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THE PHYLOGENETIC UTILITY OF NUCLEOTIDE

SEQUENCES OF SORBITOL 6-PHOSPHATE

DEHYDROGENASE IN PRUNUS (ROSACEAE)1
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Sequences from s6pdh, a gene that encodes sorbitol-6-phosphate dehydrogenase in the Rosaceae, are used to reconstruct the phy-
logeny of 22 species of Prunus. The s6pdh sequences alone and in combination with previously published sequences of the internal
transcribed spacer (ITS) and the cpDNA trnL-trnF spacer are analyzed using parsimony and maximum likelihood methods. Both
methods reconstructed the same phylogeny when s6pdh sequences are used alone and in combination with ITS and trnL-trnF, and the
topology is in agreement with previous studies that used a larger sample size. The s6pdh sequences have about twice as many
informative sites as ITS. A molecular clock is rejected for s6pdh, most likely due to greater rates of evolution in subgenera Padus
and Laurocerasus than in the rest of the genus. Phylogenetic reconstruction of Prunus as determined by analysis of the combined data
set suggests an early split into two clades. One is composed of subgenera Cerasus, Laurocerasus, and Padus. The second includes
subgenera Amygdalus, Emplectocladus, and Prunus. Species of section Microcerasus (formerly in subgenus Cerasus) are nested within
subgenus Prunus. The order of branching and relationships among early diverging lineages is weakly supported, as a result of very
short branches that may indicate rapid radiation.

Key words: alcohol dehydrogenase; likelihood; molecular clock; parsimony; Prunus; s6pdh.

The genus Prunus L. (Rosaceae), with over 200 species
(Rehder, 1940) of shrubs and trees, is an important component
of Northern Hemisphere forest (Fedorov et al., 1941; Elias,
1980; Yü et al., 1986) and desert (Mason, 1913; Browicz and
Zohary, 1996) communities. A significant number of species
are also found in the tropics worldwide (Kalkmann, 1965; Bra-
ko and Zarucchi, 1993). Many species are cultivated world-
wide for their fruits, such as cherries (P. cerasus and P. av-
ium), apricot (P. armeniaca), almond (P. dulcis), peach (P.
persica), and plums (several species of subgenus Prunus)
(Moore and Ballington, 1990). Prunus serotina, the North
American black cherry, is valued for its timber. Several species
are ornamentals (Krüssmann, 1986), in particular flowering
cherries of subgenus Cerasus (Kuitert, 1999). Wild North
American plums (subgenus Prunus, section Prunocerasus)
were an important source of food for Native Americans
(Wight, 1915) and are used locally to make tarts and jams.
Finally, species of Prunus play an important ecological role
by providing food for wildlife (Elias, 1980; M. Beck, Univer-
sity of Nevada, personal communication).

In addition to their economic, cultural, and ecological im-
portance, species of Prunus display considerable morpholog-
ical variation in terms of types of inflorescences and fruits and
an interesting geographic distribution. The evolution of some
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characters most likely arose as adaptations to special habitats,
such as the presence of dry fruits in desert species.

Prunus is the largest genus in the subfamily Amygdaloideae,
which also includes Exochorda, Maddenia, Oemleria, Prin-
sepia, and Pygeum in the most recent taxonomic treatment of
Rosaceae by Takhtajan (1997). This classification is supported
by evidence from wood anatomy (Zhang, 1992) and chromo-
some number (Goldblatt, 1976). Molecular data have shown
that Maddenia may be nested within Prunus (Lee and Wen,
2001) and Oemleria, Prinsepia, and Exochorda are monophy-
letic (Morgan, Soltis, and Robertson, 1994; Potter et al., 2002).
However, these two clades are not strongly supported as sister
to each other. A phylogeny of Rosaceae using rbcL weakly
supported Amygdaloideae sensu Takhtajan (Morgan, Soltis,
and Robertson, 1994), while other molecular data show no
relationship between Prunus and the clade including Oemleria,
Prinsepia, and Exochorda (Potter et al., 2002). Pygeum has
not been included in the mentioned phylogenetic studies; thus,
its relationships to Prunus remain to be tested by molecular
cladistics.

Historically, Prunus has been classified into five subgenera:
Amygdalus, Cerasus, Laurocerasus, Padus, and Prunus. Other
authors have chosen to treat those subgenera as separate gen-
era (reviewed by McVaugh, 1951). In this paper we follow
Rehder’s (1940) classification of the genus into five subgenera
with the addition of subgenus Emplectocladus (Torr.) Sargent
(http://ajbsupp.botany.org/v89/).

Prunus has been the subject of two recent phylogenetic
studies (Bortiri et al., 2001; Lee and Wen, 2001). In a maxi-
mum parsimony analysis of combined internal transcribed
spacer (ITS) and trnL-trnF data, we found that most species
fall into two groups. Subgenera Cerasus, Padus, and Lauro-
cerasus together are supported as monophyletic and a second
group consisting of subgenera Amygdalus, Prunus, Emplec-
tocladus, and the section Microcerasus (subgenus Cerasus)
was found in the strict consensus of most parsimonious trees
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TABLE 1. Primers used for amplification of s6pdh. Refer to Fig. 1 for
their annealing sites on s6pdh.

Primer name Sequence

s6pdh-a
s6pdh-b
s6pdh-c
s6pdh-e
s6pdh-h
s6pdh-j
s6pdh-k
s6pdh-p
77L25

59-ATG CCG GTC ATC GGT CTC GG -39
59-GCA TAC ACG TCT AAG CCC CA -39
59-TTT GGA ATT CAG ACC ATG GGC ATG -39
59-CTT AGT TCG CAG CAT TGG TCT CAG -39
59-AGA CCA ATG CTG CGA ACT AAG CCC -39
59-GCA TAC ACG TCT AAG CCC CAA GTC TTG GAA GG -39
59-AGC TCA TTA CAA GAG TGA AGC AGA CGT TGG -39
59-AGA GTG GTC CTG GAT TTC TTA TCT A -39
59-TGG CCT TGG AGG TGA TGA AAA GTT C -39

Fig. 1. The s6pdh gene in Rosaceae. Exons and introns are not drawn
proportionally to their actual length. Primers used in this study and their po-
sition in the gene are shown. Intron 3 has a TC repeat. Size of PCR fragments
are 0.8 kb (s6pdh-a/77L25), 0.44 kb (s6pdh-c/s6pdh-h), and 1.3 kb (s6pdh-k/
s6pdh-p). Size of PCR products corresponds to P. dulcis but is conserved in
all of the Prunus species.

but lacked significant bootstrap support (Bortiri et al., 2001).
Lee and Wen’s (2001) results, based on ITS data, were similar
in that they also found the same two major groups. When the
two data sets, ITS and trnL-trnF, were analyzed separately,
however, they supported different scenarios for the relation-
ships of subgenus Cerasus (Bortiri et al., 2001). According to
the chloroplast trnL-trnF spacer, Cerasus is placed in a group
with subgenera Amygdalus, Prunus, Emplectocladus, and the
sections Penarmeniaca and Microcerasus. The nuclear ITS re-
gion, on the other hand, supported a clade composed of sub-
genera Cerasus, Padus, and Laurocerasus (Bortiri et al.,
2001).

One of the shortcomings of those previous studies was the
lack of support for some deep nodes, in particular those in the
group that included the subgenera Emplectocladus, Amygda-
lus, and Prunus. This outcome was attributed to high homo-
plasy levels in ITS, perhaps caused by rapid speciation and
early hybridization (Bortiri et al., 2001).

In order to test the hypotheses of evolution and relationships
in Prunus set forth by our previous work with ITS and trnL-
trnF, we started studies on the nuclear gene s6pdh, which en-
codes NADP1-dependent sorbitol-6-phosphate dehydrogenase
(S6PDH [Enzyme Commission 1.1.1.200]) (Yamaki and Ishi-
kawa, 1986). In the Rosaceae, with the exception of Rosoideae
sensu stricto (Wallaart, 1980; Morgan, Soltis, and Robertson,
1994), the most important products of photosynthesis found in
the phloem are sucrose and the sugar alcohol sorbitol (Webb
and Burley, 1962). Sorbitol-6-phosphate is produced as a result
of the reduction of glucose-6-phosphate by S6PDH, which
uses NADP1 as cofactor. S6PDH has been purified from leaves
of loquat (Eriobotrya japonica) (Hirai, 1981) and apple seed-
lings (Malus domestica) (Kanayama and Yamaki, 1993). Tao,
Uratsu, and Dandekar (1995) transformed tobacco (Nicotiana
tabacum) plants, which do not produce sorbitol, with the Mal-
us domestica s6pdh cDNA sequence and showed that leaves
from transformed plants accumulate sorbitol. In addition, the
concentration of sorbitol correlated positively with the expres-
sion of S6PDH. The genomic sequence of Malus domestica
s6pdh consists of six exons totaling 3.4 kilobases (kb), with a
TC simple repeat in intron 3 (Bains et al., 1998). Studies on
polymorphisms of the TC microsatellite in intron 3 of M. do-
mestica indicate the presence of two copies of s6pdh in that
species and one in species of Prunus (S. Arulsekar, University
of California, Davis, personal communication). Malus belongs
to subfamily Maloideae, which has chromosome numbers x 5
15, 17; whereas the rest of the family have chromosome num-
bers x 5 7, 8, 9. It has been postulated that subfamily Maloi-
deae is an ancient polyploid (e.g., Sax, 1933; Gladkova, 1972).

For that reason we expected s6pdh to be a single-copy gene
in diploid taxa of Rosaceae other than Maloideae.

In this paper we present a phylogenetic study of Prunus
using parsimony and maximum likelihood methods as deter-
mined by sequence data from the nuclear gene s6pdh. We
compare the results obtained using the two methods of phy-
logenetic reconstruction. We also compare rates of evolution
of s6pdh with those of ITS and the trnL-trnF spacer and test
whether rates of evolution in s6pdh are uniform across all
lineages of Prunus. Finally, we combine data from all three
markers to reconstruct the phylogeny of the genus using par-
simony and maximum likelihood methods. The outcomes pro-
duced by both methods are discussed in relation to work car-
ried out in previous studies. This paper aims to understand the
species phylogeny of Prunus. Data from s6pdh will comple-
ment evidence from the ITS and trnL-trnF regions used pre-
viously (Bortiri et al., 2001). The main objectives are (a) to
examine the phylogenetic relationships of subgenus Cerasus,
(b) to test the monophyly of the group composed of subgenera
Prunus, Amygdalus, Emplectocladus, and section Microcera-
sus, and (c) to generate data that will support a robust phy-
logeny of Prunus.

MATERIALS AND METHODS

Taxon sampling and DNA extractions—A subset of 22 species of Prunus
were selected to represent all major clades found in a previous study (Bortiri
et al., 2001). This sample includes all subgenera and most sections of Prunus
(Mason, 1913; Rehder, 1940). DNA extractions were performed according to
the cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle,
1987) except the extractions of Oemleria cerasiformis (Hook. & Arn.) Landon
and Exochorda racemosa (Lindl.) Rehder, which followed a different protocol
(Dellaporta, Wood, and Hicks, 1983).

All collected vouchers are deposited at the University of California-Davis
Herbarium (DAV). Information on the origin of the plant material, as well as
GenBank accession numbers, are stored at the American Journal of Botany
supplementary data web site (http://ajbsupp.botany.org/v89/).

Amplification and sequencing—We obtained s6pdh sequences from two
different sources: direct polymerase chain reaction (PCR) sequencing and se-
quencing of cloned PCR products. In addition, we repeated some of the PCR
and cloning reactions in order to detect amplification of two or more paral-
ogous genes and to make sure that artifacts during PCR or cloning were not
masking or altering the outcome substantially.

The primers used for amplification are shown in Table 1 and their relative
positions on s6pdh are in Fig. 1. All primers, with the exception of s6pdh-p
and 77L25, were based on the cDNA sequence of Malus domestica (Kanay-
ama et al., 1992; GenBank accession number D11080). We designed s6pdh-
p to be used in combination with s6pdh-k on species of Prunus. A second
primer, designated 77L25, was created to use in combination with s6pdh-a for
amplification of intron 1 of Prunus species (Fig. 1). The s6pdh-p and 77L25
primers were based on a cloned sequence of s6pdh from P. dulcis that had
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been obtained with s6pdh-k and s6pdh-j. All primers were designed with the
help of Oligost 5.0 (National Biosciences, Plymouth, Minnesota, USA) and
purchased from Genosys Biotechnologies (The Woodlands, Texas, USA). Se-
quences from Pyrus caucasica Fed., Oemleria, Amelanchier alnifolia (Nutt.),
Gillenia stipulata (Torr.) Sarg., Kageneckia oblonga Ruiz & Pav., Vauquelinia
californica (Torr.) Sarg., and Sorbus were produced by PCR amplification with
primers s6pdh-k and s6pdh-j. Sorbaria sorbifolia (L.) A. Braun and Spiraea
cantoniensis Lour. were amplified with the primer combinations s6pdh-k/
s6pdh-h and s6pdh-c/s6pdh-j, which yield overlapping PCR products (Fig. 1).
We obtained partial sequences from Exochorda racemosa, Holodiscus micro-
phyllus Rydb., and Chamaebatiaria millefolium (Torr.) Maxim., by amplifi-
cation with primers s6pdh-e and s6pdh-j. For the combined analyses of s6pdh,
ITS, and the trnL-trnF spacer we used previously published sequences (Bortiri
et al., 2001). We also obtained new ITS and trnL-trnF sequences from Prunus
caroliniana, P. microcarpa, and P. lusitanica using protocols described pre-
viously (Bortiri et al., 2001).

In order to obtain enough DNA for direct sequencing of PCR products we
used 100 mL reaction volumes. For the reactions that were later cloned the
volume was reduced to 25 mL. All PCR reactions were performed using
Applied Biosystems (Foster City, California, USA) reagents and consisted of
buffer, 2.5 mmol/L of each dNTP, 0.2 mmol/L of each primer, 1.5 units of
AmpliTaq Goldy, and 25 mmol/L MgCl2. The PCR amplification conditions
were as follows: an initial 10 min at 958C, followed by 35 cycles of 30 s at
958C, 1 min at 548C, and 2 min at 728C, and a final extension cycle of 7 min
at 728C.

For direct sequencing we purified the PCR products by separation in 0.8%
agarose gels, excised the band of appropriate size, and purified the DNA with
a QIAquick gel extraction kit (QIAGEN, Valencia, California, USA) accord-
ing to the manufacturer’s specifications. Direct sequencing of PCR fragments
was performed using primers s6pdh-k, s6pdh-p, and s6pdh-c. We used primers
s6pdh-a and 77L25 for sequencing of intron 1.

For the reactions that were later to be cloned we loaded a 15 mL aliquot
of the finished PCR reaction in 0.8% agarose gels for electrophoresis to iden-
tify successful PCR amplifications. We cloned the PCR products from the
remaining volume of successful reactions using a TOPO TA Cloningt kit
(Invitrogen Corporation, Carlsbad, California, USA) according to manufac-
turer’s specifications except that the reaction volumes were halved. We picked
4–10 colonies from each cloning reaction and grew them overnight in 10 mL
of Luria-Bertani medium with ampicillin. We extracted the plasmid DNA
using a QIAprept Spin Miniprep kit (QIAGEN) and confirmed the presence
of inserts by restricting approximately 2 mg of the mini-prepped plasmid DNA
with 1.2 units of EcoRI. We selected clones that had inserts and sequenced
them in both directions with primers T7 and T3. All sequencing was per-
formed at the Plant Genetics Facility (UC Davis), which uses an ABI Prism
sequencer (Applied Biosystems).

In order to search for proteins related to S6PDH we conducted a BLAST
search in GenBank using the deduced amino acid sequence of Malus domes-
tica (GenBank accession number GBAN-P28475).

Southern blots—We performed a Southern blot analysis to estimate the
number of genes with sequence similarity to s6pdh that are present in the
genome of several Rosaceae. DNA was extracted from 4 g of fresh leaves
using the method of Doyle and Doyle (1987). We restricted 5 mg aliquots of
DNA with EcoRI, EcoRV, DraI, and HindIII. The restricted DNA fragments
were separated by electrophoresis in 0.8% agarose gels and transferred to
membranes according to standard procedures (Sambrook, Fritsch, and Man-
iatis, 1989). The probe was prepared by PCR amplification of a Malus do-
mestica cDNA clone (Kanayama et al., 1992) using primers s6pdh-a and
s6pdh-j, which yield a fragment of 0.93 kb, and labeled by primer extension
using 32P dNTPs (Sambrook, Fritsch, and Maniatis, 1989). The membranes
containing the restricted fragments were hybridized overnight at 608C and
washed at 608C in 23 SSPE/0.1% SDS buffer three times. The membranes
were then exposed onto an X-ray film for 1 h and developed.

Sequence alignments—The sequences were edited in Sequencher version
4.1.2 (Gene Codes Corporation, Ann Arbor, Michigan, USA) and two data

sets were prepared. The first data set included only the coding sequences of
s6pdh. To prepare this data set we used the View Translation command in
Sequencher to find the exon/intron boundaries and edited out the intron se-
quences using the deduced amino acid sequence of Malus domestica as a
guide. These DNA coding sequences were imported into Se-Al version 2.0a3
(Rambaut, 2001) and aligned as amino acid sequences using the universal
genetic code. The aligned nucleotide sequences were then exported in a NEX-
US format. The second data set was prepared by manually aligning the introns
from all Prunus taxa using the first data set as a scaffold. Intron sequences
from outgroup taxa were excluded because they were too divergent and were
treated as missing data. Insertions and deletions (indels) introduced by the
alignment procedure were treated as missing values.

We used ClustalX (Thompson et al., 1997) to align the ITS, trnL-trnF, and
the S6PDH (amino acids) data sets. The latter consisted of nine GenBank
protein accessions found from the BLAST search, plus the deduced amino
acid sequence of S6PDH from Malus domestica, P. ilicifolia, and P. dulcis.
Six indels, two from the ITS data set and four from the trnL-trnF alignment,
were scored as separate characters. We took a conservative approach to scor-
ing indels as additional characters, considering only those that were more than
two sites long with unequivocally aligned boundaries, a measure taken by
previous authors (Wojciechowski, Sanderson, and Hu, 1999).

Phylogenetic analyses—We used PAUP* 4.0b8 (Swofford, 2001) to find
most parsimonious trees (MPT) and trees of maximum likelihood (MLT).
Unless otherwise indicated, parsimony searches used a heuristic strategy with
100 replicates of random taxon addition, tree bisection-reconnection (TBR)
and no constraints on the maximum numbers of trees to be saved each step.
We conducted two different heuristic searches for MLT. In the first place, we
used the ‘‘as is’’ addition strategy instead of random additions. For the second
search we used all trees saved from a parsimony analysis as starting trees.
Measures of homoplasy are given as consistency indices excluding uninfor-
mative characters (CI*) and retention index (RI). We estimated the statistical
support for each node by performing 1000 bootstrap repetitions (Felsenstein,
1985) with simple taxon addition. For the bootstrap analysis of s6pdh we
saved up to 1000 trees each time. We obtained decay values (Bremer, 1988)
for each node by using AutoDecay version 4.0.2 (Eriksson, 1998) and
TreeView version 1.6.0 (Page, 1996). For the parsimony analysis of the
S6PDHs and related dehydrogenases data set we used a Branch and Bound
search strategy and statistical support for each node was calculated by per-
forming 1000 Branch and Bound bootstrap repetitions. We calculated P values
for incongruence length difference (ILD) tests (Farris et al., 1994a, b) as a
measure of incongruence among the three data partitions. The tests were im-
plemented in PAUP* (Swofford, 2001) by running 500 repetitions of the par-
tition homogeneity test, with TBR, and a maximum of 1000 trees saved at
each step.

We used Modeltest version 3.04 (Posada and Crandall, 1998, 2001) to select
evolution models for the maximum likelihood analyses. Modeltest calculates
the operator d 5 2(lnL1 2 lnL0) (Goldman, 1993) where L0, the null hypoth-
esis, is a simpler model than L1. The test evaluates several models of evolution
and selects the one that fails to be rejected by an alternative and more complex
model. Simpler models, which have fewer parameters, are preferred to more
complex ones when there is no significant difference in how well they fit the
data because the use of additional parameters introduces a potential source of
error (Nei and Kumar, 2000). The models of molecular evolution used in this
study are given in the Appendix.

To test the hypothesis that rates of evolution of s6pdh are constant in all
the lineages of Prunus (molecular clock evolution) we used the same operator
(d 5 2[lnL1 2 lnL0]), where L0 is the likelihood when equal rates are forced
on all branches and L1 is the score without such constraint. The outcome was
evaluated in a x2 distribution with N 2 2 degrees of freedom, where N 5
number of taxa, and significance of 0.01 (Felsenstein, 1981; Yang, Goldman,
and Friday, 1995; Huelsenbeck and Rannala, 1997). The null hypothesis, i.e.,
evolution in a clockwise fashion, will fail to be rejected if d is greater than
the value x2

0.01(N 2 2).
As an estimation of the rate of evolution we calculated the pairwise diver-

gence among Prunus species for s6pdh, ITS, and the trnL-trnF spacer in
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Fig. 2. Most parsimonious tree of length 5 809, CI* 5 0.83, and RI 5
0.82 resulting from analysis of deduced amino acid sequences of S6PDH from
Malus domestica, P. dulcis, P. ilicifolia, and nine accessions from GenBank.
Branch lengths are proportional to changes. Bootstrap values and decay in-
dexes are shown along the branches. See the American Journal of Botany
supplementary data web site (http://ajbsupp.botany.org/v89/) for GenBank ac-
cession numbers.

PAUP*. We found that different models explain different sets of data signif-
icantly better. However, for the purposes of pairwise divergence, we wanted
to use a uniform criterion. Thus, we selected a TrN model (Tamura and Nei,
1993), with a gamma shape parameter 5 0.5, to calculate the pairwise dis-
tances for all three markers.

We carried out the SH (Shimodaira and Hasegawa, 1999) likelihood test of
topologies for the trees obtained by ML and MP analyses of the combined
data sets. The test was performed in PAUP* (Swofford, 2001) by running
1000 RELL nonparametric bootstrap repetitions using the data that produced
the trees being tested. P values are then given for each topology and a par-
ticular tree topology will fail to be rejected in favor of the ML tree if its P
value is .0.05 (Shimodaira and Hasegawa, 1999). Likelihood-based tests of
alternative phylogenetic hypothesis have been reviewed recently (Goldman,
Anderson, and Rodrigo, 2000).

RESULTS

Proteins related to S6PDH—The GenBank protein acces-
sions with the highest similarity to S6PDH are plant mannose
NADP1-dependent dehydrogenases. Other accessions with
less sequence similarity are fungal and animal proteins de-
scribed as NADP1-dependent aldo-keto oxydoreductases. We
selected sequences from Apium (GBAN-AAB97617), Oroban-
che (GBAN-AAG15839), A. thaliana (GBAN-AAD23673,
GBAN-AAD23674), Candida (GBAN-BAA19477), Aspergil-
lus (GBAN-AAF61912), Mus (GBAN-BAB27586), Sus
(GBAN-P50578), and Gallus (GBAN-CAC40811) plus the
deduced amino acid sequence of S6PDH from Malus domes-
tica, P. ilicifolia, and P. dulcis for a phylogenetic analysis.
The data set had 345 sites, of which 223 were informative.
Twenty-five percent of the amino acids were conserved across
all proteins, but the percentage is much higher (49%) among
the plant accessions. One most parsimonious tree was recov-
ered (Fig. 2). S6PDH from P. ilicifolia and P. dulcis are sister
to each other and S6PDH from Malus domestica is sister to
them.

Prunus s6pdh—We attempted to amplify the entire gene in
a single PCR from a subset of taxa (P. dulcis, P. ilicifolia, P.
maritima) without success. We obtained almost full sequences
of s6pdh from P. armeniaca, P. ilicifolia, and P. dulcis by
using two combinations of primers. The first one (s6pdh-a/
77L25) amplifies intron 1 and part of exons 1 and 2, and the
second combination (s6pdh-k/s6pdh-p) amplifies the region
between exons 2 and 6 (Fig. 1). The primer s6pdh-p was cre-
ated to match the sequence of P. dulcis because amplifications
with s6pdh-j were inconsistent. Intron 1 in Prunus varies in
length between 0.7 kb and 0.8 kb. Amplification of intron 1
from P. ilicifolia yielded two bands of different molecular
mass. Because intron 1 was highly divergent and difficult to
align among those three species, we decided to use the region
between exons 2 and 6 to generate data for the phylogenetic
analyses. Therefore, all the analyses that follow were per-
formed using sequences from the region spanning exons 2–6
of s6pdh.

The PCR amplification with s6pdh-k and s6pdh-p always
yielded a single band, as visualized in agarose gels, of ap-
proximately 1.3 kb. The s6pdh sequences obtained from Pru-
nus and the other Rosaceae genera studied here have the same
organization as in Malus domestica. The sequences varied in
length from 1218 base pairs (bp) in Oemleria to 1309 bp in
P. maritima and P. salicina, and the gene is organized into 6
exons and 5 introns (Fig. 1). We also confirmed that the TC
repeat in intron 3 is present in all species of Prunus.

Southern blotting of s6pdh—The blots corresponding to P.
persica, P. dulcis, Spiraea betulifolia Pall., Aruncus dioicus
(Walter) Fernald, and Neillia sinensis Oliv. (Fig. 3A) indicate
that in most cases one region strongly hybridizes to the probe,
represented by a band with strong signal in the cases of Spi-
raea (lanes 1–4), Prunus persica (5–8), P. dulcis (9–10),
Aruncus (11–14), and Neillia (15–18). The lanes correspond-
ing to P. persica have one band with very strong signal (Fig.
3A, lanes 5 and 6) or two bands of approximately equal in-
tensity (lanes 7 and 8). One EcoRV site was confirmed in P.
dulcis by sequencing (Fig. 3B) and its presence in P. persica
is very likely given that both species have the same EcoRV
restriction pattern (Fig. 3A). Prunus persica and P. dulcis have
one site each for EcoRI, DraI, and HindIII (Fig. 3B, C), and
this is reflected in their restriction patterns with these enzymes.
The fragment represented by the band with the strongest signal
in lanes 5 and 6 (P. persica) and lane 10 (P. dulcis) (Fig. 3A)
is present as two bands of lower molecular mass in lanes 7
and 8 (P. persica) (Fig. 3A) due to a restriction in the middle
of s6pdh by DraI and HindIII (Fig. 3C). The presence of a
high molecular mass band in lane 5 (P. persica) was unex-
pected and may be due to a failure to restrict by EcoRI.

Maximum parsimony analysis—Introns from accessions
other than Prunus were excluded because they were too di-
vergent to be aligned. The aligned data set had 1387 charac-
ters, of which 390 were parsimony-informative. There were
234 (17%) informative sites within Prunus. Parsimony anal-
ysis of this data set yielded 273 MPT (Fig. 4A) of length 1198,
CI* 5 0.58, and RI 5 0.81. Among the outgroups, Gillenia
is sister to Maloideae, and Oemleria and Exochorda are sister
to each other, as are Sorbaria and Chamaebatiaria. The clade
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Fig. 3. Analysis of s6pdh copy number in Rosaceae. (A) Results from Southern blot hybridization with a radioactively labeled Malus domestica cDNA
s6pdh probe. The taxa are Spiraea betulifolia (lanes 1–4), Prunus persica (5–8), P. dulcis (9–10), Aruncus dioicus (11–14), and Neillia sp. (15–18). Restriction
enzymes are EcoRI (lanes 1, 5, 9, 11, and 15), EcoRV (2, 6, 10, 12, and 16), DraI (3, 7, 13, and 17), and HindIII (4, 8, 14, and 18). (B) Restriction map of
P. dulcis. (C) Restriction map of P. persica. An asterisk (*) marks restriction sites present in all taxa.

Oemleria-Exochorda is not sister to Prunus. The genus Prunus
is strongly supported as monophyletic and the consensus tree
shows a monophyletic subgenus Prunus, which includes P.
besseyi, P. tomentosa, and P. microcarpa (species traditionally
classified in section Microcerasus of subgenus Cerasus). The
position of P. fasciculata, subgenus Emplectocladus, is unre-
solved. Subgenus Cerasus, represented by P. fruticosa, P. tak-
esimensis, and P. emarginata, is monophyletic. Subgenus
Amygdalus, represented by P. dulcis and P. persica, is not
monophyletic in the consensus tree but had 80% support from
the bootstrap analysis.

Sequences from different sources (PCR and different
clones) that correspond to the same accession are monophy-
letic with two exceptions that will be discussed later. The di-
rect PCR sequences from P. maritima and P. armeniaca are
sister to their respective cloned sequences. Among clones 1,
2, 3, 5 and the direct PCR sequence from P. maritima, there
are eight polymorphic coding sites, and all are synonymous
mutations. In clone 4, there is a change from T to C at the
GT 59 boundary of intron 5. The two coding sequences from
P. armeniaca differ at one site, also a synonymous mutation.
Independent PCR reactions from the same accession produced
sister sequences in the case of P. fasciculata (792-3, 792-D)
and P. andersonii (796-3, 796-G). The coding sequences of

the two P. andersonii clones differ in a nonsynonymous mu-
tation (AGU vs. AGA) in exon 1.

We found divergent sequences in P. caroliniana and P.
emarginata. The direct PCR sequence and one of the two se-
quenced clones of P. caroliniana (clone ‘‘A’’) are most closely
related to P. ilicifolia but a second clone (P. caroliniana-2) is
nested within a clade composed of P. virginiana, P. laurocer-
asus, P. lusitanica, and a P. emarginata clone (Fig. 4A). The
two divergent P. caroliniana clones differ at 16 out of 251
amino acids. The P. emarginata ‘‘direct PCR’’ sequence was
sister to P. takesimensis-P. fruticosa. We repeated sequencing
of s6pdh from a different accession of P. emarginata (‘‘994’’
in Fig. 4A) and found four clones to form a monophyletic
group unrelated to any of the other two P. emarginata se-
quences.

Maximum likelihood analysis—In order to reduce compu-
tational time in all analyses of ML we included only one se-
quence from each species of Prunus. For P. caroliniana and
P. emarginata we included one from each group of divergent
sequences. We further reduced the number of taxa in this step
by excluding Chamabaetiaria, Holodiscus, and Exochorda be-
cause their sequences were incomplete (see Materials and
methods). After running Modeltest we selected a general time
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Fig. 4. Results from parsimony and maximum likelihood analyses of s6pdh sequences. (A) Strict consensus of 273 MPT (length 5 1198, CI* 5 0.58, RI
5 0.81) resulting from parsimony analysis of s6pdh sequence data. Numbers above branches are bootstrap values (when greater than 50%)/decay indexes. (B)
Maximum likelihood tree of score 2Ln 5 7720.96 obtained by analysis of s6pdh sequence data. Lengths of branches are proportional to changes. Notice that
branches length of outgroups are underestimated because intron sequences were not included. Subgenera and sections are indicated in the right margin.

Figure abbreviations: Am, Amygdalus; Cs, Cerasus; Em, Emplectocladus; Ls, Laurocerasus; Ms, Microcerasus; Pd, Padus; Pn, Penarmeniaca; Pr, Prunus.

TABLE 2. Rates of evolution of s6pdh (exons and introns), ITS1, ITS2,
and the trnL-trnF spacer measured as the mean number of substi-
tutions per nucleotide site among species of Prunus. Distances were
calculated using a TrN model (Tamura and Nei, 1993) with gamma
shape parameter 5 0.5.

Marker Mean divergence Maximum

s6pdh exons
intron 2
intron 3
intron 4
intron 5

ITS1
ITS2
trnL-trnF spacer

0.03
0.067
0.079
0.14
0.076
0.05
0.062
0.021

0.068
0.21
0.42
0.7
0.23
0.11
0.12
0.076

reversible model (Tamura and Nei, 1993) (see Appendix for
parameters and models used for all maximum likelihood anal-
yses). The first search, using the ‘‘as is’’ addition sequence,
recovered one MLT (Fig. 4B) (score 2Ln 5 7720.96), which
shows no topological conflict with the strict consensus of
MPT. A maximum parsimony analysis of this reduced data set
found 98 MPT. When we swapped all 98 MPT using a max-

imum likelihood criterion we recovered the same tree as in the
first ML search (Fig. 4B). There are no conflicts between the
MPT and MLT, except that the MLT is more resolved. Prunus
persica and P. dulcis, subgenus Amygdalus, are unresolved in
a polytomy with the rest of the genus. The rest of the genus
is divided into three lineages joined in a polytomy: P. fasci-
culata (subgenus Emplectocladus), subgenus Prunus (includ-
ing Microcerasus), and a clade composed of subgenera Cer-
asus, Padus, and Laurocerasus.

Rates of evolution in Prunus—We calculated the means of
pairwise divergences for the coding regions of s6pdh, all se-
quenced introns of s6pdh, ITS, and trnL-trnF among species
of Prunus as estimations of the rates of evolution (Table 2).
We did not attempt to calibrate a molecular clock using those
markers because the rates depart significantly from a molecular
clock (see below). The highest divergences are found in intron
4 of s6pdh, which shows approximately twice as much diver-
gence as the other s6pdh introns and both ITS1 and ITS2. The
lowest average divergence occurred in the chloroplast trnL-
trnF spacer. Coding regions of s6pdh have a slightly higher
rate than trnL-trnF, whereas the introns (with the exception of
intron 4) have a rate comparable to ITS.
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TABLE 3. Results from the molecular clock tests. The scores are given
as 2Ln (likelihood). See Appendix for models and parameters used
for each marker. A constant rate of evolution cannot be rejected
for the trnL-trnF spacer.

Data set
No molecular

clock
Molecular clock

enforced d x2 0.01a

s6pdh
ITS
trnL-trnF

6736.0
3003.4
1317.8

6790.8
3027.3
1333.4

108
47.8
31.2

46.64
37.57
37.57

a The degrees of freedom are 26 for s6pdh and 20 for ITS and trnL-
trnF.

Molecular clock test—For the molecular clock test of s6pdh
we included the same number of ingroup taxa as in the anal-
ysis of maximum likelihood trees minus P. emarginata-B. As
outgroups we included Oemleria, Spiraea, Gillenia, and Sor-
baria, thus N 5 28 and the df 5 26. The topology of the trees
obtained when the molecular clock was enforced is very dif-
ferent from the one with no such constraint in that the sub-
genera Padus, Laurocerasus, and Cerasus are now paraphy-
letic and sister to subgenera Prunus and Amygdalus (tree not
shown). The hypothesis that branches are not significantly dif-
ferent across the tree (molecular clock evolution) is rejected
with a significance of 0.01 (Table 3) for s6pdh and ITS but
not for the trnL-trnF spacer. The rates are greater in subgenera
Padus and Laurocerasus, and Cerasus for all three markers
(Fig. 4B; Fig. 4 in Bortiri et al., 2001).

Combined data sets—The ILD test indicated that there is
some incongruence in the partitions ITS vs. trnL-trnF (P 5
0.018) and ITS vs. s6pdh (P 5 0.02). However, we decided
to combine the three data sets for several reasons. In the first
place, the null hypothesis of congruence could not be rejected
with a significance level of 0.01 (Cunningham, 1997). In ad-
dition, it has been reported that combination of partitions
found to be incongruent by the ILD test can still increase phy-
logenetic accuracy (Joy and Conn, 2001), especially when the
conflict is between nodes that show poor support in the sep-
arate analyses (Krzywinski, Wilkerson, and Besansky, 2001).
In some cases combining incongruent data sets is necessary to
recover the true relationships (Yoder, Irwin, and Payseur,
2001). Finally, we advocate analyses of combined partitions
in addition to separate analyses on philosophical grounds,
since combined analyses maximize the phylogenetic infor-
mation available and are most consistent with the principle of
maximum parsimony (Nixon and Carpenter, 1996).

For the analyses of combined ITS, trnL-trnF, and s6pdh
data sets we included four outgroups (Oemleria, Exochorda,
Spiraea, and Sorbaria) and 22 species of Prunus. We excluded
P. caroliniana-2 and the two P. emarginata sequences (774-
B and 994) because we believe they are divergent paralogs
(see DISCUSSION). The matrix had 2760 characters, of which
384 characters were parsimony-informative, and 226 were in-
formative among the ingroup (s6pdh: 148, ITS: 60, trnL-trnF:
18). The heuristic search recovered nine MPT of length 5
1592, CI* 5 0.58, and RI 5 0.61 (Fig. 5A). In the strict
consensus Prunus is divided into two clades. One composed
of subgenera Cerasus, Laurocerasus, and Padus. In the second
clade the subgenera Emplectocladus, Prunus (including Mi-
crocerasus and Penarmeniaca), and Amygdalus are joined in
a polytomy.

One MLT (Fig. 5B) of score 2Ln 5 12 056.56 was recov-

ered using a TrN 1 I 1 G (Tamura and Nei, 1993) model of
evolution on the combined data set (Appendix). The MLT has
no conflict with the consensus of the nine MPT and is unre-
solved for P. fasciculata and subgenera Amygdalus and Pru-
nus. The likelihoods of the nine MPT, evaluated under maxi-
mum likelihood settings used to obtain the MLT, ranged from
12 058.78 (tree in Fig. 5A) to 12 061.18. The SH test indicated
that there is no significant difference in the likelihood between
the trees obtained by parsimony and likelihood analyses, with
P values ranging between 0.93 and 0.88.

DISCUSSION

Copy number in s6pdh—The use of low-copy number
genes for phylogenetic purposes has seen a rapid increase over
the last few years. In part this is in response to a need for
additional data, especially in cases where existing data sets do
not provide enough resolution. Another reason is a need to test
phylogenetic hypotheses derived with one marker, such as ITS,
with other genes. Some examples of phylogenetic studies us-
ing low-copy number genes include the use of Adh genes (al-
cohol dehydrogenases) in Poaceae (Gaut et al., 1999) and
Paeonia (Sang, Donoghue, and Zhang, 1997), PgiC in Clarkia
(Gottlieb and Ford, 1996), GBSSI, or waxy, in the Rosaceae
(Evans et al., 2000), and phytochromes A and C in angio-
sperms (Mathews and Donoghue, 1999).

The s6pdh gene belongs to a family of genes that encode
NADP1-dependent aldo-keto reductases. Related enzymes are
found not only among plants but also in animals and fungi.
Mannitol-6-phosphate dehydrogenases (M6PDH) from Apium,
Arabidopsis, and Orobanche are the proteins most closely re-
lated to S6PDH of Rosaceae. M6PDH catalyzes the reduction
of mannose into mannitol, a reaction equivalent to the reduc-
tion of glucose into sorbitol by S6PDH. Mannitol is the most
common sugar alcohol in angiosperms, while sorbitol is pro-
duced by Rosaceae (Zimmerman and Ziegler, 1975; Loescher,
1987), with the exception of Rosoideae sensu stricto (Fig. 1
in Potter et al., 2002).

We do not know whether m6pdh, in addition to s6pdh, is
present in the Rosaceae, but based on the information from
the Southern blots it is evident that other loci with sequence
similarity to s6pdh are found in the genome of several sorbitol-
producing Rosaceae. This suggests that s6pdh originated via
duplication of m6pdh-like gene in the common ancestor of the
sorbitol-producing Rosaceae. This would explain the presence
of more than one region with sequence similarity to s6pdh in
several Rosaceae (Fig. 3A), whereas Fragaria (a genus of Ro-
soideae sensu stricto) and Rhamnus (Rhamnaceae) had only
one weak band (data not shown). It is important to point out
that the presence of an m6pdh-like gene does not mean the
plant produces significant amounts of mannitol, i.e., neither
Rosoideae sensu stricto (s.s.) nor Rhamnaceae have been
found to produce sugar alcohols (Zimmerman and Ziegler,
1975; Wallart, 1980).

We detected more than one region with sequence similarity
to s6pdh in the genome of several Rosaceae by Southern blot-
ting, and we found divergent sequences in P. caroliniana and
P. emarginata. However, sequencing of several clones of P.
maritima, as well as repeating PCR and cloning on some ac-
cessions (P. fasciculata, P. armeniaca, P. andersonii), failed
to yield paralogous genes in those taxa. All of the sequences
examined had the characteristic TC repeat in intron 3. Previous
experiments involving the use of this microsatellite in P. dulcis



1704 [Vol. 89AMERICAN JOURNAL OF BOTANY

Fig. 5. Results from analyses of ITS, trnL-trnF, and s6pdh combined data set. (A) One of the nine most parsimonious trees of length 5 1611, CI* 5 0.58,
RI 5 0.6, and likelihood score 2Ln 5 12 058.78. Bootstrap (when .50%) and decay values are shown next to each node. An asterisk indicates branches that
collapse in the strict consensus. Subgenera and sections are shown in the right margin. (B) Maximum likelihood tree of score 2Ln 5 12 056.56. Length of
branches of both trees are proportional to changes but the branch leading to Gillenia in (B) was reduced to 50% its actual length.

Figure abbreviations: Am, Amygdalus; Cs, Cerasus; Em, Emplectocladus; Ls, Laurocerasus; Ms, Microcerasus; Pd, Padus; Pn, Penarmeniaca; Pr, Prunus.

and P. persica (S. Arulsekar, personal communication) are
consistent with s6pdh being a single-copy gene in those spe-
cies.

The presence of divergent paralogs in P. caroliniana (sub-
genus Laurocerasus) and P. emarginata (subgenus Cerasus)
could be due to gene duplication by polyploidization. Alter-
natively, the paralogs could have originated by a duplication
of the genomic region containing the gene, as in the case of
m6pdh of A. thaliana (Lin et al., 1999). Several species of
Prunus are reportedly polyploids (Darlington and Wylie,
1955), in particular all examined species of subgenera Lau-
rocerasus, Padus, and several crop species. Prunus carolini-
ana has been reported as tetraploid (Robertson, 1974). We did
not find information on the chromosome numbers of P. emar-
ginata and therefore we cannot rule out the possibility it is a
polyploid. The presence of two bands as a result of PCR am-
plification of intron 1 of P. ilicifolia, a tetraploid species (Par-
fitt et al., 1990), may represent two divergent paralogs result-
ing from a polyploidization event. We cannot confirm this be-
cause we sequenced only one clone of the s6pdh PCR product
for P. ilicifolia.

In summary, the evidence here presented, from southern
blotting and sequencing, indicates that s6pdh is a low-copy
gene. More than one region is likely to be amplified from

species of subgenera Padus and Laurocerasus, which are poly-
ploids. On the other hand, amplification from diploid species,
e.g., subgenera Emplectocladus, Prunus, and Amygdalus,
should be straightforward. One exception would be polyploid
plum species (P. domestica, P. spinosa), where multiple copies
should be found.

The occurrence of an s6pdh duplication event in Prunus can
have its advantages. One of the problems with reconstructing
a robust phylogeny of Prunus is the genetic distance to other
Rosaceae genera, which complicates homology assessment
through alignment. The presence of a gene duplication in Pru-
nus could avoid this problem altogether by providing the root
of the tree at the duplication event (Gottlieb and Ford, 1996;
Gaut et al., 1999; Mathews and Donoghue, 1999; Vieira, Vi-
eira, and Charlesworth, 1999; Citerne, Möller, and Cronk,
2000). It is important to note that this will be the case if the
duplication is a synapomorphy of the whole genus.

Molecular evolution and utility of s6pdh—Sequences from
s6pdh have more than twice the number of informative sites
as ITS among species of Prunus (153 vs. 60) but are slightly
less homoplastic (CI is 0.6 in s6pdh and 0.57 in ITS). While
the coding sequences of s6pdh evolve at a rate similar to those
in the trnL-trnF spacer, the introns have a significantly faster
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rate, comparable to ITS or higher, as in the case of intron 4.
Despite rates of evolution similar to or higher than ITS and
comparable levels of homoplasy, s6pdh failed to provide sig-
nificant support for the branching order of early lineages in
the genus. ITS and trnL-trnF also show branches of zero or
near-zero length in this region of the tree. A similar phenom-
enon, i.e., short branches corresponding to the early-splitting
lineages, has been observed in other groups of angiosperms
(Rohwer, 2000; Fishbein et al., 2001; Potter et al., 2002) and
attributed to rapid radiation. Nevertheless, s6pdh supported the
same general topology as ITS and the combined ITS and trnL-
trnF data sets (Lee and Wen, 2001; Bortiri et al., 2001), which
will be discussed below.

Rates of evolution of s6pdh are not constant across all
branches, as demonstrated by the failure of the data to be ex-
plained in terms of a molecular clock. This unequal rate is
most likely due to the long branches in the clade including
subgenera Padus and Laurocerasus (Fig. 5A–B). We have not
investigated the source of these uneven evolution rates but
differences in generation time should not be a reason because
all species of Prunus are perennials (trees and shrubs). We
considered the possibility of pseudogenes being the cause of
this acceleration because many species of subgenera Padus
and Laurocerasus are polyploids. However, we think this is
unlikely for several reasons. In the first place, all sequences
appear to encode functional proteins, i.e., there are no stop
codons anywhere in the coding sequences, and their deduced
amino acid sequences are highly conserved with respect to the
rest of the genus. Secondly, the two divergent copies of P.
caroliniana show a very high rate of evolution compared to
the rest of Prunus (Figs. 4B, 5B). We would expect only one,
the silenced copy, to have a significantly higher rate as a result
of lower selective pressure. Finally, the same pattern, i.e., ac-
celeration of the rate of molecular evolution in Padus and
Laurocerasus, is seen in both ITS and trnL-trnF (data not
shown, but see Fig. 4 in Bortiri et al., 2001), although to a
lesser extent in the cpDNA.

Phylogenetic relationships—In agreement with other mo-
lecular data (Bortiri et al., 2001; Potter et al., 2002), s6pdh
does not support a close relationship between Prunus and
Oemleria-Exochorda. On the other hand, s6pdh found the
clades Oemleria-Exochorda and Sorbaria-Chamaebatiaria,
which have been strongly supported by other molecular data
(Morgan et al., 1994; Potter et al., 2002). Similarly, Gillenia
is sister to Maloideae according to s6pdh, a relationship also
obtained by analysis of cpDNA (Potter et al., 2002).

There were no conflicts between the topologies obtained by
parsimony and maximum likelihood analyses of s6pdh, and
the phylogenies of Prunus based on this gene were congruent
with those based on ITS and trnL-trnF in most respects. The
consensus is that subgenus Cerasus is nested within subgenera
Padus and Laurocerasus, all the species of section Microcer-
asus included in these studies are nested within subgenus Pru-
nus, and subgenera Amygdalus and Emplectocladus are sister
to subgenus Prunus. In our previous work on Prunus we found
a discrepancy regarding the phylogenetic relationships of sub-
genus Cerasus (Bortiri et al., 2001). Phylogeny reconstruction
with the cpDNA marker trnL-trnF strongly supported a clade
of subgenera Padus and Laurocerasus and placed Cerasus in
a group with the rest of Prunus. On the other hand, subgenus
Cerasus was nested in a clade with subgenera Padus and Lau-
rocerasus based on data from ITS alone (Lee and Wen, 2001;

Bortiri et al., 2001). Both maximum parsimony and likelihood
analyses of s6pdh agree with the latter scenario and suggest
that hybridization may have taken place in the evolution of
species of Prunus. However, support from s6pdh was relative-
ly weak because the node (Cerasus, Padus, Laurocerasus),
which received 66% in the bootstrap analysis, collapsed in the
strict consensus (Fig. 4A).

In agreement with ITS, s6pdh reconstructed a monophyletic
subgenus Prunus, which includes not only the sections tradi-
tionally assigned to it (Prunus—Old World plums, Prunocer-
asus—New World plums, and Armeniaca—apricots), but also
sections Microcerasus (formerly in subgenus Cerasus) and
Penarmeniaca. The latter was assigned to subgenus Prunus by
Mason (1913) but not included in the treatment of Prunus by
Rehder (1940). Section Microcerasus, represented here by P.
besseyi, P. microcarpa, and P. tomentosa, a group of shrubs
from the Old and New World, has been previously classified
in subgenus Cerasus (Rehder, 1940; Yü et al., 1986) or as a
separate subgenus, Lithocerasus (Ingram, 1948). Isozyme data
(Mowrey and Werner, 1990) and hybridization studies (Katao-
ka, Sugiura, and Tomana, 1988), in addition to our previous
work on ITS and trnL-trnF (Bortiri et al., 2001), have pointed
out its closer relationships to subgenus Prunus rather than to
Cerasus. We are presently working on expanding the sampling
within this group but the data so far indicates that Microcer-
asus is an artificial group because it is polyphyletic in all anal-
yses, with the exception of a P. tomentosa-P. bifrons clade
found by the ITS and trnL-trnF combined data sets (Bortiri et
al., 2001).

Section Penarmeniaca includes P. andersonii and P. fre-
montii, two dry-fruited species from southwestern USA and
Mexico. Sequences from s6pdh place them as sister to P. mar-
itima and P. mexicana, two plum species from eastern North
America (Fig. 4A–B), but ITS (Bortiri et al., 2001) and the
combined data set suggest a sister relationships with P. besseyi
(Fig. 5A–B), another North American species. Prunus besseyi
was found to be sister to the rest of subgenus Prunus by s6pdh
(Fig. 4A–B). Thus, there are some discrepancies between the
two nuclear markers (ITS and s6pdh) in the topologies they
support for these species. This conflict between data sets could
be due to lineage sorting, horizontal transfer, or gene dupli-
cation and extinction (Page, 1993; Maddison, 1995, 1997;
Wendel and Doyle, 1998). It is also possible that the conflict
is caused by convergent evolution (‘‘long-branch attraction’’).
However, we think this is less likely because maximum like-
lihood, which is less prone to obtain the wrong phylogeny
under these conditions of unequal rate of evolution (see be-
low), reconstructed the same phylogeny as parsimony.

Prunus fasciculata, another dry-fruited species from south-
western USA and Mexico, has been considered related to the
almonds (subgenus Amygdalus) by Rehder (1940). However,
results from s6pdh, in accordance with our previous study
based on ITS and trnL-trnF (Bortiri et al., 2001), suggest that
P. fasciculata diverged early in the evolution of Prunus and
is not a member of Amygdalus. Its phylogenetic position as
sister to a Prunus-Amygdalus-Penarmeniaca-Microcerasus al-
liance (Bortiri et al., 2001) is only weakly supported by the
combined data set (Fig. 5A–B). In preliminary analyses of
s6pdh, P. fasciculata was found to be sister to Cerasus, Lau-
rocerasus, and Padus. We tested this hypothesis by creating a
constrained tree with that topology and found that its likeli-
hood was not significantly lower than the MLT and the nine
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MPT (P 5 0.818). Therefore, the precise phylogenetic position
of P. fasciculata is still unresolved.

The monophyly of subgenus Amygdalus (P. dulcis and P.
persica, almond and peach, respectively) is supported by ITS
1 trnL-trnF 1 s6pdh (Fig. 5A–B), and its position as sister
to Prunus is in accordance with previous results (Bortiri et al.,
2001; Lee and Wen, 2001). Lee and Wen (2001) found Amyg-
dalus to be paraphyletic, contrary to our findings (Bortiri et
al., 2001). The discrepancy is explained by the inclusion in
their study of P. tenella Batsch., a species of section Cha-
maeamygdalus Spach. We have recently tested this hypothesis
by sequencing ITS and trnL-trnF of P. petunnikovii Litv., a
species closely related to P. tenella, and obtained the same
results (data not shown) as Lee and Wen (2001); i.e., Amyg-
dalus, as treated by Browicz and Zohary (1996) is not mono-
phyletic. Additional sampling would be necessary to test re-
lationships among all sections of subgenus Amygdalus.

Effects of phylogenetic methods, amount of data, and
number of taxa—The use of maximum likelihood methods
for phylogenetic inference has been advocated as a way to
avoid inconsistency due to ‘‘long branch attraction’’ effect
(Felsenstein, 1978; Hendy and Penny, 1989). Several authors
have studied the performance of parsimony, likelihood, and
other methods under conditions of unequal rates of evolution
(Huelsenbeck and Hillis, 1993; Siddall, 1998; Swofford et al.,
2001) and the effect of taxon and data addition to improve
parsimony accuracy (Kim, 1996; Graybeal, 1998; Poe and
Swofford, 1999).

In order to address the concern of reconstructing a mislead-
ing phylogeny using only one method, we decided to use par-
simony and maximum likelihood and compare the results.
Here we show that, despite the presence of unequal rates of
evolution in lineages of Prunus, both methods reconstruct the
same phylogeny and the results are very similar to those ob-
tained previously using a larger number of taxa (Bortiri et al.,
2001). Prunus is a very large genus with over 200 species, of
which we included only 22; however, we took care to select
representatives of all groups of species that were previously
shown to be monophyletic (Lee and Wen, 2001; Bortiri et al.,
2001), thereby reducing the sample size while minimizing the
effect on the overall topology. Nevertheless, a large group of
species from the tropics is missing here. These species, many
of which were formerly classified in genus Pygeum (Kalkman,
1965), were found to be sister to genus Prunus in a cladistic
study of wood anatomy characters (Zhang, 1992). Thus, this
group of species is very important to a better understanding
of the natural history of Prunus because of their geographic
distribution (Prunus is distributed largely in temperate areas
of the Northern Hemisphere) and their putative phylogenetic
position. We believe that future studies of the phylogeny of
Prunus should include these tropical representatives of sub-
genus Laurocerasus, including the species formerly classified
in genus Pygeum.

To conclude, s6pdh appears to be a single copy gene in all
diploid species of Prunus, with the possible exception in P.
emarginata. The rates of evolution of exon sequences of s6pdh
are comparable to trnL-trnF, while the introns are closer to
ITS, with the exception of intron 4, where the rates are almost
twice as high. An acceleration in the rates of all three markers
is observed in the Cerasus-Laurocerasus-Padus clade. Maxi-
mum likelihood and parsimony analyses of s6pdh confirmed
some findings from previous work with ITS and trnL-trnF. An

early divergence in the evolution of Prunus separated Lauro-
cerasus and Padus from the rest of genus. Subgenus Prunus
includes section Microcerasus. The two nuclear markers, ITS
and s6pdh, support slightly different phylogenies within sub-
genus Prunus, which are most likely due to lineage sorting.
Future work in this genus should concentrate on species from
the tropics, classified in subgenus Laurocerasus, and, to a less
degree, on additional sampling of section Microcerasus.
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G: General time reversible with invariable sites and gamma shape
parameter (Tamura and Nei, 1993); F81: Felsenstein (1981).
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