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ABSTRACT. The approximately 45 woody species of Ulmus (Ulmaceae) have been placed in five
to nine sections on the basis of morphological characters. Cladistic analyses of chloroplast DNA
restriction site variation were employed to examine phylogenetic relationships among 29 Ulmus
accessions, including representatives from all proposed sections and subsections, and Zelkova serrata.
Sufficient variation was detected to construct cladograms with branches both well-resolved and
supported. The cpDNA results are largely congruent with those based on nuclear ribosomal DNA.
Inclusion of 18 morphological /chemical characters further resolved relationships within the genus.
Intrageneric relationships implied by the molecular and combined cladograms differ from previous
classifications in a number of respects. Three species, U. crassifolia, U. serotina, and U. thomasii, which
have been placed in two or three sections, were found to form a well differentiated monophyletic
group (sect. Trichoptelea). The maintenance of sections Anisoptelea and Trichocarpus and the recog-
nition of subsections Foliaceae and Glabrae within section Ulmus are not supported. The inclusion
of U. mexicana, sometimes treated as the distinct genus Chaetoptelea, within Ulmus is supported. The
molecular evidence supports the distinctiveness of U. rubra and the recognition of two subgenera:
Oreoptelea (sects. Blepharocarpus, Chaetoptelea, and Trichoptelea s. 1.) and Ulmus (sects. Lanceifolia, Mi-

croptelea, and Ulmus).

Ulmus comprises approximately 45 woody
species, widely distributed throughout the north
temperate regions (excluding western North
America), and extending to the subtropics in
Central America and southeast Asia (Penning-
ton and Sarukhan 1968; Fu 1980). Although the
genus is generally well defined, the delimita-
tion of species and their taxonomic affinities
have been controversial. These difficulties have
been attributed to the paucity of taxonomic
characters in a group characterized by simple,
highly reduced flowers and fruits, variable veg-
etative characters, few barriers to interspecific
hybridization, and little phytochemical differ-
entiation (Richens 1983). Additional complica-
tions result from human disturbance of natural
species distributions and nomenclatural contro-
versies including the type designation of Lin-
naeus. Taxonomic problems are particularly
rampant within sect. Ulmus (Heybroek 1976).

The most widely recognized treatment of Ul-
mus was published by Schneider (1916) who
divided the genus into five sections (Table 1):
Microptelea, Trichoptelea, Chaetoptelea, Blephato-
carpus, and Madocarpus (= sect. Ulmus, see fol-
lowing). Grudzinskaya accepted the lectotypi-
fication of U. americana L. by Hutchinson (1967).
This was done at a time when the name U.
campestris L., which had been designated the
type by Britton and Brown (1913), was consid-
ered invalid by reason of nomen ambiguum [the
name had been widely applied to different bio-
logical identities (Melville 1938; Grudzinskaya
1971)]. Current nomenclatural practice, how-
ever, does not recognize the nomen ambiguum
argument, and thus U. campestris must still be
recognized as the type (F. R. Barrie, pers. comm.).
Although the species to which the name applies
has not been established, two possibilities, now
referred to as U. glabra Hudson and U. carpini-
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folia. Ruppius ex Suckow (and various other
names) are included by Schneider (1916) in sect.
Madocarpus. We therefore refer to this section,
sensu Schneider, as Ulmus. Under Grudzin-
skaya’s system, however, U. glabra is still placed
in sect. Madocarpus, but U. carpinifolia is trans-
ferred to sect. Foliaceae. Until one of these is
designated a lectotype, there is no means of
determining which of Grudzinskaya’s sections
should be named Ulmus, although the use of
Ulmus as a subgeneric name for the group con-
taining U. americana and not “U. campestris” is
now considered inappropriate.

Sections Microptelea (ditypic) and Trichoptelea
(monotypic) differ from the rest of the genus
in having calyx lobes free for more than half
their length. Both sections are found in south-
eastern North America but with the third
species in east Asia. Schneider distinguished
sect. Microptelea from sect. Trichoptelea by com-
pressed floral axes and short pedicels in the
former versus the distinctly racemose cymes in
the latter. The calyces in the other three sections
are shallowly lobed. The North American sect.
Chaetoptelea has elongated floral axes and ped-
icels, and pubescent and ciliate fruit, whereas
sect. Blepharocarpus, distributed in eastern North
American and Europe, has fasciculate cymes
with elongated pedicels, and ciliate but other-
wise glabrous samaras. Section Madocarpus /
Ulmus, basically Eurasian except for U. rubra in
eastern North America, has compressed floral
axes, short pedicels, and samaras ranging from
glabrous and eciliate to pubescent and cilate.
The position of the seed, in the center or near
the apex of the samara, was used to distinguish
subsects. Glabrae and Foliaceae, respectively,
within sect. Madocarpus[Ulmus.

The classification system of Schneider (1916),
although widely accepted (Yarmolenko 1936;
Rehder 1940; Elias 1970), has been the subject
of a number of revisions as new methods of
data analysis, new data (e.g., flavonoid data),
and new theories to explain patterns of varia-
tion have called into question the species com-
position of almost every one of the sections
(Cheng et al. 1963; Sweitzer 1971; Bate-Smith
and Richens 1973; Grudzinskaya 1975, 1980;
Heybroek 1976; Fu 1980; Table 1).

There are four main points of contention
with Schneider’s (1916) classification system. 1)
Should Ulmus mexicana (Liebm.) Planch. be ex-
cluded from Ulmus and regarded as a separate
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monotypic genus, Chaetoptelea? 2) Are there suf-
ficient grounds for recognizing two or more
subgenera within the genus? 3) Are U. alata
Michx., U. crassifolia Nutt., U. mexicana, U. ser-
otina Sarg., and U. thomasii Sarg. more closely
related than is indicated by their placement in
three different sections? 4) Does Schneider’s sect.
Madocarpus /Ulmus, in fact, comprise two or more
distinct sections?

Cladistic analyses of chloroplast (cp) DNA re-
striction site variation have proven useful in
resolving taxonomic problems in numerous
plant taxa at this rank (see reviews in Palmer
et al. 1988; Soltis et al. 1992; Sytsma and Hahn
1994). Although cpDNA results can sometimes
be misleading due to chloroplast “capture”
(Smith and Sytsma 1990; Sytsma 1990; Soltis et
al. 1991; Rieseberg and Brunsfeld 1992; Riese-
berg and Wendel 1993), these inconsistencies
can be readily determined by comparing the
chloroplast cladogram to one derived from nu-
clear DNA. Taxonomic and nomenclatural
changes based in part on chloroplast DNA stud-
ies are becoming more frequent [e.g., Hetero-
gaura/Clarkia (Sytsma and Gottlieb 1986a; Lewis
and Raven 1992), Boisduvalia/Epilobium (Hoch
and Raven 1992; Baum et al. 1994), subfamily
Barnadesioideae (Jansen et al. 1992; Bremer et
al. 1992), tribe Tarchonanthe (Keeley and Jan-
sen 1991), Lycopersicon/Solanum (Spooner et al.
1993), Papaver (Kadereit and Sytsma 1992), Psi-
lactis| Machaeranthera (Morgan 1993), Sphenos-
tylis | Nesphostylis (Potter and Doyle, 1994), and
Rollandia /Cyanea (Lammers et al. 1993; Givnish
et al. 1994)]. In the current study, representa-
tives of all but one of the proposed sections and
all subsections of Ulmus were examined using
cladistic analysis of cpDNA restriction site data.
We also explored the ramifications of combin-
ing the cpDNA data set and a preliminary mor-
phological /chemical data set. The resulting
phylogenies are used to track the evolution of
specific morphological and chemical characters,
assessed relative to other nuclear DNA data,
compared to the various classification systems,
and then used to recommend certain revisions
in the classfication that more closely reflect the
evolutionary history of Ulmus.

MATERIALS AND METHODS

Plant Materials. Twenty-nine accessions of
14 species representing eight of the nine pub-
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lished sections and both subsections (Schneider
1916; Cheng et al. 1963; Grudzinskaya 1975,
1980) of Ulmus were studied. In addition to nat-
urally occurring individuals, specimens of ver-
ified taxa from selected arboreta were incor-
porated whenever possible (Table 2). Only sect.
Madocarpus [Ulmus with over 30 species was not
extensively sampled in this analysis. Prelimi-
nary results with a larger set of species (21) and
accessions (44) from this section indicate that a
more thorough study of the section is needed
to clarify relationships within one portion of
the section, although monophyly of the section
is not questioned (Wiegrefe 1992; Wiegrefe et
al., in mss.). The six species selected from sect.
Madocarpus [Ulmus for this genus wide survey
represent the basic clades detected in the more
detailed study.

Zelkova serrata Mak. was used as the outgroup
(Watrous and Wheeler 1981). Zelkova was placed
in the Ulmoideae by Grudzinskaya (1967; as Ul-
maceae s. str.) and Giannasi (1978), and was
found to be closely related to Ulmus on the basis
of cpDNA restriction site mapping and rbcL
(large subunit gene for ribulose-1,5-bisphos-
phate carboxylase/oxygenase) sequencing
among genera in the family (Wiegrefe 1992;
Wiegrefe et al., in mss.). Hemiptelea and Celtis
(both Ulmaceae s. 1.) were used initially along
with Zelkova for global outgroup analysis (sensu
Maddison et al. 1984), but were subsequently
omitted when restriction site homology could
not be determined relative to Ulmus and Zelkova
without resorting to detailed restriction site
mapping using double digestions (Wiegrefe
1992).

Sample Preparation and Data Collec-
tion. Total DNA was extracted from leaf tissue
using protocol B of Smith et al. (1992), involving
a CTAB lysis following an initial organelle iso-
lation. The following modifications and clari-
fications were necessary: PEG (polyethylene
glycol) was added to the grinding buffer to a
concentration of 2% w/v; all alcohol precipi-
tations were carried out using two volumes cold
ethanol (including step 7); RN Ase was not used,
nor were the samples purified with phenol and
phenol/chloroform (steps 12 through 14); and,
following the final alcohol precipitation, the
samples were washed twice by covering the
samples with cold 70% ethanol in water for a
minimum of 20 min before air drying. Multiple
extractions were necessary for some accessions,
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each using 0.9-2.0 g of frozen tissue to acquire
sufficient DNA for the restriction enzyme sur-
vey.

Aliquots of the DNA’s were digested with 25-
30 restriction endonucleases according to man-
ufacturers’ specifications (Bethesda Research
Labs and New England Biolabs) with each en-
zyme recognizing a different six-basepair se-
quence. The restriction enzymes used were:
Apal, Apall, Aval, BamH], Bcll, Bgll, Bglll, BstEIl,
Clal, Dral, EcoNI, EcoO1090, EcoRI, EcoRV,
HindIIl, Mlul, Pstl, Pvull, Scal, Sstl, SstIl, Stul,
Styl, Xbal, and XmnlI. Preliminary work showed
no intrageneric variation in the restriction sites
of BstBI, Kpnl, Sall, Smal, or Xhol, and thus these
enzymes were not utilized on all accessions.
Procedures for fragment electrophoresis, bidi-
rectional transfer, and permanent bonding of
DNA to nylon membranes (Biodyne) followed
Smith et al. (1992). Filters were sequentially
probed with 10 heterologous cpDNA fragment
clones or clone combinations that cover almost
the entire chloroplast genome: S6, S8, P3, P6,
P8, P10, P12, P14, P18, and P19 from Petunia
(Sytsma and Gottlieb 1986b), and Lactuca clones
18.8 (L1), Pst1/Sstl 6.2, Sst1 3.5 and SstI 1.8 (Jan-
sen and Palmer 1988). Nick translations, hy-
bridizations, and washes followed the protocol
of Sytsma and Schaal (1985). Autoradiography
was employed for fragment visualization.

A morphological /chemical data set was con-
structed for the same taxa examined for cpDNA
variation. The data set includes 18 characters
(Table 3) taken from leaves (3), wood (1), flow-
ers (6), fruits (6), and flavonoids (2). Difficulties
in finding a sufficient number of useful char-
acters, in assessing homology, and in obtaining
data for all species precluded finding a mor-
phological/chemical consensus tree with ade-
quate resolution. The morphological /chemical
data set was subsequently combined with the
cpDNA data to examine relationships based on
all available evidence.

Phylogenetic Analyses. The most parsi-
monious cpDNA trees were identified using
PAUP version 3.1.1 (Swofford 1993) with the
branch-and-bound or the heuristic options (the
latter using simple addition sequence, TBR
branch swapping, steepest descent, and col-
lapsing zero-length branches). Both Wagner
parsimony (Farris 1970) and weighted parsi-
mony (Albert et al. 1992) were employed. Char-
acter state weighting was used to discriminate
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against convergent gains using several char-
acter-state step matrices. The weighting schemes
used values (from 1.05 to 2.0, gains:losses) that
bracket the range empirically determined to be
appropriate for cpDNA studies within angio-
sperms (Albert et al. 1992). Support for each
branch was estimated using bootstrap analysis
(Felsenstein 1985) in PAUP, and by examining
trees one through three steps longer using the
keep function in PAUP [Bremer 1988; Dono-
ghue et al. 1992 (as “decay” function)]. Strict
consensus trees were constructed using the
PAUP consensus tree option for all shortest trees
and also trees < n steps long. The decay values
for all branches maintained after relaxing par-
simony by three steps were determined by us-
ing topological constraints (Swofford 1993). The
shortest trees violating each constraint were
found by using 10 replications of random ad-
dition sequence (shortest trees were often not
found with a single run of simple addition se-
quence) with the heuristic approach (TBR branch
swapping and steepest descent). Alternative to-
pologies suggested by previous studies and the
number of extra steps they require were ex-
amined using MacClade 3.0 (Maddison and
Maddison 1992). The combined data set of
cpDNA and morphological/chemical charac-
ters was analyzed by maintaining all state trans-
formations unordered unless otherwise noted.
Character state changes in morphological/
chemical characters were placed on the com-
bined data set trees using MacClade and PAUP
under various optimization criteria.

RESULTS

Colinearity with the Petunia chloroplast ge-
nome was established by restriction site map-
ping of Ulmus thomasii using nine restriction
enzymes (Wiegrefe 1992; Wiegrefe et al., in
mss.). The mode of chloroplast inheritance could
not be demonstrated conclusively, but prelim-
inary evidence indicates that it is via the seed
parent. Maternal inheritance is supported by
epifluorescence microscopy observations (Cor-
riveau and Coleman 1988).

A total of 667 cpDNA restriction sites was
analyzed per accession, accounting for 3.0 per-
cent of the 160 kb chloroplast genome in Ulmus.
One hundred twenty-six mutations were de-
tected within Ulmus (122 informative at the ac-
cession level) and 22 unpolarized mutations
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were detected between Ulmus and Zelkova (Ap-
pendix 1). One verified deletion of ca. 200 bp
was detected in Ulmus rubra Muhl.-23 in the S8
probe region, but was not included in the anal-
yses.

High mucilage content, especially in older
leaves, led to difficulties in extracting high pu-
rity DNA and obtaining complete digestion with
certain restriction enzymes in several acces-
sions. These difficulties resulted in significant
amounts of missing data for these few acces-
sions, inclusion of which generated large num-
bers of trees and collapsed well-supported clades
during “decay” analyses. Four accessions (11,
13, 15, 24) were not included in these phylo-
genetic analyses to circumvent these problems.
In all four cases, however, multiple represen-
tatives of each species were being examined.
Thus, the missing information for the four ac-
cessions was not critical, and the four accessions
could be placed a posteriori onto the resulting
cladograms using diagnostic synapomorphies.

The branch-and-bound option of PAUP iden-
tified five most parsimonious Wagner trees 168
steps (including autapomorphies) in length us-
ing the cpDNA data set. These trees have con-
sistency indices (Kluge and Farris 1969) of 0.881/
0.856 (with/without autapomorphies includ-
ed), retention index of 0.962, and rescaled con-
sistency indices of 0.848/0.824. One of these
five trees is depicted in Fig. 1 and includes lo-
cations of the mutations (numbered following
Appendix 1), the bootstrap confidence level and

"decay index for each branch, and Schneider’s

(1916) classification of the taxa. The strict con-
sensus of the five trees is fully resolved with
four exceptions: 1) a soft polytomy (two pos-
sible resolutions: one trichotomy and one fully
dichotomized tree) remains for the three clades
(U. americana + U. laevis Pall.), (U. alata + U.
mexicana), and (U. crassifolia + U. serotina + U.
thomasii); 2) two possible resolutions of rela-
tionships for U. thomasii and the subclade U.
crassifolia + U. serotina; 3) U. crassifolia and U.
serotina are indistinguishable, and 4) a hard
trichotomy (i.e., zero-length branches) remains
within sect. Madocarpus /Ulmus) involving five
of the six species examined.

The consensus tree from the 91 cpDNA trees
of < 169 steps (decay at +1 steps) results in six
additional polytomies (see Fig. 1): two involve
lack of intraspecies resolution (Ulmus laevis and
U. parvifolia Jacq.); one grouping U. macrocarpa
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TABLE2. Accessions examined, code numbers used in Figs., material sources, voucher numbers, and origins.
Sources codes: CA = Los Angeles State and County Arboretum, Arcadia, California; GA = Kris Medic Thomas,
Pine Mountain, Georgia; IL = Morton Arboretum, Lisle, Illinois; MA = Arnold Arboretum of Harvard Uni-
versity, Jamaica Plain, Massachusetts; MN = University of Minnesota Landscape Arboretum, Chanhassan,
Minnesota; PA = Morris Arboretum of the University of Pennsylvania, Philadelphia, Pennsylvania; WI =
University of Wisconsin, Madison, College of Agriculture and Life Sciences Arlington Research Station,
Arlington, Wisconsin.

No. Taxon Source Tree Voucher Origin
1. Zelkova serrata Mak. PA  81-502 Wiegrefe & Stonehill 123 wild: Meyer 143, S. Ko-
(WIS) rea
2. Ulmus americana L. A1/ S Wiegrefe 187 (WIS) cult.: Madison, Wiscon-
sin
3. U. americana L. WI 2166 Weigrefe 186 (WIS) cult.: Pineville, Louisi-
ana
4. U. laevis Pallas Wl  2051-17 — cult.: Yining, People’s
Republic of China
5. U. laevis Pallas IL 559-64 Wiegrefe 73 (WIS, MOR) United States Depart-
ment of Agriculture
PI #298952
6. U. laevis Pallas MA 6951 —_ —
7. U. mexicana (Liebm.) Planchon WI —_ Wiegrefe & Castillo 131 wild: Xalapa, Veracruz,
(WIS, XAL) Mexico
8. U. alata Nutt. IL — Wiegrefe & Ware 144 cult.: Cook Co., Illinois
(WIS, MOR)
9. U. alata Nutt. GA — — cult.: Pine Mountain,
Georgia
10. U. thomasii Sarg. WI — Wiegrefe 74 (WIS) cult.: Columbia Co.,
Wisconsin
11. U. thomasii Sarg. MN  58-0627  Wiegrefe & Zuzek 140 wild: St. Paul, Minneso-
(WIS) ta
12. U. thomasii Sarg. IL 178-84 Altvatter & Bradtke wild: Manitowoc Co.,
5805V93 (MOR, WIS) Wisconsin
13. U. thomasii Sarg. MA  17926-C — —
14. U. serotina Sarg. IL 1039-23  Wiegrefe 83 (WIS, MOR) cult.: Forest Nursery
Co., McMinnville,
Tennessee
15. U. crassifolia Nutt. IL 385-68 Altvatter & Bradtke wild: Sequin, Texas
5808V93 (MOR, WIS)
16. U. crassifolia Nutt. CA  52-P-288 — —_
17. U. parvifolia Jacq. WI 948-3 Wiegrefe 175 (WIS) wild: Heybroek 157, Ja-
pan
18. U. parvifolia Jacq. IL 410-68 Gavlak 4236V90 (MOR)  cult.: Taylor Arboretum
Chester, Pennsylva-
nia
19. U. parvifolia Jacq. MA 17917-B — cult.: Tokyo Govern-
ment Forestry School,
Japan
20. U. macrocarpa Hance MA 17911 Every et al. 1781 (WIS)  cult.: United States De-
partment of Agricul-
ture
21. U. macrocarpa Hance IL 179-84 Ware 5712V93 (MOR, cult.: Harbin Bot. G.,
WIS) People’s Republic of
China
22. U. rubra Muhl. WI — Wiegrefe 77 (WIS) cult.: Madison, Wiscon-
sin
23. U. rubra Muhl. IL 184-66 Wiegrefe 72 (WIS, MOR) wild: Clermont, Ken-

tucky
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TABLE 2. Continued.

No. Taxon Source Tree Voucher Origin

24. U. rubra Muhl. MA  21966-C — wild: West Virginia

25. U. glabra Hudson WI  901-2 — wild: Eidsvold, Norway

26. U. glabra Hudson MA 17143 —_ —

27. U. japonica (Rehd.) Sarg. WI  906-47 Wiegrefe 76 (WIS) wild: Heybroek 58, Japan

28. U. japonica (Rehd.) Sarg. MA 4119 —_ —

29. U. glaucescens Franchet IL 537-76 Altvatter & Bradtke cult.: Beijing Bot. G.,

5806V93 (MOR, WIS) Bot. Inst. of the Chi-

nese Acad. Sci., Peo-
ple’s Republic of Chi-
na

30. U. carpinifolia Ruppius ex Suckow IL 1463-24  — cult.: Arnold Arbore-

tum, Jamaica Plain,
Massachusetts

Hance and U. glaucescens Fr.; one grouping sev-
eral clades within sect. Madocarpus/Ulmus; one
collapsing sect. Blepharocarpus; and one collaps-
ing sect. Madocarpus/Ulmus with U. parvifolia.
At =171 steps (2,969 trees with decay at +3
steps) eight clades were maintained. Eight clades
are maintained even after parsimony is relaxed
5 steps, with one of these finally collapsing at
18 extra steps. Support for branches uniting pre-
sumed conspecific accessions were estimated at
90% or more from 100 bootstrap replicates with
the following exceptions: Ulmus americana 81%,
U. macrocarpa 56%, and U. glabra 86%. Strong
support (100% bootstrap level) is found for the
division of the genus into two clades (Fig. 1).
Strong support for the monophyly of clades
formed by U. crassifolia, U. serotina, and U. tho-
masii (100%), by U. glabra, U. glaucescens, U. ja-
ponica Sarg., U. carpinifolia, and U. macrocarpa
(100%), and by U. glaucescens and U. macrocarpa
(100%) was also found. Less support was pro-
vided for the clades formed by U. americana and
U. laevis (71%), by U. alata and U. mexicana (77%),
and by U. glabra and U. carpinifolia (57%).
Discrimination against convergent gains or
loss/gains using character state weights of 1.05
to 1.3:1 (gains : losses) resulted in a single short-
est cpDNA tree equivalent to one of the five
Wagner trees. This tree is depicted in Fig. 1 and
represents a likely estimation of relationships
in Ulmus based on cpDNA. At weights of 1.5 to
2.0, unrealisticly high weights for studies with-
in genera (Albert et al. 1992), one shortest tree
was found that is equivalent to one of the 86

Wagner trees with a length of 169 (one step
longer than the most parsimonious trees).

The morphological /chemical data alone gen-
erated a consensus tree (not shown) with very
little resolution (5800+ trees of 68 steps). The
combined data (149 molecular + 18 morpho-
logical/chemical) analysis produced two trees
at 236 steps (consistency index of 0.869/0.723).
The consensus of the combined data trees (Fig.
2) resolves two nodes forming trichotomies in
the consensus of the trees based solely on
cpDNA. Resolution is seen within sect. Mado-
carpus/Ulmus and the “rock elm” clade is iden-
tified (U. mexicana, U. alata, U. thomasii, U. ser-
otina, and U. crassifolia), a group recognized in
only two of the five cpDNA trees. Only U. tho-
masii is unresolved, forming either a monophy-
letic species or a basal and paraphyletic species
in its section. Mapping character state changes
onto the cpDNA or combined trees (Fig. 2), in-
dicates considerable disagreement of some of
the morphological and chemical characters with
the cpDNA data. In particular, three apomor-
phies are shared between U. parvifolia and var-
ious members of the “rock elm clade,” relation-
ships strongly opposed by the cpDNA tree (Figs.
1, 2).

DiscussioN

The Revival of Subgeneric Designa-
tions. The most conspicuous feature of the
cpDNA cladograms is the great number of mu-
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Phylogram depicting one of five most parsimonious Wagner trees (168 steps) and the single weighted
parsimony tree (weights 1.05 to 1.3:1 of gains : losses) based on cpDNA restriction site data. Taxa in parentheses

were not included in the phylogenetic analyses because of excessive missing data and were placed a posteriori

FiG. 1.

on the phylogram using diagnostic site mutations for the different lineages. Sectional designations follow
Schneider (1916). Mutation distribution (numbering follows Appendix 1), estimated bootstrap values, and

decay indices (extra number of steps necessary in relaxation of parsimony for collapse of clade) are shown
for each branch. Character state transformations were placed onto the phylogram using “ACCTRAN opti-
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tations that separate the clade comprising Ulmus
alata, U. americana, U. crassifolia, U. laevis, U. mex-
icana, U. serotina, and U. thomasii from the clade
including the remainder of the genus. These
clades are supported not only by a large number
of cpDNA restriction site synapomorphies (Fig.
1), but also by nuclear rDNA restriction site data
(Wiegrefe 1992; Wiegrefe et al., in mss.). The
two clades exhibit a pronounced biogeographic
division. The first clade is the “western” group,
referring to the hemisphere in which all but U.
laevis occur, and the second clade is the “east-
ern” (hemisphere) group, in which the North
American U. rubra is the only exception. How-
ever, the extant distribution of sections is ap-
parently relictual, with a number of fossils re-
ported in areas currently devoid of
representatives for each section. For example,
representatives of the “western” sect. Chaetop-
telea (e.g., U. komarovii Shaparenko) have been
reported in Miocene deposits in Switzerland
(Shaparenko 1939; Hantke 1954). Representa-
tives of “western” sect. Blepharocarpus also have
been found in Kazakhstan and Japan (Grudzin-
skaya 1967). In addition, fossil taxa referred to
either sects. Madocarpus/Ulmus or Blepharocar-
pus (e.g., U. tenuinervis Lesq.) have been discov-
ered in western United States (MacGinitie 1953)
where no extant, native elm species now occurs.
Moreover, not all extant species were sampled
inthisstudy. In particular, U. elongata Fu & Ding
and U. villosa Brandis ex Gamble, which occur
in southeastern China and the western Hima-
layas respectively, could not be obtained for this
study. Both species have been placed in “west-
ern” sect. Chaetoptelea by various taxonomists
(Grudzinskaya 1974, 1980; Fu 1980; Richens
1983).

An appropriate name for the group contain-
ing the “western” species, given the cpDNA
differentiation shown here, is subg. Oreoptelea.
This is the name, adopted from the sectional
name of Spach (1841), originally given to some
members of this group by Planchon (1848). The
second major clade (the “eastern” species) would
then be subg. Ulmus. This dichotomy is sup-
ported by other lines of evidence. Morpholog-
ical characters that differentiate these two groups
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are pedicel length and fruit ciliation (Fig. 2).
Elongated pedicels are clearly a synapomorphy
of subg. Oreoptelea (with secondary reduction
in length in U. crassifolia). Ciliation on the sam-
ara margins in subg. Oreoptelea is another shared
characteristic, but this feature has been inde-
pendently derived in certain species within sect.
Ulmus. Polarity within the latter character is
unknown based on outgroup comparisons to
Zelkova and Planera. Neither of these genera
has the samara fruit, but they are the extant
genera closest to Ulmus based on restriction site
mapping and rbcL sequencing (Wiegrefe 1992;
Wiegrefe et al., in mss.). Fossil evidence has not
been examined in a phylogenetic fashion, an
analysis that will be critical for understanding
relationships within Ulmus based on morpho-
logical and anatomical characters. Although no
known morphological synapomorphy present-
ly unites subg. Ulmus (Fig. 2), nuclear encoded
ribosomal restriction site data provide addi-
tional evidence for its monophyly (Wiegrefe
1992; Wiegrefe et al., in mss.). In light of the
findings of this study, we strongly recommend
recognition and use of subg. Oreoptelea and subg.
Ulmus as names for these two major clades.
Differences in Subgeneric Divisions. The
recognition of two subgenera within the genus
Ulmus was also recommended by Grudzinskaya
(1980). However, because she considered U.
americana the type for the genus, her subg. Ul-
mus and subg. Dryoptelea correspond to subg.
Oreoptelea and subg. Ulmus, respectively, rec-
ommended in this paper. The species compo-
sition of the two subgenera, as determined by
this cpDNA study, is somewhat similar to that
proposed by her. However, they diverge no-
ticeably in her alignment of sects. Microptelea
and Lanceifolia with the taxa we place in subg.
Oreoptelea. Grudzinskaya’s subgeneric division
was based on three characters: the presence of
an articulated pedicel, the shape of the adjacent
perigynous tube, and the venation pattern of
the samaras (Grudzinskaya 1980; pers. comm.).
She defined subg. Ulmus (Table 1) as those taxa
possessing broader, shallower perigynous tubes
tapering abruptly to the receptacle, a distinct
constriction where the fruit stalk meets the ped-

—

mization” in PAUP. Black boxes represent unique mutations, stippled boxes indicate parallel/convergent
losses or gain/losses, and white boxes represent parallel/convergent gains or loss/gains.
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FIG. 2. Proposed classification of Ulmus based on the consensus of the two trees from the combined cpDNA
and morphological /chemical data set (U. thomasii forms either a monophyletic species or a basal and para-
phyletic species within sect. Trichoptelea). Selected morphological character state changes are mapped onto
the cladogram using “ACCTRAN optimization” in PAUP. “DELTRAN optimization” affects the placement
of characters 157 and 162. Character state changes involving polymorphic taxa are not shown.

icel and abscises (i.e., an “articulated” pedicel),
and reticulate venation in the samara wings. By
contrast, members of her subg. Dryoptelea have
narrower, deeper perigynous tubes that taper
gradually to meet the pedicel. She found that

the abscission zone in the latter group was dis-
cernable only with careful ontogenetic study.
The venation of the samaras of this group was
described as radial.

The discrepancy of Grudzinskaya’s (1980)



1994]

subgeneric division relative to that suggested
by cpDNA is a result of Grudzinskaya’s ““tra-
ditional” analysis of morphological variation
[e.g., assuming that the group united by the
plesiomorphic character state has validity equal
to the group sharing the apomorphic state, con-
trary to the basic tenets of cladistic analysis
(Hennig 1966)]. Although the polarity of the
character state transformations in question can
be inferred indirectly by referring to the mo-
lecular and combined trees (Figs. 1, 2), they can
also be inferred from Grudzinskaya’s analysis.
Grudzinskaya (1980) identified the genera Hol-
optelea and Phyllostylon, both members of Ul-
maceae s. str. and thus potential outgroups for
Ulmus, as having the articulated pedicel, sug-
gesting it is the plesiomorphic state. This in-
formation is consistent with the topology of our
phylogeny (Figs. 1, 2) with the loss of the ar-
ticulated pedicel and radial venation in the sam-
aras being the apomorphic states uniting mem-
bers of Schneider’s section Madocarpus [Ulmus,
excluding U. lanceifoliaRoxb. (sect. Lanceifolia).
Relationships within subg. Oreopte-
lea. Although the strict Wagner consensus tree
and the character state weighted trees for
cpDNA data (Fig. 1) depict the basal node of
subg. Oreoptelea as unresolved, there is only one
full resolution of this polytomy. Three of the
five Wagner trees have a true polytomy with
zero-length branches, but two trees place sect.
Blepharocarpus as the sister group to the remain-
der of the subgenus (Ulmus alata, U. mexicana,
U. crassifolia, U. serotina, and U. thomasii). The
clade formed by U. alata, U. crassifolia, U. mex-
icana, U. serotina, and U. thomasii is known in
the forest products industry as the “hard” or
“rock” elms (Rowe et al. 1972). The morpho-
logical/chemical data support this latter clade
when combined with the cpDNA data (Fig. 2).
Characters uniting the rock elms include: ex-
panded floral axes (thyrsoid racemes; Grudzin-
skaya 1966), pubescence on all fruit surfaces
(parallel gain in U. macrocarpa), small wings on
samaras (reversal in U. thomasii), the presence
of syringyl compounds in heartwood extracts
(Rowe et al. 1972), earlywood composed of a
single discontinuous row of widely-spaced,
small diameter pores (vs. a single near-contin-
uous row of solitary pores of larger diameter in
U. americana or multiple rows of large diameter
pores in U. rubra; Wheeler et al. 1988), and the
usual presence of myricetin glycosides in the
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TABLE 3. Characters and character states used in
the morphology and combined cladistic analyses of
Ulmus. The 18 characters are numbered consecutively
following the 148 cpDNA restriction site characters
(Appendix 1). All characters are treated as unordered
except character number 151.

149. Fruit type: 0 = nutlet, 1 = samara (flattened with
peripheral wing or hairs)

Leaf margins: 0 = singly serrate, 1 = mostly dou-
bly serrate

Leaf bases: 0 = equal, 1 = nearly equal, 2 =
strongly oblique

Pedicel length: 0 = <2X perianth length, 1 =
>2x perianth length

Fruit margins: 0 = eciliate, 1 = ciliate

Pedicel articulation: 0 = visible, 1 = not obvi-
ously visible

Perigynous tube shape: 0 = wide, shallow, abrupt
taper, 1 = narrow, deep, gradual taper

Samara venation: 0 = reticulate, 1 = radial
Floral axis: 0 = compressed, 1 = elongate
Mature samara surface: 0 = glabrous or sparsely
pubescent, 1 = densely pubescent over seed cav-
ity, 2 = densely pubescent over entire surface
Maximal earlywood pore diameter: 0 = <200
pum, 1 = >200 um

Heartwood extracts: 0 = syringyl compounds ab-
sent, 1 = syringyl compounds present

Foliar flavonoids: 0 = myricetin glycosides pres-
ent, 1 = myricetin glycosides absent

Samara wing width: 0 = < seed width, 1 = >
seed width

Time of flowering: 0 = early spring, 1 = early
to mid summer, 2 = late summer to fall

Leaf blade length and texture: 0 = large (>5 cm)
and chartaceous, 1 = small (<5 cm) and usually
coriaceous or subcoriaceous

Perianth lobe length: 0 = <%; of perianth length,
1 = >% of perianth length

Seed position in samara: 0 = medial, 1 = distal,
adjacent to notch

150.
151.
152.

153.
154.

155.
156.
157.
158.
159.
160.
161.
162.
163.

164.

165.

166.

leaves (Sherman and Giannasi 1988). [Although
the local polarity of the presence of myricetin
(Harborne 1977; Gornall and Bohm 1978), small
wing size (Manchester 1989), and the ring dif-
fuse condition (Gilbert 1940; Cox 1941; Sweitzer
1971) that the wood of the hard elms closely
resembles (Jane 1970) is uncertain, these traits
are potentially plesiomorphic.] The rock elms
are an example in which the addition of mor-
phological/chemical evidence clearly resolves
a clade not fully supported by cpDNA evidence.
In addition, the rock elms are united by a syn-
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apomorphic restriction site in the nuclear ri-
bosomal gene (Wiegrefe 1992; Wiegrefe et al.,
in mss.). The exclusion of U. parvifolia from the
rock elm clade by both cpDNA and rDNA data
suggests that three morphological traits have
evolved in parallel between portions of the two
groups (Fig. 2). The three traits (fall flowering,
small and coriaceous leaves, and deeply cleft
perianth) could have arisen independently in
the two clades as these traits could be viewed
as convergences for specialized ecological hab-
itats of these species.

The inclusion of Ulmus mexicana (Chaetoptelea
mexicana Liebm.) within Ulmus is strongly sup-
ported by the findings of this study. An addi-
tional 17 steps are required to place the taxon
as the sister group to the genus Ulmus. In all
phylogenetic analyses, this species is shown to
be closely related to U. alata. This affinity was
previously noted by Fu (1980) who constructed
the series Mexicanae for these two taxa, sepa-
rating them from the less closely related U. tho-
masii (ser. Thomasianae) (Table 1). There is also
no strong evidence for considering U. mexicana
to be highly derived morphologically and wor-
thy of generic status (thereby leaving Ulmus
paraphyletic). The characters used by Sweitzer
(1971) to uphold the exclusion of this species
are: 1) mostly solitary and radial pore multi-
ples (vs. mostly solitary and clustered pores); 2)
lack of spiral thickenings in the vessel elements
(vs. spiral thickenings in smallest vessel ele-
ments); 3) unspecified differences in leaf ve-
nation, and 4) lack of vestiges of wings on
fruits (Standley 1922). The lack of spiral thick-
enings (Cox 1941; Sweitzer 1971; Baas 1973; van
der Graaf and Baas 1974) are most likely plesio-
morphic character states for the genus Ulmus.
In addition, as Grudzinskaya (1974) noted, the
trend in pore distribution and wing size are
traits shared by various other rock elms, es-
pecially U. alata (see Fig. 2).

The cpDNA cladogram (Fig. 1) does not sup-
port Schneider’s (1916) separate sectional place-
ments of U. crassifolia, U. serotina, and U. thomasii
(syn. U. racemosa Thomas; for a complete list of
synonymy for the North American elms stud-
ied, excluding U. mexicana, see Sherman 1987).
The evidence from this cpDNA study indicates
that these three taxa should be placed in one
section, which, according to rules of priority, is
named Trichoptelea. Fifteen additional steps are
required to place U. thomasii as the sister species
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to U. alata and U. mexicana in order to maintain
monophyly of sect. Chaetoptelea sensu Schnei-
der. An additional 49 steps are necessary to unite
U. crassifolia and U. parvifolia as sister species
and maintain monophyly of sect. Microptelea
sensu Schneider. Based on morphological char-
acters, Grudzinskaya (1974, 1975, 1980) sug-
gested that U. thomasii and U. crassifolia were
misplaced taxonomically. She thus transferred
U. thomasii to sect. Trichoptelea with U. serotina
and erected a new section, Anisoptelea, for U.
crassifolia. As noted earlier, the cpDNA restric-
tion site data support the former action but not
the latter. None of the morphological /chemical
characters presented here unite only U. crassi-
folia, U. serotina, and U. thomasii (Fig. 2). How-
ever, nuclear rDNA evidence supports the
cpDNA results in uniting U. crassifolia, U. ser-
otina, and U. thomasii in a clade with U. alata
and U. mexicana (Wiegrefe 1992; Wiegrefe et al.,
in mss.).

Hybridization within subg. Oreopte-
lea. Grudzinskaya (1975) invoked hybridiza-
tion in Ulmus to explain the combination of
characters from two different taxa occurring in
a third taxon. She considered U. thomasii to be
a hybrid species that combined the traits of sects.
Blepharocarpus and Chaetoptelea. This conclusion
was based on the apparent additivity of a num-
ber of vegetative characters and the distribution
of U. thomasii in the region of sympatry of U.
americana and U. alata. Likewise, U. serotina was
suggested to be a hybrid between U. crassifolia
and either U. thomasii or U. mexicana. She also
considered U. crassifolia to be a very ancient and
specialized species possibly arising as a hybrid
in the early Paleocene, which “unites charac-
teristics of the (modern) sects. Microptelea, Chae-
toptelea, and Blepharocarpus’” (Grudzinskaya
1975).

Aside from sect. Blepharocarpus (Ager and
Guries 1982), elms are relatively free of barriers
to interspecific hybridizations (Townsend 1975;
Mittempergher and La Porta 1991). There is,
however, no molecular evidence to support the
hypothesis of hybrid species origin for Ulmus
thomasii, U. serotina, or U. crassifolia, but much
evidence that discounts the hypothesis. Ulmus
thomasii does not possess a chloroplast genome
resembling that of U. americana, U. alata, or U.
mexicana (possible maternal progenitors), nor
does U. crassifolia share a similar chloroplast ge-
nome with U. parvifolia (sect. Microptelea), U.
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americana (sect. Blepharocarpus), or U. mexicana
and U. alata (sect. Chaetoptelea). There is, fur-
thermore, no flavonoid evidence for the hybrid
origin of U. thomasii and U. crassifolia (Sherman
and Giannasi 1988). Unfortunately, there are no
flavonoid or nuclear encoded ribosomal DNA
markers (Wiegrefe 1992; Wiegrefe etal., in mss.)
to provide evidence for or against the hybrid-
ization hypothesis as it is applied to the origin
of U. serotina. In this case, the taxon has a chlo-
roplast genome identical to one of its putative
parental species, U. crassifolia. There are also no
data on any artificial hybrids between U. cras-
sifolia and U. thomasii with which to compare
the morphology of U. serotina.

An alternative explanation, however, for such
a distribution of character states is that of an
evolutionary series where the third or “inter-
mediate” taxon possesses some derived states
in common with one taxon and has retained
some primitive states that are also possessed by
the second taxon. That is, Grudzinskaya’s (1975)
traditional analysis did not distinguish between
symplesiomorphic and synapomorphic char-
acter states in assessing relationships among
these taxa. An extension of the cladistic analysis
to include the morphological characters used
by Grudzinskaya and of nuclear encoded mo-
lecular evidence is needed to clarify the pos-
sible hybrid origin of Ulmus serotina.

Relationships within sect. Madocarpus/ Ul-
mus. Section Madocarpus/Ulmus is the most
diverse in the genus, encompassing over 30 spe-
cies (Schneider 1916; Fu 1980), the great major-
ity of which occur in Asia. Thus, the species
included in this study are a subsample chosen
to represent as many as possible of the sections
proposed by Cheng et al. (1963) and Grudzin-
skaya (1975,1980), and both of Schneider’s (1916)
subsections. The cpDNA data provide signifi-
cant evidence at both of these levels and on an
unexpected third matter as well. These results
are not changed in a larger sampling of the
section using 44 accessions of 21 species (Wie-
grefe 1992; Wiegrefe et al., in mss.).

SECTION FOLIACEAE. This study provides some
evidence that Grudzinskaya’s sect. Foliaceae is
not monophyletic, but the data are equivocal.
Only one additional step is required to place
Ulmus carpinifolia as the sister species to U. ja-
ponica with the cpDNA data. In this instance
the conservative rate of chloroplast evolution
results in insufficient data at this relatively low
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taxonomic rank. These two species do share (al-
though independently in the combined tree of
Fig. 2) the positioning of the seed at the distal
end of the samara.

SECTION TRICHOCARPUS. Cheng et al. (1963)
erected sect. Trichocarpus, which includes spe-
cies previously contained in sect. Ulmus. Section
Trichocarpus was described as containing those
species with flowers in short racemes that arise
from mixed buds at the base of the current sea-
son’s growth (vs. fasciculate inflorescences aris-
ing from flower buds on one-year-old branch-
es). Cheng et al. (1963) placed two species in
this section, U. glaucescens and U. kunmingensis
Cheng. Subsequent workers are divided into
three camps on this issue: those who do not
consider these changes valid (Townsend 1975;
Fu 1980; Richens 1983); those who have adopted
the sectional designation and included in this
section both U. davidiana Planchon and U.
macrocarpa (Santamour 1972a, 1972b; Heybroek
1976); and those who have excluded U. kun-
mingensis from the section and included U.
macrocarpa and U. gaussenii Cheng in it (Grud-
zinskaya 1980).

According to Fu’s (1980) key to the Chinese
elms, Ulmus macrocarpa has fascicled inflores-
cences, the flowers of U. davidiana occur in flow-
er buds on previous year’s growth, and the flow-
ers of U. glaucescens occur on previous year’s
twigs and are often solitary, i.e., notin araceme.
Thus, the morphological characters defining this
group are sufficiently inconsistent to be useless.
Ulmus davidiana is considered by some taxono-
mists (Fu 1980) to be conspecific with U. japon-
ica, shown here to be very distinct from U. glau-
cescens and U. macrocarpa based on the molecular
evidence (Fig. 1). Although this study indicates
a close relationship between U. glaucescens and
U. macrocarpa, separately or together they do
not exhibit the degree of differentiation of the
chloroplast genome nor morphology compa-
rable to that found among the other sections.
The lineages represented in this study by U.
glabra and U. carpinifolia, U. japonica, and U. ma-
crocarpa and U. glaucescens are more appropri-
ately recognized at the rank of series based on
evidence from this study. Further study is need-
ed to provide better characterization of each of
the lineages, establish their component species,
and determine their relationship to each other
within sect. Ulmus.

SUBSECTIONAL CLASSIFICATION. Schneider’s
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(1916) subsectional classification system within
sect. Madocarpus [ Ulmus has not been generally
accepted by later elm taxonomists (Table 1). His
system was primarily based on the seed position
within the samara and its proximity to the apical
notch. The results of this study confirm that his
subsectional classification system does not pro-
duce a natural grouping. Ulmus macrocarpa (with
its centrally located seed) is shown to be much
more closely related to U. glaucescens (placed in
subsect. Nitentes by Schneider due to proximity
of the centrally located seed to the apical notch)
than it is to U. glabra or U. rubra, the latter two
placed in the same subsection as U. macrocarpa.
Also, U. japonica is quite distinct from U. glau-
cescens, although they had been placed in the
same subsection. A more comprehensive survey
of the morphological and various types of mo-
lecular variation in this group is needed before
restructuring the subsectional classifications.
This is especially important because a number
of the species involved have sympatric distri-
butions (Fu 1980), a condition that makes pos-
sible introgression and chloroplast capture
(Rieseberg and Brunsfeld 1992).

One species, however, is clearly distinct from
all members of sect. Madocarpus/Ulmus. The
amount of differentiation between Ulmus rubra
and the other accessions traditionally placed in
sect. Madocarpus/Ulmus approaches that differ-
entiating them from U. parvifolia (sect. Microp-
telea). This separation of U. rubra is maintained
in the larger sampling of sect. Madocarpus/UI-
mus (Wiegrefe 1992; Wiegrefe et al., in mss.).
This divergence has not been detected by mor-
phological or flavonoid data, but is consistent
with nuclear rDNA data that generate several
clades within subg. Ulmus (including one con-
taining U. parvifolia and one containing U. rubra;
Wiegrefe 1992; Wiegrefe et al., in mss.). Only
one homoplastic cpDNA synapomorphy was
detected that unites U. rubra and sect. Ulmus
(Fig. 1), and this branch collapsed in the strict
consensus tree of all trees one step longer than
the most parsimonious trees. Three morpholog-
ical characters (no obvious pedicel articulation,
gradual tapering perigynous tube, radial samara
venation), however, do unite U. rubra and sect.
Ulmus (Fig. 2). Elevation of U. rubra to its own
section (sister to sect. Ulmus) might be merited
based on these results. The fact that U. rubra
occurs in North America, whereas the other ex-
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tant members of sect. Ulmus are exclusively Eur-
asian, gives biogeographic credence to any sec-
tional change.

TAXONOMIC CHANGES

Considerable variation exists among the
cpDNAs of the species in the genus Ulmus and
cladistic analysis of this variation produces
cladograms that are, with a few minor excep-
tions, well resolved and have well supported
branches (Fig. 1). The inclusion of the more
limited morphological/chemical data set into a
combined data set permits even more resolution
in certain regions of the tree (Fig. 2). This study
provides strong evidence regarding each of the
four areas of contention that have arisen con-
cerning Schneider’s (1916) classification system
for the genus. First, it supports his inclusion of
U. mexicana (syn. Chaetoptelea mexicana) in the
genus Ulmus. Second, it identifies two major
clades within the genus, subgenera Oreoptelea
and Ulmus, with species compositions similar
but not identical to previously constructed sub-
genera (Grudzinskaya 1980). Third, it provides
evidence that Schneider’s system does not ac-
curately reflect the phylogeny of the rock or
hard elms. Molecular and morphological/
chemical data suggest instead that U. thomasii
(syn. U. racemosa) and U. crassifolia be placed in
sect. Trichoptelea with U. serotina. Grudzinskay-
a’s (1975) view that U. crassifolia merits its own
section, Anisoptelea, is not supported. Fourth,
sect. Trichocarpus, erected by Cheng et al. (1963)
based on species included in sect. Madocarpus/
Ulmus by Schneider, does not form a taxonomic
unit of molecular or morphological differenti-
ation comparable to the other sections of the
genus and thus the sectional rank should not
be maintained. The monophyly of sect. Foliaceae
was not supported, but additional data are re-
quired to clarify the relationships in this group.
In addition, Schneider’s subsectional classifi-
cation does not appear to represent a natural
system; further study of sect. Ulmus is recom-
mended to determine the evolutionary rela-
tionships within this group and to enable the
construction of a classification system that re-
flects them. As noted above, a revision of
Schneider’s sect. Ulmus, for which cpDNA re-
striction site analysis does provide support,
might involve the transfer of U. rubra to a new
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section. Nomenclatural issues involving U. ru-
bra, however, preclude any formal change at
this time.

A hierarchical classification of Ulmus is pre-
sented here with the placement of species ex-
amined in this study. Although the cpDNA re-
sults are used extensively in the classification,
interpretation of morphological, anatomical, and
phytochemical characters are largely consistent
with changes proposed here (Fig. 2). Addition-
ally, nuclear rtDNA data do not contradict the
groupings presented here (Wiegrefe 1992; Wie-
grefe et al., in mss.), indicating that hybridiza-
tion and/or introgression are not confounding
the classification at this level, although within
sect. Ulmus, for example, they might well be
important.

subg. Oreoptelea (Spach) Planchon

sect. Blepharocarpus Dumort. (U. americana and
U. laevis)

sect. Chaetoptelea (Liebm.) C. Schneider (in-
cluding U. alata and U. mexicana)

sect. Trichoptelea C. Schneider (U. crassifolia,
U. serotina, and U. thomasii)

subg. Ulmus

sect. Lanceifolia (C. Schneider) Grudz. (in-
cluding U. lanceifolia; tentatively "recog-
nized pending further investigation)

sect. Microptelea (Spach) Benth. & Hook. (U.
parvifolia)

sect. Ulmus (syn. Madocarpus Dumort) (in-
cluding U. carpinifolia, U. glabra, U. glauces-
cens, U. japonica, and U. macrocarpa; tenta-
tively including U. rubra pending further
investigation)

ACKNOWLEDGEMENTS. The authors thank Jeffrey
Palmer and Robert Jansen for the provision of cpDNA
clones and the following individuals for their assis-
tance in the collection of the plant materials used:
Gene Smalley, George Ware, David Michener, Mrs.
R. Zinmann, Mrs. E. Bennett, Kathy Zuzek, Kristine
Medic Thomas, Paul Meyer, Heidi Stonehill, William
Hawkinson, Suzanne Granger, and Gonzalo Castillo-
Campos. We also thank Karen Rosneck, Jacek Olek-
syn, and Dirk Vanderklein for translation of the Rus-
sian and Dutch references, and George Ware for mak-
ing available a translation of a Chinese reference and
underwriting a portion of the Russian translation
work. The graphic portrayal of our findings by Kandis
Elliot is appreciated. Susan Sherman-Broyles, Regis

WIEGREFE ET AL.: ULMUS

605

Miller, and Steven Manchester contributed valuable
information. We greatly appreciate the assistance of
Irina Grudzinskaya in supplying reprints of a number
of her publications and providing clarifications where
necessary. Critical reading of an earlier manuscript
by Michael Havey and David Spooner are appreci-
ated. The research represents a portion of the Ph.D.
research of SJW. The research was supported by the
College of Agriculture and Life Sciences, University
of Wisconsin, Madison and by McIntire-Stennis funds
(project 142-C968) to SJW and RPG; and by NSF grants
(BSR-8806520, DEB-9020055) to K]JS.

LITERATURE CITED

AGER, A. A. and R. P. GURIES. 1982. Barriers to in-
terspecific hybridization in Ulmus americana. Eu-
phytica 31: 909-920.

ALBERT, V. A, B. D. MISHLER, and M. W. CHASE. 1992,
Character-state weighting for restriction site data
in phylogenetic reconstruction, with an example
from chloroplast DNA. Pp. 369-403 in Molecular
systematics of plants, eds. P. S. Soltis, D. E. Soltis,
and J. J. Doyle. New York: Chapman and Hall.

ANONYMOUs. 1957. Leaf, winged seed and winter
twig characters of the common elms of Wiscon-
sin. Madison, Wisconsin: Wisconsin Department
of Agriculture.

Baas, P. 1973. The wood anatomical range of Ilex
(Aquifoliaceae) and its ecological and phyloge-
netic significance. Blumea 21: 193-258.

BATE-SMITH, A. C. and R. H. RICHENs. 1973. Flavo-
noid chemistry and taxonomy in Ulmus. Bio-
chemical Systematics 1: 141-146.

BauM, D. A, K.]. SyrsMA, and P. C. HOcH. 1994. The
phylogeny of Epilobium L. (Onagraceae) based on
nuclear ribosomal ITS sequences. Systematic Bot-
any 19: 363-388.

BREMER, K. 1988. The limits of amino acid sequence
data in Angiosperm phylogenetic reconstruction.
Evolution 42: 795-803.

, R. K. JANSEN, P. O. KARis, M. KALLERSJO, S. C.
KeeLEY, K.-]J. KiM, H. J. MICHAELS, J. D. PALMER,
and R. S. WALLACE. 1992. A review of the phy-
logeny and classification of the Asteraceae. Nor-
dic Journal of Botany 12: 141-148.

BrITTON, N. L. and H. C. BROWN. 1913. An illustrated
flora of the northern United States, Canada and the
British possessions. 2nd ed. New York: Charles
Scribner’s Sons.

CHENG, W. C,, S. Y. CHANG, T. HONG, C. D.CHU, and
C. S. CHAO. 1963. Species novae et nomina
emendata arborum utilium Chinae. Scientia Sil-
vae (Peking) 8: 1-14. (In Chinese.)

CHUN, W. Y. 1921. Chinese economic trees. Shanghai:
Commercial Press, Ltd.

CORRIVEAU, J. L. and A. W. COLEMAN. 1988. Rapid




606

screening method to detect potential biparental
inheritance of plastid DNA and results for 200
angiosperm species. American Journal of Botany
75: 1443-1458.

Cox, M. J. 1941. The comparative anatomy of the
secondary xylem of five American species of Cel-
tis. American Midland Naturalist 25: 348-357.

DONOGHUE, M. J., R. G. OLMSTEAD, J. S. SMITH, and J.
D. PALMER. 1992. Phylogenetic relationships of
Dipsacales based on rbcL sequences. Annals of
the Missouri Botanical Garden 79: 333-345.

ELias, T. S. 1970. The genera of the Ulmaceae in the
southeastern United States. Journal of the Arnold
Arboretum 51: 18-40.

1980. The complete guide to North American
trees. New York: Time-Mirror Magazines, Inc.

FARRIS, J. S. 1970. Methods for computing Wagner
trees. Systematic Zoology 19: 83-92.

FELSENSTEIN, J. 1985. Confidence limits on phylog-
enies: an approach using the bootstrap. System-
atic Zoology 39: 783-791.

Fu, L. K. 1980. Systematic study of the genus Ulmus
in China. Journal of the North-eastern Forestry
Institute (Beijing) 3: 1-40. (In Chinese.)

GIANNASI, D. E. 1978. Generic relationships on the
Ulmaceae based on flavonoid chemistry. Taxon
27: 331-342.

GILBERT, S. G. 1940. Evolutionary significance of ring
porosity in woody angiosperms. Botanical Ga-
zette 102: 105-120.

GivnisH, T. J., K. J. SyrsMa, W. J. HAHN, and J. F.
SMITH. 1994. Molecular evolution, adaptive ra-
diation, and geographic speciation in Cyanea
(Campanulaceae), a species-rich genus of Ha-
waiian plants. Pp. 000-000 in Origin and adaptive
radiation of the Hawaiian biota, eds. W. L. Wagner
and V. L. Funk. Washington, D. C.: Smithsonian
Institution Press (in press).

GORNALL, R. J. and B. A. BoHM. 1978. Angiosperm
flavonoid evolution: A reappraisal. Systematic
Botany 3: 353-368.

GRUDZINSKAYA, I. A. 1966. Sotsvetiya vidov Ulmus
L. (Inflorescences of Ulmus spp.: Formation, struc-
ture, and some evolutionary problems.) Botani-
cheskii Zhurnal (Leningrad) 51: 15-27. (In Rus-
sian with English summary.) (from Forestry
Abstracts 29: 389.)

1967. Ulmaceae obosnovanie vydeleniia

Celtidoideae v samostoiatelnoe semeistvo Celti-

daceae Link. (Ulmaceae and reasons for distin-

guishing Celtidoideae as a separate family Cel-
tidaceae Link.) Botanicheskii Zhurnal (Leningrad)

52: 1723-1749. (In Russian with English sum-

mary.)

. 1971. O nazvanii vyaza polevogo (U. cam-

pestris L.). [About the name of the field elm (U.

campestris L.)] Novosti Sistematiki Vyssh. Raste.

8: 135-139. (In Russian.)

SYSTEMATIC BOTANY

[Volume 19

. 1974. O sistematicheskom polozhenii i areale
sektsii Chaetoptelea roda Ulmus. (On taxonomic
position and distribution of the section Chaetop-
telea, genus Ulmus.) Botanicheskii Zhurnal (Len-
ingrad) 59: 61-66. (In Russian.)

. 1975. O proiskhozhdenii amerikanskikh vi-

dov Ulmus (gibridogennost i znachenie flavon-

oidogo pokazatelia). [On the origin of the Amer-
ican species of Ulmus (hybridogenity and the
significance of “flavonoid score”).] Botanicheskii

Zhurnal (Leningrad) 60: 163-169. (In Russian.)

1980. Semeistvo Ulmaceae Mirb. (sistema-

tika, geografiia, voprosy organogeneza). [The

family Ulmaceae Mirb. (systematics, geography,
aspects of organogenesis.)] Avtoreferat, botani-
cheskii institut im. V. L. Komarova, academia nauk

S.S. S. R. (In Russian.)

and V. V. CHERNICK. 1976. Perigynous tube
(“hypanthium”) and articulate pedicel in Ulmus.
Botanischeskii Zhurnal 61: 25-31.

HANTKE, R. 1954. Die fossile Flora der obermiozinen
Oehninger-Fundstelle Schrotzburg (Scheiner-
ber, Suid-Baden). Denkschriften der Schweizer-
ischen Naturforschenden Gesellschaft 80: 1-118.
(In German.)

HARBORNE, J. B. 1977. Flavonoids and the evolution
of the Angiosperms. Biochemical Systematics and
Ecology 5: 7-22.

HENNIG, W. 1966. Phylogenetic systematics. Urbana,
Illinois: University of Illinois Press.

HEYBROEK, H. M. 1976. Systematiek en nomencla-
tuur van het geschlacht Ulmus. (Classification and
nomenclature in the genus Ulmus.) Groen 32: 237~
240. (In Dutch with English summary.)

HocH, P. C. and P. H. RAVEN. 1992. Boisduvalia, a
coma-less Epilobium (Onagraceae). Phytologia 73:
456-459.

HUTCHINSON, J. 1967. The genera of flowering plants
(Angiospermae), vol. II: Dicotyledons. Oxford, En-
gland: Clarendon Press.

JANE, F. W. 1970. The structure of wood. 2nd ed. Lon-
don: A & C Black Ltd.

JANSEN, R. K. and J. D. PALMER. 1988. Phylogenetic
implications of chloroplast DNA restriction site
variation in the Mutisieae (Asteraceae). American
Journal of Botany 75: 753-766.

, H. J. MicHAELS, R. S. WALLACE, K.-J. KM, S.
C. KEELEY, L. E. WATSON, and J. D. PALMER. 1992.
Chloroplast DNA variation in the Asteraceae:
phylogenetic and evolutionary implications. Pp.
252-279 in Molecular systematics of plants, eds. P.
S. Soltis, D. E. Soltis, and J. J. Doyle. New York:
Chapman and Hall.

KADERHIT, J. and K. J. SYTsMA. 1992. Disassembling
the genus Papaver: A restriction site analysis of
chloroplast DNA. Nordic Journal of Botany 12:
205-217.

KEELEY, S. C. and R. K. JANSEN. 1991. Evidence from




1994]

chloroplast DNA for the recognition of a new
tribe, the Tarchonantheae, and the tribal place-
ment of Pluchea (Asteraceae). Systematic Botany
16: 173-181.

KLUGE, A. G. and J. S. FARRIS. 1969. Quantitative
phyletics and the evolution of anurans. System-
atic Zoology 18: 1-32.

LAMMERS, T.J., T. J. GIvNIsH, and K. J. SYTsMA. 1993.
Merger of the endemic Hawaiian genera Cyanea
and Rollandia (Campanulaceae: Lobelioideae).
Novon 3: 437-441.

Lewis, H. and P. H. RAVEN. 1992. New combinations
in the genus Clarkia (Onagraceae). Madrofio 39:
163-169.

Ly, H.-L. 1976. Ulmaceae. Pp. 105-116 in Flora of
Taiwan, Vol. 2. Taipei, Republic of China: Epoch
Publ. Co., Ltd.

MACGINITIE, H. D. 1953. Fossil plants of the Flor-
issant beds, Colorado. Carnegie Institute of
Washington Publication 599: 1-198.

MADDISON, W. P., M. ]J. DONOGHUE, and D. R. MAD-
DISON. 1984. Outgroup analysis and parsimony.
Systematic Zoology 33: 83-103.

- and D. R. MADDISON. 1992. MacClade: Anal-
ysis of phylogeny and character evolution, version
3.0. Sunderland, Massachusetts: Sinauer Associ-
ates.

MANCHESTER, S. R. 1989. Systematics and fossil his-
tory of the Ulmaceae. Pp. 221-251 in Evolution,
systematics, and fossil history of the Hamamelidae,
Volume 2: ‘Higher’ Hamamelidae, eds. P. R. Crane
and S. Blackmore. Oxford, England: Clarendon
Press.

MELVILLE, R. 1938. Is Ulmus campestris a nomen am-
biguum? Journal of Botany, British and Foreign
76: 261-265.

MITTEMPERGHER, L. and N. LA PorTA. 1991. Hybrid-
ization studies in the Eurasian species of elm (Ul-
mus spp.). Silvae Genetica 40: 237-243.

MORGAN, D. R. 1993. A molecular systematic study
and taxonomic revision of Psilactis (Asteraceae:
Astereae). Systematic Botany 18: 290-308.

NEE, M. 1984. Ulmaceae. Flora de Veracruz, fasciculo
40. Xalapa: Instituto Nacional de Investigaciones
sobre Recursos Bidticos. (In Spanish.)

PALMER, J. D., R. K. JANSEN, H. J. MICHAELS, M. W.
CHASE, and J. R. MANHART. 1988. Chloroplast
DNA variation and plant phylogeny. Annals of
the Missouri Botanical Garden 75: 1180-1206.

P’El, C. 1947. Ulmaceae of eastern China. Botanical
Bulletin of Academia Sinica 1: 283-297.

PENNINGTON, T. D. and J. SARUKHAN. 1968. Pp. 120-
121 in Manual para la identificacion de campo de los
principales arboles tropicales de México. México, D.
F.: Instituto Nacional de Investigaciones Fores-
tales. (In Spanish.)

PLANCHON, J. E. 1848. Sur les Ulmacées. Annalles

WIEGREFE ET AL.: ULMUS

607

des Sciences Naturelles, Botanique (series 3) 10:
244. (In French).

POTTER, D. and J. J. DOYLE. 1994. Phylogeny and
systematics of Sphenostylis and Nesphostylis (Le-
guminosae: Phaseoleae) based on morphological
and chloroplast DNA data. Systematic Botany 19:
389-406.

REHDER, A. 1940. Manual of cultivated trees and shrubs
hardy in North America, exclusive of the subtropical
and warmer temperate regions, 2nd ed. New York:
Macmillan.

RicHENS, R. H. 1983. Elm. Cambridge: Cambridge
Univ. Press.

RIESEBERG, L. H. and S. J. BRUNSFELD. 1992. Molecular
evidence and plant introgression. Pp. 151-176 in
Molecular systematics of plants, eds. P. S. Soltis, D.
E. Soltis, and J. J. Doyle. New York: Chapman
and Hall.

and J. F. WENDEL. 1993. Introgression and its
consequences. Pp. 70-110 in Hybrid zones and the
evolutionary process, ed. R. Harrison. Oxford, En-
gland: Oxford Univ. Press.

Rowg, J. W., M. K. SEIKEL, D. N. ROy, and E. JORGENSEN.
1972. Chemotaxonomy of Ulmus. Phytochemis-
try 11: 2513-2517.

SANTAMOUR, F. S., JR. 1972a. Flavonoid distribution
in Ulmus. Bulletin of the Torrey Botanical Club
99: 127-131.

. 1972b. Interspecific hybridization with fall-
and spring-flowering elms. Forest Science 18: 283-
289.

SCHNEIDER, C. 1916. Beitrdge zur Kenntnis der Gat-
tung Ulmus I: Gliederung der Gattung und Uber-
sicht der Arten. (Guide to the knowledge of the
genus Ulmus I: Division of the genus and over-
view of the species.) Osterreichische Botanische
Zeitschrift 66: 21-34. (In German).

SCHREIBER, A. 1981. Ulmaceae. Pp. 245-268 in Illus-
trierte flora von Mitteleuropa: Pteridophyta, Sper-
matophyta, Band 111, Teil I, ed. G. Hegi. Berlin/
Hamburg: Verlag Paul Parey. (In German).

SHAPARENKO, K. K. 1939. Ob iskopaemykh tsvetkakh
roda Ulmus. Sbornik posviashchennyi V. L. Ko-
marovu. (In Russian).

SHERMAN, S. L. 1987. Flavonoid systematics of Ulmus
L. in the United States. Master’s Thesis, Univer-
sity of Georgia, Athens.

and D. E. GIANNAsI. 1988. Foliar flavonoids
of Ulmus in eastern North America. Biochemical
Systematics and Ecology 16: 51-56.

SMiTH, J. F., K. J. SYrsMa, R. S. SMITH, and J. S. SHOE-
MAKER. 1992. A qualitative comparison of total
cellular DNA extraction protocols. Phytochemi-
cal Bulletin 23: 2-9.

SmiTH, R. L. and K. J. SyrsMA. 1990. Evolution of
Populus nigra (sect. Aigeiros): introgressive hy-
bridization and the chloroplast contribution of




608

Populus alba (sect. Populus). American Journal of
Botany 77: 1176-1187.

Sovtis, D. E,, P. S. SoLtis, T. G. COLLIER, and M. ED-
GERTON. 1991. Chloroplast DNA variation with-
in and among genera of the Heuchera group (Sax-
ifragaceae): evidence for chloroplast transfer and
paraphyly. American Journal of Botany 78: 1091~
1112.

Sortis, P. S., J. J. DOYLE, and D. E. SoLTis. 1992. Mo-
lecular systematics of plants. New York: Chapman
and Hall.

SpacH, E. 1841. Revisio Ulmorum europaeorum et
boreali-americanum. Annalles des Sciences Na-
turelles, Botanique (series 2) 15: 359-365. (In
French and Latin).

SPOONER, D. M., G. J. ANDERSON, and R. K. JANSEN.
1993. Chloroplast DNA evidence for the inter-
relationships of tomatoes. American Journal of
Botany 80: 676-688.

STANDLEY, P. C. 1922. Trees and shrubs of Mexico.
Contributions from the United States National
Herbarium 23: 171-515.

SWEITZER, E. M. 1971. Comparative anatomy of Ul-

‘maceae. Journal of the Arnold Arboretum 52: 523-
585.

SWOFFORD, D. 1993. PAUP: Phylogenetic analysis using
parsimony, version 3.1.1. Champaign, Illinois: I1-
linois Natural History Survey.

SyrsMA, K.J. 1990. DNA and morphology: Inference
of plant phylogeny. Trends in Evolution and
Ecology 5: 104-110

and L. D. GoTTLIEB. 1986a. Chloroplast DNA

evidence for the origin of the genus Heterogaura

from a species of Clarkia (Onagraceae). Proceed-

APPENDIX 1.

SYSTEMATIC BOTANY

[Volume 19

ings of the National Academy of Sciences, U.S.A.

83: 5554-5557.

and 1986b. Chloroplast DNA evo-

lution and phylogenetic relationships in Clarkia

section Peripetasma (Onagraceae). Evolution 40:

1248-1261.

and W.J. HAHN. 1994. Molecular systematics:

1991-1993. Progress in Botany 55: 307-333.

and B. A. SCHAAL. 1985. Phylogenetics of the
Lisianthius skinneri (Gentianaceae) species com-
plex in Panama utilizing DNA restriction frag-
ment analysis. Evolution 39: 594-608.

TOWNSEND, A. M. 1975. Crossability patterns and
morphological variation among elm species and
hybrids. Silvae Genetica 24: 18-23.

WATROUS, L. E. and Q. D. WHEELER. 1981. The out-
group comparison method of character analysis.
Systematic Zoology 30: 1-11.

WHEELER, E. A., C. A. LA PAsHA, and R. B. MILLER.
1988. Wood anatomy of elm (Ulmus) and hack-
berry (Celtis) species native to the United States.
International Assoication of Wood Anatomy Bul-
letin 10: 5-26.

WIEGREFE, S. J. 1992. Molecular genetic variation in
the Ulmaceae: Phylogenetic implications. Ph. D.
Thesis, University of Wisconsin, Madison.

VAN DER GRAAF, N. A. and P. Baas. 1974. Wood
anatomical variation in relation to latitude and
longitude. Blumea 22: 101-121.

YARMOLENKO, A. V. 1936. Ulmus L. Pp. 284-294 in
Flora of the U.S.S.R. volume V, ed. V. L. Komarov.
Leningrad: Izdatel’stvo Akademii Nauk U. S. S.
R. (Translated from the Russian by N. Landau.
1970. Israel Program for Scientific Translation).

Chloroplast DNA restriction site mutations detected: their code number, the enzyme exhib-

iting cleavage site mutation, the probe location of the site (following Sytsma and Gottlieb 1986b, and Jansen
and Palmer 1988; the “IR” region was probed with a combination of P12, P14, PstI/SstI 6.2, SstI 3.5, and Sst1
1.8), the restriction fragments involved (with the derived condition listed after the equals sign; the sizes of
fragments whose existence was inferred but not visually detected are listed in parentheses), and the accessions
with the derived character state using the enumeration of accessions in Table 2 (with accessions whose
character state is unknown in parentheses). The final 22 mutations are unpolarized because they differ between
Ulmus and Zelkova.

Taxa (Table 2) with derived state

No. Enzyme Probe Region Fragments (in kb) (taxa with character state unknown)
1. EcoRI S58/56 28=16+12 2-6 (15,24)
2. EcoRI S6 11+16=27 4,16 (9,15,20,24)
3. EcoRI S6 27=15+13 14,16 (9,15,20,24)
4. EcoRI S6 15+ (7)=22 8(3,4,6,7,9,12,13,15,20,23,24)
5. EcoRI P3 47 =36+ 1.1 8,9 (13,15,24)
6. EcoRI P3 45=37+09 27 (8,13,15,21,24)
7. EcoRI P3 43=23+ 20 27,28 (1,7,9,13,15,24)
8. EcoRI P10 52=41+ 14 25,26 (1,11,15,24)
9. EcoRI P10 52=233+ (1.9 10,12-14,16 (1,11,15,24)
10. EcoRI P10 52=31+22 17-19 (1,11,15,24)
11. EcoRI P19 46=22+23 4-6,8,9,11-14,16 (15,20,24)
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Taxa (Table 2) with derived state
No. Enzyme Probe Region Fragments (in kb) (taxa with character state unknown)
12. EcoRI L1 14 + (0.7) = 2.1 2-14,16-23,25-29 (15,24)
13. EcoRV L1 13.6 + 3.7 =175 20,21,25-30 (3,4,6,7,9,12,13,15,23,24)
14. Dral S8 1.3 + (0.4)=1.7 17-19,21,22,25,27,30
2-7,10-16,20,23,24,26,28,29)
15. Dral S6 1.7 + (0.2) = 1.9 4,6,7,10-14,16 (15,23,24)
16. Dral P3 7.7=43 + 3.4 17-19,27,28 (1,13,15,24)
17. Dral P3 7.7 +25=102 10-12,14,16 (1,13,15,19,24)
18. Dral P3 2.3 + (0.5) =238 10-14,16,20-22,25-30 (15,23,24)
19. Dral P6 5.0=4.0 + (1.0 2-16 (23,24)
20. Dral P6 5.0=3.0 + 2.1 20,21,25-30 (24)
21. Dral P8 37=1.85+1.85 2-7,9-12,14,16 (8,13,15,24)
22, Dral P8 09 + 1.85=2.8 11-16 (24)
23. Dral P18 32 =29 + (0.3) 20,21,25-30 (15,24)
24. Dral P18 32=18+1.5 2,3 (15,24)
25. Dral P19 75+ 21=96 7 (15,24,26,29)
26. Dral IR 55+18=73 25,26 (4,16)
27. Dral L1 1.6 +29=45 2-6,8-14,16 (7,15,24)
28. Dral L1 45=32+13 10-13 (15,24)
29. Dral L1 14 +29=43 17-19,22,23,25-28,30 (10,15,24)
30, Dral L1 1.4 + (0.6) = 2.0 2-14,16 (15,17,18,23,24,30)
31. BamHI S6 11.8=8.7 + 3.1 8,9 (13,15)
32. BamHI S8 2.3 + (0.3) = 2.6 7,8,9 (13,15,24)
33. BamHI P3 2.7 =26 + (0.1) 17-23,25-30 (9,13,15,24)
34. BamHI P6 45=43 + (0.2) 7-9 (24)
35. BamHI P6 21+ (0.2) = 2.3 17,19 (15,18,24)
36. BamHI L1 18 +53=7.1 17,19,21-25,27,30 (11,13,18,20,26,28,29)
37. Xbal S8/P18 3.6 =3.0+ 0.6 11,17-23,25-30 (1,10,15,24)
38. Xbal S8 3.0 + (0.1) = 3.1 20,21,29 (2-18,23,24)
39. Xbal P3 122=9 + 29 10-12,14,16 (13,15,24)
40. Xbal P10 75+ 22=97 17-19 (13,15,24)
41. Xbal P10 22+ (0.2) =24 10-16 (1,9,17-19,24)
42. Xbal L1 45+ 09=55 17-19,21-23,25,27,30
. (11,13,15,20,24,26,28,29)
43. Xbal L1 6.0=53 + 0.7 22,23 (11,13,15,20,24,26,28,29)
44. SstIl S8 28 + 50 = ++ 17-19 (4,24)
45. BgllI S6 29=22+07 20,21,29 (15,24)
46. Bglll P8 99=92+ 0.7 17-19 (15,24)
47. BgllI P10 26=13+13 20,21,29 (1,15)
48. BglII P19 6.8 =139 + 3.0 7-9,17-19 (15,24)
49. BglIl IR 2.6=18+ (0.8) 2-7,9,10,12-16 (8,11,24)
50. BglII L1 98=7.0+ 28 21 (11,13,15,20,26,28,29)
51. Bglll L1 2.0 +(0.3) =23 10,14,16 (3,4,6,7,9,11-13,15,20,23,24,26,28,29)
52. BgllI L1 22 =20+ (0.2) 25,30 (6,11,15,20,24,26,28,29)
53. Bglll L1 129 =103 + 1.6 2-10,12-14,16,17,19,21-23,25,30
(11,15,18,20,24,26,28,29)
54. HindIlI S8 6.2 + 45=107 22-24
55. HindIIl P10 109 =6.6 + 4.3 2-12,14-16 (13,24)
56. Clal S8 64=42+ 22 2-12,14-16,22,23 (13,24)
57. Clal S6 43 +12=55 27,28 (13,24)
58. Clal P3 34=25+09 4-6 (13,24)
59. Clal P3 3.1+ (0.3)=34 2-12,14-16 (13,24,27,28)
60. Clal P3 2.2=(0.3) + 1.9 17-19 (13,24)
61. Clal P3 34=22+1.2 2,3 (13,24)
62. Clal P3 31=24+07 27,28 (13,24)
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Taxa (Table 2) with derived state

No. Enzyme Probe Region Fragments (in kb) (taxa with character state unknown)
63. Clal Pé6 2.1=1.5 + (0.6) 2-19,22,23 (24)
64. Clal P10 15=14 + 09 17-23,25-30 (13,24)
65. Clal P18 1.8 + (0.4) =22 7-9,17-19
66. Clal L1 59 +21=82 17-23,25,26,29,30 (8,13,24)
67. Clal L1 70=62+ 038 7,9 (1,8,13,15,24)
68. Xmnl S8 31=26+05 20,21,25-30 (24)
69. Xmnl S6 31=25+06 18,19 (11,17,20,24,26,28,29)
70. Xmnl P3 59=33+ 26 2,3 (17,24)
71. Xmnl P3 19+ 19=37 18,19 (17,24)
72. Xmnl P6 28 + 0.8=23.6 2-16 (17,18,24)
73. Xmnl Pé6 2.8=2.6 + (0.2) 20,21,25-30 (17,24)
74. Xmnl P8 1.6 =10 + 0.6 20,21,29 (15,17,24)
75. Xmnl P10 64=239+ 26 18,19 (13,15,17,24)
76. Xmnl P10 21+ (0.3)=24 10,12,13 (1,11,15,17,18,20,24,26,28,29)
77. Xmnl P18 22=18 + (0.4) 27,28 (3,4,6,7,9,12,13,15,23,24)
78. Xmnl IR 1.7 +11=27 5
79. Xmnl L1 40=28 +12 2-6 (13,15,17,20,24,26,28,29)
80. Xmnl L1 1.7 =1.5 + (0.2) 19 (11,13,15,17,20,24,26,28,29)
81. Aval P3 126 =63 + 6.3 10-14,16 (15,24)
82. Aval P3 41+ 05=4.6 20,21 (1,15,24)
83. Aval P6 65=41+ 24 2-14,16 (15,24)
84. Bell S6 27 +06=33 10,11,13-16 (12,24)
85. Bcll S6 33+ 11=44 12 (15)
86. Bcll P3 2.0+ (1.7) =37 20,21,25-30 (15,24)
87. EcoNI S6 13.5=10.2 + 3.3 20,21,25-30 (13,17,24)
88. EcoO1090 IR 54+16=7.0 17-23,25-30 (24)
10.0 + 1.6 = 11.6
89. EcoO1090 P3 6.1+10=7.1 22,23 (13,15,24)
90. Eco01090 P8 54 +40=94 8,9 (24)
91. Pstl P6 17 =122 + 4.7 17-19 (13,15,24)
92. Pst1 L1 164 + 29 =20 2-12,14,16,22 (13,15,24)
93. Smal P6 ca. 40 =25 + 123 2-8,10-12,14,16 (1,9,13,15,24)
94. Sstl L1 22 =18 + 3.6 20,21,25-30 (13,15,24)
95. Bgll S8/56 34=17 + 17 2-12,14-16 (13,24)
96. Apal Pé6 122=40 + 8.2 10-14,16 (15,24)
97. Apal P10 16 = 4.0 + 11.6 22,23 (24)
98. Apal P19 14 +21=16 17-23,25-30 (4,24)
99. ApaLl P3 18=12 + 6.2 20,21,25-30 (13,15,24)
100. BstBI S8 33=28+05 17-19 (13,15,24)
101. BstBI S6 54=28 +26 17-23,25-30 (15,24)
102. BstBI S6 2.6 =1.8 + (0.8) 20,21,29 (13,24,30)
103. BstBI P3/P6 19+ 41=6.0 2-12,14-16 (13)
104. BstBI P3 6.0=23.6 + 25 10-12,14,16 (13,15,18,24)
105. BstBI P3 2.5+ (0.4) =29 2-14,16 (15,18,24)
106. BstBI P3 20+22=41 17-19 (15,24)
107. BstBI Pé6 3.5+ (0.4) =39 10-12,14,16 (13,15,24)
108. BstBI Pé6 24 + (0.5) =29 10,11,14,16 (1,4,6,7,9,12,13,15,23,24)
109. BstBI P8 25=14+ 09 2,5,8,10,11,14,16 (3,4,6,7,9,12,13,15,24)
110. BstBI P10 39=31+108 20,21,29 (3,4,6,7,9,12,13,15,23,24)
111. BstBI P10 19 +23=42 10-14,16 (1,15,24)
112. BstBI IR 4.1 + (1.0)=5.1 17-19 (13,15,24)
3.7 + (1.0) =47
113. Miul P3 ca. 60 =20 + ca. 40 17-19 (1,13,15)
114. Scal S8 49=37+13 2-6 (24)
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Taxa (Table 2) with derived state

No. Enzyme Probe Region Fragments (in kb) (taxa with character state unknown)
115. Scal S8 37=233+ (0.4) 4-6
116. Scal S6 23 +18=4.1 17-23,25-30 (24)
117. Scal P6 11.0=5.7 + 5.3 17-19 (24)
118. Scal P8 122 =8.8 + 3.8 10-14,16 (15,24)
119. Scal P19 50=40+ 1.0 17-19 (24)
120. Scal L1 6.6 +47 =113 27,28 (13,15,24,30)
121. Stul P3 54 + 15.6 = 21 7,10-12,14,16,17,19 (9,13,15,23,24)
122. Stul P3 49=42+(0.7) 22-24 (13,15)
123. Stul L1 18 =153 + 3.1 10-12,14,16 (9,13,15,22,24,30)
124. Styl S6 6.1=23.1+ 3.0 10,12-14,16 (8,11,15,24)
125. Styl P3 64=52+1.2 27,28 (6,13,15,24)
126. Styl P8 12 +(0.2)=1.4 17-19 (11,24)
127. EcoRI P3 13.5=94 + 4.1 Outgroup (13,15,24)
128. EcoRI P10 51=38+13 Outgroup (15,24)
129. EcoRV Pé6 43 =238 + (0.5) Outgroup (3,4,6,7,9,12,13,15,24)
130. Dral S6 34+15=49 Outgroup (15,24)
131. Dral P3 73=54+19 Outgroup (13,15,17-19,24)
132. Dral IR 114 + 1.9 =133 Outgroup (15,24)
133. BamHI P6 5.4 =48 + (0.6) Outgroup (13,15,24)
134. Xhol P3 20=3.0 + 17 Outgroup (3,4,6,7,9,11-13,15,24)
135. Xbal P18 /P19 3.5+ (0.4) =39 Outgroup (24)
136. SstIl P6 76=7.4+ (02) Outgroup (13,15,24)
137. Bglll P10 97 + 26 =124 Outgroup (13,15,24)
138. Clal P6 7.0 + 3.6 =10.6 Outgroup (24)
139. Xmnl P10 63=38 +24 Outgroup (24)
140. Aval P3 41+36=77 Outgroup
141. Aval P3 77 =46+ 32 Outgroup (13,15,24)
142. Aval P6 6.5=59 + 0.6 Outgroup (13,15,24)
143. Bcll P6 3.5=29 + (0.6) Outgroup (13,15,24)
144. EcoNI P10 38 =233 + 49 Outgroup (13,15,20,24,26,28,29)
145. Eco0O1090 P3 6.2=232+ 3.0 Outgroup (13,15,24)
146. Sstl S6/P3 94=76+ 18 Outgroup (13,15,24)
147. ApaLl P8 18=16 + 2.0 - Outgroup (13,15,24,30)
148. Styl S6 54 =49 + (0.5) Outgroup
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APPENDIX 2. Matrix indicating distribution of character states used in the phylogenetic analysis based on
18 morphology/chemical data. Character numbers start at 149 (following 148 cpDNA restriction site char-
acters). See Table 3 for the characters and their states. Accessions are listed as in Table 2. Missing data are
designated by “9.” Parentheses around character states indicate taxa polymorphic for the character. References
for character states are indicated by superscripts: 1 = Anonymous (1957), 2 = Bate-Smith and Reichens (1973),
3 = Chun (1921), 4 = Elias (1970), 5 = Elias (1980), 6 = Fu (1980), 7 = Giannasi (1978), 8 = Grudzinskaya
(personal communication), 9 = Grudzinskaya and Chernik (1976), 10 = Li (1976), 11 = Manchester (1989), 12
= Nee (1984), 13 = Pennington and Sarukhan (1968), 14 = P’Ei (1947), 15 = Rowe et al. (1972), 16 = Schneider
(1916), 17 = Schreiber (1981), 18 = Sherman (1987), 19 = Sherman and Giannasi (1988), 20 = Sweitzer (1971),
21 = Wheeler et al. (1988), 22 = Wiegrefe and Sytsma (personal observation), 23 = Yarmolenko (1936), 24 =
Nee (1984) depicts as distal but maturity of fruit is suspect because mature seed fills cavity and is medial, 25
=Schneider (1916) erroneously characterizes as spring flowering, 26 = Bate-Smith and Reichens (1973) detected
myricetin in U. davidiana that may be conspecific.

Character Number

Taxon 149 150 151 152 153 154 155 156 157

1 ol1 014 014 014 9 022 014 9 014,24
2-3 111,16 1518 216,18 15 15.16 089 089 089 (0[1)16
4-6 116 117,23 216,17,23 117 116,17 08,9 08,9 08,9 (0[1)16
7 111,16 (0[1)12,16 (0,1)12,13 (0’1)12,22 112,16 08,9 08,9 08,9 112,16
8-9 111,16 1518 (0[1)18 15 15.16 089 089 089 15.16
10-13 116 1518 218 15 15.16 089 089 089 15,16
14 116 15,18 118 122 15,16 08,9 08,9 08,9 15,16
15-16 116 1518 (0[1)18 (0,1)22 15.16 089 089 089 (0[1)5,16
17-19 116 16,10,14,21 114,17 06 06.14,16 089 089 089 06.16
20-21 116 (0,1)6,24 (0’1)10,14 06 16.16,23 189 189 189 06-16
22-24 111,16 15.18 217,18 0517 04,16 18 18 1822 05.16
25-26 116 117,23 25,17 017 016,17 189 189 189 ol6,17
27-28 116 16 (0’1)14,16 017 06-16,23 189 189 189 06-16
29 116 (0[1)6,16 06 06 06,16 18 18 18 06.16
30 116 117,23 216,17 017 ol6,17 189 189 189 ol6.17

Character Number

Taxon 158 159 160 161 162 163 164 165 166

1 9 020 9 (0’1)2,7 9 122,23 014 03 9

2-3 05.16,17 121 015 1219 . 156 0516 05.17.18 0516 06

4-6 olé 9 9 12 16 016,23 017 olé 06,17,23
7 213,16 9 9 (0’1)2,7 05 012,13,16 12 016 012,13,24
8-9 25,16 021 115 (0,1)2,19 05 0516 (0’1)4,18 05-16 023
10-13 25,16,17 021 115 (0[1)2,19 15 05-16 041718 05.16 ol

14 216 021 115 0219 05 25,16 05.18 15.16 05
15-16 25,16 021 115 0219 05 25,25 15.18 1516 05
17-19 06.14,16 9 9 1219 (0,1)6,10 26,16 1317 110,16 036
20-21 26,16 9 9 (0,1)2 16 06.16,23 023 olé 036,16
22-24 116,17 120,21 015 1219 115 05-16 05:17.18 016 01,16
25-26 05:16,17 120 9 12 1517 016,23 05:17,23 016 016,17
27-28 06-16 9 9 (0’1)2,19 16 0616 0317 olé 16.16
29 0616 9 9 9 16 06.16 0616 016 06-16
30 ol6.17 9 9 (0[1)2,19,26 117 016,23 017.23 016 116,17




