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Data from restriction-site variation of three PCR-amplified chloroplast genic regions (trnK, rps2, and rbcL) were used to
assess the utility of PCR-based methodology for phylogenetic reconstruction. Seventeen genera from tribe Cheloneae s.l.
(Scrophulariaceae), and one genus each from Solanaceae, Acanthaceae, and Bignoniaceae, representing 32 taxa, were sam-
pled. Phylogenetic reconstruction, based on a combined data set of 138 variable restriction sites, revealed a monophyletic
clade of North American Cheloneae, which were not inconsistent with a polyphyletic Scrophulariaceae. Separate analyses
of individual genic regions were unable to completely resolve the phylogeny, but were adequate for resolving relationships
of major clades among the taxa sampled. We suggest that analysis of PCR-product restriction-site variation is useful for
phylogenetic reconstruction above the species level.
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Chloroplast DNA (cpDNA) has proven to be a useful
source of data for phylogenetic reconstruction at all tax-
onomic levels (Sytsma and Gottlieb, 1986; Coates and
Cullis, 1987; Jansen and Palmer, 1988; Palmer et al.,
1988; Lavin, Mathews, and Hughes, 1991; Chase et al.,
1993; Brunsfeld et al., 1994; Downie and Palmer, 1994;
Olmstead and Palmer, 1994; Steele and Vilgalys, 1994).
Early studies employed restriction-site variation of cp-
DNA where restriction-site maps were produced via
Southern hybridization of radioactively labeled cpDNA
fragments (Sytsma and Gottlieb, 1986; Coates and Cullis,
1987; Jansen and Palmer, 1988; Lavin, Mathews, and
Hughes, 1991; see also citations in Palmer et al., 1988).
Recent investigations have used nucleotide sequencing of
one or a few chloroplast genes (e.g., rbcL, ndhF, and
matK) for phylogenetic inference (Chase et al., 1993;
Brunsfeld et al., 1994; Steele and Vilgalys, 1994; Olm-
stead and Reeves, 1995).

While there are some limitations, established methods
in molecular systematics are effective for inferring phy-
logenies at many taxonomic levels (Olmstead and Palmer,
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1994). However, gathering data for phylogenetic analysis
via chloroplast genome restriction-site variation and/or
sequencing is expensive, requires an extensive array of
molecular biology skills and specialized equipment, and
typically involves the use of radioisotopes.

Techniques using polymerase chain reaction (PCR) and
restriction endonuclease digestion of PCR products, such
as cleaved amplified polymorphic sequences (CAPS) and
mapped restriction site polymorphisms (PCR-MRSP), of-
fer an alternative method for gathering DNA-based data
useful in phylogenetic analysis (reviewed in Wolfe and
Liston, 1997). PCR-based assays have been employed ef-
fectively in population genetics (Karl and Avise, 1993;
Simon, McIntosh, and Deniega, 1993), diagnostics (Chen
and Hoy, 1993; Scholin et al., 1994), and to generate
genetic markers (Arnold, Buckner, and Robinson, 1991;
Liston, Rieseberg, and Hanson, 1992; Schwenk, 1993).
However, relatively few investigations of phylogenetic
relationships among plant taxa have been based on PCR-
product restriction-site variation compared to traditional
molecular methods (Liston, 1992; Rieseberg, Hanson,
and Philbrick, 1992; Liston and Wheeler, 1994; Badeness
and Parfitt, 1995; Ding et al., 1995; Schwarzbach and
Kadereit, 1995; Jork and Kadereit, 1995; Tsumura et al.,
1995). Representative examples of these investigations
are discussed below.

In the Rieseberg, Hanson, and Philbrick (1992) study,
six genera (Datisca, Octomeles, Tetrameles, Begonia, Ci-
trullus, and Cucumis) from three angiosperm families
(Datiscaceae, Begoniaceae, and Cucurbitaceae) were as-
sayed for restriction-site variation of the PCR-amplified
cpDNA region rbcL to ORF106 (3210-3320 bp). Fifty-
three variable (38 phylogenetically informative) restric-
tion sites were detected using 30 restriction enzymes (232
nucleotides sampled; L. H. Rieseberg, personal commu-
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nication, University of Indiana). The inferred phyloge-
netic tree was useful in assessing the evolution of andro-
dioecy in the Datiscaceae.

Liston (1992) examined phylogenetic relationships
among 14 species of Astragalus (Fabaceae) based on re-
striction-site variation of PCR-amplified rpoC1 to rpoC2
(4100 bp). Thirty-eight variable (nine phylogenetically in-
formative) restriction sites were detected from 23 restric-
tion enzyme digests (615 nucleotides sampled; A. Liston,
personal communication, Oregon State University). A sin-
gle most-parsimonious tree was obtained with clades
among the ingroup taxa supported by single characters.

Liston and Wheeler (1994) used restriction-site varia-
tion of the rpoC1/C2 genic region to infer a molecular
phylogeny for 51 species of Astragalus and genera from
the legume tribes Galegeae, Millettieae, Trifolieae, and Vi-
cieae. Eighty-nine variable (45 potentially informative) re-
striction sites were obtained using 19 restriction enzymes
(556 nucleotides sampled; A. Liston, personal communi-
cation, Oregon State University). Weighted parsimony
analysis yielded 288 equally parsimonious trees suggesting
a polyphyletic relationship among species of Astragalus.

Major differences among the Rieseberg, Hanson, and
Philbrick (1992), Liston (1992), and Liston and Wheeler
(1994) studies include: taxonomic level targeted; number
of nucleotides assayed; number of restriction enzymes
used; and the amount of noncoding intergenic spacer re-
gion sampled. The results from these investigations based
on PCR-product restriction-site variation suggest that res-
olution of intergeneric relationships is obtainable, but re-
solving interspecific relationships is more difficult. Ad-
ditionally, the phylogenetic resolution was generally bet-
ter as the number of bases sampled increased. Although
phylogenetic reconstructions were obtained in previous
studies, the usefulness of the technique for phylogenetic
inference is not demonstrated fully because so few in-
vestigations have been conducted.

In this study, we use PCR-MRSP for phylogenetic re-
construction of tribe Cheloneae (Scrophulariaceae), and
we specifically address the utility of three chloroplast
genic regions: rbcL, rps2 and trnK. Our study differs
from previous investigations in that no intergenic spacer
regions are included in the analyses, multiple genic
regions are sampled, and an assessment of interspecific
and intergeneric relationships is included.

Taxa and background information—Tribe Cheloneae
(Scrophulariaceae) was first described by Bentham
(1846), and was last treated as a whole by Wettstein
(1891). The tribe is circumscribed by one character: pos-
session of a cymose inflorescence. This broad definition
of tribal affinity has resulted in the Cheloneae possessing
a large amount of morphological heterogeneity (Pennell,
1935; Thieret, 1954, 1967; Burtt, 1965). Wettstein (1891)
included 26 genera in the tribe (Table 1), and three ad-
ditional genera have been included in recent years (Straw,
1966, 1967; Crosswhite and Kawano, 1970). Twenty-two
genera have been transferred to other tribes of Scrophu-
lariaceae or to other families (Table 1; Hallier, 1903; Bel-
lini, 1907; Pennell, 1919, 1935; Urban, 1926; Campbell,
1930; Li, 1947; Monachino, 1949; van Steenis, 1949;
Gleason, 1952; Burtt, 1965; Straw, 1966; Crosswhite and
Kawano, 1970; Thieret, 1972; Armstrong, 1985; Barrin-

ger, 1993). Several genera have been particularly prob-
lematic (Brandisia, Paulownia, Schlegelia [Dermatocalyx
in Table 1], Synapsis, and Wightia), and have been trans-
ferred repeatedly between Bignoniaceae and Scrophular-
iaceae, or have been designated as genera ‘‘intermediate’’
between the two families (Campbell, 1930; Li, 1947;
Monachino, 1949; van Steenis, 1949; Thieret, 1967; Wil-
liams, 1970; Armstrong, 1985). Removal of South Afri-
can genera from Cheloneae to form the tribes Bowker-
ieae, Freylineae, and Teedieae (Barringer, 1993) left only
the New World members with Brookea and Pennellian-
thus representing the Old World.

Old World genera of Cheloneae sensu Wettstein (1891)
are distributed primarily in southern Africa, Indonesia,
and northeast Asia, whereas New World genera have the
greatest diversity in North America (Table 1). Affinities
between Old World and New World Cheloneae have rare-
ly been proposed. However, the few phylogenetic hy-
potheses of New World/Old World relationships that do
exist are between Indonesian or Asian and North Amer-
ican genera. For example, the Central American genus
Uroskinnera is purportedly most closely related to either
Brookea (Borneo; Burtt, 1965) or Pennellianthus (Japan
and Kurile Islands; Straw, 1966). Pennellianthus was seg-
regated from the North American genus Penstemon
(Straw, 1966; Crosswhite and Kawano, 1970), and, in
addition to Uroskinnera, is purportedly closely related to
the North American genera Penstemon, Chelone, Chion-
ophila, Keckiella, and Nothochelone (Straw, 1966; Cros-
swhite and Kawano, 1970; Hong, 1983).

MATERIALS AND METHODS

Taxa investigated—Seventeen genera of Cheloneae s.l., Thunbergia
(Acanthaceae), Campsis (Bignoniaceae), and Nicotiana (Solanaceae), rep-
resenting 32 taxa (Table 2), were included in this study. Nicotiana was
used as an outgroup taxon based on results from rbcL, ndhF, and rps2
sequencing (Olmstead et al,. 1993; Bremer et al., 1994; Olmstead and
Reeves, 1995; dePamphilis, Young, and Wolfe, in press). Thunbergia and
Campsis were included to assess their potential use as outgroup taxa to
Cheloneae. All six subgenera of Penstemon (Table 2), the largest genus
in Cheloneae, were sampled for this study in order to assess the usefulness
of cpDNA PCR-MRSP for phylogenetic reconstruction at interspecific as
well as higher taxonomic levels. Among the Cheloneae s.s., we were
unable to obtain plant material for Uroskinnera and Brookea, but the
Asian genus Pennellianthus and New World Tetranema were included.
New World genera transferred from Cheloneae to other tribes (Russelia
of Russelieae; Collinsia and Tonella of Collinsieae; Table 2) were also
assayed because they were originally included in Wettstein’s (1891) treat-
ment.

PCR protocols—Total DNAs were isolated (Doyle and Doyle, 1987)
from individual plants (Table 2). Three cpDNA genic regions were am-
plified for restriction-site analysis: (1) the photosynthetic gene rbcL
(1382 bp; RH-1 59-ATGTCACCACAAACAGAAACTAAAGC-39,
1382R 59-CTTCACAAGCAGCAGCTAGTTCAGGACTCC-39); (2) an
intron and maturase gene within a transfer RNA gene (Sugita, Shino-
zaki, and Sugiura, 1985)—trnK (2562 bp; 19 59-CTCAACGGTAGAG-
TACTCG-39, 20 59-TCGAACCCGGAACTAGTCGGATG-39); and (3)
the ribosomal protein gene rps2 (656 bp; 1 59-TCCCTCACAAATA-
GCGAATACCAA-39, 4C 59-TGGAAGAGATGATGGGGGC-39).
These genic regions were sampled because of the differences in substi-
tution rates among them. For example, the synonymous substitution (KS)
rate for matK (the gene encoding a maturase within the trnK intron) is
1.3 times faster than rbcL, whereas rps2 is 1.1 times faster than rbcL
(Wolfe, 1991). The nonsynonymous (KA) rates for matK and rps2 are
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TABLE 1. Taxonomic summary of tribe Cheloneae sensu lato. Approximate number of species in parentheses. Taxa in boldface type represent
Cheloneae sensu stricto.

Cheloneae sensu Wettstein (1891) Geographic distribution Transfers from Cheloneae References

Anastrabe (Benth.) E. Meyer (1) South Africa Bowkerieae (Scophulariaceae) Barringer 1993
Berendtiella Wetts & Harms (4)

(Berendtia)
Central America Mimuleae (Scrophulariaceae)

Gratioleae (Scrophulariaceae)
Burtt 1965
Thieret 1967

Bowkeria Harvey (5) South Africa Bowkerieae (Scrophulariaceae) Barringer 1993
Brandisia Hook.f. & Thomson (13) Eastern Asia Bignoniaceae

Paulownieae (Scrophulariaceae)
Li 1947
Burtt 1965

Brookea Benth. (3) Borneo Gesneriaceae
Cheloneae? (Scrophulariaceae)

Hallier 1903
Burtt 1965

Chelone L. (4) Eastern North
America

None

Chionophila Benth. (2) Western North
America

None

Collinsia Nutt. (17) North America Collinsieae (Scrophulariaceae) Bellini 1907
Pennell 1935
Thieret 1967

Dermatocalyx Oersted
[Schlegelia Miq. (12)]

Central America Schlegelieae (Bignoniaceae)
Schlegelieae (Scrophulariaceae)

Monachino 1949
Armstrong 1985

Freylinia Colla. (4) South Africa Freylinieae (Scrophulariaceae) Barringer 1993
Halleria L. (4) South Africa

Madagascar
Teedieae (Scrophulariaceae) Barringer 1993

Hemichaena Benth. (1) Central America Mimuleae (Scrophulariaceae) Burtt 1965
Gratioleae (Scrophulariaceae) Thieret 1967

Ixianthes Benth. (1) South Africa Bowkerieae (Scrophulariaceae) Barringer 1993
Leucocarpus D. Don (1) Central America

South America
Mimuleae (Scrophulariaceae)
Gratioleae (Scrophulariaceae)

Burtt 1965
Thieret 1967

Paulownia Siebold & Zucc. (6) Asia Paulownieae (Scrophulariaceae) Pennell 1919
Gleason 1952

Bignoniaceae Campbell 1930
Li 1947

Scrophulariaceae Armstrong 1985
Penstemon Mitchell (275) North America Several genera segregated

[Keckiella Straw (7),
Nothochelone (A. Gray) Straw (1),
Pennellianthus Crosswh. (1)]

Straw 1966

Phygelius (Benth.) E. Meyer (2) South Africa Freylinieae (Scrophulariaceae) Barringer 1993
Russelia Jacq. (52) Mexico

Central America
South America

Russelieae (Scrophulariaceae) Pennell 1919
Thieret 1967

Scrofella Maxim. (1) China Veroniceae? (Scrophulariaceae) Burtt 1965
Scrophularia L. (200) Holarctic Verbascaceae (Scrophulariaceae) Straw 1966

Thieret 1967
Synapsis Griseb. (1) Cuba Schlegelieae (Bignoniaceae)

Schlegelieae (Scrophulariaceae)?
Urban 1926
Armstrong 1985

Teedia Rudolphi (2) South Africa Teedieae (Scrophulariaceae) Barringer 1993
Tetranema (Lindley) Benth. (2) Mexico

Central America
None

Tonella (Gray) Nutt. (2) Western North
America

Collinsieae (Scrophulariaceae) Bellini 1907

Uroskinnera Lindley (3) Mexico
Central America

Gesneriaceae
Cheloneae? (Scrophulariaceae)
Cheloneae (Scrophulariaceae)
Scrophulariaceae

Hallier 1903
Burtt 1965
Straw 1966
Thieret 1967

Wightia Wallich (3) Indonesia
Southeast Asia

Bignoniaceae Hallier 1903
Campbell 1930
Li 1947

Scrophulariaceae Steenis 1949

6.3 and 2.7 times faster, respectively, than rbcL (Wolfe, 1991). In ad-
dition, the trnK amplification product includes ø 1000 bp of rapidly
evolving intronic sequence distinct from the matK gene. Our expecta-
tion was that the faster evolving genes would provide enough phylo-
genetically informative restriction sites to resolve relationships at the
tips of the tree, whereas the more slowly evolving genes would facilitate
resolution at the deeper nodes.

PCR amplifications used 0.126 mmol/L of each primer, 1X Taq DNA
polymerase buffer (50 mmol/L KCl, 10 mmol/L Tris-HCl, pH 9.0, 0.1%

Triton X-100; Promega, Madison, WI), 0.8 mmol/L dNTPs, 3.6 mmol/L
MgCl2, 0.63 units of Taq DNA polymerase (Promega), and 1.0 mg DNA
template in 50 mL total volume. The reaction mix was overlaid with
mineral oil and subjected to 35 cycles of 40 s at 948C, 1 min at 488C,
2 min 1 5 s/cycle at 728C, following a 3-min denaturation at 948C. A
5-min extension at 728C followed the amplification cycle. The amount
of PCR product needed for the study included an average of: 2.2 re-
actions totaling 165 mL for rbcL (for 17 restriction digests using 5 mL
PCR product/digest) with a minimum of two reactions (150 mL) and a
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TABLE 2. Taxa included in PCR-product restriction-site variation study of Cheloneae. Specimen vouchers deposited at OKL and VDU.

Taxon Collection data

Nicotiana tabacum L. dePamphilis s.n.
Thunbergia alata (Sim) Bojer dePamphilis 90.71
Campsis radicans (L.) Seem. Wolfe s.n.
Phygelius capensis (Benth.) E. Meyer dePamphilis, Morden and Palmer #844
Anastrabe integerrima (Benth.) E. Meyer Steiner 1902
Halleria lucida L. dePamphilis 90.23
Dermatobotrys saundersii H. Bolus dePamphilis, Morden and Palmer #885
Teedia lucida Rudolphi Steiner s.n.
Paulownia tomentosa (Thunberg) Steudel Hortus Botanicus Hauniensis 3480-129; Wolfe s.n.
Tetranema mexicanum (Lindl.) Benth. Berlin Botanical Garden 040-26-74-74; Wolfe s.n.
Russelia equisetiformis Schlecht. and Cham. dePamphilis 90.70
Pennellianthus frutescens Crosswh. Hokkaido University 13615; Wolfe s.n.
Scrophularia peregrina L. Hortus Botanicus Nationalis Beligii, Wolfe s.n.
Scrophularia alpestris L. Botanischer Garten München-Nymphenburg; Wolfe s.n.
Collinsia grandiflora (Lindl.) Dougl. Botanischer Garten München-Nymphenburg; Wolfe s.n.
Collinsia heterophylla (Grah.) Buist Botanischer Garten München-Nymphenburg; Wolfe s.n.
Tonella floribunda Gray dePamphilis SS# 23
Chelone lyonii Pursh Nelson 131
Chelone obliqua L. Wolfe 586
Nothochelone nemorosa (Dougl.) Straw Wolfe 468
Chionophila jamesii Benth. Wolfe 473
Keckiella corymbosa (Benth.) Straw Wolfe 437
Keckiella lemmonii (Gray) Straw Wolfe 436
Penstemon barrettiae Gray Berry Botanic Garden SB84-112; Wolfe s.n.
Penstemon davidsonii var. menziesii Keck Hortus Botanicus Nationalis Beligii; Wolfe s.n.
Penstemon serrulatus (Smith) Menz. Hortus Botanicus Hauniensis 3423-S1966-1135-259; Wolfe s.n.
Penstemon dissectus Elliot Wolfe s.n.
Penstemon cardinalis W. & S. Botanischer Garten München-Nymphenburg; Wolfe s.n.
Penstemon strictus Benth. Hortus Botanicus Hauniensis 3427-3909-60-259; Wolfe s.n.
Penstemon hirsutus (L.) Willd. Hortus Botanicus Hauniensis 3420-3909-12-259; Wolfe s.n.
Penstemon spectabilis (Gray) Thurb. Wolfe 212
Penstemon personatus Keck Edwards and Carter s.n.

maximum of four reactions (300 mL); 4.6 reactions totaling 350 mL for
trnK (for 18 restriction digests using 5 mL PCR product/digest) with a
minimum of two reactions (145 mL) and a maximum of 12 reactions
(915 mL); 3.2 reactions totaling 277 mL for rps2 (for 15 restriction
digests using 10 mL PCR product/digest) with a minimum of three re-
actions (250 mL) and a maximum of six reactions (600 mL). In general,
it was more difficult to optimize the reactions for trnK compared to the
other two genes. The total Taq DNA polymerase usage for the entire
study was 489.9 units.

Seventeen restriction enzymes were used to cut rbcL PCR products
according to the manufacturer’s instructions: Asp700, BanII, BclI, CfoI,
HaeIII, MspI, TaqI, and XbaI (Boehringer Mannheim, Indianapolis, IN);
AvaII, BstNI, BstYI, DdeI, FokI, MseI, NlaIV, and NsiI (New England
Biolabs, Beverly, MA); and HinfI (American Allied Biochemical, Au-
rora, CO). Fifteen restriction enzymes were used to cut rps2 PCR prod-
ucts: AluI, HinfI, and Sau3AI (American Allied Biochemical), BanII,
BclI, CfoI, EcoRI, HaeIII, HindIII, and MspI (Boehringer Mannheim),
AseI, NlaIV, RsaI, and Sau96I (New England Biolabs); and HincII
(United States Biochemical, Cleveland, OH). Eighteen restriction en-
zymes were used to cut trnK PCR products: Asp700, BanII, BclI, DraI,
EcoRI, EcoRV, and MspI (Boehringer Mannheim); AseI, AvaII, BstNI,
BstYI, DdeI, FokI, NlaIV, NsiI, RsaI and Sau96I (New England Biol-
abs); and BstEII (Promega). AseI, Asp700, BanII, BclI, BstEII, BstYI,
DraI, EcoRI, EcoRV, HincII, HindIII, NsiI, and XbaI each recognize
six base pairs (bp); AvaII, BstNI, and FokI are five-bp cutters; and AluI,
CfoI, DdeI, HaeIII, HinfI, MseI, MspI, NlaIV, RsaI, Sau3AI, Sau96I,
and TaqI have four-bp recognition sites. Each restriction digest used
one unit of enzyme per taxon. Enzyme choice was based on an analysis
of restriction sites in the three genic regions from the tobacco chloro-
plast genome (Shinozaki et al., 1986). Some enzymes had recognition
sites that overlapped. For example, HaeIII (GGCC) recognizes some

sites that are also recognized by NlaIV (GGNNCC). Duplicate restric-
tion sites were counted only once in the phylogenetic analyses.

DNA fragments were separated either on 1.0% agarose or 3.5%
NuSieve (FMC Bioproducts, Rockland, ME) agarose in the presence of
ethidium bromide (EtBr). Restriction-site positions were inferred using
the known DNA sequences and restriction sites of Nicotiana as a tem-
plate for trnK, from Nicotiana, Chelone, Collinsia, Paulownia, Scro-
phularia, and Thunbergia for rbcL; and from Nicotiana, Chelone, Hal-
leria, and Tetranema, for rps2. Restriction-site maps were constructed
and the presence/absence of a site coded as the character state for each
mutation (character) for phylogenetic analysis.

Data analysis—The computer program PAUP 3.1.1 (Swofford, 1993)
was used to analyze cpDNA PCR-MRSP. Wagner parsimony was used
in a heuristic search using 100 random stepwise addition sequences.
The TBR with STEEPEST DESCENT and MULPARS options were
used during the searches, and ACCTRAN was used to optimize branch
lengths. The data were analyzed by two methods: individually by genic
region and combined into one large data set. This approach was taken
to evaluate the information content of each genic region and to deter-
mine if combined and consensus methods would result in similar tree
topologies. For both methods, bootstrap (Felsenstein, 1985) values were
calculated using 100 replicates (RANDOM ADDITION with ten rep-
licates). Decay analysis (Bremer, 1988; Donoghue et al., 1992) on the
combined data set was done as follows: all trees up to three steps longer
were found in heuristic searches (RANDOM ADDITION with ten rep-
licates). After three extra steps, there was insufficient computer memory
to save all of the trees generated, so an abbreviated search via an ‘‘in-
verted constraints’’ method (Johnson and Soltis, 1994) was conducted
to estimate the number of steps required to decay the remaining branch
nodes.
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TABLE 3. Restriction-site information content of PCR-amplified products.

Cheloneae survey

trnK rbcL rps2 Total

Astragalusa

rpoC1/C2

Datiscab

rbcL/ORF106

Galegeaec

rpoC1/C2

Size of PCR-product 2 562 bp 1 382 bp 654 bp 4 598 bp 4 100 bp 3 210–3 320 bp 4 100–4 150
Total nucleotide sites sampledd 447 280 118 845 615 232 556
No. of variable sites 80 37 21 138 38 53 89
No. of informative sites 49 25 12 86 9 38 45
Informative sites/variable sites 0.613 0.676 0.571 0.623 0.263 0.717 0.506
Informative sites/fragment size 0.019 0.018 0.018 0.019 0.002 0.012 0.011
Sites sampled/fragment size 0.175 0.203 0.180 0.184 0.150 0.072–0.070 0.136–0.134

a From Liston, 1992.
b From Rieseberg, Hanson, and Philbrick, 1992.
c From Liston and Wheeler, 1994.
d Includes invariant sites not used in phylogenetic analyses.

Restriction-site differences and sequence divergence estimates were
calculated using SDE 1.2 (Wolfe and Wolfe, 1993), which implements
Eqs. 5.3, 5.38, and 5.41 in Nei (1987), and 3.19, 3.32, and 3.33 in Li
and Graur (1991) and the Jukes and Cantor (1969) correction for mul-
tiple hits. Average restriction-site length was used in the calculations
for each sequence divergence estimate (SDE) of the combined data set
taxa pairs.

RESULTS

Restriction-site variation—A total of 180 restriction
sites was found in this survey and was partitioned as
follows: 89 sites for trnK PCR products (nine invariable,
80 variable, 49 informative sites); 63 sites for rbcL PCR
products (26 invariable, 37 variable, 25 informative
sites); and 29 sites for rps2 PCR products (eight invari-
able, 21 variable, 12 informative sites). Original map data
and the data matrix are available from the senior author.
No insertion or deletions (indels) were detected. At first
glance the number of variable and informative restriction
sites for each PCR-amplified gene appears to be associ-
ated with the size of the PCR product. For example, trnK
produces the largest fragment and the most variable and
informative restriction sites, whereas rps2 produces the
smallest fragment and fewest variable and informative
sites. However, the information content measured in the
ratios of informative to variable sites (0.571-0.676) and
informative sites to fragment size (0.018-0.019) is similar
for each PCR product (Table 3).

The number of restriction-site differences ranged from
zero (within species of Chelone, Keckiella, and Penste-
mon) to 69 (between Nicotiana and Tonella; SDE 5
8.71). Among genera within the Cheloneae s.l., the num-
ber of differences ranged from one (Nothochelone and
Chionophila; SDE 5 0.11) to 46 (Scrophularia and To-
nella; SDE 5 0.540). The number of restriction-site dif-
ferences among species of Penstemon ranged from zero
to ten (SDE 5 0.00-0.93).

The sequence divergences estimated from these data
have lower values than estimates obtained from total
chloroplast DNA restriction-site variation for species
within Penstemon (Wolfe and Elisens, 1995). For exam-
ple, the SDE for P. spectabilis and P. barrettiae was 0.69
based on eight restriction-site differences of cpDNA PCR
products, but was 0.95 based on 25 site differences in a
total cpDNA survey (Wolfe and Elisens, 1995). We in-
terpret this to mean that PCR-based methods provide a
more limited estimate of sequence divergence, which

may result in an underestimate of the amount of diver-
gence when compared to the entire chloroplast genome.

Phylogenetic analyses—The heuristic search of the
combined molecular data sets yielded two most-parsi-
monious trees (Fig. 1) of 228 steps in length, with a con-
sistency index (CI) of 0.605 (0.554 without autapomor-
phies) and a retention index (RI) of 0.792. The two trees
differ primarily in the topology of genera in clade A.

The individual and strict consensus trees depict Thun-
bergia (Acanthaceae) and Campsis (Bignoniaceae) nested
within the Scrophulariaceae of clade A (Fig. 1). These
results are not inconsistent with a polyphyletic Scrophu-
lariaceae. The polyphyletic nature of the Scrophulariaceae
is also supported by rbcL and ndhF sequence data with
genera from other families intercalated between clades of
Scrophulariaceae genera (Olmstead and Reeves, 1995;
Nickrent et al., 1997), and by rps2 and rbcL sequence data
including a larger sample of Scrophulariaceae genera
(dePamphilis, Young, and Wolfe, in press). Our results dif-
fer from Olmstead and Reeves (1995) in that our only
representative of Bignoniaceae was nested within Clade A
(Fig. 1), whereas the Bignoniaceae branched early in the
rbcL and ndhF sequence trees. The placement of Thun-
bergia is similar in both studies based on the relationships
among genera of Scrophulariaceae inferred from rps2 and
rbcL sequence data (Nickrent et al., 1997).

Several monophyletic clades are well supported (Scro-
phularia, Chelone, Collinsia, Keckiella, and Penstemon
subg. Dasanthera and Habroanthus; the sister taxa Col-
linsia and Tonella; and the North American genera; Fig.
1). The South African genera do not form monophyletic
clades, in agreement with recent tribal reassignments pro-
posed by Barringer (1993).

The degree of support for particular nodes, as indicated
by bootstrap and decay index values, do not always cor-
respond (Fig. 1). Examples of agreement are found on
nodes supported by 100% bootstrap values (d5-d18). How-
ever, d5 nodes have bootstraps ranging from 90 to 100%
and d3 nodes have bootstrap values ranging from 76 to
96%.

The individual analyses from each genic region are
inadequate to resolve phylogenetic relationships among
all taxa investigated (Fig. 2a-c). There are 198 most-par-
simonious trnK trees (135 steps; CI 5 0.593 [0.538 with-
out autapormorphies]; RI 5 0.757), a single most-parsi-
monious tree for rps2 (24 steps; CI 5 0.875 [0.850 with-
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Fig. 1. One of two most-parsimonious trees (228 steps; CI 5 0.605; RI 5 0.792) based on combined restriction-site data for trnK, rps2, and
rbcL. Number of synapomorphies supporting node indicated below; decay indices and bootstrap values above. Only bootstrap values above 50%
shown. Branches shown in gray demarcate topological differences with the second most-parsimonious tree. Clade B represents North American
genera. DA 5 Penstemon subg. Dasanthera; SA 5 Penstemon subg. Saccanthera; DI 5 Penstemon subg. Dissecti; HA 5 Penstemon subg.
Habroanthus; PE 5 Penstemon subg. Penstemon; CR 5 Penstemon subg. Cryptostemon. Family names in caps except for Scrophulariaceae; tribal
affiliations of taxa from Scrophulariaceae indicated.

out autapomorphies]; RI 5 0.951), and 1560 trees (58
steps; CI 5 0.638 [0.596 without autapormorphies]; RI
5 0.855) for rbcL. However, the different amplification
product data sets are able to resolve different areas of the
tree. For example, data from trnK and rps2 can be used
to assess New World relationships with trnK having
greater resolution in examining Penstemon and Collinsia/
Tonella, and results from rps2 and rbcL depict the mono-
phyletic relationship of the North American genera. The

combined treefiles of the individual analyses revealed
major agreements among the data sets in that the three
clades found in each analysis also appear in the strict
consensus tree (Fig. 2d). The differences among the data
sets are manifested in the formation of a ‘‘phylogenetic
rake’’ when a strict consensus was performed on all of
the individual trees from the separate analyses (Fig. 2d).
Taken together, the relatively well-resolved tree of the
combined analysis, the lack of resolution of phylogenetic
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Fig. 2. Strict consensus trees from individual genic regions. Bootstrap values above nodes, except for (d). Clades in agreement with strict
consensensus tree from combined data analysis depicted by *. All bootstrap values shown. (a) Strict consensus of 198 trees from trnK analysis;
(b) Single most-parsimonious tree from rps2 analysis; (c) Strict consensus of 1560 trees from rbcL analysis; (d) Strict consensus of combined
treefile representing 1759 trees from trnK, rps2, and rbcL individual analyses.
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trees from individual genes, and the loss of information
from a consensus approach suggest that increasing the
number of characters using a combined data approach
boosted the phylogenetic signal-to-noise ratio (de Quei-
roz, Donoghue, and Kim, 1995) in this study.

Given the small number of total nucleotide sites sam-
pled for the rps2 gene compared to the trnK and rbcL
genic regions (Table 3), it is surprising that the rps2 data
set yielded the most resolved phylogenetic reconstruc-
tion. The number of nodes resolved for each data set were
similar (Fig. 2). However, the rps2 data set exhibited the
least amount of homoplasy as measured by the consis-
tency index for phylogenetic reconstruction compared to
rbcL and trnK. The pattern of these results could be the
consequence of stochastic factors in enzyme choice and/
or number of nucleotides sampled. Alternatively, the pat-
tern observed may reflect the molecular evolution of each
genic region. For example, the proportion of variable po-
sitions at each codon position is distributed across all
codon positions for matK, whereas the major proportion
of variation within the rbcL and rps2 genes are found at
the third codon position (Steele and Vilgalys, 1994; C.
dePamphilis and A. Wolfe, unpublished data). It is pos-
sible that the greater number of potential nucleotide sites
with a faster rate of evolution for matK compared to rbcL
and rps2 facilitates nonhomologous restriction-site losses
that increase the amount of homoplasy in the data set.

DISCUSSION

Taxonomic conclusions: a redefinition of tribe Che-
loneae—The results from this investigation support a re-
definition of tribe Cheloneae to include, at a minimum,
the North American genera Chelone, Nothochelone,
Chionophila, Keckiella, and Penstemon. It is clear from
the polyphyletic nature of the taxa sampled in this inves-
tigation (Fig. 1) that the morphological character ‘‘cy-
mose inflorescence’’ is not a synapomorphy for taxa his-
torically included in tribe Cheloneae. Our results are
compatible with maintaining the tribe Collinsieae, but are
equally congruent with merging the Collinsieae and Che-
loneae. Although several systematists have placed the
east Asian genus Pennellianthus with the North Ameri-
can groups (Straw, 1966; Crosswhite and Kawano, 1970),
our results do not consistently resolve relationships
among New and Old World genera. Phylogenetic recon-
struction based on rps2 sequences (C. dePamphilis et al.,
unpublished data) reveal Tetranema and Chelone as sister
taxa. Our results from individual gene PCR-MRSP anal-
yses (trnK and rps2; Fig. 2a, b) also place Tetranema
and Russelia with the North American genera, and phy-
logenetic reconstruction from rps2 restriction-site data
and the combined data set (Fig. 1) places Pennellianthus
in the Tetranema clade (Fig. 2b). Because the southwest
Asian genus Brookea and the central American genus
Uroskinnera were not sampled for this study, we cannot
define their tribal placements at this time. However, mor-
phological data available for these genera do not exclude
their consideration as members of Cheloneae (Burtt,
1965; Thieret, 1967). The delimitation of Cheloneae ap-
parently includes the North American clade that contains
Chelone, Chionophila, Keckiella, Nothochelone, and
Penstemon, and may very well include what is now clas-

sified as tribe Collinsieae (Collinsia and Tonella). How-
ever, the relationships and/or inclusion of other New
World genera of Cheloneae sensu lato and Old World
Pennellianthus need to be examined with additional data
before any firm taxonomic conclusions can be made as
to the circumscription of tribe Cheloneae in its entirety.

Usefulness of PCR-MRSP for phylogenetic recon-
struction—Most studies that have used cpDNA restric-
tion-site variation sampled the entire chloroplast genome
and used radioisotope labeling techniques. This approach
has the distinct advantage of sampling many nucleotides,
sometimes .3% of the chloroplast chromosome (i.e.,
.4500 bp of a genome of ø 150 kb; Olmstead and Palm-
er, 1994). Clearly, a whole-genome approach yields more
data than a PCR-based approach. The advantages and
constraints of chloroplast whole-genome restriction-site
methods were reviewed by Olmstead and Palmer (1994).

The advantages of PCR-based methods compared to
conventional Southern-blot-based methods for phyloge-
netic analysis highlighted by Olmstead and Palmer
(1994) were: (1) less DNA is required for PCR-based
methods, which is a plus where the amount of DNA or
plant material is limiting, and (2) PCR-based methods
may be preferable where many genome rearrangements
make mapping difficult. In addition to these particular
advantages of PCR methods compared to Southern-blot-
based methods previously proposed we add: (3) elimi-
nation of radioisotope use via direct visualization of DNA
fragments on EtBr-stained gels. Although a chloroplast
whole-genome mapping study can be done with nonra-
dioactive labeling protocols, only one (Wolfe and Elisens,
1995) of the seven chloroplast restriction-site studies
published by Systematic Botany in 1995 used this ap-
proach (Urbatsch and Jansen, 1995; Haufler, Soltis, and
Soltis, 1995; Bogler and Simpson, 1995; La Duke and
Doebley, 1995; Wolfe and Elisens, 1995; Francisco-Or-
tega et al., 1995; Davis, 1995).

The advantages listed above also facilitate the use of
PCR-product restriction-site variation for a feasibility
study prior to a major chloroplast nucleotide sequencing
effort. If there is low sequence divergence estimated
among taxa for a particular genic region, it is doubtful
that a major sequencing project will generate sufficient
data points to adequately resolve relationships utilizing
that area of the chromosome. Additionally, because of the
large database of chloroplast DNA sequences available
for many plant taxa, it is possible to map restriction sites
in chloroplast genes easily by direct comparison of in-
ferred sites to known restriction sites. The challenges asso-
ciated with mapping restriction-site data in whole genome
studies was discussed in Olmstead and Palmer (1994).

We would like to add one final note about whole-ge-
nome and PCR-based approaches to phylogenetic recon-
struction. A major advantage of a whole-genome ap-
proach is the random nature of character sampling (Cum-
mings, Otto, and Wakely, 1995). Phylogenetic reconstruc-
tion based on sequencing contiguous regions of DNA
may not reveal the same pattern of relationships as a
whole-genome tree. By sampling several different genes
in the chloroplast genome, it may be possible to recover
a similar tree topology as a whole-genome approach
(Cummings, Otto, and Wakely, 1995).
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Two factors are important in phylogenetic reconstruc-
tion using a PCR-based method: (1) the number of nu-
cleotides sampled—the more, the better; and (2) the ratio
of informative restriction sites to fragment size. By am-
plifying several genes with varying substitution rates vs.
a single genic region, it is possible to increase the number
of nucleotides sampled and potentially provide resolution
at all levels of the tree. Eliminating intergenic regions
reduces the variability incurred with indels, but makes
mapping of restriction sites easier. However, indels may
provide informative characters if homology can be as-
sessed effectively. The ratio of informative sites to frag-
ment size can be improved by careful selection of restric-
tion enzymes. For example, four-bp cutters will yield
more sites than five- and six-bp cutters. Additionally, by
limiting a survey to nonoverlapping recognition sequenc-
es, the problem of duplicate restriction sites is eliminated.

Previous studies using PCR-product restriction-site vari-
ation examined intergeneric and/or interspecific relation-
ships (Liston, 1992; Rieseberg, Hanson, and Philbrick,
1992; Liston and Wheeler, 1994). Although these studies
used regions with low functional constraints and high rates
of nucleotide substitution, there were few variable and in-
formative restriction sites obtained at the interspecific level
compared to the number of nucleotides sampled per frag-
ment size (Table 3). In contrast, our investigation em-
ployed more slowly evolving genic regions and more re-
striction sites (characters) compared to most of the previ-
ous investigations (Table 3; Wolfe and Liston, 1997).

The phylogenetic reconstruction from our PCR-MRSP
analysis was sufficient to reveal the polyphyletic nature
of the Scrophulariaceae and monophyly of the North
American genera of Cheloneae. Although separate anal-
yses of individual gene-amplification products yielded lit-
tle resolution in our study (Fig. 2), the combined molec-
ular data set was useful in assessing intergeneric phylo-
genetic relationships (Fig. 1). However, there was a
marked lack of resolution, as measured by bootstrap and
decay analyses, within Penstemon (Fig. 1). Interspecific
relationships were resolved at the subgeneric level within
Penstemon, but not below that taxonomic designation
(Fig. 1). Previous investigations (Liston, 1992; Rieseberg,
Hanson, and Philbrick, 1992) were also unable to resolve
interspecific relationships with much relative nodal sup-
port. Our results, added to results from previous studies,
are a strong indication that PCR-product restriction-site
variation is an appropriate tool for phylogenetic analysis
above the species level. It may prove to be particularly
useful in taxa that have highly rearranged chloroplast ge-
nomes (a challenge in constructing restriction-site maps)
and for taxa for which fresh leaf material is unavailable.
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Würtz, Paris.

BOGLER, D. J., AND B. B. SIMPSON. 1995. A chloroplast DNA study of
the Agavaceae. Systematic Botany 20: 191–205.

BREMER, B., R. G. OLMSTEAD, L. STRUWE, AND J. A. SWEERE. 1994.
rbcL sequences support exclusion of Retzia, Desfontainia, and Ni-
codemia from the Gentianales. Plant Systematics and Evolution
190: 213–230.

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

BRUNSFELD, S. J., P. S. SOLTIS, D. E. SOLTIS, P. A. GADEK, C. J. QUINN,
D. D. STRENGE, AND T. A. RANKER. 1994. Phylogenetic relation-
ships among genera of Taxodiaceae and Cuppressaceae: evidence
from rbcL sequences. Systematic Botany 19: 253–262.

BURTT, B. L. 1965. The transfer of Cyrtandromoea from Gesneriaceae
to Scrophulariaceae, with notes on the classification of that family.
Bulletin of the Botanical Survey of India 7: 73–88.

CAMPBELL, D. H. 1930. The relationships of Paulownia. Bulletin of the
Torrey Botanical Club 57: 47–50.

CHASE, M. W., ET AL. 1993. Phylogenetics of seed plants: an analysis
of nucleotide sequences from the plastid gene rbcL. Annals of the
Missouri Botanical Garden 80: 528–580.

CHEN, W., AND J. W. HOY. 1993. Molecular and morphological com-
parison of Pythium arrhenomanes and P. graminicola. Mycological
Research 97: 1371–1378.

COATES, D., AND C. A. CULLIS. 1987. Chloroplast DNA variability
among Linum species. American Journal of Botany 74: 260–268.

CROSSWHITE, F. S., AND S. KAWANO. 1970. Pennellianthus (Scrophu-
lariaceae): a new genus of Japan and USSR. American Midland
Naturalist 83: 358–367.

CUMMINGS, M. P., S. P. OTTO, AND J. WAKELY. 1995. Sampling prop-
erties of DNA sequence data in phylogenetic analysis. Molecular
Biology and Evolution 12: 814–822.

DAVIS, J. I. 1995. A phylogenetic structure of the monocotyledons, as
inferred from chloroplast DNA restriction site variation, and a com-
parison of measures of clade support. Systematic Botany 20: 503–527.

DEPAMPHILIS, C. W., N. D. YOUNG, AND A. D. WOLFE. In press. Evo-
lution of plastid gene rps2 in a lineage of hemiparasitic and holo-
parasitic plants: many losses of photosynthesis and complex pat-
terns of rate variation. Proceedings of the National Academy of
Sciences, USA.

DE QUEIROZ, A., M. J. DONOGHUE, AND J. KIM. 1995. Separate versus
combined analysis of phylogenetic evidence. Annual Review of
Ecology and Systematics 26: 657–681.

DING, S. Y., H.Y. GU, L. J. QU, AND Z. L. CHEN. 1995. A preliminary
study on the use of RFLP analysis of the PCR amplified products
in the systematic investigation of the substribe Astragalinae (Fa-
baceae). Acta Botanica Sinica 37: 97–102.

DONOGHUE, M. J., R. G. OLMSTEAD, J. F. SMITH, AND J. D. PALMER.
1992. Phylogenetic relationships of Dipsacales based on rbcL se-
quences. Annals of the Missouri Botanical Garden 79: 333–345.

DOWNIE, S. R., AND J. D. PALMER. 1994. A chloroplast DNA phylogeny
of the Caryophyllales based on structural and inverted repeat re-
striction site variation. Systematic Botany 19: 236–252.

DOYLE, J. J., AND J. L. DOYLE. 1987. A rapid DNA isolation procedure for
small quantities of fresh leaf tissue. Phytochemical Bulletin 19: 11–15.

FELSENSTEIN, J. 1985. Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39: 783–791.

FRANCISCO-ORTEGA, J., R. K. JANSEN, D. J. CRAWFORD, AND A. SANTOS-
GUERRA. 1995. Chloroplast DNA evidence for the intergeneric re-
lationships of the Macaronesian endemic genus Argyranthemum
(Asteraceae). Systematic Botany 20: 413–422.

GLEASON, H. A. 1952. Scrophulariaceae. In The new Britton and
Brown illustrated flora of the northeastern United States and adja-
cent Canada, vol. 3, 206–252. Lancaster Press, Lancaster, PA.

HALLIER, H. 1903. Ueber die Abgrenzung und Verwandschaft der ein-
zelnen Sippen bei den Scrophulariaceen. Bulletin de L’Herbier
Boissier (ser. 2) 3: 181–207.

HAUFLER, C. H., D. E. SOLTIS, AND P. S. SOLTIS. 1995. Phylogeny of
the Polypodium vulgare complex: insights from chloroplast DNA
restriction site data. Systematic Botany 20: 110–119.



564 [Vol. 84AMERICAN JOURNAL OF BOTANY

HONG, D. 1983. The distribution of Scrophulariaceae in the Holarctic
with special reference to the floristic relationships between eastern
Asia and eastern North America. Annals of the Missouri Botanical
Garden 70: 701–712.

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

JOHNSON, L. A., AND D. E. SOLTIS. 1994. matK DNA sequences and
phylogenetic reconstruction in Saxifragaceae s. str. Systematic Bot-
any 19: 143–156.

JORK, K. B., AND J. W. KADEREIT. 1995. Molecular phylogeny of the
Old World representatives of Papaveraceae subfamily Papavero-
ideae with special emphasis on the genus Meconopsis. Plant Sys-
tematics and Evolution [suppl.] 9: 171–180.

JUKES, T. H., AND C. R. CANTOR. 1969. Evolution of protein molecules.
In H. N. Munro [ed.], Mammalian protein metabolism, 21–132.
Academic Press, New York, NY.

KARL, S. A., AND J. C. AVISE. 1993. PCR-based assays of Mendelian
polymorphisms from anonymous single-copy nuclear DNA: tech-
niques and applications for population genetics. Molecular Biology
and Evolution 10: 342–361.

LA DUKE, J. C., AND J. DOEBLEY. 1995. A chloroplast DNA based
phylogeny of the Malvaceae. Systematic Botany 20: 259–271.

LAVIN, M., S. MATHEWS, AND C. HUGHES. 1991. Chloroplast DNA vari-
ation in Gliricidia sepium (Leguminosae): intraspecific phylogeny
and tokogeny. American Journal of Botany 78: 1576–1585.

LI, H.-L. 1947. Relationship and taxonomy of the genus Brandisia.
Journal of the Arnold Arboretum 28: 127–136.

LI, W.H., AND D. GRAUR. 1991. Fundamentals of Molecular Evolution.
Sinauer, Sunderland, MA.

LISTON, A. 1992. Variation in the chloroplast genes rpoC1 and rpoC2
of the genus Astragalus (Fabaceae): evidence from restriction site
mapping of a PCR-amplified fragment. American Journal of Bot-
any 79: 953–961.

, L. H. RIESEBERG, AND M. A. HANSON. 1992. Geographic par-
titioning of chloroplast DNA variation in the genus Datisca (Da-
tiscaceae). Plant Systematics and Evolution 181: 121–132.

, AND J. A. WHEELER. 1994. The phylogenetic position of the
genus Astragalus (Fabaceae): evidence from the chloroplast genes
rpoC1 and rpoC2. Biochemical Systematics and Ecology 22: 377–388.

MONACHINO, J. V. 1949. A note on Schlegelia and Dermatocalyx. Phy-
tologia 3: 102–105.

NEI, M. 1987. Molecular evolutionary genetics. Columbia University
Press, New York, NY.

NICKRENT, D. L., R. J. DUFF, A. E. COLWELL, A. D. WOLFE, N. D.
YOUNG, K. E. STEINER, AND C. W. DEPAMPHILIS. 1997. Molecular
phylogenetic and evolutionary studies of parasitic plants. In D. E.
Soltis, P. S. Soltis, and J. J. Doyle [eds.], Molecular systematics of
plants, 2d. ed., ch. 14. Chapman and Hall, New York, NY.

OLMSTEAD, R. G., B. BREMER, K. M. SCOTT, AND J. D. PALMER. 1993.
A parsimony analysis of the Asteridae sensu lato based on rbcL
sequences. Annals of the Missouri Botanical Garden 80: 700–722.

, AND J. D. PALMER. 1994. Chloroplast DNA systematics: a
review of methods and data analysis. American Journal of Botany
81: 1205–1224.

, AND P. A. REEVES. 1995. Polyphyletic origin of the Scrophu-
lariaceae: evidence from rbcL and ndhF sequences. Annals of the
Missouri Botanical Garden 82: 176–193.

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

PENNELL, F. W. 1919. Scrophulariaceae of the southeastern United
States. Proceedings of the Academy of Natural Sciences of Phila-
delphia 71: 224–291.

. 1935. The Scrophulariaceae of eastern temperate North Amer-
ica. Academy of Natural Sciences of Philadelphia Monograph
Number 1.

RIESEBERG, L. H., M. A. HANSON, AND C. T. PHILBRICK. 1992. Andro-
dioecy is derived from dioecy in Datiscaceae: evidence from re-
striction site mapping of PCR-amplified chloroplast DNA frag-
ments. Systematic Botany 17: 324–336.

SCHOLIN, C. A., M. C. VILLAC, K. R. BUCK, J. M. KRUPP, D. A. POWERS,
G. A. FRYXELL, AND F. P. CHAVEZ. 1994. Ribosomal DNA sequenc-

es discriminate among toxic and non-toxic Pseudonitzschia species.
Natural Toxins 2: 152–165.

SCHWARZBACH, A. E., AND J. W. KADEREIT. 1995. Rapid radiation of
North American desert genera of the Papaveraceae: Evidence from
restriction site mapping of PCR-amplified chloroplast DNA frag-
ments. Plant Systematics and Evolution [suppl.] 9: 159–170.

SCHWENK, K. 1993. Interspecific hybridization in Daphnia: distinction
and origin of hybrid matrilines. Molecular Biology and Evolution
10: 1289–1302.

SHINOZAKI, K., ET AL. 1986. The complete nucleotide sequence of the
tobacco chloroplast genome: its gene organization and expression.
EMBO Journal 5: 2043–2049.

SIMON, C., C. MCINTOSH, AND J. DENIEGA. 1993. Standard restriction
fragment length analysis of the mitochondrial genome is not sen-
sitive enough for phylogenetic analysis or identification of 17-year
periodical cicada broods (Hemiptera: Cicadidae): the potential for
a new technique. Annals of the Entomological Society of America
86: 228–238.

STEELE, K. P., AND R. VILGALYS. 1994. Phylogenetic analyses of Po-
lemoniaceae using nucleotide sequences of the plastid gene matK.
Systematic Botany 19: 126–142.

STRAW, R. M. 1966. A redefinition of Penstemon (Scrophulariaceae).
Brittonia 18: 80–95.

. 1967. Keckiella: new name for Keckia Straw (Scrophularia-
ceae). Brittonia 19: 203–204.

SUGITA, M., K. SHINOZAKI, AND M. SUGIURA. 1985. Tobacco chloroplast
tRNA-Lys(UUU) gene contains a 2.5-kilobase pair intron: an open
reading frame and a conserved boundary sequence from the intron.
Proceedings of the National Academy Sciences, USA. 82: 3557–3561.

SWOFFORD, D. L. 1993. PAUP: phylogenetic analysis using parsimony,
version 3.1.1. A computer program distributed by the Illinois Nat-
ural History Survey. Champaign, IL.

SYTSMA, K. J., AND L. D. GOTTLIEB. 1986. Chloroplast DNA evolution
and phylogenetic relationships in Clarkia sect. Peripetasma (Ona-
graceae). Evolution 40: 1248–1261.

THIERET, J. W. 1954. The tribes and genera of Central American
Scrophulariaceae. Ceiba 4: 164–184.

. 1967. Supraspecific classification in the Scrophulariaceae: a
review. SIDA 3: 87–106.

. 1972. Synopsis of Hemichaena, including Berendtiella
(Scrophulariaceae). Fieldiana Botany 34: 89–99.

TSUMURA, Y., K. YOSHIMURA, N. TOMARU, AND K. OHBA. 1995. Mo-
lecular phylogeny of conifers using RFLP analysis of PCR-ampli-
fied specific chloroplast genes. Theoretical and Applied Genetics
91: 1222–1236.

URBAN, I. 1926. Synapsis ilicifolia. Repertorium specierum novarum
regni vegetabilis 22: 369–371.

URBATSCH, L. E., AND R. K. JANSEN. 1995. Phylogenetic affinities
among and within the coneflower genera (Asteraceae, Heliantheae),
a chloroplast DNA analysis. Systematic Botany 20: 28–39.

VAN STEENIS, C. G. G. J. 1949. Notes on the genus Wightia (Scroph-
ulariaceae). Bulletin of the Botanical Garden Buitenzorg (ser. 3)
18: 213–227.

WETTSTEIN, R. 1891. Scrophulariaceae. In A. Engler and K. Prantl
[eds.], Die Natürlichen Pflanzenfamilien, IV (3b): 39–107.

WILLIAMS, L. O. 1970. An overlooked genus of the Scrophulariaceae.
Fieldiana Botany 32: 211–214.

WOLFE, A. D., AND W. J. ELISENS. 1995. Evidence of chloroplast cap-
ture and pollen-mediated gene flow in Penstemon section Peltanth-
era (Scrophulariaceae). Systematic Botany 20: 395–412

, AND A. LISTON. 1997. Contributions of PCR-based methods to
plant systematics. In D. E. Soltis, P. S. Soltis, and J. J. Doyle [eds.],
Molecular systematics of plants, 2d. ed., ch. 2. Chapman and Hall,
New York, NY.

WOLFE, K. H. 1991. Protein-coding genes in chloroplast DNA: com-
pilation of nucleotide sequences, data base entries, and rates of
molecular evolution. In L. Bogorad and I. K. Vasil [eds.], The
photosynthetic apparatus: molecular biology and operation, Cell
culture and somatic cell genetics of plants, vol. 7B, 467–482. Ac-
ademic Press, San Diego, CA.

WOLFE, S. A., AND A. D. WOLFE. 1993. SDE: Sequence divergence
estimator, version 1.2. A computer program distributed by the au-
thors. Ohio State University, Columbus, OH.


