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Phylogeny of Aceraceae Based on ITS and #zL-F Data Sets

TIAN Xin, GLO Zhen-Hua, LI De-Zhu™
{ Laboratary of Plars Bindizersity and Biogeography , Kunming Instite of Botany, The Chinese Academy of Sciences . Kunming 650204, China)

Abstract: The nuclear encoded internal transcribed spacer (ITS) region and the plastid encoded #mL-F re-
gion were sequenced for 41 species of the Aceraceae, representing both genera Acer and Dipteronia , to recon-
struct phylogeny of this family, especially within Acer. The analyses were performed in separate and com_blned
sequence data sets, with the Sapindaceae and Hippocastanaceae being selected as outgroups. It was indicated
that the Acetaceae was monophyletic and D). sinensis was basal to the rest of the family but the two genera of
it might be not monophyletic because Dipteronia dyerana was nested within Acer. The result inferred from the
combined data showed greater resolution within Acer than that from the two separate data sets. The monophyly
of most sections in Xu's system ( 1996} were supported with high bootstrap values, and some relationships be-
tween {or among ) sections were also inferred, such as sect. Palmata and seci. Microcarpa; sect. Plo-
tangidea , sect. Lithocarpa and sect. Macrophylla ; sect. Integrifolia, sect. Trifoliata and sect. Pentaphyl-
la: and sect. Acer. sect. Goniocarpa and sect. Saccharina { sensu Ogata). However, the sectional status and
circumscriptions of some of the above-mentioned sections should be further adjusted. It seemed that the Xu's

delimitations of sect. Rubra and sect. Saccharodendran should be revaluated.
Key words: Aceraceae; phylogenyvs ITS sequences: tmL-F sequences

The family Aceraceae. consisting of two genera. Ac-
er and Dipteronia . is a constant member of the order
Sapindales hased on previous morphological analy-
ses-' =% The close relationships between Aceraceae and
Sapindaceae or Hippocastanaceae are supported by nu-
cleotide sequences analyses of the chloroplast rbel
gene:”" 51 Thome!® and APG!” even included the Acer-
aceae in lhe Sapindaceae. The genus Acer, containing
about 200 species, is widely distributed in the northem
hemispherem . China is the modem center of diversifica-
tion because most sections of the genus and seventy per-
cent of the species occur in this country'®!. The other
genus, Dipteronia, with only two species, is endemic to
Chinal® .

The genus Acer is chamcterized by their unique
elongated winged fruits ( samaras}. while other morpho-
logical characters are highly diversified. For example, the
leaf shapes vary from the 3-. 5- or 7-lobed, undivided
leaves to trifoliate. 5-foliolate, or even pinnately com-
pound leaves. Several different inflorescence types. in-
cluding racemes, panicles. corymbs and spikes, occur in
this genus. The three types of sexuality, andromonoecism
{ or andropolygamy }, androdioecism and dioecism. are all
represented in this genus. These variances make infra-
generic divisions very difficult. The species delimitation
and phylogenetic relationships within the genus Acer are
also very controversial. Mainly on the basis of the relative
position of stamens to discs. Pax divided the gemus into
14 sections in 4 large groups in his first system of Ae-
e, although he later recognized 13 sections '), Re-
hder' ™™ reduced all sections 1o the rank of series and
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placed them under two newly-circumscrbed sections,
which were mainly charactenized by intrastaminal discs
and extrastaminal discs, respectively. Fang[ 1. proposed a
different system in which the genus was divided into two
subgenera, mainly on the basis of simple versus com-
pound leaves. In Ogata’sU™* system, the genus was clas-
sified into 26 sections, In 1970, Murray''®) published his
monograph of the Aceraceae with 7 subgenera, 24 sections
and 35 senies within Acer . Ogata’ s system was essenbially
followed by Xu'®!, with some additions and amend-
ments. Mare recently, de Jong ! recognized only 19 se-
ries in 16 sections, providing a quite different arrange-
ment from these of other aothors. Some re-
searchers-!" 1* 8211 dicoussed the infrageneric phyloge-
netie Telationships in the genus by analyzing gross mor-
phology. seed proteins, fossils and geographic distribu-
tions. but the conclusions were not in consensus .

As reviewed above, the infragenenic systems and
phylogenetic relationships in the genus Acer based on
morphological characters were repeatedly proven to be not
convincing. The second genus, Dipteronia. was seldom
studied for its limited distribution. Tt was necessary to
study the phylogeny of the Aceraceae, especially within
the controversial genus Acer by other means and methods.
Molecular data are different criteria on phylogenetic infer-
ences from other phenotypic datal®'. Nucleolide se-
quences of a chloroplast gene, rhcL, have been exten-
sively used to examine plant phylogenies at higher taxo-
nomic levels, indicating the phylogenetic relationships of
the Aceraceae among the angiosperms'® 3 7> 3! Howey-
er, to resolve phylogenetic relationships among closely
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related groups. fast-evolving DNA fragments are need-
ed? | Taberlet et /') presumed that the intergenic
spacer of tmL-F could be used for phylogenetic studies at
the interspecific level in Acer based on comparison of two
species of Acer. Recently, some phylogenetic analyses of
Acer using nrDNA ITS data showed that this region was
informative in resolving infrafamilial relationships in the
Aceraceael®~ 21| However, the divergence on the delim-
itation of some sections was missed in the previously pub-
lished data sets and was not addressed because of lack of
sampling. In this study, we selected mDNA ITS and
opDNA #nL-F regions with a much broader sampling { 1)
to reconsiract phylogeny of the Aceraceae. especially
within Acer; (2) to evaluale previous classification sys-
tems of the genus Acer based mainly on morphological da-
ta; and {3) to address the sister relationship between Ac-
er and Dipieronia .

1 Materials and Methods

1.1 Malteriaks

Forty-one species of the Aceraceae were sampled
which represent the two genera with both species of
Dipteronia and all the sections except for sect. Emeiensia
of Acer of Xut '6]_. which need verfying (Table 1}. We
followed Xu " '™ system in Table 1 and in discussions.
To ensure the relighility of sampling, two accessions of
D. dyerana from different sources were sampled. Some
species of Acer were re-sequenced because the available
sequences in the GenBank were with koo many ambiguous
sites. MNo dubious sampling was founded. such as in D.
sinensis and A. carpinifolium . Three species, Sapindus
mukorossi, §. delavayi ( Sapindaceae ), and Aesculus
wangii { Hippocastanaceae ) were used as outgroups.,
VYouchers are deposited in the herbarium of Kunming In-
stitute of Botany (KUN). In the ITS separate data set.
the sequences of additional 17 species of Acer plus 5.
matkorosst of Sapindaceae were downloaded from the Gen-
Bank .
1.2 Methods
1.2.1 DNA isolation Total genomic DNA was ex-
tracted from fresh or silica-gel-dried leaves with a modi-
fied CTAB procedure!®- | although some leafl materials in
the herbarium were used. Prior to DNA extraction, we
followed Su et - in using acetone to get rid of the stiff
materials that interfere to the DNA"s extraction.
1.2.2 PCR amplification Double-stranded DNA was
directly amplified by symmetric PCR in GeneAmp 9600
{ Perkin Elmer, Norfolk, Comnecticut). Beaction was
conducted in 0. 2-mL thin-walled microcentrifuge tubes
and contained 1.5U AmpliTag DNA polymerase,
Replitherm TM buffer, 1.5 mmol/L MgCl,, 0.4 mmol/L
dNTP, 0.1 umol/L primer. 5% dimethyl sulfoxide, 25
- 60 ng sample DNA, The procedures of PCR thermal
cycle was conducted as follows: template pre-denaturation
of 2 min at 97 C . then 30 cycles of 1 min at 94 °C for
template denaturation, 1 min at 55 °C for primer anneal-
ing. 1 min at 72 °C for primer extension, followed by a

final extension of 7 min at 72 C. We used the 1TS4 and
ITS5 primers of White et at™ for the ITS regions for the
PCR and tm “c" and tm "f'1% for the mmL-F regions.
PCR products were purified by Watson' s purification kit
pricr to being sequenced.

1.2.3 DNA sequencing Double-stranded purified
PCR products were sequenced by the dideoxy chain termi-
nation method with an ABI PRISM™ Bigdye Terminator
Cycle Sequencing Ready Reaction Kit with AmpliTag
DNA polymerase FS { Perkin Elmer, Norfolk, Connecti-
cut). Reactions end programs were chosen according to
the recommendations of the manufacturer, with slight
modification in some cases. Samples were electrophoresed
in an ABI 310 Genetic Analyzer { Applied Biosystems
Inc.). Primers for PCR were used to sequence all sam-
ples.

1.2.4 Phylogenetic analyses DNA sequences were
edited and aligned with a DNASTAR Package, adjusted
manually where necessary. Phylogenetic analyses by max-
imum-parsimony method were perdformed with PAUFP
4.0b8!®] for the two data sets respectively as well as for
the combined data set. In phylogenetic analyses, ambigu-
ous sites were excluded from the matrix. Gaps were treal-
ed as missing, and inferred indels of unambiguons align-
ment were recoded as unordered separated characters. All
unambiguous characters and character-state transforma-
tions were given equal weight. A heuristic search was per-
formed for each data set, with RANDOM stepwise data
addition {1 000 replications, start seed = 1) and TBR
branch-swapping algorithm options. To assess the relative
support for each clade, bootstrap values were calculated
from 1000 replicate analyses with the heuristic search
strategy and simple addition sequence of the taxa. The
amount of phylogenetic information in the MP analysis was
constructed with the consistency { CI). retention { RI)
and rescaled consistency indices { RC). Distance trees
were also constructed with the neighbor-joining ( NJ)
method ( PAUP 4,0b8),

2 Results

All nucleotide sequences of the sampled species were
deposited in the GenBank (Table 1). Sequence charac-
tenistics of the two DNA regions were summarized in Tahle
2.

2.1 Analysis of the ITS data set

The ITST and ITS2 sequences of the outgroup S.
matkorossi were downloaded from the GenBank. The un-
known 5.8S of it was treated as no answer in the data ma-
trix. The length of the ITS region, including both spacers
and the 5.8S subunit, ranged from 617 1o 661 bp in all
the 58 accessions of 57 species of the Aceraceae sampled
and downloaded in this study. The aligned matrix consist-
ed of 707 alignment positions with 6 recoded characters.
After 97 ambiguous sites were excluded from the analysis,
there were 190 potentially informative sites out of the 300
variable sites. A tolal of 1 617 most parsimonious trees
was yielded from 1 000 replicates heuristic search with a
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Table 1 Flant matenals investigated in the analyses

Section ) GenBank acceasions
Taxa { species) Taxon abbr. (sensn Xu) Collection number s imL-F
Arer crassum Hu & Cheng CRAS Integrifolic Tian 9901 AF401135 AF40L175
A. poliophythom Fang & Wu POLI Tian 9903 AF401134 AFS01174
A. poxii Franch. PAX] Tian 9915 AF401132 AF401172
A buergeriamum Miq BUER Tian 9931 ) AF401133 ARQI1173
A. fabri Hance FABR See "Suh et af., 2000 AF241486 #
A, palmanon Thunb, ex Murray PAIM Palmate Tian 9969 . AF401123 AF401163
A, sieholdignum Mig SIER Ses “Ackery & Donoghue, ]993" AFO20377 #
A, shimsmoaeumn Koidzawm SHIR Ses “Ackerly & Donoghue, 1998 AFOR0376 #
A, jrporiaam Thunb JAPO See "Ackerly & Danogue, 1998" AFQ20374 #
A. circinaten Pursh CIRC See “Ackerly & Danogiue, 1998”  AFI20373 #
A. takeshimense Nakai TAKE See “Suh et al, , 2000” AF24T504 #
A, psadoneboldianum Komarov PSES See "Suh ef al., 2000" AF241501 #
A pubinerve Rehd .
var. apiferem Fang & Chiu PUBa Tian 9933 AFQQIIS AF401165
A. migoshanicum Fang MIAD Microcarpa Tian 9534 AF401124 AF401164
A. vappadocicun Gled.
var. suucum Rehd. CAPs Tian 9942 AF401133 AF401178
A, plotanoides L. PLAT Platancides L 119-74A AFA01136 AF401176
A. campestre L. CAMP Tian I903I010 + A AF401158 AF401198
A. mono Maxim. MONO See “Suh et al,. 20007 AF241401 #
A, puncetumn Bunge TRLN See “Suh e af., 20007 AFI41507 #
A. dewds Franch. DAVI Macrantha Tian 9919 AP401 144 ARS01134
A, tegmentosum Mmam, TEGM Kim 99-1298 AF401145 AF401185
A, wardd Smith WARD Specimen from KUN 0587937 AF401159 AF401199
A. pmnsyivaniam L. PENS See “Ackerly & Donoghue, 198" AFDZ0370#
A. rufinere Sieb, & Zucc. RUFI See "Ackerly & Danoghue, 1998"  ARTNBTI #
A. micranthem Sieb. & Zuce. MICR See "Ackerly & Danoghue, 1998 ARUI0369 #
A sschonaskii Maum. TSCH See "Ackerly & Donoghue, 1998" AFQ20372 #
A. tataricun L. TATA Girnale Li (02 AF401 146 AF401186
A. ginnala Maxim. GINN Tian 9967 AF401147 AF40T187
A, hungshanense Fang & Wu KUNG Lithocarpe Tian 9946 AF401143 AF401183
A, digholicum Blume DlAR Sec “Suh e a!., 20007 AF241484 #
A, muocrophyilum Pursh MACR Macraphylla Tian 19330500 « A AF401156 AF401196
A. orgubon Maxim. ARGU Arguta L1 001 AF401153 AF401193
A. tetramenon Pax TETR Tian 9941 AF401154 AF401194
A, glabrum Tomey GLAB Glabm Li 003 AFQ1139 AF401179
A, trauvetteri Medw. TRAU Aper Li 135A-B04 AF401126 AF401166
A. cogsinn Wall. ex Brandis
sap. giraldy (Pax) Murry CAFg Tian 9939 AF406969 AFATIORY
A, pseudoplatanus L. PSEP See “Suh 2 &., 2000 AF241500 #
A, monspessdanum L. MONS Guriocarpe Li 004 AF401127 AF401167
A, gpalus Mill. OPAL Li 12109A AF401128 AF401168
A, saccharum Marshall SACC Saccharodendron Tian 19460079 « A AF40 152 AF401192
A, saccharaum L SACI Tian 19701662 » A AR I5L AF401191
A, nibrum L RUBR Reubra Li 005 AF401150 AF401190
A, spicatum Lum. SPIC Li 007 AFSDL122 AF4O1162
A. corpinifolium Sich. & Zucc. CARP Carprnifolia Li 109598 AF401148 AF401188
A, cissifolium (Sich. & Zuce.) Koch.  CISS Cissifolia Li 006 AF401140 AF40T180
A, henryi Pax HENR Tian 9901 AF014H AF40TIRT
4. negundu L. NECL Negundo Tian 9968 AF401142 AF401182
A, distylum Sich. & Zucc. DIST Distyla Tian 19481073 + A ARIQI155 AF401195
A, nipponictun Hara NIPP Parigflora Tian 19795193 % A AFaN157 AF401197
A, pentaphyllum Diels PENT Pentaphylia Chen 2070 AF4OU137 AR401177
A, decandrum Merr. DECA Hyptscarpa Specimen from KUN 0580004 AFA} 149 AF4011R9
4. lgunmen Hasskarl LAUR See “Suh e al., 20007 AF241490 #
A, trflornem Koroarov TRIF Tnfoliata Liu 9962 AFA0113%0) AF401170
A, grisasm (Franch. ) Pax GRIS Li 12488A AF401131 AF401171
A, mandshericum Maxim. MAND Liu 9962 AF401129 AF401169
Dipteronia sinensis Oliv. SINE Germs Dipteronia Tian 9970 AF401121 AF401161
I}, dyerena Henry DYERI Tian 2064 AF40112) AF401160
DYER2 Tian 2063 AF401120 AF401160
eutgroups
Aesculus wangh Hu AESC Hippocastanaceae Tian 2100 AF406968 AF411085
Supindus mudkorossi Gaerin, SAPIL Sapindaceas See "Cho et al . 19677 USI9T3(ITSI ) #
. US5780(ITS2) #
Supindus delavey: { Franch. ) Radlk, SAPIZ Yang 2000 AF411086
# Dowmload from GenBank
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Table 2 Sequence characteristics of ITS and rrL-F. separated and combined, in Lthe Aceraceae

Comparison IS rnl-F Combned (ITS and tnL-F)
v i 41
Mumber of sampling { withun Aceraceae } 58 42
Length range | by 617 - 661 852 — 49 1495 — 1598
Aligned length (b i 1005 1706
Recoded numbers 6 13 18
Mumber of excluded sites ) 0 56
G+ C content runge [ %) .67 35,15 45,56
Sequence divergene { % 0- 16 64 0-4.93 0-6.9
Number of variable <ites 300 245 486
Number of potentially wformative sites 190 124 47
Number of mest parsimantous trees 1617 555 4
Tree Jength B13 Mt 002
Consistency index (1) 0.340 0.524 0.601
Retention mdex | RI) 0.6564 0.780 0.617
Rescaled consistency imdices (RCY 0.359 0.651 0.371

length of 813 step=. CI = 0.540, RI = 0.664, and RC
= 0.359. GC average conteni was high (60.67%,
Table 2). Except for the sequences downloaded from
GenBank with too many ambiguous siles, the pairwise se-
quence divergence ranged from O to [6.64% within the
family and from O to 13.60% within Acer . The two sam-
pled species of sect. Microcarpa, A. minoshanicum and
A. pubinerve var. apiferum, as well as the two acces-
sions of D. dyerana shared the same sequence in the ITS
region, respectively.

The strict consensus tree {Fig. 1} indicated that the
Aceracese was a8 monophyletic group with a bootstrap val-
ue of 96% . Within the family. the resclution was gener-
ally low. Dipteronta was resolved as paraphyletic and the
whole Acer was monophyletic, but the internal support for
this topology was low. Within Acer. the monophyly of
mosi sechions were strongly supported, except that within
the sect. Macrantha, A. tschonoskii, A. wardii and
A. microanthum of ser. Micrantha formed a strongly
supported monophyletic group. which separated from the
other four species of the section. Sect. Rubra, sect, Ac-
er, sect. Saccharodendron . sect. Trifoliate and sect.
Inuergrifolia, as defined by Xu, were also not resolved as
monophyletic. Some infrageneric relationships were also
supported with high bootstrap values. Sect. Palmota and
sect. Microcorpa formed a monuphyletic clade with a
hootstrap support of 96% , while sect. Palmate became
paraphyletic if the two sampled species of sect. Micro-
cirpa were excluded. A, rubrum (sect. Rubra) and A.
saccharinum (sect. Socchorodendron) formed a mono-
phyletic group with a bootstrap support of 9% . Tt ap-
peared that sect. Integrifolin, sect. Trifoliata and sect.
Pentaphylla were closely related. but the internal support
was relatively low (5I1% ). Secl. Lithocampa. sect.
Macraphyila and sect. Platencidea might be also interre-
lated. but the bootstrap support was low. indicating that
the clade may collapse.

2.2 Analyses of the treL-F data set

The length of the &nL-F region ranged from 920 to
949 bp in the 42 samples of the Aceraceae, except for
Acer kungshanense with 852 bp. The aligned data matrix
( including 13 recoded indel characters) had 245 variable

characters and 124 potentially informative characters out
of a total of T 018 characters. The heunstic search pro-
duced 555 most parsimonious trees with 341 steps, CI =
0.824, RI = 0,789, RC = 0.651. GC average content
was low (35.14% ), which was the chamacter of cpDNA
sequences ( Table 2). Pairwise sequence divergence
ranged from O to 4.03% within the genus Acer and from
0 to 4.83% within the family. Three species pairs of Ac-
er showed the same sequences for trnL-F region, i.e. 4.
migoshaninum vs. A. pubinerve var. apijferum, A.
monspesstdanwm vs. A. opelus. and A. davidii vs. A.
wardii , respectively. The sequences of the two accessions
of Dipteronia dyerana were also completely coincident.
The strict consensus tree {Fig. 2) also strongly sup-
ported the monophyly of the Aceraceae with a bootstrap
value of [00% . I}. sinensis was basal to the rest of the
Aceraceae. The two genera may not be monophyletic be-
cause D). dyerana nested within Acer, which was differ-
ent from the tree based on ITS data. A. carpinifolium .
which had been regarded as a very specialized taxon
{even being treated as a monotypic subgenus ), formed a
second basal clade within the clade of Acer plus D. dy-
erana. However, the bootstrap support for this topology
was relatively low (60% ). Again., most sections were
supported. Comparing with the ITS phylogeny, the boot-
strap values were generally lower, There were also a few
exceptions. A, pexii was not resolved within the sect.
Intergrifolia. The monophyly of sect. Trifoliata, sect.
Rubra. sect. Saccharodendron and sect. Acer was also
not achieved. T appeared that sect. Macrantha may be
monophyletic, but the relationship between A. tegmento-
sum and the strongly supported A. davidii and A. wordii
clade may collapse. The clade with sect. Palmata and
sect. Microcarpe was strongly supported with a bootstrap
value of 99% . A. rubrum (sect. Rubra) and A, sac-
charinum (sect. Saccharodendron) again formed a mono-
phyletic group. but the bootstrap support was relatively
low (60% ) . However, the relationships among most sec-
tions were not resolved,
2.3 Analysis of the ITS and #nL-F combined data
set

A total of 41 species of the Aceracese (with one
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Fig.1. Sirict cunsensus tree hased on nuclear ITS data of Aceraceae. Length =813, CI=0.540, RI=0.664, and RC = 0.359.

Bootstrap values > 50 { 9% ) are indicaled above branches.

accession of [). dyerana ) was analyzed based on the
combined data set with Aesculus wengii ( Hippocas-
tanaceae) as outgroup. The length of the combined se-
quences ranged from 1 495 to 1 598 bp. Alignment of 42
sequences resulted in a matrix of 1 706 pesitions. Fifty-
six ambiguous sites were excluded and 18 new scores of
inferred gaps were recoded. There were | 668 characters
in the analysis of combined data set. Of 486 variable
sites , 247 slies were potentially informative. The heuristic
search produced 4 most parsimonious trees with 1 002
steps, Cl = {1.601, RI = 0.617, and RC = 0.371.
GC average content was 45.56% . Pairwise sequence di-
vergence ranged from 0 to 6.96% within the family and
from {} to 5.97% within the genus Acer (Table 2).

The strict consensus tree (Fig. 3) and neighbor-
joining (NJ) tree (Fig. 4) were generated. After boot-

strap analyses, the discrepancies observed between the
two trees were largely anributable to many poorly support-
e nodes. When these nodes ( characterized by hootstrap
values <50% ) were treated as unresolved (i.e., they
were collapsed to yield polytomies). the trees were con-
sistent, with the only remaining area of discord being the
relative positions of A. carpinifolium . In general, greater
resolutions were achieved with higher bootstrap supports.
Most sections were resolved as monophyletic with the ex-
ceptions of sect. Acer, sect. Rubra. sect. Sorchoroden-
dron and sect. Trifofiata. The relationships among the
sections resolved better than the two trees based on sepa-
rate data sets. The monophyly formed by sect. Palmata
and sect. Microcarpa was strongly supported with a high
bootstrap value (1009% ). A. rubrum (sect. Rubra) and
A. saccharinum (sect. Seccharodendron) again formed a



TIAN Xin e l: Phylogeny of Aceraceae Based on ITS and trnL-F Data Sets

719

trrL-F
SAPI2
Qutgroups
AESC ] outsrous
SINE
_m_: CYER1 ] Gen. Dipteronia
DYER2
99 PALM — Fafmata
87 MIAD :! '.I"CI'GC&IP&
PUBa
SPIC — fubre
CAEg Acer
TRl )
82 [ MONS fonfoe
Arpa
—== OPAL ]

100

e

g A

I

g

|

GRIS
MAND
TRIF
BUER
CRAS
POLI
PAX]
PENT
KUNG
MACR
CAMP
PLAT
CAPs
DAVI

] Trifoliata
:l Integrifolia

— Pentaphylla
— Lithocarpa
— Nacrophylia

] Platancidea

Gen. Acer

WARD :' Nacrantha
TEGM
[ GLAB — (labra

NEGU — Neguado

|_26_: CIss ] Cissifolia
HENR

S

&0

ARGU Arguta
NIpPPp — Parviflora
% GINN ] frinnala
TATA
SACC — Sacharcdendron
TETR — Arguta
DIST — distyla

DECA — Hyptiocarps
J_‘L: RUBR — Kubra

SACI — Saccharodendron

CARP — C(arpinifolia —

Fig.2. Swrict consensus iree based on plastid #mL-F data of Aceracese. Length =341, CI=0.824, RI=0.789, RC=0.651.

Bootstrap values > 50 { % ) are indicaled above branches.

monophyletic group with a high bootstrap support
(100% } in both trees. The close relationship between
sect. Macrophylle and sect. Platanoidee was supported
with a high bootstrap value (809 ) in the MP tree. How-
ever, sect. Plafenoidea was sister to sect. Lithocarpa
with a high bootstrap support (80% ) in the NJ tree.
Within the sect. Macrantha, A. dovidii and A.
tegmentosum formed a monophyletic clade in both trees
with high intemnal supports (71% - 969 ), but their re-
lationship with A. wardii was not supported by bootstrap
analyses. In both trees, seci. Trifoliatn was paraphylet-
ic, yet together with sect. Integrifolia and sect. Penta-
Phylla . they formed a strongly supported clade with boot-
strap value of 95% - 97% .

3 Discussion

3.1 Comparison of the two individual data sets and
the combined data set

In the Aceraceae, the sequence divergence of ITS
wag much higher than that of &n1-F, The length of &nl-
F region was nearly 1.3 times longer than that of ITS re-
gion. but the potentially informative sites of the tmL-F
region (124 sites, ) were 2/3 less than those of ITS data
(190 sites, excluding 97 ambiguous sites) . This indicates
that the ITS region might have a faster evolutionary rate
( approximately 3 — 4 times] than tmL-F in the Acer-
aceae. However, the ability of ITS to assess the infrafa-
milial phylogenetic relationships was not evidently higher
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Bootstrap values > 50 (% | are indicated above branches,

than that of #n].-F, which may be because of the higher
homoplasy of ITS sequences (CI = 0.540)} than that of
tmL-F sequences {CI = 0.824). In the combined data
analvsis, greater resolutions were achieved becauze of the
more potentially informative sites (247 sites) and lower
homoplasy (CI = 0.601).
3.2 Phylogeny of the Aceraceae

In all the analyses, the Aceraceae formed a robust
monophyletic group with high bootstrap values, but,
strangely, the monophyly of Diperonia was failed 1o
achieve. In the published studies of the Aceraceae based
on ITS datal®-®1, a5 only one species of Dipteronia ,
D. sinensis was selected as outgroup, all sampled species
of Acer seemed to be a monophyly. In the current study,
both species of Dipteronia were included in the analyses,
D. dyerana thus nested i Aeer, although the intemal

support was generally low. indicating that the relationship
may collapse. D. sinensis was basal to the rest of the
Aceraceae in all analyses, and the mdependence of it was
strongly supported by the three data sets. The position of
D. dyerena was slightly different in the trees based on
the two separate and combined data sets, In the TS phy-
logeny, it formed a basal clade in Acearceac and this
made the sampled species of Acer monophyletic. In the
other analyses. ). dyeronc was nested with sect. Pol-
mata plus sect. Microcarpa { iml-F tree). or with A.
spicate { sect. Rubra ) (combined analysis, NJ tree)}.
Although these relationships did not have internal sup-
port, it made Dipteronia a possible paraphyletic genus,
and this was quite contradictory. Morphologically, the two
genera were obviously different from each other. such as
the outline of samaras, the presence or absence of bud scales,
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the ammangement of leaves and the chromsome number,
while the two species of Dipteronie were very similar and
distinguished only in glabrous or hairy of inflorescences
and sizes of leaves and nutlets. Therefore, the relation-
ship of the two species of Dipteronia may be hinted by the
molecular analyses, but more evidence is needed.

Sect. Polmate and Microcarpa formed a mono-
phyletic group in all analyses with strong internal support .
In the ITS wee, sect. Palmaia became paraphyletic with
the exclusion of sect. Microcarpa . The two sections share
many morphological characters such as typically palmate
leaves, 4-paired bud scales, and corymbose inflores-
cences. Ogata[“] and de Jong'"") combined them into one
section. sect. Palmata. However, Ogata’s and de Jong’
5 treatments by putting A. fabrt and A. crassum in sect.

Palmata as a third series!™ 17~ were not supported here.
In the ITS tree, both A. fabri and A. ecrassum were
nested within species of sect. Integrifolia with relatively
high bootstrap support (64% - 75% ). In the ITS and
tmL~F combined analyses, A. crassum was also nested
within species of sect. Integrifolic with high bootstrap
support (98% — 999% ). This was also backed by previ-
ous pollen analysis' > . Morphologically, sect. [fntegrifo-
lia was characterized by the unlobed oblong or obovate
leaves > - and A. Jabri and A, crasswmn nicely fitted
within it,

Sect. Macrantfie was divided into three series, ser.
Tegmentosa (1. e.. Macrantha }, ser. Crataegifolia
(i.e., Rufinervia) end ser. Micrantha by some au-
thors' ™ 5 ¥ Ogatal™ inferred that ser. Micrantha .
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with patent perianths, apiculate anthers and shallowly
hollowed disc, was in a relatively remote relationship to
the other two series. This was strongly supported by the
ITS analysis. The section with seven species sampled,
representing the three different series, was resolved as pa-
raphyletic. Ser. Micrantha represented by three species
(A. tschonoskii, A. micranthum and A. wardii )
formed a monophyletic clade with high internel support.
However, in the tmL-F analysis. A. wardii and A. da-
vidii (ser. Crataegifolia ) showed no difference in their
sequence divergence. de Jong'"") divided A. wardii as a
monotypic section, and this was supported by the com-
bined analysis to some extant. More evidence would be
needed to resolve a belter affinity of this species.

Xu-'6 put A. saccharum of sect. Saccharine and
A. sacchrinum of sect. Rubra, which were established
by Pax (19} and followed by some authorst*' ' 1 in his
sect. Saccharodendror . He also transferred A. spicatum
from sect. Spicata (sensu Ogata) io sect. Rubra. These
treatments were quite different from others! 10 4 V-1
A. saccharinum  ( sect. Saccharodendron ) and A.
rubrum (sect. Rubra) were recognized as a strongly sup-
ported clade in both ITS, trnl-F sepamate or/and com-
bined analyses. This was not in consensus with Xul'®)
Actually,  their relationship  was  recog-
nized % % 711 These two species may be distin-
guished from other sections of Acer, remarkably in their
completely sessile umbels and early-ripen fruits. In all
analyses, A. spicatum was not grouped within sect.
Rubra . In fact, this species does not share any common
features with sect. Rubm. Tt seemed that Xu’ s sect,
Saccharodendron and sect. Rubra were ill-defined.

A. saccharm was treated as a sole member of sect.
Saccharine, by Pax'"!, Ogatal and Koidaumi™®). In
gmss morphology, it is very similar to sect. Acer and

. Gomiocarpa , esl[)eclaﬂy in the shape of multiseriate
xerm rays. de Jong'*'- uniled the three sections into
sect. Acer. The relatmnshlps among A. saccharm, the
two sampled species of sect. Goniocarpa and 4.
trautvettert of sect. Acer were somewhat supported by the
combined data analyses, with bootstrap values of 58% -
90% . In all analyses, the two sampled species of sect.
Acer (A. trautvetteri and A. caesium ssp. giraldii)
failed to form a monophyletic group. The clear sequence
divergence between them may be caused hy the geographi-
cal disjunction. A, caesium and its subspecies giraldii
are endemic to the Himalaya, and other species of sect.
Acer are distributed from W. Asia 1o S. Europe.

There was another mbust clade, constituted of taxa
of sect. Integrifolia , sect. Trifoliata and sect. Penya-
phylla, although the validities of the three sections, as
currently defined. were generally not supported. On the
one hand. the three sections are mainly defined by their
leaf shapes, which are, however. very varable: on the
other hand, there are many common characters among
them, such as imbricate bud scales, andromnoecious, 5-
merous flower, and temminal compound inflorescences.
After more sampling and analyses together with tmI-F

close

data. sect, Integrifplia and sect. Pensaphyllum did not
form a sister relationship. Thus de Jong’ s treatment of
putting them inio one section’ ) was not supported, al-
though this was supported by Suh et af!®) . Sect. Trifoli-
ata also failed to form a monophyletic clade, as A.
mandshuricum showed a closer relationship with sect. Jn-
tegrifolia {as sister to it in the combined analyses). The
molecular trees identified the two series, Grisea {with A,
triflorum and A. griseum sampled) and Mandshurica
{with A. mandshuricum sampled}.

Morphologically, sect. Lithocarpe, sect. Macra-
phylla and sect. Platanoidea were characterized by the
presence of latex in leaves and young twigs. Their rela-
tionships were somewhat supported in the ITS phylogeny
but with low bootstrap value. The sister relationship be-
tween sect. Macrophylle and sect. Pleianoidea was
strongly supported in the MP analysis of the combined da-
ta, while the sister relationship between sect. Pla-
tanwidea and sect. Lithocarpe was also indicated with
high bootstrap value in the NJ analysis. Therefore. the
combination of sect. Lithorarpe and Macraphylla, as
posed by de Jong'”, should be carefully evalimated. A.

stre was trealed in is own section, sect. Campes-
brig[1 12 34 8] The dloge relationship between sect.
Campestria and sect. Platanoidea was supported by the
resemblance of general morphology!*, cambial peroxi-
dase isoenzymes'>*! | seed pmtein[ 9] and DNA RFLP/2!
These more or less supported the combination of the two
sections, COur analyses showed that sect. Platenoidea
( including species of sect. Campestria sensu Ogata)
formed a rbust clade.

A. carpinifolium is exclusively characlerized by
penninerved leaves, remarkably big wood rays, finely
striate-reticulate pollen and special protein components of
the seed! ™" 6 9 3! | which make it separate from all the
other species in Acer as a specialized monotypic group.
This independence of it was supported by the tmL-F data
and the NJ analysis of the combined data, but the intemal
supporis were relatively low (60% ).

Companng with the published ITS studies of Suh et
al'®!, the close relationship between sect. Distyle and
sect. Pamgﬂora, and between sect. Hyptiocarpa and
sect, Rubra were also supported by our molecular data
sets, which were alike to the results of Suh et a/'®, but
the bootstrap values were generally very low, except that
the monophyly formed by sect. Hyptiocarpa and sect.
Rubra (sensu Ogata) was supported with a bootstrap val-
ue of 78% in the NJ analysis of the combined data. Un-
like the previous ITS analysis, the sister relationships be-
tween sect. Cissifolic and sect. Negunde, and between
sect. Macrantha and sect. Arguta, were nol detected in
our analyses.
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