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Abstract. Phylogenetic relationships among 88
genera of Rosaceae were investigated using nucle-
otide sequence data from six nuclear (18S, 7881,
s 2, ITS,} gh | and.anﬁ) and four chloroplast
(ma K, dhF,  bcL, and l_'i!d—,fl_'lj) 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
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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 4 h e.a/ m
Pax, listed in tribe Spiraeeae by Hutchirtson
(1964), was later determined (Cuatrecasas
1970) to be a species of B, _wllia (Brunellia-
ceae, Oxalidales). Most ﬁ%eceﬁntly, Oh and
Potter (2006) showed that G ama_ela Donn.
Sm., previously classified in"ribe Neilliecae 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, Ge¢ m, and Gy d#((a
(Table 1). Ade:@ . ma, v_,fle,,?gg‘r, P!,?‘aq;gf;a,
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Table 1. (Continued)

Kalkman (2004)

Takhtajan (1997)

Hutchinson (1964)

Schulze-Menz (1964)

This Paper
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and Ly _hant; ¥ were not assigned to tribes.
Both G ama_elt and B achy; cq”t§ Dikshit &
PanagFahi 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 , bcL 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 Withu,, =9
traditionally assigned to Rosoideae because
their members produce achenes were found to
fall outside of Rosoided®™§?%'Y . ic_, a(l =7,
8), whereas several taxa withl,,, = 15 and 17
traditionally classified in Spiracoideae because
they produce follicles were found to be more
closely related to pome-bearing Maloideae.
P g ;1 = 8, drupes) was weakly supported
23 ter to a strongly supported clade of three
other genera with the same base chromosome
number; members of two of those genera
(Oemle ia and Pvisgé ia) also bear drupes,
but those of the third, b:‘h ch,, da, produce
capsules (more accurately, cocceta; see
Results).

Analyses of chloroplast _whF sequences
(Evans 1999) and morphologic[aI 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
ma_K and 7,34!4-7_rrF 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 , bcL data
provided weak support for a sister relationship
between Rosoided ™'Y  ic, and the rest of
the family, while in tle strict consensus tree
based on ma K and é‘@g—fl_rf data, three
clades formed an unresolved polytomy diverg-
ing at the base of the family: Rosoided®®
79 . ic, , the actinorhizal taxa (Dryadoideae n
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 relz.1t1'onsh1p between Ly %,han%@ and
the remaining taxa.

Studies of granule-bound starch synthase
gene (MM i) 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, Raspe
et al. 1998). A particularly intriguing hypoth-
esis holds that the base chromosome number
of,,, =17 in this group resulted from wide
hygridization between an ancestral amygda-
loid with,,, = 8 and an ancestral spiracoid with

o = 9 (Sax 1933). Data from the low copy
nuclear gene7#®¥ i 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 o 7, 8, or 9, and
another duplication (as a result of ancient
polyploidization) within Rosaceae, resulting in
four copies in diploid taxa with_,, = 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 #®M¥i1 and #M¥:2 resolved Gille_na

: . . y
'(1,, = 9) as sister to the clade including taxa

With}‘/ = 15 or 17, a result also supported by
the _rghF (Evans 1999) and ma‘K/ﬁj_ﬂF—,ﬂgf
(Potter et al. 2002) data; Gille.ia 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 Gille‘néa with
& 9), followed by aneuploid reduction. The
results further suggest a New World origin of
this group, since Gille sa, Liwdleya, and Vg -
. elinig are all distributed in North Amerﬁa,
"®nd Kage_reckia 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 Gillejéa Withu, = 9. Outside of this
expanded maloid group, the 8N 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), 7#®¥il and -#®¥i2, and
putative genes encoding polygalacturonase inhibi-
tor proteins (PGIP) and polyphenol oxidase (PPO).
The four chloroplast loci are: , bcL, ma K, thF,
and _, U B

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 P {_\fﬂ ica
(L28749), S [ aea Xwa i, _ei (U4280?§ d Ph
SafWe i (U42800) we;g’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 Il reactions containing 2.5 1L of 100X
bovine serum albumin (BSA), 2.5 IL of 10X
polymerase buffer, 3 IL of 25 mM MgCl,, 0.5 IL
of 10 mM dNTPs, 0.75 IL 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.

L gk : Sequences of PGIPs from several eudicots
(Md d ™ ica, Yao et al. 1995; P er

190 L Toubart et al. 1992; Ac_i nrdla delzc
A. Chev) Liang and A. R. Ferg., Simpson et al
1995, P78 c mn ‘ , Stotz et al. 1993; and
Ly a;wﬂ‘% , m Miller, Stotz et al. 1994)
were obtamed enBank, 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.

LA .- 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 forh gh .

rL F: Amplification and sequencing used the
c-f prlmer 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).

#M¥i: 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). Forl gk andmu, nucleotides were
aligned to amino acid alignments using DAMBE
(Xia and Xie 2001). Introns ¢Z®Yil, #®¥i2, and
some-h gh 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 Cean, LE’
L. and Rhant L. (Rhamnaceae) included™as
outgroups (Ta le 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 ﬂ one correspondlng to the Amy gda-
/A m ca/ (peach-almond/apricot/
um) clade an e other to the Ce

/L P

/ch (cherry/laurel-cherry) cla ‘%ases

Wh e 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 S.4 ha_m nl a 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 Py gé m, which

v
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was transferred to P
other to C§ « na W#'l
by Henrickson (1986)

In Rosoideae, several genera were lumped into
P e 'ulla g iy _ rea, H,, kelia, and %% ia) based
on preV1ou analyses (Erlksson et al. 1998, 2003)
andlntoG m (NN ieeMia, E v h  c ma, O

, Ac,, ,zﬁ and Taiha_wgia, see Smedmdrk

2 ) Materlal was not available for S_ella rm
C, mq ella, and PJ\ﬂ ia, but according to pre-
hmlnary study ofi‘n%phology they are expected to
be included in P, e, rulla F aga ia is not combined
with Pq?_e‘qllla as suggested by Mabberley (2002),
because it would make P, e 'Ulla polyphyletic.
Generic delimitations in Sangulsorbeae follow Kerr
(2004).

For three genera of Spiraceae (Table 1), mate-
rial was not available, but Potter et al. (2007)
support inclusion of both Sibi aea and Xq’ﬂx i aea
in the tribe. No data at all were available for the
monotypic Korean genus Pe_nac_i .

For cloned sequences @ﬁ il,r

f by Kalkman (1965), the
was transferred to \ﬁﬂ hia

2% gh , and

LA .,)» 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 ofh gh andhh ., (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 thank gk andi} . In the
last two cases, five taxa (C, /e, 8010, CQ a_na,
K®epa, Ppge m, $€’C€la ara'S'«zaea ),
for which thEre were no data from any nullear
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 (ma_K, 'th, 74L L O
and the combined chloroplast 10c1) because of tﬁe
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
» _rifrd-,l _'i[: 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 1h\_@d—f_'i:) 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

L gh and AL | 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 ofl gh , 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. Thelh ., 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/ gi andhh ., In the
combined data set favored, with strong sup-
port (93% parsimony bootstrap and 100%
Bayesian clade credibility) the resolution ob-
tained withhh ., alone (Table 5). Similarly, the
sister relationship between Ly, _#n hant > and
the rest of Spiracoideae, strongly suppdrted by
the chloroplast data, was lost whenl gk and

L ., were included in the combined analysis.
These anomalous results led us to question the
reliability of thek gf andhh ., results, at least
with respect to the relationships mentioned.
We therefore constructed trees based on a data
matrix consisting of all sequences excepth gh
andJJxﬁ,?. The strict consensus tree resulting
from parsimony analysis of all sequences
excepth gh and.zUy_,q 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,

Logh andhh

but not all were supported by the nuclear loci
alone (Table 5). Furthermore, the signal in the

L gh andh) | 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
.- In particular, whereas in trees
resulting from both the combined cpDNA
data set and the combined chloroplast and
nuclear data set excluding-h gh and bk,
Lf%’%-ha@ 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! gk and\h .,» 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-h gh and LA o
data, we chose to use the topology supported
by the data set excluding} gk and.x’z,:"u? for
optimization of non-molecular characters. On
the other hand, inclusion of theh gh and%h
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.
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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 excepth g and%h _ . Bootstrap
(above branches) and Bayesian clade credibility (below branches, in italics) support values are mdlcated. 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: Ly hamﬂ Neillieae;
(the branch leading to the remainder of the subfamily supported with 68% clade credlblhty) Iérnodae (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



Acaena
Margyricarpus
Polylepis
Cliffortia
Sanguisorba
Poteridium
Poterium
Agrimonia
Aremonia
Hagenia
Leucosidea
Spenceria
Alchemilla
Comarum
Sibbaldia
Sibbaldianthe
Chamaerhodos
Dasiphora
Potaninia
Drymocallis
Fragaria
Potentilla
Rosa
Fallugia
Geum
Sieversia
Rubus
Filipendula
Adenostoma
Chamaebatiaria
Sorbaria
Spiraeanthus
Amelanchier
Peraphyllum
Malacomeles
Crataegus
Mespilus

Aria
Chamaemespilus
Torminalis
Cormus
Pyracantha
Aronia
Docyniopsis
Eriolobus
Dichotomanthes
Chaenomeles
Osteomeles
Chamaemeles
Malus
Cotoneaster
Eriobotrya
Rhaphiolepis
Heteromeles
Pyrus
Stranvaesia
Cydonia
Photinia
Pseudocydonia
Sorbus
Vaugquelinia
Kageneckia
Lindleya
Gillenia
Aruncus
Luetkea
Holodiscus
Kelseya
Petrophyton
Spiraea
Coleogyne
Kerria
Neviusia
Rhodotypos
Exochorda
Oemleria
Prinsepia
Maddenia
Pygeum
Prunus |
Prunus d
Neillia
Physocarpus
Lyonothamnus
Cercocarpus
Chamaebatia
Cowania
Purshia
Dryas
Ceanothus
Rhamnus
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B Acaena

B Margyricarpus

B Polylepis
Cliffortia

B Sanguisorba

B Poteridium

B Poterium

B Agrimonia
Aremonia

B Hagenia

B Leucosidea

B Spenceria

B Alchemilla

B Comarum

B Sibbaldia

Sibbaldianthe

B Chamaerhodos

B Dasiphora

B Potaninia

B Drymocallis

B Fragaria

B Potentilla

B Filipendula
B Adenostoma
0 Chamaebatiaria
4':' Sorbaria
O Spiraeanthus
<0 Amelanchier
0 Peraphyllum
0 Malacomeles
B Crataegus
B Mespilus
0 Aria
<0 Chamaemespilus
0 Torminalis
0 Cormus
B Pyracantha
<0 Aronia
~ 0 Docyniopsis
0 Eriolobus
B Dichotomanthes
0 Chaenomeles
B Osteomeles
B Chamaemeles
0 Malus
B Cotoneaster
0 Eriobotrya
O Rhaphiolepis
O Heteromeles
0 Pyrus
0 Stranvaesia
0 Cydonia
’ZEI Photinia
0 Pseudocydonia
0 Sorbus
O Vauquelinia
0 Kageneckia
O Lindleya
0 Gillenia
O Aruncus
O Luetkea
B Holodiscus

fruit

unordered

[ pome

mm polyprenous drupe

I drupe
B drupetum

B schene
B ochenetum
3 follicetum
3 coccetum
E nyculanium
¥ polymorphic
E= equivocal

0 Neillia
O Physocarpus
O Lyonothamnus
B Cercocarpus
B Chamaebatia
B Cowania

B Purshia

B Dryas

O Ceanothus

B Rhamnus

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
T T T T T assembled a data set for all 10 regions with
two exemplars each from Rosoideae, Dryadoi-
deae, Osmaronieae, Kerrieae, Neillicae, P, -
7 . Pyreae, Sorbarieae, and Spiraeeae as well
L s Ly .1 _hantM, Results of parsimony anal-
yses of this ¢xemplar data set (not shown)
agree with the analyses of the 88-genus data set
| in strongly supporting these major groups as
| T n well as the Spiracoideae as we circumscribe it
and in uncertainty about relationships among
LU 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
ES (2003).

i‘\ R Our results agree with all previous phylo-
genetic analyses of Rosaceae in providing little
o | resolution along the backbone of the Rosaceae
Coro T \ 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-
Lo 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
T \ 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,,, = 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,,, = 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: Ade’M§ _, ma in Sorb-
aricaec and H, /™8 in Spiraecae. Three of
the four clad (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: Nev/¥ ia
in Kerrieae, b:l*? ch,, da 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 C a-ﬂéﬁ‘ and others) are accompanied
by fleshy Nypanthia 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
F a_#kia, 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 Gy nt a _:%1 m
appears to be restricted to Pyrodae ile
association with Ph agmidj m rusts has been
reported only from membdrs 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 D%, which has a circumpolar
distribution, taxa of Dryadoideae are re-
stricted to western North America, and
throughout much of that region the nitrogen-
fixing F a_tkia strains with which they form
symbloses SEOW 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 L@pqﬁ\ha@ .

We have chosen to recognize three clades at
the supertribal level: Rosodae, comprising all
Rosoideae except Filk e_n] la; Kerriodae, com-
prising Kerrieae plus Osharonieae, and Pyro-
dae, comprising Pyreae (all with,,, = 15 or 17)
plus Gille na 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 P which we
place in tribe Amygdaleae d the large size
and diversity of the genus and the limited
sampling to date of species sometimes classi-
fied in Madde na and P;ge m. In Rosoideae,
Filk e lais included in tf subfamily but not
in any Tribe, RY a and ?}?ﬂ are both included
in Rosodae but not in ribe, and P, ¢ 'ulla
is included in Potentilleac but not in any
subtribe, although the remaining genera are
placed in Fragariinae. In Spiracoideae, L{(_

. -hant; " is included in the subfamily but is
not in"any tribe, Gille na is included in Pyrodae
but not in any tribe, and Kage_r reckza Li 'dley a,
and V. eli_fa are included in Pyreae but not
in anﬂs:ﬁ)trlbe 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. Pr;¥ was
selected as the type genus for its subtfibe 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



(Koehne 1890). The name Pomeae A. Gray
(1842) is invalid because it is a descriptive
name, not based on the name of an included
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Gmel.,
Trimen
Distinctive non-molecular features: Herbs,
shrubs (Lg 7?8 idea), or trees (Hage. na)
Subtrﬁ)e Sanguisorbinae Torr. & A. Gray,
FI._N. Amer. 1. 428 (1840). Included taxa:
Clﬁ‘ da L., Acae g L., Mq gy, ic akN Ruiz &
Pav. (mcludmg Te,, agl chi nPoepp‘# P, k59
Ruiz & Pav., P, ¢ j m L. (1nclud1ng Be AN mia
Webb & Berthel a ce. ella Svent., De. ra’ -
. .ej m Svent., and Sa ch . ’{ m Spach)

Iigv’cj idea Eckl. & Zeyh., $ e'te ia

P, e z% m Spach, Sq ﬂ ba L?
Distinctive non-m ecular fe %ures Herbs,
shrubs (Mq g, icak:9¥, some C ia, P,k I-

29, and P, ej ior trees (some Pk léﬁ)
Tribe Poteftilleae Sweet, Brit. FI. “Gard. 2:
124 (1825). Potentilleac and the enclosed
P__enilla and subtribe Fragariinae conform
to deﬁmtlons by Eriksson et al. (2003).
Included taxa: Pme_ylla, Fragariinae.
Distinctive non-molecular features: Herbs
or shrubs (WA h, a, P,_.anna, and some
C.ma, m). Leaves often mmplg in Alchemilla.
EnIaFﬁed receptacle common (absent in Al-
chemilla and P, a_n_na). Pistils with lateral to
Fel——r .
basal styles. Pistils generally numerous (soli-
tary in P, an ’!a and some Alchemilla). Fruit
an achenetum or achene.
Base chromosome number & = 7 (8 in
Alchemilla).
P e 'ulla L. (including A4 gen ’Ll g Lam.,
C, ma ella Rydb., ﬁ ™ _rea Sm kella
Cham. & Schitdl., keliella (Rydb) Rydb
¥ ia Torr. & A. Gray, %9 ja Brandegee,
and S_ella l‘.:m (Baill.) %d?
Distinctive non-molecular features: none
known.
Subtribe Fragariinae Torr. & A. Gray, Fl.
N. Amer. 1: 435 (1840). Included taxa:
Alchemilla L. (including 4. ha™ L., Lachem-
illa (Focke) Lagerh., and [Zv galchemilla
Rydb.), Chamae hs#8 Bunge, C ma, m L.
(1nclud1ng Faq z_%m “Chrtek & SOJdlj Y
A h, a Raf (=" Pe m Iy 11, i Duhamel),
Dym cd™® Fourr., Faga ia L., P,_an na
Max1m Sibbaldia_nhe Juz. (1nclud1ng Séﬁ
1 hyllidi m (Juz. ex Fed.) Tkonn.), Sibbaldia L.
Slbbaé’z}m Rydb.

7% Greene, C

Distinctive non-molecular features:
known.

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

Included taxa G m L. (including Ac, rif® -

Br NN i zaF Bolle,

( chltdl) F. Bolle, O 478 Juz,
aT.T. Yu & C. L. Li, and’ ™ e 1a
Willd.), Fal] gia Endl., Sieé®™ ia Willd. i

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 D%% (as
typified by D%'® | c&,?« e.ala L.), but not Rosoi-
deae (cf. above) nor Spiraeoideae (cf. below).

Included taxa: Ce c, cakﬂ H. B. & K.,
Chamaeba_ja Benth., D’rﬂiL FY hia DC
(including C9 q ’ta D Don) E

Dlstmctlve 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 Chamaeba_ja, simple in the other
genera. Stipules present. Hypanthium free
from ovary. Pistils 1 (Ce c, ca ¥ . Chamaeba-
ia, K8 hia) or 4-many (C:‘ afa, D%%).
Fruf&an achene or achenetum. Base chromo-
some number,,, = 9.

Subfamily Spiraeoideae C. Agardh, CI. PI.
20 (1825): the most inclusive clade containing
S [ aea (as typified by S [ aet® alicif, lia L.),
but not Rosoideae (cf. above) nor Dryadoi-
deae (cf. above).

Included taxa: Ly_ ham
leae, Neillieae, Sorbarleae Spi
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

none

o B

Taiha

, Amygda-
eae Kerrio-
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generally separate. Fruit a follicetum, achene,
achenetum, coccetum, drupe, drupetum, nu-
culanium, polyprenous drupe, or pome. Base
chromosome number,,, = 8,9, 15, or 17.

I),g*,7~gf‘ham’ > A. Gray

Distinctive hon-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,,, = 9.

Tribe Amygdaleae Juss., Gen. Pl. 340
(1789): the most inclusive clade containing

P .M amygdd (L.) Batsch (= Awgdgz%vﬂ
%fg L.) bt not Osmaronieae (cf. below),
Kerrleae (cf. below), Neillieae (cf. below),
Sorbarieae (cf. below), Spiraeeae (cf. below),
or Pyrodae (cf. below).

Included taxa: P r“g L. (including Amy -
gdglﬂ L, 4 me_@% Juss., C¢ Mill.,
]ljﬁ),,’,ch' Tourn. ex Duhamel, Madde4a

ok. Fr & Thomson, Pai Mill., and
Py ge m Gaertn.)

istinctive 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 ‘Jwﬂ"w a 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
S.4 ha_m d a Siebold & Zucc.,), Py caX
(Cambeiss.g' Raf. L

Distinctive non-molecular features: Cyano-
genic glycosides absent in Pimﬁca}x‘ﬂ, no
data for the other genera. Stipules deciduous in
PN ca¥ 9. Ovaries connate. Fruit a follice-
tum. Bas€ chromosome number,, = 9.

Tribe Sorbarieae Rydb., N. Amer. Fl. 22:
256 (1908): the most inclusive clade contain-
ing S, ba ia (as typified by S, ba 18 bif, lia
(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: Adef@ .ma Hook. & Arn.,
Chamaeba_ja ia Maxim., S, ba ia A. Braun,
S [ aeq Maxim.

DistinCtive non-molecular features: Leaves
fascicled or alternate and simple in Adei@-
_ma, alternate and compound in the remain-
ing genera. Ovaries connate (pistil solitary in
Adeim ma); hypanthium adnate to base in
Chamaeba_jq ia and S, ba ia. Fruit an achene
(Adeim _ma) or follicetum. Base chromosome
number_, = 9.

Tribe Spiraeeae DC., Prodr. 2: 541 (1825):
the most inclusive clade containing i [ aea (as
typified by S aedY alicif, lia L.), but not
Amygdaleae (cf. above), Osmaronieae (cf.
below), Kerricae (cf. below), Neillicae (cf.
above), Sorbarieae (cf. above), or Pyrodae
(cf. below).

Included taxa: 4 %ﬂ Adans., H, IL’@
Maxim., KM ey a [%/d " % e.kea Bong. T=
E iﬁgg_néa Hook.), Peil.;}x k.r“%_nrRydb., Sibi aea
Maxim., $: [ aea L., Xq’g-'a i aeaJ. Henrickson.
Pe_nac_j m Nakai may belong here but has not
been included in phylogenetic analyses to date.

Distinctive non-molecular features: Herbs
(4 %ﬂ) or shrubs, sometimes forming ro-
seltes:

Stipules absent. Fruit a follicetum or ach-
enctum (H, 7% 9). Base chromosome num-
bery,. = 9.‘? %&p

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. Fl. 22:
482 (1918): the most inclusive clade contain-
ing Oemle ia (as typified by Oemle ia ce™®-
i, 7™ (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: E,, ch,, da Lindl., Oemle ia
Rchb., Pr’g_éx ia Royle (1nclud1ng Plagﬂx e-

m OllV )

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

Fruit a coccetum (E ch da) drupetum
(Oemle ia), or drupe (P'%.é\ ia). Base chromo-
some number x = 8.

Tribe Kerrieae Focke, Nat. Pflanzenfam.
ed. 1, 3: 27 (1888): the most inclusive clade
containing Ke , ia (as typified by Ke , ia ;é\
ica (L.) DC.) ‘but not Amygdaleae (cf dbOVC)
Osmaronieae (cf. above), Neillieae (cf. above),
Sorbarieae (cf. above), Spiraeeae (cf. above),
or Pyrodae (cf. below).

Included taxa: C, le, gr_w Torr., Ke, ia DC.,
NaiMia A. Gray, Rh‘?dﬂ _é\% Slebold & Zuce.

istinctive non- molecular features: Leaves
opposite in C, leﬂ,?gsg;;r e and Rh d, .{Jxﬂ Pistil
solitary in C,,?le‘}ggg_r Fruit a nuculanium
(achenetum in Néf¥ia). Base chromosome
number,,, = 9 (8 f C, le, gv;re)

PyrodaeC 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 P79 (as typ-
ified by Pr' N ¢, L ) butnot Amygdaleae
(cf. abov Osmalgonleae (cf. above), Kerrieae
(cf. above), Neillieae (cf. above), Sorbarieae (cf.
above), or Spiraeeae (cf. above).

Included taxa: Gille 4{1 Moench, Pyreae.

Distinctive non-molecular features: Peren-
nial herbs (Gille_r na) trees, or shrubs. Leaves
compound in Gille 'ta C, e, 1y,
and some S, . Hosts to hragmidium and
Gymnosporan um rusts; ovaries generally con-
nate (separate or single ovaries in Kage‘rgckza
and some members of Pyrinae (Chamaen©® ,

C, .7 viéﬂ e, Dich, ma_frm He.e  nme™,
and Pv acq, qha)) ovules basal palred collat-
eral, with funicular obturators.

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

PrN (as typified by Pgﬂ’ c,m ﬁ L.) but
no% Gille *zra (as typified"by Gill *za L if liaa
(L.) Moench) or Spiraeeae (cf. above)

Included taxa: Kage_n reckza Ruiz & Pav.,
Li rg’lera H. B. & K., gi elf na Correa ex
Humb. & Bonpl., Pyrlna

Distinctive non-molecular features:
chromosome number x = 17 (, =

base
15 in

Kg 4 elifa).
réubtrlbe Pyrinae Dumort. Fl. Belg.: 92
(1827) the most inclusive clade containing
Pr 9 (as typified by Pw 1 L.) but
not Gille na (as typlﬁed by Gzllg Jif, lia.a
(L)) Moench), eli na (as typlﬁed by V.
elina c, ymﬁ% Bonpl) Kage_n reckza‘%as
?yplﬁed by Kage 'eckza bl _ma Ruiz & Pa-
v) or Li 'dlera (as typlﬁed by Li rdlera Y-

Ll N Kunth)

'Included taxa: Amela;rghig Medik., 4 ia J.
Jacq., 4, *zra Pers., Chae méﬂ Lindl., Cha-
maeméﬂ Llndl Chama Medlk C, -

Spach, C. _rféﬁ e Med1 , C a.ae L

d 'za Mlll chh ma, q}ﬂ Kurz R 'za
Decne D, ¢ Lm (C K. Schneid.) K01dz
Eib .ra Lln(Y Eil Roemer, #1%: e m-
Véﬂ Lmdl He.e | méﬂ . Roem., Malac, méﬂ

G.N. Jones %ﬂ Mill., A1%r Lfa ‘eﬁ?méﬂ

Lindl., Peé Wil m Nutt. eX Torr. & Gray,
Ph, i na Lindls d a;d na C. K. Schneid.,

Py acarqha M. m., PI‘{ L., Rhé hi, H\ﬂ
L1nd1 L., S a 1v Lmdl T, mzvizﬂ
Medlk T subtrlbe corresponds to the long-

recognized subfamlly Maloideae.

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