Pl. Syst. Evol. 266: 5-43 (2007)
DOI 10.1007/s00606-007-0539-9
Printed in The Netherlands

Plant Systematics
and Evolution

Phylogeny and classification of Rosaceae

D. Potter!, T. Eriksson’, R. C. Evans’, S. Oh?, J. E. E. Smedmark’, D. R. Morgan’, M. Kerr®,
K. R. Robertson7, M. Arsenaults, T. A. Dickins0n9, and C. S. Campbell8

"Department of Plant Sciences, Mail Stop 2, University of California, Davis, California, USA
“Bergius Foundation, Royal Swedish Academy of Sciences, Stockholm, Sweden

*Biology Department, Acadia University, Wolfville, Nova Scotia, Canada

“Department of Biology, Duke University, Durham, North Carolina, USA

Department of Biology, University of West Georgia, Carrollton, Georgia, USA

®Department of Cell Biology and Molecular Genetics, University of Maryland, Maryland, USA
"Center for Biodiversity, Illinois Natural History Survey, Champaign, Illinois, USA
8Depar‘[ment of Biological Sciences, University of Maine, Orono, Maine, USA

9Department of Natural History, Royal Ontario Museum, Toronto, Canada

Received January 17, 2006; accepted August 17, 2006

Published online: June 28, 2007
© Springer-Verlag 2007

Abstract. Phylogenetic relationships among 88
genera of Rosaceae were investigated using nucle-
otide sequence data from six nuclear (18S, gbssil,
gbssi2, 1TS, pgip, and ppo) and four chloroplast
(matK, ndhF, rbcL, and trnL-trnF) regions, sepa-
rately and in various combinations, with parsimony
and likelihood-based Bayesian approaches. The
results were used to examine evolution of non-
molecular characters and to develop a new phylo-
genetically based infrafamilial classification. As in
previous molecular phylogenetic analyses of the
family, we found strong support for monophyly of
groups corresponding closely to many previously
recognized tribes and subfamilies, but no previous
classification was entirely supported, and relation-
ships among the strongly supported clades were
weakly resolved and/or conflicted between some
data sets. We recognize three subfamilies in Ros-
aceae: Rosoideae, including Filipendula, Rubus,
Rosa, and three tribes; Dryadoideae, comprising
the four actinorhizal genera; and Spiracoideae,
comprising Lyonothamnus and seven tribes. All
genera previously assigned to Amygdaloideae and

Maloideae are included in Spiraeoideae. Three
supertribes, one in Rosoideae and two in Spiracoi-
deae, are recognized.

Key words: Rosodae, Pyrodae, Kerriodae, chro-
mosome number, fruit type.

Introduction

In spite of general familiarity with and interest
in the family, phylogenetic relationships
among taxa within Rosaceae have remained
poorly understood and to date no infrafamilial
classification has been proposed that
recognizes only groups strongly supported as
monophyletic. Moreover, although the
approximately 90 genera and 3,000 species
that are now generally accepted as belonging
to the family have long been included in it,
circumscription of Rosaceae, in terms of the
inclusion or exclusion of other taxa, has varied
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among the major treatments of the family
proposed over the last 60 years (Potter 2003).
Taxa currently assigned to families Chrysoba-
lanaceae (Malpighiales), Neuradaceae (Malva-
les), and Quillajaceae (Fabales) (Morgan et al.
1994, Angiosperm Phylogeny Group 2003)
were all at one time included within Rosaceae
(e.g. Lawrence 1951, Hutchinson 1964), the
last as recently as Takhtajan’s (1997) treatment
of the family. The single species of Apopetalum
Pax, listed in tribe Spiraeeae by Hutchinson
(1964), was later determined (Cuatrecasas
1970) to be a species of Brumellia (Brunellia-
ceae, Oxalidales). Most recently, Oh and
Potter (2006) showed that Guamatela Donn.
Sm., previously classified in tribe Neillicae of
Rosaceae (Hutchinson 1964), is most closely
related to species in the order Crossosoma-
tales.

Molecular phylogenetic studies (Morgan et
al. 1994, Evans et al. 2000, Potter et al. 2002)
have provided strong support for monophyly
of Rosaceae. Despite a long tradition of
grouping these genera together, there is no
readily identifiable morphological synapomor-
phy for the family. Presence of an hypanthium
and reduction or lack of endosperm are both
probably synapomorphies for the order Ro-
sales, and hence symplesiomorphies of Rosa-
ceae (Judd and Olmstead 2004). Numerous
stamens is a possible synapomorphy for the
family (Judd and Olmstead 2004); if so, stamen
number has been secondarily reduced several
times within Rosaceae.

The position of Rosaceae with respect to
other angiosperm families has varied among
taxonomic treatments over the last century and
has been substantially affected by recent molec-
ular phylogenetic studies. Besides Chrysoba-
lanaceaec and/or Neuradaceae, which, as
mentioned above, were sometimes included
within Rosaceae, previous treatments have
included in Rosales Saxifragaceae, Crassula-
ceae, and Cunoniaceae (e.g., Cronquist 1981) or
Dichapetalaceae and Calycanthaceae (Hutch-
inson 1964), none of which molecular evidence
supports as being particularly closely related
to Rosaceae. The current circumscription of

Rosales (Angiosperm Phylogeny Group 2003)
includes Barbeyaceae, Cannabaceae, Dirachm-
aceae, Elacagnaceae, Moraceae, Rhamnaceae,
Rosaceae, Ulmaceae, and Urticaceae. Molecu-
lar evidence indicates that Rosaceae are sister
to the remaining families in the order
(Soltis et al. 2000, Potter 2003, Judd and
Olmstead 2004).

Classification within Rosaceae also varies
considerably among treatments (Table 1). The
most widely adopted classification (Schulze-
Menz 1964) is primarily based on fruit type
and has four subfamilies, which are further
divided into tribes and subtribes. Hutchinson
(1964), on the other hand, recognized only
tribes and did not group these into subfamilies.
Takhtajan (1997), incorporating some of the
results of the first molecular phylogenetic
study of relationships across Rosaceae (Mor-
gan et al. 1994), recognized twelve subfamilies.
In Takhtajan’s treatment, Amygdaloideae and
Maloideae were expanded, and Rosoideae and
Spiracoideae were subdivided, as compared to
earlier classifications. The treatment of Rosa-
ceae by C. Kalkman, published posthumously
by Kubitzki (2004, Kalkman 2004), recognizes
only tribes within Rosaceae. Kalkman, how-
ever, suggested the possibility of recognizing
two subfamilies, one comprising the classical
Rosoideac and Prunoideae (hereafter, Amy-
gdaloideae), the other the classical Maloideae
and Spiraeoideae. This would represent a
rather different treatment than the one
adopted here, in which the circumscription of
Rosoideae is narrower than in most previous
treatments, Dryadoideae is recognized as a
separate subfamily, and Spiraeoideae is ex-
panded to include the classical Amygdaloideae
and Maloideae. Kalkman’s treatment includes
more comprehensive surveys of vegetative and
reproductive morphology, karyology, repro-
ductive behavior, ecology, phytochemistry,
economic uses, and conservation issues than
is possible here. In addition to the tribes
adopted from earlier treatments, Kalkman
designated three informal groups around the
genera Alchemilla, Geum, and Cydonia
(Table 1). Adenostoma, Coleogyne, Potaninia,
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Cydonia Group
Chaenomeles

Cydonia
Pseudocydonia

Crataegeae
Pyracantha

Chamaemeles
Cotoneaster
Crataegus
Hesperomeles
Mespilus
Osteomeles
Maleae’

Kalkman (2004)
Docynia

Takhtajan (1997)
Chaenomeles
Cydonia
Docynia
Pseudocydonia
Chamaemeles
Cotoneaster
Crataegus
Hesperomeles
Mespilus
Osteomeles
Pyracantha

Dichotomanthoideae

Pseudocydonia

Crataegeae
Pyracantha

Chaenomeles
Cydonia
Chamaemeles
Cotoneaster
Crataegus
Hesperomeles
Mespilus
Osteomeles

Hutchinson (1964)
Docynia

Chaenomeles
Cydonia
Cotoneaster
Crataegus
Mespilus
Pyracantha

Schulze-Menz (1964)
Crataegeae

Chaenomeles
Cydonia
Docynia
Pseudocydonia
Chamaemeles
Cotoneaster
Crataegus
Hesperomeles
Mespilus
Osteomeles
Pyracantha

Table 1. (Continued)

This Paper

D

Dichotomanthes Dichotomanthes

Dichotomanthes

Dichotomanthes
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and Lyonothamnus were not assigned to tribes.
Both Guamatela and Brachycaulos Dikshit &
Panagrahi are listed as “doubtfully Rosacea-
ous.” The latter genus is known only from a
single collection from India (Kalkman 2004)
and will not be considered further in this
paper.

Studies of phylogenetic relationships with-
in Rosaceae based upon molecular data have
agreed in providing strong support for several
clades that more or less correspond to previ-
ously recognized subfamilies and tribes and in
showing rather weak support for the relation-
ships among those clades. Morgan et al.’s
(1994) phylogenetic analysis of rbcL sequence
variation across the family resolved as mono-
phyletic groups that corresponded, with a fair
number of modifications, to Schulze-Menz’s
(1964) Rosoideae, Amygdaloideae, and
Maloideae, but Spiracoideae were polyphy-
letic. The results suggested that, in Rosaceae,
chromosome number is a better indicator of
relationship than is fruit type. Taxa with x = 9
traditionally assigned to Rosoideae because
their members produce achenes were found to
fall outside of Rosoideae sensu stricto (x = 7,
8), whereas several taxa with x = 15 and 17
traditionally classified in Spiracoideae because
they produce follicles were found to be more
closely related to pome-bearing Maloideae.
Prunus (x = 8, drupes) was weakly supported
as sister to a strongly supported clade of three
other genera with the same base chromosome
number; members of two of those genera
(Oemleria and Prinsepia) also bear drupes,
but those of the third, Exochorda, produce
capsules (more accurately, cocceta; see
Results).

Analyses of chloroplast ndhF sequences
(Evans 1999) and morphological and ontoge-
netic characters (Evans 1999; Evans and
Dickinson 1999a, 1999b) provided support
for many of the clades that were also strongly
supported by Morgan et al.’s (1994) study.
Potter et al.’s (2002) analyses of chloroplast
matK and trnL-trnF sequences also resolved
most of these clades but differed in details of
the relationships among them, though most of



D. Potter et al.: Phylogeny and classification of Rosaceae 13

those relationships were not well supported by
any of the analyses. One important difference
concerned relationships among basally diverg-
ing lineages in the family. The rbcL data
provided weak support for a sister relationship
between Rosoideae sensu stricto and the rest of
the family, while in the strict consensus tree
based on matK and trulL-trnF data, three
clades formed an unresolved polytomy diverg-
ing at the base of the family: Rosoideae sensu
stricto, the actinorhizal taxa (Dryadoideae in
column 1 of Table 1), and the rest of the family
(Spiracoideae in column 1 of Table 1). Within
the last clade, there was strong support for a
sister relationship between Lyonothamnus and
the remaining taxa.

Studies of granule-bound starch synthase
gene (ghssi) sequences by Evans et al. (2000)
and Evans and Campbell (2002) were aimed
primarily at investigating the origins of
Maloideae. This group has long attracted the
attention of evolutionary biologists because of
the possibility that it may represent a higher-
level angiosperm group of hybrid origin, as
suggested by chromosome numbers and iso-
zyme data (Chevreau et al. 1985, Chevreau and
Laurens 1987, Weeden and Lamb 1987, Raspé
et al. 1998). A particularly intriguing hypoth-
esis holds that the base chromosome number
of x =17 in this group resulted from wide
hybridization between an ancestral amygda-
loid with x = 8 and an ancestral spiraeoid with
x = 9 (Sax 1933). Data from the low copy
nuclear gene gbssi provide an excellent tool to
test this hypothesis. This gene has undergone a
duplication prior to the evolution of Rosaceae
(Evans et al. 2000), with two copies found in
all diploid taxa with x = 7, 8, or 9, and
another duplication (as a result of ancient
polyploidization) within Rosaceae, resulting in
four copies in diploid taxa with x = 15 or 17.
Phylogenetic analyses of these genes for a
broad sampling of taxa with the different
chromosome numbers from across the family
(Evans and Campbell 2002) did not support
the wide-hybridization hypothesis. Instead,
both gbssil and gbssi2 resolved Gillenia
(x = 9) as sister to the clade including taxa

with x = 15 or 17, a result also supported by
the ndhF (Evans 1999) and matK/trnL-trnF
(Potter et al. 2002) data; Gillenia was not
sampled by Morgan et al. (1994). These results
are consistent with a spiraeoid origin of
Maloideae (Sterling 1966, Gladkova 1972),
and they support an alternative to the wide-
hybridization hypothesis, which holds that the
higher chromosome number of maloids arose
via hybridization and polyploidization among
closely related species of an ancestral lineage
(the lineage that also gave rise to Gillenia with
x = 9), followed by aneuploid reduction. The
results further suggest a New World origin of
this group, since Gillenia, Lindleya, and Vau-
quelinia are all distributed in North America,
and Kageneckia is found in South America.
Finally, these results support recognition of a
taxon (here designated supertribe Pyrodae;
Table 1) including not only all genera with
chromosome numbers of 15 and 17 (Takhta-
jan’s (1997) Pyroideae, our Pyreae; Table 1)
but also Gillenia with x = 9. Outside of this
expanded maloid group, the gbssi results
(Evans and Campbell 2002) resolved several
of the same groups of genera that were
identified in other molecular phylogenetic
studies of the family (Morgan et al. 1994,
Evans 1999, Potter et al. 2002) but, once again,
provided generally weak resolution of rela-
tionships among those groups.

The objectives of the present study are to
1) assemble molecular phylogenetic data for
Rosaceae which have been generated in
several labs in North America and Europe
over the last 10-15 years; 2) analyze these
data separately and in combination in order
to determine the extent to which different
data sets may conflict with one another and
to obtain the best hypotheses of phylogenetic
relationships in the family according to
currently available evidence; 3) explore the
implications of the phylogenetic trees gener-
ated from molecular data for the evolution of
structural, biochemical, and ecological char-
acters; and 4) produce a new, phylogeneti-
cally based infrafamilial classification for
Rosaceae.
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Materials and methods

Data. Ten genes or genomic regions were analyzed
in this study (Table 2), including six nuclear and
four chloroplast loci. The six nuclear loci are: 18S
ribosomal RNA genes, internal transcribed spacer
(ITS) regions (including ITS 1, the 5.8S ribosomal
RNA gene, and ITS 2), gbssil and gbssi2, and
putative genes encoding polygalacturonase inhibi-
tor proteins (PGIP) and polyphenol oxidase (PPO).
The four chloroplast loci are: rbcL, matK, ndhF,
and trnL-trnF.

The taxa sampled for each locus are listed in
Table 2. Many of the sequences used in this study
were included in previously published analyses;
for those that were not, voucher specimen
information is given in Table 2, or, for genera
of Pyreae, in Campbell et al. (2007). Methods for
DNA extraction, PCR amplification, cloning
(where necessary) and sequencing of particular
loci may be found in the publications listed in
Table 2. Data from several loci are published here
for the first time, and the methods for PCR and
sequencing of these regions are described briefly
below.

18S: GenBank 18S sequence of Prunus persica
(L28749), Spiraea x vanhoutei (U42801), and Photi-
nia fraseri (U42800) were used to design a forward
(18S1F:  GACTGTGAAACTGCGAATGGCTC)
and a reverse PCR primer (18S2R: GTTCACC
TACGGAAACCTTGTTACG) as well as two
internal primers (18S3F: TAACGAGGATCCA
TTGGAGG and 18S4R: AGATCCACCAAC
TAAGAACG), which were purchased from Sigma
Genosys, Inc. and Integrated DNA Technologies,
Inc. Approximately 1.6 kb of the 18S gene were
amplified from extracted genomic DNA of each
taxon in 25 pl reactions containing 2.5 pL of 100X
bovine serum albumin (BSA), 2.5 uL of 10X
polymerase buffer, 3 pL of 25 mM MgCl,, 0.5 pL
of 10 mM dNTPs, 0.75 puL of each 10 mM primer,
1.0 unit of Taq DNA polymerase (mostly from
Promega Inc.), and 15-60 ng of genomic DNA.
PCR conditions were as follows: 30 cycles of 94°C
for 1.5 min, 55°C for 2 min, and 72°C for 2 min,
followed by 72°C for 15 min. PCR products were
purified from agarose gels with the Qiaquick Gel
Extraction Kit (Qiagen Inc.). PCR products were
sequenced directly in both directions using both
external and internal primers on an ABI/Prism 377
automated sequencer at the University of Maine
DNA Sequencing Facility.

pgip: Sequences of PGIPs from several eudicots
(Malus domestica, Yao et al. 1995; Phaseolus
vulgaris L., Toubart et al. 1992; Actinidia deliciosa
(A. Chev.) Liang and A. R. Ferg., Simpson et al.
1995; Pyrus communis, Stotz et al. 1993; and
Lycopersicon esculentum Miller, Stotz et al. 1994)
were obtained from GenBank, aligned, and used to
design two forward (PGIP1: TCCTCCTACAAAT-
CAAGAAAG and PGIPS: CCAGCTCTCTCT-
GATCTCTGCAACCC) and two reverse PCR
primers (PGIP2: TTGCAGCTTGGGAGTGGAG
and PGIP6: ACCACACAGCCTGTTGTAGCT-
CACQ) as well as two internal sequencing primers
(PGIP3: GACCGTAATAAGCTCACAGG and
PGIP4: CCTGTGAGCTTATTACGGTC), which
were purchased from Genosys Biotechnologies,
Inc. Approximately 0.9 kb of the PGIP gene was
amplified from extracted genomic DNA of each
taxon using the Perkin-Elmer GeneAmp II kit and
various combinations of the PCR primers (some
primer combinations did not yield any product for
some taxa). PCR conditions were as follows: 1 min
at 95°C; 40 cycles of 30 s at 95°C, 1 min at 55°C,
and 2 min at 72°C; 7 min at 72°C. PCR products
were purified from agarose gels with the Qiaquick
Gel Extraction Kit (Qiagen Inc.). PCR products
were either sequenced directly in both directions
(using both external and internal primers as
needed), or first cloned using the Invitrogen
Topo-TA Cloning Kit. For cloned PCR products,
one to ten colonies were selected from each
transformation reaction for sequencing in both
directions with universal primers M13 or T7 and
MI13 Reverse or T3 and internal primers as
necessary. Automated sequencing was carried out
at one of the two DNA sequencing facilities on the
U.C. Davis campus, each of which uses an ABI/
Prism 377 automated sequencer.

ppo: Based on a consensus of published cDNA
or genomic sequences for PPO genes from various
species of Rosaceae (Boss et al. 1995; Chevalier et
al. 1999; Haruta et al. 1998, 1999), three forward
(PPO1: TAGACAGGAGAAATGTGCTTCTT
GG, PPO3: GACCCGTTCGCCTTTGCCAAG
CC, and PPOS5: ATGACGTCTCTTTCACCT CC
GGTAGTCAC) and two reverse (PPO2: CAC-
TTACAAAGCTTCCGGCAAACTC and PPOG6:
TCCTCCGCCTCAATTTCCTCCAACA) PCR
primers were designed to amplify a fragment of
about 1.5 kb, including most of the coding region
of the gene. Two internal sequencing primers
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(PPO9: TCCACAACTCCTGGCTCTT  and
PPO10: TTCTCGTTGTAAAACAAGAA) were
also designed. PCR amplification and sequencing
followed the methods described above for pgip.

trnL-F: Amplification and sequencing used the
c-f primer pair of Taberlet et al. (1991). Methods
are described in Eriksson et al. (2003). Sequence
fragments were proof-read and assembled using the
Staden Package (Staden 1996).

gbssi: New sequences were obtained using
methods described by Evans et al. (2000) or
Smedmark et al. (2003)

Data Analyses. Sequences of all regions were
aligned manually, in some cases using Se-Al
(Rambaut 1996), and/or ClustalX (Thompson
et al. 1997). For pgip and ppo, nucleotides were
aligned to amino acid alignments using DAMBE
(Xia and Xie 2001). Introns (gbssil, gbssi2, and
some pgip sequences) and ambiguously aligned
regions were excluded from all subsequent analy-
ses.

Each of the ten loci was analyzed separately for
all taxa for which data were available. A combined
data matrix comprising all ten loci and 91 taxa,
representing 88 genera of Rosaceae, with Ceanothus
L. and Rhamnus L. (Rhamnaceae) included as
outgroups (Table 2), was assembled by combining
sequences of members of the same genus, and,
when possible, the same species from all of the
different regions. We sought to include one species
from most currently recognized genera of Rosa-
ceae. Based on the results of previous phylogenetic
studies (Lee and Wen 2001; Bortiri et al. 2001,
2002; Shaw and Small 2004), two composite taxa
were used to represent the diversity within the large
genus Prunus; one corresponding to the Amygda-
lus| Armeniaca/ Prunus (peach-almond/apricot/
plum) clade and the other to the Cerasus/Lauro-
cerasus/Padus (cherry/laurel-cherry) clade. In cases
where recent phylogenetic evidence strongly sup-
ports inclusion of one genus within another, we
included only one species to represent both. For
example, we did not include separate representa-
tives for Stephanandra and Neillia because recent
evidence showed that the former genus is nested
within the latter and the two have now been merged
(Oh 2006). In two other cases, a genus was
represented even though it had already been
combined with another, because no molecular
phylogenetic study in support has yet been pub-
lished. One such case pertains to Pygeum, which

was transferred to Prunus by Kalkman (1965), the
other to Cowania, which was transferred to Purshia
by Henrickson (1986).

In Rosoideae, several genera were lumped into
Potentilla (Duchesnea, Horkelia, and Ivesia) based
on previous analyses (Eriksson et al. 1998, 2003),
and into Geum (Novosieversia, Erythrocoma, Onco-
stylus, Acomastylis, and Taihangia; see Smedmark,
2006). Material was not available for Stellariopsis,
Comarella, and Purpusia, but according to pre-
liminary study of morphology they are expected to
be included in Potentilla. Fragaria is not combined
with Potentilla, as suggested by Mabberley (2002),
because it would make Potentilla polyphyletic.
Generic delimitations in Sanguisorbeae follow Kerr
(2004).

For three genera of Spiraceae (Table 1), mate-
rial was not available, but Potter et al. (2007)
support inclusion of both Sibiraea and Xerospiraea
in the tribe. No data at all were available for the
monotypic Korean genus Pentactina.

For cloned sequences (gbssil, gbssi2, pgip, and
ppo), one clone per taxon was selected randomly.
Missing data were coded as necessary for particular
locus-genus combinations. Sequence alignments are
available from the corresponding author.

In addition to simultaneous analyses of all ten
loci, analyses of various partitions of the total data
set were also conducted (Table 3). Because of some
questionable results of analyses of pgip and ppo (see
Results), analyses were run excluding those two
loci. The four chloroplast loci were analyzed in
combination, as were the six nuclear loci, and the
four nuclear loci other than pgip and ppo. In the
last two cases, five taxa (Coleogyne, Cowania,
Kelseya, Pygeum, Spenceria, and Spiraeanthus),
for which there were no data from any nuclear
locus, were omitted.

Phylogenetic analysis of the data employing
maximum parsimony was implemented in the
UNIX version of PAUP* 4.0 b10 (Swofford 2002)
using heuristic searches and 1,000 replicates of
random taxon addition with TBR branch-swap-
ping, MulTrees in effect, and maxtrees allowed to
increase automatically as necessary for most data
sets. In order to expedite the search on the ITS data
set, a maximum of 100 trees were saved per
replicate. In four cases (matK, ndhF, trnlL-trnF,
and the combined chloroplast loci), because of the
large number of most parsimonious trees
(>600,000) recovered on the first replicate in
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preliminary analyses, an alternative search strategy
was ultimately used to maximize the chances that
we had indeed recovered the shortest possible trees:
20,000 replicates of random addition sequence,
saving a single tree per replicate. All positions were
weighted equally; gaps were treated as missing
values. Branch support was assessed using 10,000
parsimony bootstrap replicates, each with a single
random addition sequence replicate and TBR
branch-swapping saving a single tree per replicate.

Bayesian analyses, using models of sequence
evolution for each data partition selected in MrAIC
(Nylander 2005), were implemented in MrBayes
3.1.1 (Huelsenbeck and Ronquist 2001). For each
data set and combination of data sets, double
analyses were run with four chains for 1,000,000
generations, sampling every 100 generations. Burn-
in was set to 100,000 generations, except for the
trnL-trnF data set where burn-in was set to 200,000
generations. The sampled trees from both analyses
were pooled and majority-rule consensus trees were
constructed from the remaining 18,000 (16,000 in
the case of trnL-trnF) trees to estimate Bayesian
clade credibility values.

Non-molecular character states were scored
according to our own observations and published
reports (Table 4). A primary objective of this
project was to use our phylogenies to study the
evolution of fruits, for which we needed detailed
information on mature fruit characteristics. Suffi-
ciently detailed data for some taxa (i.e. Pyrinae)
were available from the literature, but for many
genera more detailed information was necessary.
This information was produced by obtaining
mature fruiting material, dissecting the fruits, and
recording detailed observations on their structure.
MacClade 4.06 (Maddison and Maddison 2003)
was used to map non-molecular character states
and geographic distributions by continent (Hutch-
inson 1964) onto one of the most parsimonious
trees obtained from the phylogenetic analyses of
molecular data.

Taxonomy. Our primary criterion for formal
taxonomic recognition of groups was strong sup-
port by the data. In order to be given formal
recognition, a clade had to meet all of the following
specific criteria: 1) Congruence among data sets:
Monophyly of the group must not be strongly
(95% or greater parsimony bootstrap support and/
or 95% or greater Bayesian clade credibility)
contradicted by any analysis of a single data

partition or any combination of partitions. 2)
Robustness: Monophyly of the group must be
supported with at least 85% parsimony bootstrap
support and 95% Bayesian clade credibility in the
combined analysis of all data sets. 3) Consistency
with previous classifications: As much as possible
within the constraints of recognizing only puta-
tively monophyletic groups, we sought to make our
classification maximally consistent with previous
classifications, in terms of the numbers and cir-
cumscriptions of subfamilies and tribes.

Names were selected for subfamilies, tribes,
and subtribes following the rules of the Interna-
tional Code of Botanical Nomenclature (ICBN,
Greuter et al. 2000). Authorship, priority, and valid
publication of names were determined by examin-
ing original publications and by consulting several
sources (Kalkman 2004, Reveal 2004, Pankhurst
2005, International Plant Names Index 2006).

Results

The total number of characters, number of
parsimony informative characters, number of
taxa, number and statistics of most parsimo-
nious trees recovered, and model of sequence
evolution selected for each of our data parti-
tions are presented in Table 3, while the
significant clades supported by various analy-
ses are summarized in Table 5. Clades are here
designated using the taxonomic names listed in
column 1 of Table 1.

Phylogenetic analyses of the nuclear genes
pgip and ppo both produced results (not
shown) that were inconsistent in some ways
with the majority of the other data and with
each other and that are therefore considered
anomalous. In the case of pgip, parsimony
analyses placed Rosoideae sister to Os-
maronieae with moderate (71% parsimony
bootstrap) support and Spiraeeae sister to that
clade with weak (34% parsimony bootstrap)
support; neither of these relationships was
supported by Bayesian analysis. The ppo data
provided strong (75% parsimony bootstrap,
100% Bayesian clade credibility) support for a
sister relationship between Osmaronicae and
Spiraeeae, in conflict with the chloroplast data,
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which strongly supported monophyly of Ker-
riodae, the clade comprised of Osmaronieae
and Kerrieae. Including pgip and ppo in the
combined data set favored, with strong sup-
port (93% parsimony bootstrap and 100%
Bayesian clade credibility) the resolution ob-
tained with ppo alone (Table 5). Similarly, the
sister relationship between Lyonothamnus and
the rest of Spiracoideae, strongly supported by
the chloroplast data, was lost when pgip and
ppo were included in the combined analysis.
These anomalous results led us to question the
reliability of the pgip and ppo results, at least
with respect to the relationships mentioned.
We therefore constructed trees based on a data
matrix consisting of all sequences except pgip
and ppo. The strict consensus tree resulting
from parsimony analysis of all sequences
except pgip and ppo is shown in Figure 1.
The distributions of states of selected non-
molecular characters of interest (Table 4) were
mapped onto one of the most parsimonious
trees from this analysis (Figs. 2—4), revealing
varying degrees of homoplasy in non-molecu-
lar characters with respect to hypotheses of
phylogenetic relationship based on molecular
data.

The results of our phylogenetic analyses,
combined with our criteria for taxonomic
recognition of clades (see Materials and meth-
ods), have led us to propose the classification
presented in Table 1 and described in further
detail below (see Discussion). We recognize
three subfamilies: Rosoideae, Dryadoideae,
and Spiraeoideae. Within Rosoideae, we rec-
ognize one supertribe, three tribes, and three
subtribes, and within Spiracoideae we recog-
nize two supertribes, seven tribes, and one
subtribe.

Discussion

Phylogenetic resolution. Phylogenetic analyses
of combined sequence data from nuclear and
chloroplast loci (Table 3) provided strong
support for all of the infrafamilial taxa recog-
nized here (Table 1). All of these groups were
also supported by the chloroplast data alone,

but not all were supported by the nuclear loci
alone (Table 5). Furthermore, the signal in the
pgip and ppo data differed enough from the
chloroplast loci with respect to the resolution
of relationships among tribes within Spiraeoi-
deae so as to result in conflicting topologies of
the trees produced from the data set including
all loci and the one including all loci minus
pgip and ppo. In particular, whereas in trees
resulting from both the combined cpDNA
data set and the combined chloroplast and
nuclear data set excluding pgip and ppo,
Lyonothamnus was sister to all other Spiraeoi-
deae and monophyly of Kerriodae (Os-
maronicae plus Kerricae) was strongly
supported, neither of those relationships was
supported in the combined data set including
all loci.

In the case of both pgip and ppo, we do not
have a definitive explanation for the anoma-
lous results but we cannot rule out the possi-
bility of incorrect orthology assessment
(suggested by some strong conflicts with the
other data sets) and/or long branch attraction
(suggested by some differences between results
of parsimony and Bayesian analyses). Because
we had concerns about the validity of some of
the relationships resolved by pgip and ppo
data, we chose to use the topology supported
by the data set excluding pgip and ppo for
optimization of non-molecular characters. On
the other hand, inclusion of the pgip and ppo
data did not violate any of the criteria for
taxonomic recognition of any group to which
we have given such recognition. It is also
noteworthy that the nuclear loci alone pro-
vided generally weak and/or conflicting reso-
lutions among the tribes in Spiraceae
(Table 5). This could be taken as suggestive
of hybridization among the ancestors of these
lineages, but it is difficult to draw any definitive
conclusions because the taxon sampling was
different for each locus.

The combined data set of eight regions and
88 genera of Rosaceae is missing almost 40%
of the data. The average number of gene
regions for which sequences are available
(Table 2) is 4.9 (£ 2.2). To determine whether
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Fig. 1. Strict consensus of 226 most parsimonious trees (I = 9,682, ci = 0.5225 (0.4302 excluding
autapomorphies), ri = 0.7112) from phylogenetic analysis of all data partitions except pgip and ppo. Bootstrap
(above branches) and Bayesian clade credibility (below branches, in italics) support values are indicated. Arrows
are used to indicate groups that were supported by the Bayesian analysis but were not recovered in the strict
consensus tree. (In the Bayesian tree, the branching order within Spiracoideae was: Lyonothamnus; Neillieae;
(the branch leading to the remainder of the subfamily supported with 68% clade credibility), Kerriodae; (the
branch leading to the remainder of the subfamily supported with 100% clade credibility), Amygdaleae; the rest
of the subfamily)
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Fig. 2. Hypothesis for character evolution of 12 morphological, chemical, and fungal host associations.
Character states were mapped onto one of the 226 most parsimonious trees. Characters and states correspond
to those listed 1-12 in Table 4. Character state changes along branches are labelled as follows: black boxes are
apomorphies (syn-, aut-); white boxes are reversals; gray boxes are unresolved. Character states were optimized
in MacClade using DELTRAN
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Fig. 3. Hypothesis for evolution of ovule number and position with ovary locule (Character 13 in Table 4).
Character states were mapped onto one of 226 most parsimonious trees (identical to the one used in Fig. 2).
Character states were optimized in MacClade using DELTRAN
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Fig. 4. Hypothesis for evolution of Rosaceae fruit type (Character 14 in Table 4). Character states were
mapped onto one of 226 most parsimonious trees (identical to the one used in Fig. 2). Character states follow
Spjut (1994) and were optimized in MacClade using DELTRAN
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our results in analysis of the data set of 88
genera were affected by missing data, we
assembled a data set for all 10 regions with
two exemplars each from Rosoideae, Dryadoi-
deae, Osmaronieae, Kerrieae, Neillicae, Pru-
nus, Pyreae, Sorbarieae, and Spiraceae as well
as Lyonothamnus, Results of parsimony anal-
yses of this exemplar data set (not shown)
agree with the analyses of the 88-genus data set
in strongly supporting these major groups as
well as the Spiracoideae as we circumscribe it
and in uncertainty about relationships among
the three subfamilies and among most tribes of
Spiracoideae. Hence we are confident that
missing data do not affect our conclusions,
consistent with the simulation study by Wiens
(2003).

Our results agree with all previous phylo-
genetic analyses of Rosaceae in providing little
resolution along the backbone of the Rosaceae
phylogenetic tree. Resolution is especially poor
among tribes of Spiracoideae, where various
groupings received generally weak or moderate
support, depending on the data set and
method of analysis (Table 5). Most of the
resolution present in Fig. 1 is provided by our
chloroplast loci, but it is important to note that
the chloroplast loci were also more thoroughly
sampled than the nuclear loci. Most of our
data support a sister relationship between
Rosoideae and the other two subfamilies, but
there is also some support for a sister relation-
ship between Rosoideae and Dryadoideae
(Table 5). Both rapid evolutionary radiation
of lineages and reticulations among the ances-
tors of those lineages are possible explanations
for these patterns. These processes have been
implicated in the evolution of the Pyreae
(Campbell et al. 2007).

Patterns of character evolution. With the
caveat that relationships among Rosales and
other members of the nitrogen-fixing clade of
eurosids I remain poorly resolved (Angiosperm
Phylogeny Group 2003), our parsimony recon-
struction analyses support the following ances-
tral states within Rosaceae: shrubs with alter-
nate simple leaves, sorbitol absent, stipules
present, stamens numerous (> 10), pistils 1-5,
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hypanthium free from ovaries, ovaries sepa-
rate, styles free, one ovule per locule, and fruit
an achenetum or follicetum. The ancestral base
chromosome number for the family is either 7
or 9. Each of the following character states
evolved independently two or more times
within the family (Fig. 2): trees and herbs,
compound leaves, loss of stipules (several
times in Spiraeoideae), base chromosome
number x = 8 (once in Rosoideae and several
times in Spiraeoideae), ovary connation (sev-
eral clades in Spiracoideae, especially Pyreae),
style connation (several derivations within
Pyreae), enlarged receptacle (several deriva-
tions within Rosoideae), and basal adnation of
the ovary and hypanthium (several derivations
within Spiraeoideae). Each of several condi-
tions of ovule number and position also
evolved multiple times (Fig. 3). According to
our results, each of the following character
states may have evolved only once in the
family: hypanthium adnate to the ovary for
more than half of its length (Pyrinae; one
reversal), base chromosome number x = 17
(15) (Pyreae), and presence of sorbitol as a
primary transport carbohydrate (Dryadoideae
plus Spiracoideae).

The traditional view of fruit evolution
within Rosaceae, as exemplified by the four-
subfamily classification (e.g. Schulze-Menz
1964) was quite simple, with the derived fruit
types (pome, drupe, achene) originating once
each from ancestral follicles. In contrast, our
results agree with other molecular phylogenetic
studies (Morgan et al. 1994, Potter et al. 2002)
in suggesting that the evolution of fruit types
in the family has been much more complex
(Fig. 4). Some clades are relatively homoge-
neous. The Rosoideae and Dryadoideae all
have indehiscent one-seeded fruits, and the
Pyrinae all have the mature gynoecium en-
closed by a fleshy hypanthium (although there
is considerable variation in what the receptacle
and hypanthium develop into in Rosoideae
and in what the carpels develop into in
Pyrinae). The remaining clades are all hetero-
geneous with respect to fruit type. For exam-
ple, two of the clades that have follicle/

follicetum fruits also contain a genus bearing
achene/achenetum fruits: Adenostoma in Sorb-
arieac and Holodiscus in Spiraceae. Three of
the four clades (Amygdaleae, Kerr-
ieae, Osmaronieae, and Pyrinae) containing
genera in which pericarps are drupaceous
(having a stony endocarp) also contain genera
that have non-drupaceous pericarps: Neviusia
in Kerrieae, Exochorda in Osmaronieae, and
several genera in Pyrinae.

The overall picture of the evolution of fruits
in Rosaceae is not one in which specific combi-
nations of characteristics have consistently
evolved together to yield distinct fruit types
(i.e., follicles, achenes, pomes, drupes, etc.), but
one in which several different fruit characteris-
tics have evolved more or less independently,
producing genera and groups of genera that
exhibit different combinations of these charac-
teristics. One of several examples is provided by
fruits in which the pericarp is drupaceous.
As mentioned above, genera with drupaceous
pericarps are found in four clades: Pyri-
nae, Kerrieae, Osmaronieae, and Amygdaleae.
However, the drupaceous pericarps in each
of these clades are accompanied by various
characteristics that make them different
from one another. For example, the drupa-
ceous pericarps in Pyrinae (polyprenous drupes
of Crataegus and others) are accompanied
by fleshy hypanthia that enclose the mature
gynoecium, which do not occur in the other
three drupaceous clades. Another example is
seen in the drupaceous fruits of Kerrieae, which
do not have the fleshy mesocarps that are found
in all three of the other drupaceous clades.

Several ecological associations exhibit tax-
onomic distributions that appear to correlate
with phylogenetic relationships within Rosa-
ceae (Fig. 2). Symbiotic nitrogen fixation, via
associations with actinomycetes of the genus
Frankia, has been observed only in Dryadoi-
deae, in which members of all four genera have
been reported to form nodules. This associa-
tion is also found in some members of seven
other families of orders Rosales, Cucurbitales,
and Fagales. These three orders, along
with Fabales, form a subclade, sometimes
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designated the nitrogen-fixing clade (APG
2003), within the eurosid I clade. Association
with rust fungi of the genus Gymnosporangium
appears to be restricted to Pyrodae, while
association with Phragmidium rusts has been
reported only from members of Rosoideae. In
both cases, however, sampling has been quite
limited.

The clades resolved within Rosaceae by our
analyses provide numerous examples of
intriguing biogeographic patterns, including
the eastern Asia — eastern and western North
America pattern exemplified by Neillieae (Oh
and Potter 2005) and Kerrieae, a central and
eastern Asia — western North America pattern
in Sorbarieae and Osmaronieae, and poten-
tially complex patterns involving multiple
continents in groups such as Rosoideae, Spir-
aeeae, Pyrodae, and Amygdaleae. With the
exception of Dryas, which has a circumpolar
distribution, taxa of Dryadoideae are re-
stricted to western North America, and
throughout much of that region the nitrogen-
fixing Frankia strains with which they form
symbioses show remarkably little genetic diver-
sity (Vanden Heuvel et al. 2004). The phylo-
genetic trees generated by our analyses suggest
a North American origin for the entire family,
each of the three subfamilies, and Pyrodae.
However, a series of detailed studies with
thorough sampling of species within each tribe,
aimed at achieving considerably increased
phylogenetic resolution, will be required to
tease apart all of the complexities of geo-
graphic patterns across the family.

Classification. A new, phylogenetically
based classification for Rosaceae is proposed
based on the results of our analyses (Table 1),
following the criteria listed above (see Mate-
rials and Methods).

Some clades received strong support in the
combined analysis but did not meet all three of
the criteria outlined above; such clades have
therefore not been given taxonomic recogni-
tion here. Thus, no name is given to either the
clade comprising Dryadoideae plus Spiraeoi-
deae or the clade including all members of
Spiraeoideae except Lyonothamnus.

We have chosen to recognize three clades at
the supertribal level: Rosodae, comprising all
Rosoideae except Filipendula; Kerriodae, com-
prising Kerrieae plus Osmaronieae, and Pyro-
dae, comprising Pyreae (all with x = 15 or 17)
plus Gillenia. The inclusion of supertribes
allows us to incorporate greater phylogenetic
resolution while maintaining a ranked classifi-
cation than would be possible without addition
of this rank. In order to minimize the number
of names of different ranks that refer to the
same groups, we chose not to name supergen-
eric taxa that would include, based on current
phylogenetic evidence, only one genus. An
exception was made for Prunus, which we
place in tribe Amygdaleae due to the large size
and diversity of the genus and the limited
sampling to date of species sometimes classi-
fied in Maddenia and Pygeum. In Rosoideae,
Filipendula is included in the subfamily but not
in any tribe, Rosa and Rubus are both included
in Rosodae but not in any tribe, and Potentilla
is included in Potentilleac but not in any
subtribe, although the remaining genera are
placed in Fragariinae. In Spiracoideae, Lyon-
othamnus is included in the subfamily but is
not in any tribe, Gillenia is included in Pyrodae
but not in any tribe, and Kageneckia, Lindleya,
and Vaugquelinia are included in Pyreae but not
in any subtribe, although the remaining genera
are classified in Pyrinae. Our subtribe Pyrinae
corresponds to the long-recognized subfamily
Maloideae (Schulze-Menz 1964) in which the
fruit type is generally a pome. Pyrus was
selected as the type genus for its subtribe and
tribe in accordance with the ICBN (Greuter
et al. 2000, Art. 11.5). The two names available
for the subtribe are Mespilinae and Pyrinae,
both published by Du Mortier (1827) and
therefore of equal priority. Since, to our
knowledge, no one has previously published
a choice between these two names (Greuter et
al. 2000, Art. 11.5), we here select the latter.
The tribal name Maleae (Schulze-Menz 1964)
was nomenclaturally superfluous when pub-
lished since Schulze-Menz listed Sorbeae (Koe-
hne 1890) as a synonym; Pyreae (Baillon 1869)
has priority over both Sorbeae and Crataegeae
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(Koehne 1890). The name Pomeae A. Gray
(1842) is invalid because it is a descriptive
name, not based on the name of an included
genus (Greuter et al. 2000, Arts. 18.1, 19.3).
The three supertribal names, Rosodae, Ker-
riodae, and Pyrodae, are published here for the
first time.

Taxonomic treatment: infrafamilial classifi-
cation of Rosaceae. In the following descrip-
tions, potential synapomorphies are indicated
in bold font. Based on the current results of
our analyses, we complement the traditional
classification with phylogenetic definitions of
the hypothesized clades. More detailed discus-
sion of the classification of Pyrinae is presented
by Campbell et al. (2007).

Family Rosaceae Juss., Gen. Pl. 334 (1789),
nom. cons.: the clade comprising Rosoideae
(cf. below), Dryadoideae (cf. below), and
Spiraeoideae (cf. below).

Included taxa: Rosoideae, Dryadoideae,
and Spiracoideae.

Distinctive non-molecular features: Herbs,
shrubs, and trees. Cyanogenic glycosides often
present. Sorbitol often present as a transport
carbohydrate. Leaves generally alternate, sim-
ple to variously divided or compound. Stipules
present except where noted. Flowers generally
perfect. Sepals and petals generally 5, stamens
(0-3)5-many, pistils (0)1 — many. Hypanthium
present; free from to fully adnate to the
ovary(ies). Ovaries separate or connate. Styles
free except in some Pyreae. Fruit an achene,
achenetum (multiple achenes from a single
flower), follicetum (multiple follicles from a
single flower), coccetum (multiple carpels from
a single flower, separating at maturity and
each dehiscing along two sutures, sometimes
described as a capsule), drupe, drupetum
(multiple drupelets from a single flower),
nuculanium (similar to drupe or drupetum
except that the mesocarp is not fleshy), po-
lyprenous drupe, or pome (descriptive fruit
terminology from Spjut 1994). Base chromo-
some number x = 7, 8,9, 15, or 17.

Subfamily Rosoideae (Juss.) Arn., Encycl.
Brit., ed. 7, 5: 107 (1832): the most inclusive
clade containing Rosa (as typified by Rosa

cinnamomea L.), but not Dryadoideae (cf.
below) nor Spiracoideae (cf. below).

Included taxa: Filipendula, Rosodae.

Distinctive non-molecular features: Peren-
nial or, rarely, annual herbs, shrubs, or, rarely,
trees. Cyanogenic glycosides absent. Sorbitol
absent. Leaves alternate and usually com-
pound. Stipules present. Pistils 1-many. Recep-
tacle sometimes enlarged. Hypanthium free
from ovaries. Ovaries separate. Fruits indehis-
cent. Base chromosome number x = 7 (8).

Filipendula Adans.

Distinctive non-molecular features: Recep-
tacle enlarged. Pistils 1-5. Fruit an achenetum.

Rosodae T. Eriksson, Smedmark, and M. S.
Kerr, supertribus nova Supertribus analysibus
phylogeneticis ordinum ADN genorum chlo-
roplastorum et nucleorum recognoscitur et
valde sustinetur.

Supertribe Rosodae T. Eriksson, Smed-
mark, and M. S. Kerr: the most inclusive clade
containing Rosa (as typified by Rosa cinnamo-
mea L.), but not Filipendula (as typified by
Filipendula vulgaris Moench).

Included taxa: Rosa, Rubus, Sanguisor-
beae, Potentilleae, Colurieae.

The supertribe Rosodae exhibits the range
of character states found in Rosoideae, but
excludes Filipendula.

Rosa L. (including Hulthemia Dumort.)

Distinctive non-molecular features: Shrubs.
Pistils numerous. Hypanthium concave, urn-
shaped. Fruit an achenetum.

Rubus L. (including Dalibarda L.)

Distinctive non-molecular features: Mostly
shrubs. Receptacle enlarged. Pistils numerous.
Fruit a drupetum.

Tribe Sanguisorbeae DC., Prodr. 2: 588
(1825): Sanguisorbeae and the enclosed sub-
tribes Sanguisorbinae and Agrimoniinae con-
form to definitions by Eriksson et al. (2003).

Included taxa: Sanguisorbinae, Agrimonii-
nae

Distinctive non-molecular features: Pistils
1-5. Fruit an achene or achenetum.

Subtribe Agrimoniinae J. Presl, Wsobecny
Rostl. 1: 502 (1846). Included taxa: Agrimonia
L., Aremonia Neck. ex Nestl., Hagenia J. F.
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Gmel., Leucosidea Eckl. & Zeyh., Spenceria
Trimen

Distinctive non-molecular features: Herbs,
shrubs (Leucosidea), or trees (Hagenia).

Subtribe Sanguisorbinae Torr. & A. Gray,
FL. N. Amer. 1: 428 (1840). Included taxa:
Cliffortia L., Acaena L., Margyricarpus Ruiz &
Pav. (including Tetraglochin Poepp.), Polylepis
Ruiz & Pav., Poterium L. (including Bencomia
Webb & Berthel., Marcetella Svent., Dendrio-
poterium Svent., and Sarcopoterium Spach),
Poteridium Spach, Sanguisorba L.

Distinctive non-molecular features: Herbs,
shrubs (Margyricarpus, some Cliffortia, Polyl-
epis, and Poterium), or trees (some Polylepis).

Tribe Potentilleae Sweet, Brit. Fl. Gard. 2:
124 (1825): Potentilleac and the enclosed
Potentilla and subtribe Fragariinae conform
to definitions by Eriksson et al. (2003).

Included taxa: Potentilla, Fragariinae.

Distinctive non-molecular features: Herbs
or shrubs (Dasiphora, Potaninia, and some
Comarum). Leaves often simple in Alchemilla.
Enlarged receptacle common (absent in A/-
chemilla and Potaninia). Pistils with lateral to
basal styles. Pistils generally numerous (soli-
tary in Potaninia and some Alchemilla). Fruit
an achenetum or achene.

Base chromosome number x =
Alchemilla).

Potentilla L. (including Argentina Lam.,
Comarella Rydb., Duchesnea Sm., Horkelia
Cham. & Schltdl., Horkeliella (Rydb.) Rydb.,
Ivesia Torr. & A. Gray, Purpusia Brandegee,
and Stellariopsis (Baill.) Rydb.)

Distinctive non-molecular features: none
known.

Subtribe Fragariinae Torr. & A. Gray, Fl.
N. Amer. 1: 435 (1840). Included taxa:
Alchemilla L. (including Aphanes L., Lachem-
illa (Focke) Lagerh., and Zygalchemilla
Rydb.), Chamaerhodos Bunge, Comarum L.
(including Farinopsis Chrtek & Sojak), Dasi-
phora Raf. (= Pentaphylloides Duhamel),
Drymocallis Fourr., Fragaria L., Potaninia
Maxim., Sibbaldianthe Juz. (including Schisto-
phyllidium (Juz. ex Fed.) Ikonn.), Sibbaldia L.,
Sibbaldiopsis Rydb.

7 (8 in

Distinctive non-molecular features: none
known.

Tribe Colurieae Rydb., N. Amer. Fl. 22: 397
(1913): Coluricae conforms to the definition
in Smedmark and Eriksson (2002).

Included taxa: Geum L. (including Acomasty-
lis Greene, Coluria R. Br., Novosieversia F. Bolle,
Oncostylus (Schltdl.) F. Bolle, Orthurus Juz.,
Taihangia T. T. Yi & C. L. Li, and Waldstenia
Willd.), Fallugia Endl., Sieversia Willd.

Distinctive non-molecular features: Pistils
usually numerous. Receptacle often enlarged.
Fruit an achenetum or achene.

Subfamilies Dryadoideae plus Spiraeoideae
Base chromosome number x = 8 or higher.
Sorbitol present.

Subfamily Dryadoideae Juel, Kongl. Svenska
Vetensk. Akad. Handl. n.s. 58: 55 (1918): the
most inclusive clade containing Dryas (as
typified by Dryas octopetala L.), but not Rosoi-
deae (cf. above) nor Spiraecoideae (cf. below).

Included taxa: Cercocarpus H. B. & K.,
Chamaebatia Benth., Dryas L., Purshia DC.
(including Cowania D. Don)

Distinctive non-molecular features: Shrub-
lets, shrubs, or small trees. Symbiotic nitrogen
fixation present. Cyanogenic glycosides pres-
ent. Sorbitol present in trace amounts. Leaves
compound in Chamaebatia, simple in the other
genera. Stipules present. Hypanthium free
from ovary. Pistils 1 (Cercocarpus, Chamaeba-
tia, Purshia) or 4-many (Cowania, Dryas).
Fruit an achene or achenetum. Base chromo-
some number x = 9.

Subfamily Spiraeoideae C. Agardh, Cl. Pl
20 (1825): the most inclusive clade containing
Spiraea (as typified by Spiraea salicifolia 1.),
but not Rosoideae (cf. above) nor Dryadoi-
deae (cf. above).

Included taxa: Lyonothamnus, Amygda-
leae, Neillicae, Sorbarieae, Spiraceae, Kerrio-
dae, Pyrodae

Distinctive non-molecular features: Mostly
shrubs and trees. Sorbitol present in significant
amounts. Cyanogenic glycosides generally
present. Leaves generally simple and alternate.
Stipules usually present. Pistils 1-5. Hypan-
thium generally free from ovary(ies). Ovaries
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generally separate. Fruit a follicetum, achene,
achenetum, coccetum, drupe, drupetum, nu-
culanium, polyprenous drupe, or pome. Base
chromosome number x = 8,9, 15, or 17.

Lyonothamnus A. Gray

Distinctive non-molecular features: Cyano-
genic glycosides absent. Leaves opposite, entire
or deeply divided. Stipules deciduous. Hypan-
thium adnate to base of ovaries. Ovaries
connate; hypanthium adnate to base. Fruit a
follicetum. Base chromosome number x = 9.

Tribe Amygdaleae Juss., Gen. Pl. 340
(1789): the most inclusive clade containing
Prunus amygdalus (L.) Batsch (= Amygdalus
communis L.) but not Osmaronieae (cf. below),
Kerrieae (cf. below), Neillieae (cf. below),
Sorbarieae (cf. below), Spiraeeae (cf. below),
or Pyrodae (cf. below).

Included taxa: Prunus L. (including Amy-
gdalus L., Armeniaca Juss., Cerasus Mill.,
Laurocerasus Tourn. ex Duhamel, Maddenia
Hook. F. & Thomson, Padus Mill., and
Pygeum Gaertn.)

Distinctive non-molecular features: Stip-
ules deciduous. Pistil solitary. Fruit a drupe.
Base chromosome number x = 8.

Tribe Neillieae Maxim., Trudy Imp. S.-
Peterburgsk. Bot. Sada 6: 216 (1879): the most
inclusive clade containing Neillia (as typified
by Neillia thyrsiflora D. Don) but not Amy-
gdaleae (cf. above), Osmaronieae (cf. below),
Kerrieae (cf. below), Sorbarieae (cf. below),
Spiraeeae (cf. below), or Pyrodae (cf. below).

Included taxa: Neillia D. Don (including
Stephanandra Siebold & Zucc.,), Physocarpus
(Cambess.) Raf.

Distinctive non-molecular features: Cyano-
genic glycosides absent in Physocarpus, no
data for the other genera. Stipules deciduous in
Physocarpus. Ovaries connate. Fruit a follice-
tum. Base chromosome number x = 9.

Tribe Sorbarieae Rydb., N. Amer. Fl. 22:
256 (1908): the most inclusive clade contain-
ing Sorbaria (as typified by Sorbaria sorbifolia
(L.)) A. Braun) but not Amygdaleae (cf.
above), Osmaronicae (cf. below), Kerriecae
(cf. below), Neilliecae (cf. above), Spiraeeae
(cf. below), or Pyrodae (cf. below).

Included taxa: Adenostoma Hook. & Arn.,
Chamaebatiaria Maxim., Sorbaria A. Braun,
Spiraeanthus Maxim.

Distinctive non-molecular features: Leaves
fascicled or alternate and simple in Adenos-
toma, alternate and compound in the remain-
ing genera. Ovaries connate (pistil solitary in
Adenostoma); hypanthium adnate to base in
Chamaebatiaria and Sorbaria. Fruit an achene
(Adenostoma) or follicetum. Base chromosome
number x = 9.

Tribe Spiraeeae DC., Prodr. 2: 541 (1825):
the most inclusive clade containing Spiraea (as
typified by Spiraea salicifolia 1L.), but not
Amygdaleae (cf. above), Osmaronieae (cf.
below), Kerricae (cf. below), Neillicae (cf.
above), Sorbarieae (cf. above), or Pyrodae
(cf. below).

Included taxa: Aruncus Adans., Holodiscus
Maxim., Kelseya Rydb., Luetkea Bong. (=
Eriogynia Hook.), Petrophyton Rydb., Sibiraea
Maxim., Spiraea L., Xerospiraea J. Henrickson.
Pentactina Nakai may belong here but has not
been included in phylogenetic analyses to date.

Distinctive non-molecular features: Herbs
(Aruncus) or shrubs, sometimes forming ro-
settes.

Stipules absent. Fruit a follicetum or ach-
enctum (Holodiscus). Base chromosome num-
ber x = 9.

Kerriodae D. Potter, S. H. Oh, and K. R.
Robertson, supertribus nova Supertribus ana-
lysibus phylogeneticis ordinum ADN genorum
chloroplastorum et nucleorum recognoscitur et
valde sustinetur.

Supertribe Kerriodae D. Potter, S. H. Oh,
and K. R. Robertson: the clade comprising
Kerrieae (cf. below) and Osmaronieae (cf.
below) if they are sister-groups.

Included taxa: Kerrieae and Osmaronieae.

Tribe Osmaronieae Rydb., N. Amer. FI. 22:
482 (1918): the most inclusive clade contain-
ing Oemleria (as typified by Oemleria ceras-
iformis (Hook. & Arn.) J. W.Landon) but
not Amygdaleae (cf. above), Kerrieae (cf.
below), Neillieae (cf. above), Sorbarieae
(cf. above), Spiraeeae (cf. above), or Pyrodae
(cf. below).
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Included taxa: Exochorda Lindl., Oemleria
Rchb., Prinsepia Royle (including Plagiosper-
mum Oliv.)

Distinctive non-molecular features: Stip-
ules absent in Oemleria, deciduous in the other
genera. Ovaries connate in Exochorda.

Fruit a coccetum (Exochorda), drupetum
(Oemleria), or drupe (Prinsepia). Base chromo-
some number x = 8.

Tribe Kerrieae Focke, Nat. Pflanzenfam.
ed. 1, 3: 27 (1888): the most inclusive clade
containing Kerria (as typified by Kerria japon-
ica (L.) DC.) but not Amygdaleae (cf. above),
Osmaronieae (cf. above), Neillieae (cf. above),
Sorbarieae (cf. above), Spiraeeae (cf. above),
or Pyrodae (cf. below).

Included taxa: Coleogyne Torr., Kerria DC.,
Neviusia A. Gray, Rhodotypos Siebold & Zucc.

Distinctive non-molecular features: Leaves
opposite in Coleogyne and Rhodotypos. Pistil
solitary in Coleogyne. Fruit a nuculanium
(achenetum in Neviusia). Base chromosome
number x = 9 (8 in Coleogyne).

Pyrodae C. S. Campbell, R. C. Evans, D. R.
Morgan, and T. A. Dickinson, supertribus
nova Supertribus analysibus phylogeneticis
ordinum ADN genorum chloroplastorum et
nucleorum recognoscitur et valde sustinetur.

Supertribe Pyrodae C. S. Campbell, R. C.
Evans, D. R. Morgan, and T. A. Dickinson: the
most inclusive clade containing Pyrus (as typ-
ified by Pyrus communis L.) but not Amygdaleae
(cf. above), Osmaronieae (cf. above), Kerrieae
(cf. above), Neillieae (cf. above), Sorbarieae (cf.
above), or Spiraeeae (cf. above).

Included taxa: Gillenia Moench, Pyreae.

Distinctive non-molecular features: Peren-
nial herbs (Gillenia), trees, or shrubs. Leaves
compound in Gillenia, Cormus, Osteomeles,
and some Sorbus. Hosts to Phragmidium and
Gymnosporangium rusts; ovaries generally con-
nate (separate or single ovaries in Kageneckia
and some members of Pyrinae (Chamaemeles,
Cotoneaster, Dichotomanthes, Heteromeles,
and Pyracantha)); ovules basal, paired, collat-
eral, with funicular obturators.

Tribe Pyreae Baill., Hist. PL. 1: 442, 475
(1869): the most inclusive clade containing

Pyrus (as typified by Pyrus communis L.) but
not Gillenia (as typified by Gillenia trifoliata
(L.) Moench) or Spiraeeae (cf. above)

Included taxa: Kageneckia Ruiz & Pav.,
Lindleya H. B. & K., Vauquelinia Correa ex
Humb. & Bonpl., Pyrinae.

Distinctive non-molecular features:
chromosome number x = 17 (x =
Vauquelinia).

Subtribe Pyrinae Dumort. Fl. Belg.: 92
(1827): the most inclusive clade containing
Pyrus (as typified by Pyrus communis L.) but
not Gillenia (as typified by Gillenia trifoliata
(L.) Moench), Vauquelinia (as typified by Vau-
quelinia corymbosa Bonpl.), Kageneckia (as
typified by Kageneckia oblonga Ruiz & Pa-
v.) or Lindleya (as typified by Lindleya mes-
piloides Kunth).

Included taxa: Amelanchier Medik., Aria J.
Jacq., Aronia Pers., Chaenomeles Lindl., Cha-
maemeles Lindl., Chamaemespilus Medik., Cor-
mus Spach, Cotoneaster Medik., Crataegus L.,
Cydonia Mill., Dichotomanthes Kurz, Docynia
Decne., Docyniopsis (C. K. Schneid.) Koidz.,
Eriobotrya Lindl., Eriolobus Roemer, Hesperom-
eles Lindl., Heteromeles M. Roem., Malacomeles
G. N. Jones, Malus Mill., Mespilus L., Osteomeles
Lindl.,, Peraphyllum Nutt. ex Torr. & Gray,
Photinia Lindl., Pseudocydonia C. K. Schneid.,
Pyracantha M. Roem., Pyrus L., Rhaphiolepis
Lindl., Sorbus L., Stranvaesia Lindl., Torminalis
Medik. This subtribe corresponds to the long-
recognized subfamily Maloideae.

Distinctive non-molecular features: Hypan-
thium adnate to more than half of the ovary
(except Dichotomanthes). Stamens 20. Fruit a
pome or polypyrenous drupe. Prismatic crys-
tals in axial parenchyma. Cyanogenic glyco-
sides absent in some genera (additional
sampling needed).

base
15 in

We gratefully acknowledge technical assis-
tance from Scott Baggett, Esteban Bortiri, Fang-
you Gao, and Brian Vanden Heuvel (DNA
sequencing in DP’s lab), Hannah Mason and
Amie Stell (fruit dissections in DRM’s lab),
Wesley W. Wright (DNA sequencing in CSC’s
lab), and the sequencing facilities at the Univer-
sity of California-Davis and the University of



40 D. Potter et al.: Phylogeny and classification of Rosaceae

Maine. Samples of Maddenia and Pygeum were
kindly provided by Jun Wen. Plant material for
fruit dissections was provided by Morton Arbo-
retum, Arnold Arboretum, and the Harvard
University Herbaria. Nadia Talent provided help-
ful comments on nomenclatural issues, and the
diagnoses for the supertribes were translated into
Latin by Mark Garland. This work was sup-
ported by NSERC grants 238505 (to RCE) and
A3430 (to TAD), Swedish VR grant 621-2004—
1698 (to TE), and NSF grants DEB-0089662 (to
DP), DEB-0073041 (to DP and SO), and DEB-
9806945 (to CSC). This is the Maine Agricultural
and Forest Experiment Station external publica-
tion number 2895.

References

Angiosperm Phylogeny Group (2003) An update of
the Angiosperm Phylogeny Group classification
for the orders and families of flowering plants:
APG II. Bot. J. Linn. Soc. 141: 399-436.

Baillon H. (1869) Histoire des plantes, vol. 1.
Librairie de L. Hachette, Paris.

Benson D. R., Silvester W. B. (1993) Biology of
Frankia strains, actinomycete symbionts of ac-
tinorhizal plants. Microbiol. Rev. 57: 293-319.

Bortiri E., Oh S., Gao F., Potter D. (2002) The
phylogenetic utility of nucleotide sequences of
sorbitol 6-phosphate dehydrogenase in Prunus
(Rosaceae). Amer. J. Bot. 89: 1697-1708.

Bortiri E., Oh S., Jiang J., Baggett S., Granger A.,
Weeks C., Buckingham M., Potter D., Parfitt D.
(2001) Phylogeny and systematics of Prunus
(Rosaceae) as determined by sequence analysis
of ITS and the chloroplast trnL-trnF spacer
DNA. Syst. Bot. 26: 797-807.

Boss P. K., Gardner R. C., Janssen B. J., Ross S. P.
(1995) An apple polyphenol oxidase cDNA is
up-regulated in wounded tissues. Pl. Molec. Biol.
27: 429-433.

Campbell C. S., Donoghue M. J., Baldwin B. G.,
Wojciechowski M. F. (1995) Phylogenetic rela-
tionships in Maloideae (Rosaceae): evidence
from sequences of the internal transcribed spac-
ers of nuclear ribosomal DNA and its congru-
ence with morphology. Amer. J. Bot. 27: 903—
918.

Campbell C. S., Evans R. C., Morgan, D. R,,
Dickinson T. A., Arsenault M. P. (2007) Phylog-
eny of subtribe Pyrinae (formerly the Maloideae,

Rosaceae): limited resolution of a complex evo-
lutionary history. Pl. Syst. Evol. 266: 119-145.
Chevalier T., de Rigal D., Mbeguie-AMbeguie D.,
Gauillard F., Richard-Forget F., Fils-Lycaon B.
R. (1999) Molecular cloning and characteriza-
tion of apricot fruit polyphenol oxidase. Pl.

Physiol. (Lancaster) 119: 1261-1270.

Chevreau E., Laurens F. (1987) The pattern of
inheritance in apple (Malus X domestica Borkh.):
further results from leaf isozyme analysis. Theor.
Appl. Genet. 75: 90-95

Chevreau E., Lespinasse Y., Gallet M. (1985)
Inheritance of pollen enzymes and polyploid
origin of apple (Malus X domestica Borkh.).
Theor. Appl. Genet. 71: 268-277.

Cronquist A. (1981) An integrated system of
classification of flowering plants. Columbia
University Press, New York.

Cuatrecasas J. (1970) Flora Neotropica Mono-
graph No. 2, Brunelliaceae. Hafner, Darien,
Connecticut.

Du Mortier B.-C. (1827) Florula belgica: operis
majoris prodromus. J. Casterman, Tournay.
Eriksson T., Donoghue M. J., Hibbs, M. S. (1998)
Phylogenetic analysis of Potentilla using DNA
sequences of nuclear ribosomal internal tran-
scribed spacers (ITS), and implications for the
classification of Rosoideae (Rosaceae). Pl. Syst.

Evol. 211: 155-179.

Eriksson T., Hibbs M. S., Yoder A. D., Delwiche
C. F., Donoghue M. J. (2003) The phylogeny of
Rosoideae (Rosaceae) based on sequences of the
internal transcribed spacers (ITS) of nuclear
ribosomal DNA and the #nL/F region of
chloroplast DNA. Int. J. Pl. Sci. 164: 197-211.

Evans R. C. (1999) Molecular, morphological, and
ontogenetic evaluation of relationships and evo-
lution in the Rosaceae. Ph.D. dissertation, Uni-
versity of Toronto, Toronto.

Evans R. C., Campbell C. S. (2002) The origin of
the apple subfamily (Maloideae; Rosaceae) is
clarified by DNA sequence data from duplicated
GBSSI genes. Amer. J. Bot. 89: 1478-1484.

Evans R. C., Dickinson T. A. (1999a) Floral
ontogeny and morphology in subfamily Amy-
gdaloideae T. and G. (Rosaceae). Int. J. P1. Sci.
160: 955-979.

Evans R. C., Dickinson T. A. (1999b) Floral
ontogeny and morphology in subfamily Spirae-
oideae Endl. (Rosaceae). Int. J. P1. Sci. 160: 981—
1012.



D. Potter et al.: Phylogeny and classification of Rosaceae 41

Evans R. C., Dickinson T. A. (2005) Floral
ontogeny and morphology in Gillenia (‘‘Spirae-
oideae’”) and subfamily Maloideaec C. Weber
(Rosaceae). Int. J. PL. Sci. 166: 427-447.

Evans R. C., Alice L. A., Campbell C. S., Kellogg
E. A., Dickinson T. A. (2000) The granule-
bound starch synthase (GBSSI) gene in the
Rosaceae: multiple loci and phylogenetic utility.
Molec. Phylogenet. Evol. 17: 388—400.

Farr D. F. (1989) Fungi on plants and plant
products in the United States. APS Press, St.
Paul, Minnesota.

Farr D. F., Rossman A. Y., Palm M. E., McCray E. B.
(2005) Fungal databases, systematic botany and
mycology laboratory. Agricultural Research Ser-
vice, United States Department of Agriculture,
available at http://nt.ars-grin.gov/fungaldatabases/.

Gladkova V. N. (1972) On the origin of subfamily
Maloideae. Bot. Zhurn. 57: 42-49.

Gray A. (1842) The botanical text-book, ed. 1.
Putnam, New York.

Greuter W., McNeil J., Barrie F. R., Burdet H. M.,
Demoulin V., Filgueiras T. S., Nicolson D. H.,
Silva P. C., Skog J. E., Trehane P., Turland N.
J., Hawksworth D. L. (eds.) (2000) International
code of botanical nomeclature. (Tokyo Code).
Koeltz Scientific Books, Konigstein.

Haruta M., Murata M., Hiraide A., Kadokura H.,
Yamasaki M., Sakuta M., Shimizu S., Homma
S. (1998) Cloning genomic DNA encoding apple
polyphenol oxidase and comparison of the gene
product in Escherichia coli and in apple. Biosci.
Biotechnol. Biochem. 62: 358-362.

Haruta M., Murata M., Kadokura H., Homma S.
(1999) Immunological and molecular compari-
son of polyphenol oxidase in Rosaceae fruit
trees. Phytochemistry 50: 1021-1025.

Helfgott D. M., Francisco-Ortega J, Santos-Guerra
A., Jansen R. K., Simpson B. B. (2000) Bioge-
ography and breeding system evolution of the
woody Bencomia alliance (Rosaceae) in Maca-
ronesia based on ITS sequence data. Syst. Bot.
25: 82-97.

Henrickson J. (1986) Notes on Rosaceae. Phytolo-
gia 60: 468.

Huelsenbeck J. P., Ronquist F. (2001) MRBAYES:
Bayesian inference of phylogenetic trees. Bioin-
formatics 17: 754-755.

Hutchinson J. (1964) The genera of flowering
plants, vol. 1, Dicotyledons. Clarendon Press,
Oxford.

Hutchinson J. (1969) Evolution and phylogeny of
flowering plants. Academic Press, London.

International Plant Names Index (2006) Published
on the internet at http://www.ipni.org.

Judd W. S., Olmstead R. G. (2004) A survey of
tricolpate (eudicot) phylogenetic relationships.
Amer. J. Bot. 91: 1627-1644.

Kalkman C. (1965) The Old World species of
Prunus subgen. Laurocerasus including those
formerly referred to Pygeum. Blumea 13: 1-
115.

Kalkman C. (2004) Rosaceae. In: Kubitzki K. (ed.)
The families and genera of vascular plants, vol.
6, Flowering plants - Dicotyledons: Celastrales,
Oxalidales, Rosales, Cornales, Ericales. Spring-
er, Berlin, pp. 343-386.

Kerr M. S. (2004) A phylogenetic and biogeo-
graphic analysis of Sanguisorbeae (Rosaceae),
with emphasis on the Pleistocene radiation of
the high Andean genus Polylepis. Ph.D. dis-
sertation, University of Maryland, College
Park.

Koehne E. (1890) Die Gattungen der Pomaceen.
Gaertner, Berlin.

Kubitzki K. (2004) The families and genera of
vascular plants, vol. 6, Flowering plants —
Dicotyledons: Celastrales, Oxalidales, Rosales,
Cornales, Ericales. Springer, Berlin.

Lawrence G. H. M. (1951) Taxonomy of vascular
plants. Macmillan, New York.

Lee S., Wen J. (2001) A phylogenetic analysis of
Prunus and the Amygdaloideae (Rosaceae) using
ITS sequences of nuclear ribosomal DNA.
Amer. J. Bot. 88: 150-160.

Mabberley D. J. (2002) Potentilla and Fragaria
(Rosaceae) reunited. Telopea 9: 793-801.

Maddison, W. P., Maddison D. R. (2003) MacC-
lade, version 4.06. Analysis of phylogeny and
character evolution. Sinauer Associates, Inc.,
Sunderland, Massachusetts.

Missouri Botanical Garden (2005) Index to Plant
Chromosome Numbers Database, available at
http://mobot.mobot.org/W3T/Search/ipcn.html.

Morgan D. R., Soltis D. E., Robertson K. R.
(1994) Systematic and evolutionary implications
of rbcLL sequence variation in Rosaceae. Amer. J.
Bot. 81: 890-903.

Nylander J. A. A. (2005) MrAIC, version 1.4.,
available at http://www.abc.se/~nylander/.

Oh S. (2006) Neillia includes Stephanandra (Rosa-
ceae). Novon 16: 91-95.



42 D. Potter et al.: Phylogeny and classification of Rosaceae

Oh S., Potter D. (2005) Molecular phylogenetic
systematics and biogeography of tribe Neillicae
(Rosaceae) using DNA sequences of cpDNA,
rDNA, and LEAFY. Amer. J. Bot. 92: 179-192.

Oh S., Potter D. (2006) Description and phyloge-
netic position of a new angiosperm family,
Guamatelaceae, inferred from chloroplast rbcL,
atpB, and matK sequences. Syst. Bot. 31: 730—
738.

Pankhurst R. (2005) Rosaceae database. On-line
searchable version available through the Inter-
national Organization for Plant Information’s
Provisional Global Plant Checklist at: http://
bgbm3.bgbm.fu-berlin.de/iopi/gpc/query.asp.

Potter D. (2003) Molecular phylogenetic studies in
Rosaceae. In: Sharma A. K., Sharma A. (eds.)
Plant genome: Biodiversity and evolution, vol. I,
Pt. A: Phanerogams. Science Publishers, Inc.
Enfield, New Hampshire, pp. 319-351.

Potter D., Gao F., Bortiri P. E., Oh S., Baggett S. (2002)
Phylogenetic relationships in Rosaceae inferred
from chloroplast matK and trnL-trnF nucleotide
sequence data. Pl. Syst. Evol. 231: 77-89.

Potter D., Still S. M., Ballian D., Kraigher H.
(2006). Phylogenetic relationships in tribe Spir-
accae (Rosaceae) inferred from nucleotide se-
quence data. PI. Syst. Evol. 266: 105-118.

Rambaut A. (1996) Se-Al: Sequence Alignment
Editor. Available at http://evolve.zoo.ox.ac.uk/
software.html.

Raspé O., Jacquemart A.-L., De Sloover J. (1998)
Isozymes in Sorbus aucuparia (Rosaceae: Maloi-
deae): genetic analysis and evolutionary signifi-
cance of zymograms. Int. J. PI. Sci. 159: 627-636.

Reveal J. L. (2004) Index nominum suprageneri-
corum plantarum  vascularum.?http://www.
life.umd.edu/emeritus/reveal/pbio/ WWW /supra
gen.html.

Robertson K. R., Phipps J. B., Rohrer J. R. (1991)
A synopsis of genera in Maloideae (Rosaceae).
Syst. Bot. 16: 376-394.

Rohrer J. R., Robertson K. R., Phipps J. B. (1994)
Floral morphology of Maloideae (Rosaceae) and
its systematic relevance. Amer. J. Bot. 81: 574—
581.

Roitman A., Flaks B. R., Fradkina L. Z., Federov
A. A. (1974) Chromosome numbers of flowering
plants. Ger. Otto Koeltz Science Publishers,
Koenigstein.

Savile D. B. O. (1979) Fungi as aids in higher plant
classification. Bot. Rev. 45: 380-495.

Sax K. (1933) The origin of the Pomoideae. Proc.
Amer. Soc. Hort. Sci. 30: 147-150.

Schulze-Menz G. K. (1964) Rosaceae. In: Melchior
H. (ed.) Engler’s Syllabus der Pflanzenfamilien
II. 12th ed. Gebriider Borntraeger, Berlin, pp.
209-218.

Shaw J., Small R. L. (2004) Addressing the
“hardest puzzle in American pomology:” phy-
logeny of Prunus sect. Prunocerasus (Rosaceae)
based on seven noncoding chloroplast DNA
regions. Amer. J. Bot. 91: 985-996.

Simpson C .G., Macrae E., Gardner R. C. (1995)
Cloning of a polygalacturonase inhibiting pro-
tein from kiwifruit (GenBank Z49063). PL
Physiol. 108: 1748.

Smedmark J. E. E. (2006) Recircumscription of
Geum L. (Coluricae: Rosaceae). Bot. Jahrb.
Syst. 126: 409—417.

Smedmark J. E. E., Eriksson T. (2002) Phyloge-
netic relationships of Geum (Rosaceae) and rel-
atives inferred from the nrITS and trulL-trnF
regions. Syst. Bot. 27: 303-317.

Smedmark J. E. E., Eriksson T., Bremer B. (2005)
Allopolyploid evolution in Geinae (Colurieae:
Rosaceae) — building reticulate species trees from
bifurcating gene trees. Organisms Divers. Evo-
lut. 5: 275-283.

Smedmark J. E. E., Eriksson T., Evans, R. C.
Campbell, C. S. (2003) Ancient allopolypoloid
speciation in Geinae (Rosaceae): evidence from
nuclear granule-bound starch synthase (GBSSI)
gene sequences. Syst. Biol. 52: 374-385.

Soltis D. E., Soltis P. S., Chase M. W., Mort M. E.,
Albach D. C., Zanis M., Savolainen V., Hahn
W. H., Hoot S. B., Fay M. F., Axtell M.,
Swensen S. M., Prince L. M., Kress W. J., Nixon
K. C., Farris J. S. (2000) Angiosperm phylogeny
inferred from 18S rDNA, rbcL, and atpB
sequences. Bot. J. Linn. Soc. 133: 381-461.

Spjut R. W. (1994) A systematic treatment of fruit
types. Mem. New York Bot. Gard. 70: 1-182.

Staden R. (1996) The Staden sequence analysis
package. Mol. Biotechnol. 5: 233-241.

Sterling C. (1964) Comparative morphology of the
carpel in the Rosaceae. III. Pomoideae: Cratae-
gus, Hesperomeles, Mespilus, Osteomeles. Amer.
J. Bot. 51: 705-712.

Sterling C. (1965a) Comparative morphology of
the carpel in the Rosaceae. IV. Pomoideaec:
Chamaemeles, Cotoneaster, Dichotomanthes,
Pyracantha. Amer. J. Bot. 52: 47-54.



D. Potter et al.: Phylogeny and classification of Rosaceae 43

Sterling C. (1965b) Comparative morphology of
the carpel in the Rosaceae. V. Pomoideae:
Amelanchier, Aronia, Malacomeles, Malus,
Peraphyllum, Pyrus, Sorbus. Amer. J. Bot. 52:
418-426.

Sterling C. (1965¢) Comparative morphology of the
carpel in the Rosaceae. VI. Pomoideae: Eriobot-
rya, Heteromeles, Photinia, Pourthiaea, Raphiol-
epis, Stranvaesia. Amer. J. Bot. 52: 938-946.

Sterling C. (1966) Comparative morphology of the
carpel in the Rosaceae. VII. Pomoideae: Chae-
nomeles, Cydonia, Docynia. Amer. J. Bot. 53:
225-231.

Stotz H. U., Powell A. L. T., Damon S. E., Greve
L. C., Bennett A. B., Labavitch J. M. (1993)
Molecular characterization of a polygalacturon-
ase inhibitor from Pyrus communis L. cv. Bart-
lett. Pl. Physiol. (Lancaster) 102: 133—138.

Stotz H. U., Contos J. J., Powell A. L., Bennett A.
B., Labavitch J. M. (1994) Structure and expres-
sion of an inhibitor of fungal polygalacturonases
from tomato. Pl. Molec. Biol. 25: 607-617.

Swofford D. L. (2002) PAUP* Phylogenetic analysis
using parsimony (* and other methods) Version 4.
Sinauer Associates, Sunderland, Massachusetts.

Taberlet P., Gielly L., Patou G., Bouvet J. (1991)
Universal primers for amplification of three non-
coding regions of chloroplast DNA. Pl. Molec.
Biol. 17: 1105-1109.

Takhtajan A. (1997) Diversity and classification of
flowering plants. Columbia University Press,
New York.

Thompson J. D., Gibson T. J., Plewniak F.,
Jeanmougin F., Higgins D. G. (1997) The
CLUSTALX windows interface: flexible strate-
gies for multiple sequence alignment aided by
quality analysis tools. Nucl. Acids Res. 25: 4876—
4882.

Toubart P., Desiderio A., Salvi G., Cervone F.,
Daroda L., De Lorenzo G. (1992) Cloning and
characterization of the gene encoding the endo-
polygalacturonase-inhibiting protein (PGIP) of
Phaseolus vulgaris L. P1. J. 2: 367-373.

Vanden Heuvel B. D., Benson D. R., Bortiri E.,
Potter D. (2004) Low genetic diversity among
Frankia spp. strains nodulating sympatric pop-

ulations of actinorhizal species of Rosaceae,
Ceanothus (Rhamnaceae) and Datisca glomerata
(Datiscaceae) west of the Sierra Nevada (Cali-
fornia). Canad. J. Microbiol. 50: 989-1000.

Wallaart R. A. M. (1980) Distribution of sorbitol
in Rosaceae. Phytochemistry 19: 2603-2610.

Weeden N., Lamb R. (1987) Genetics and linkage
analysis of 19 isozyme loci in apple. J. Amer.
Soc. Hort. Sci. 112: 865-872.

Wiens J.J. (2003) Missing data, incomplete taxa, and
phylogenetic accuracy. Syst. Biol. 52: 528-538.
Xia X., Xie Z. (2001) DAMBE: software package
for data analysis in molecular biology and

evolution. J. Heredity 92: 371-373.

Yao C., Conway W. S., Sams C. E. (1995)
Purification and characterization of a polygalac-
turonase-inhibiting protein from apple fruit.
Phytopathology 85: 1373—-1377.

Addresses of the authors: Daniel Potter (e-mail:
dpotter@ucdavis.edu), Department of Plant Sci-
ences, Mail Stop 2, University of California, One
Shields Avenue, Davis, California, 95616, USA.
Torsten Eriksson and Jenny E. E. Smedmark,
Bergius Foundation, Royal Swedish Academy of
Sciences, Box 50017, 10405 Stockholm, Sweden.
Rodger C. Evans, Biology Department, Acadia
University, Wolfville, Nova Scotia, Canada, B4P
2R6. Sang-Hun Oh, Department of Biology, Box
90338, 139 Biological Sciences, Duke University,
Durham, North Carolina, 27708-0338, USA.
David R. Morgan, Department of Biology, Uni-
versity of West Georgia, Carrollton, Georgia,
30118, USA. Malin Kerr, Department of Cell
Biology and Molecular Genetics, University of
Maryland, College Park, Maryland, 20742, USA.
Kenneth R. Robertson, Center for Biodiversity,
Illinois Natural History Survey, 1816 South Oak
Street, Champaign, Illinois, 61820, USA. Mathew
Arsenault and Christopher S. Campbell, Depart-
ment of Biological Sciences, University of Maine,
Orono, Maine, 04469-5735, USA. Timothy A.
Dickinson, Department of Natural History, Royal
Ontario Museum, 100 Queen’s Park, Toronto,
Canada, M5S 2C6.



