57–66.

THORNE, R. F. 1983. Proposed new realignments in the angiosperms. Nordic
Journal of Botany 3: 85–117.

THORNE, R. F. 1992. Classification and geography of the flowering plants.
Botanical Review 58: 225–348.

THORNE, R. F. 2000. Classification and geography of dicotyledons. Botanical
Review 66: 441–650.

TITMAN, P. W. 1949. Studies in the woody anatomy of the family Nyssaceae.
Journal of the Elisha Mitchell Scientific Society 65: 245–261.

WAGENITZ, G. 1992. The Asteridae: evolution of a concept and its present
status. Annals of Missouri Botanical Garden 79: 209–217.

WANGERIN, W. 1910. Das pflanzenreich. series IV, heft 41, A. Engler [ed.].
W. Engelmann, Weinheim/Bergstraße, Germany.

XIANG, Q.-Y. 1999. Systematic affinities of Grubbiaceae and Hydrostachy-
aceae within Cornales-insights from rbcL sequences. Harvard Papers in
Botany 4: 527–542.

XIANG, Q.-Y., M. MOODY, D. E. SOLTIS, C. FAN, AND P. S. SOLTIS. 2002.
Relationships within Cornales and circumscription of Cornaceae: matK
and rbcL sequence data and effects of outgroups and long branches.
Molecular Phylogenetics and Evolution 24: 35–57.

XIANG, Q.-Y., AND D. E. SOLTIS. 1998. RbcL sequence data defined a cor-
naceous clade and clarify relationships of Cornaceae sensu lato. In D. E.
Boufford and H. Ohba [eds.], Sino-Japanese flora—its characteristics and
diversification, 123–137. University of Tokyo, Tokyo, Japan.

XIANG, Q.-Y., D. E. SOLTIS, D. R. MORGAN, AND P. S. SOLTIS. 1993. Phy-
logenetic relationships of Cornus L. sensu lato and putative relatives
inferred from rbcL sequence data. Annals of Missouri Botanical Garden
80: 723–734.

XIANG, Q.-Y., D. E. SOLTIS, AND P. S. SOLTIS. 1998. Phylogenetic relation-



1372 [Vol. 90AMERICAN JOURNAL OF BOTANY

ships of Cornaceae and close relatives inferred from matK and rbcL
sequences. American Journal of Botany 85: 285–297.

YANG, Z. 1996. Phylogenetic analysis using parsimony and likelihood meth-
ods. Journal of Molecular Evolution 42: 294–307.

ZANIS, M. J., D. E. SOLTIS, P. S. SOLTIS, S. MATHEWS, AND M. J. DONOGHUE.

2002. The root of the angiosperms revisited. Proceedings of the National
Academy of Sciences, USA 99: 6848–6853.

ZHU, W.-H., AND Q.-B. XIANG. 1999. Morphological characters of the genus
Diplopanax Hand.-Mazz. and its systematic implication. Bulletin of Bo-
tanical Research 19: 286–291.


