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Abstract

Inferences regarding hybridization rely on genetic markers to differentiate parental taxa
from one another. Intersimple sequence repeat (ISSR) markers are based on single-primer
PCR reactions where the primer sequence is derived from di- and trinucleotide repeats.
These markers have successfully been used to assay genetic variability among cultivated
plants, but have not yet been tested in natural populations. We used genetic markers gen-
erated from eight ISSR primers to examine patterns of hybridization and purported exam-
ples of hybrid speciation in Penstemon (Scrophulariaceae) in a hybrid complex involving
P. centranthifolius, P. grinnellii, P. spectabilis and P. clevelandii. This hybrid complex has
previously been studied using three molecular data sets (allozymes, and restriction-site
variation of nuclear rDNA and chloroplast DNA). These studies revealed patterns of
introgression involving P. centranthifolius, but were unsuccessful in determining
whether gene flow occurs among the other species, and support for hypotheses of diploid
hybrid speciation was also lacking. In this study, we were able to fingerprint each DNA
accession sampled with one to three ISSR primers and most accessions could be identi-
fied with a single primer. We found population- and species-specific markers for each
taxon surveyed. Our results: (i) do not support the hybrid origin of P. spectabilis; (ii) do
support the hypothesis that P. clevelandii is a diploid hybrid species derived from P. cen-
tranthifolius and P. spectabilis; and (iii) demonstrate that pollen-mediated gene flow via

hummingbird vectors is prevalent in the hybrid complex.

Keywords: diploid hybrid speciation, genetic marker, introgression, ISSR, Penstemon, pollen-

mediated gene flow

Received 24 November 1997, revision received 23 February 1998; accepted 23 February 1998

Introduction

The importance of hybridization in plants has been a sub-
ject of intense scrutiny for most of the 20th century. Edgar
Anderson (1948; Anderson & Stebbins 1954), Charles B.
Heiser Jr. (1949b), and G. Ledyard Stebbins (1950, 1971)
argued that hybridization could serve as a source of
increased genetic variation, ultimately leading to specia-
tion. In a widely cited opposing opinion, W. H. Wagner Jr.
(1970) argued that hybridization produces evolutionary
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noise by posing the question: ‘In the broad picture of evo-
lution, may these phenomena not merely be trivial aberra-
tions and defects in the biology of plants, produced by
simple genetic transformations or chance fertilizations,
which plants can tolerate, but which have little or no
importance to the big picture?’

Recently, molecular studies have demonstrated that
hybridization does play a significant role in the evolu-
tion of plants (reviewed in Rieseberg & Ellstrand 1993;
Arnold 1997). For example, chloroplast capture has
been inferred in numerous independent lineages from
phylogenetic studies (Rieseberg & Soltis 1991; Brubaker
et al. 1993; Mason-Gamer et al. 1995; Soltis & Kuzoff
1995; Wolfe & Elisens 1995; Schilling & Panero 1996;
Soltis et al. 1996), gene flow within and beyond obvious
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hybrid zones has been documented (Heiser 1973;
reviewed in Rieseberg & Wendel 1993; Arnold 1997),
and new species are known to arise as polyploid
hybrids (reviewed in Soltis & Soltis 1993). Yet while
polyploid hybrid speciation has long been recognized
as an important mechanism of evolution in plants
(Stebbins 1950; Barrington et al. 1989; Phipps et al. 1991;
Haufler et al. 1995; Soltis et al. 1995; Graham 1997), the
importance of hybridization in the formation of diploid
species is less clear (or much less certain), with only a
handful of known examples (Stephanomeria diegensis,
Gallez & Gottlieb 1982; three species of Helianthus,
Rieseberg 1991; Rieseberg et al. 1991; Iris nelsonii, Arnold
et al. 1991; Paeonia, Sang et al. 1995; Encelia virginensis,
Allan et al. 1997).

Documentation of hybridization initially depended on
morphological characters. Hybrid indices were used to
demonstrate intermediacy between parental types to
infer that individuals under consideration either were or
were not of hybrid origin (Anderson 1948, 1949; Heiser
1949a; reviewed in Grant 1981). The complexity of using
morphological characters was compounded with the elu-
cidation that not all characters are additive and that
many morphological features are under complex genetic
control (Gottlieb 1972; reviewed in Meyerowitz 1997).
Flavonoid and allozyme studies offered some help in
terms of deciphering patterns of hybridization, but not
always with complete success (Smith & Levin 1963; Levin
1967; Levy & Levin 1971; Levy 1976; King 1979; some case
studies in Rieseberg & Wendel 1993). Recent develop-
ments in systematics include the use of molecular charac-
ters such as nuclear rDNA and chloroplast DNA
(cpDNA) restriction-site variation, nucleotide sequenc-
ing, and PCR-generated markers (e.g. RAPD (random
amplified polymorphic DNA), AFLP (amplified frag-
ment length polymorphism)). Molecular markers have
clearly been useful in many studies of hybridization, but
are often too invariable to differentiate among closely
related species, or may be technically cumbersome or
expensive for many applications.

Here we report the use of hypervariable nuclear mark-
ers generated from intersimple sequence repeat (ISSR)
PCR reactions to examine patterns of hybridization in
natural populations of a known hybrid complex in the
genus Penstemon (Scrophulariaceae). We chose a group of
plants that have previously been examined using three
other molecular data sets (allozymes, and rDNA and
cpDNA restriction-site variation; Wolfe & Elisens 1993,
1994, 1995) to assess hypotheses of diploid hybrid specia-
tion and introgressive hybridization. We then compare
the results of the present study with previous results to
assess the effectiveness of ISSR banding patterns for elu-
cidating patterns of hybridization and diploid hybrid
speciation.

Materials and methods
Background on Penstemon hybrid complex

Two examples of diploid hybrid speciation proposed by
Straw (1955a,b, 1956a,b) involved four species of Penstenion
with distributions in southern California. The first pur-
ported hybrid species, P. spectabilis, was derived from P.
centranthifolius and P. grinnellii. Ethological isolation was
proposed as the factor stabilizing the wasp-pollinated P
spectabilis from the hummingbird- and carpenter bee-polli-
nated parental species (P. centranthifolius and P. grinnellii,
respectively). The second putative hybrid species, P. cleve-
landii, was derived from P. centranthifolius and P. spectabilis.
P. clevelandii is pollinated by solitary bees as well as hum-
mingbirds. Ecological isolation was invoked as the primary
stabilizing factor because P. clevelandii occurs in habitats
that are different from either of the purported parental
species. Natural hybrids have been found between each
pair of purported parental species (P. X dubius on at least
two occassions with either P. centranthifolius or P. grinnellii;
and P. X parishii is commonly found wherever P. centranthi-
folius and P. spectabilis are in sympatry).

Straw’s hypotheses were based on morphological and
artificial crossing studies as well as studies of pollinator
behaviour, and there was good evidence that the pro-
posed scenarios were probable. In a series of studies using
molecular markers, Wolfe & Elisens (1993, 1994, 1995)
found: (i) that pollen-mediated gene flow was apparent
between P centranthifolius and the insect-pollinated
species in the hybrid complex with most of the gene flow
coming from P. centranthifolius into the other species; (ii)
very few genetic markers to differentiate the closely
related insect-pollinated species; (iii) no support for
hybrid speciation, but no solid evidence to negate the
hypotheses due to a lack of genetic markers; and (iv)
chloroplast capture events in the lineages of the hybrid
complex. Wolfe & Elisens (1995) concluded that the evi-
dence from their molecular studies was more consistent
with a hypothesis of secondary contact and introgression
than hybrid speciation. The evidence used for inferences
of introgression pointed towards patterns involving
nuclear markers of P. centranthifolius compared to each of
the insect-pollinated species, but there was little informa-
tion with which to determine whether hybridization or
hybrid speciation had occurred involving the latter
because of the lack of markers among them.

Background on ISSR markers

Intersimple sequence repeat markers are generated from
single-primer PCR reactions where the primer is designed
from di- or trinucleotide repeat motifs with a 5" or 3”
anchoring sequence of one to three nucleotides (Gupta
et al. 1994; Zietkiewicz et al. 1994). Incorporation of
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anchoring sequences eliminates strand-slippage artefacts
that may otherwise be encountered. Anchoring sequences
are generally random and may include redundant bases
(e.g. RY). Different anchoring sequences used on a com-
mon micosatellite motif produce unique banding profiles.
The amplified regions represent the nucleotide sequence
between two SSR priming sites orientated on opposite
DNA strands (Fig. 1). The premise is that SSR regions are
scattered evenly throughout the genome (Hamada &
Kakunaga 1982; Tautz & Renz 1984; Condit & Hubbell
1991) and the chances of amplifying between two adja-
cent regions within the limits of Tag polymerase proces-
sivity is high enough that a large number of polymorphic
bands should be generated.

ISSR markers are inherited in a dominant or codomi-
nant Mendelian fashion (Gupta et al. 1994; Tsumura et al.
1996). They are interpreted as dominant markers similar
to RAPD data and are scored as diallelic with “band pre-
sent’ or ‘band absent’ (Fig. 1). The absence of a band is
interpreted as primer divergence or loss of a locus
through the deletion of the SSR site or chromosomal rear-
rangement (Wolfe & Liston 1998). The use of ISSR mark-
ers has been restricted to cultivated species (Kantety ef al.
1995; Salimath et al. 1995; Sharma et al. 1995; Wolff et al.
1995; de Oliveira et al. 1996; Tsumura et al. 1996; Yang et al.
1996; Fang & Roose 1997; Fang et al. 1997; Godwin ef al.
1997; Nagaoka & Ogihara 1997; Parsons et al. 1997), but
the use of these new markers in natural populations
shows their potential for a range of applications from
population-level to interspecific studies (Robinson et al.
1997; Wolfe & Liston 1998; this study; A. Liston personal
communication; unpublished data).

PCR reactions

A total of 134 DNA accessions representing 11 taxa of
Penstemon section Gentianoides and section Spectabiles was
included in the study (Table 1). The DNAs were the same
accessions used in previous studies employing nuclear
rDNA and chloroplast restriction-site variation (Wolfe &
Elisens 1994, 1995).
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Fig. 1 Diagram of ISSR primer annealing and possible banding
patterns. A and B refer to intersimple sequence repeat regions
that are amplified if primer sequences anchored on the 5 end of
microsatellite regions are intact. Boxes with hash marks represent
primer sequences orientated in the 5' direction and clear boxes
represent primer sequences on the complementary strand. If all
primer sites are present, two bands will result as in lane 1. If one
or more primer sites are absent, one or both bands may be absent
as in lanes 2—4.

Eight ISSR primers were used in single-primer reac-
tions: 7: (CT)g-RG; 814.1: (CT)g-TG; 17898: (CA)s~RY;
17899: (CA)«—RG; 17901: (GT)~YR; 17902: (GT).~AY;
AW3: (GT)¢-RG; and M1: CAA—(GA)s. Optimization reac-
tions were run on a 1 °C temperature gradient (4047 °C)
with a matrix of different MgCl, and Tag polymerase con-
centrations. After optimization, standard reaction condi-
tions were 0.4 uM primer, 1x Tag polymerase buffer, 0.2 um
dNTPs, 0.25-0.5 U Tag polymerase (Gibco BRL), 3 mm
MgCl,, and 0.5 uL of DNA in a 25 uL volume. We used a
Stratagene Robocyler with the thermocycler program set

Table 1 Collection and DNA accession

Population ~ Collection No. of cpDNA rDNA . . .
N N Locati A . haplot A information for taxa in the Penstemon

o o ocation ceessions aplotype ype hybrid complex. cpDNA haplotype and

. L rDNA type were determined in Wolfe &
Section Gentianoides .
. Elisens (1994, 1995)

P. centranthifolius
1 Wolfe 445 Glenn Co. 5 CE1 CE
2 Wolfe 337 San Benito Co. 2 CE3 CE
3 Wolfe 339 San Benito Co. 1 CE3 CE
4 Wolfe 453 San Benito Co. 1 CE2 CE
5 Wolfe 450 Monterey Co. 1 CE2 CE
6 Wolfe 452 Monterey Co. 2 CE2 CE
7 Wolfe 305 Los Angeles Co. 2 CE3 CE
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Table 1 continued.

Population ~ Collection No. of cpDNA rDNA
No. No. Location Accessions  haplotype  type
8* Wolfe 327 San Bernardino Co. 2 CE3 CE, SP
9 Wolfe 308 Riverside Co. 6 CE3 CE

10* Wolfe 309 Riverside Co. 5 SP2 CE

11 Wolfe 314 Riverside Co. 2 CE3 CE

12 Wolfe 199 San Diego Co. 2 CE3 CE

13 Wolfe 209 San Diego Co. 7 CE3 CE

14 Wolfe 217 San Diego Co. 1 CE3 CE
15t Wolfe 221 San Diego Co. 1 CE3 CE

16* Wolfe 346 San Diego Co. 6 CE3 CE
Natural hybrids

P. X parishii

17% Wolfe 222 San Diego Co. 4 SP2 CE, SP
18" Wolfe 224 San Diego Co. 2 SP2 CE, SP

Section Spectabiles
P. clevelandii var. clevelandii

19 Wolfe 186 San Diego Co. 3 CL2 SP

20 Wolfe 198 San Diego Co. 1 CL2 spP

21 Wolfe 206 San Diego Co. 1 CL2 SpP

22% Wolfe 207 San Diego Co. 1 CL2 CE, SP

P. clevelandii var. connatus

23 Wolfe 313 Riverside Co. 7 CL1 CE, SP

P.spectabilis var. spectabilis

24+ Wolfe 310 Riverside Co. 1 SP2 CE, SP

25 Wolfe 319 Riverside Co. 4 SP2 CE, SP

26% Wolfe 210 San Diego Co. 2 SP2 CE, SP

27 Wolfe 212 San Diego Co. 2 SP2 CE, SP

28 Wolfe 218 San Diego Co. 2 SP2 CE, SP

29 Wolfe 223 San Diego Co. 8 SP2 CE, SP

30% Wolfe 347 San Diego Co. 2 SpP2 spP

P. spectabilis var. subviscosus

31t++ Wolfe 323 San Bernardino Co. 8 SP1 CE, SP

32% Wolfe 326 San Bernardino Co. 2 SP1 CE, SP

P. grinnellii var. grinnellii

33 Wolfe 306 Los Angeles Co. 5 GR GR

34 Wolfe 331 Los Angeles Co. 2 CE3, GR CE, GR
35 Wolfe 332 Los Angeles Co. 2 GR GR

36 Wolfe 333 Los Angeles Co. 1 GR GR

P. grinnellii var. scrophularioides

37 Wolfe 299 Kern Co. 8 GR CE, GR
38 Wolfe 303 Kern Co. 4 GR CE, GR
39 Wolfe 464 Kern Co. 4 GR CE, GR
P. incertus

40 Wolfe 459 Kern Co. 1 IN IN

41 Wolfe 465 Kern Co. 2 IN IN

P. palmeri var. palmeri

42 Wolfe 291 Utah: Washington Co. 2 PA2 PA

43 Wolfe 292 Nevada: Clark Co. 3 PA3 PA

44 Wolfe 293 Nevada: Clark Co. 1 PA3 PA

P. palmeri var. eglandulosa

45 Wolfe 282 Arizona: Mohave Co. 2 PA1 PA

46 Wolfe 283 Arizona: Mohave Co. 1 PA1 PA

*Population sympatric with P. spectabilis.

tPopulation sympatric with P. X parishii.

$Population sympatric with P. centranthifolius.

Abbreviations: CE = P. centranthifolius, CL = P. clevlandii, XP = P. X parishii, SP = P. spectabilis,
GR = P. grinnellii.
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at 1.5 min at 94 °C; 35 cycles of 40 s at 94 °C, 45 s at 44 °C or
45°C, 1.5 min at 72 °C; 45 s at 94 °C, 45 s at 44 °C, 5 min at
72 °C; 6 °C soak. Replicate accessions were assayed in sep-
arate experiments to verify repeatability of results.
Negative controls where all reagents but DNA were
added to the reaction mix were run with each experiment.

PCR reactions were characterized on 1.5% agarose gels
in 1x TAE buffer by loading entire reaction volumes into
prepared wells. Gels were run until the bromophenol blue
markers ran 10 cm (5 h at 80 mA) and then were stained
with ethidium bromide (EtBr). ISSR bands were visual-
ized on a UV transilluminator and were documented dig-
itally using an Alpha Innotech imaging system (Alpha
Innotech Corporation). The digital image files were trans-
ferred in a TIFF format to a PowerMac 7500 and analysed
using the BioMax 1D image analysis software (Eastman
Kodak Company). Fragment sizes were estimated based
on 1-kb ladder size standards (Gibco BRL) according to
the algorithm provided in the BioMax 1D software.
Fragment sizes were used to assign loci for each primer.
Bands were scored as diallelic for each assigned locus (1 =
band present; 0 = band absent).

Data analysis

We calculated the total number of bands and distribution
of bands across taxa, number of polymorphic bands, aver-
age number of bands per primer for each taxon, and
bands shared among taxa. Several categories of marker
bands were defined: (i) bands present in at least 25% of all
populations and 25% of all DNA accessions of a single
taxon were designated as marker bands for that taxon if
those bands were found in only a few populations and/or
individuals of the other species in the hybrid complex; (ii)
bands present in at least 25% of all populations but not in
25% of all DNA accessions of a single taxon were identi-
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fied as potential markers for that taxon, but not used for
calculations reserved for marker bands; (iii) bands present
in more populations or accessions of one taxon compared
to the others assayed were identified, but not used in cal-
culations to estimate levels of gene flow. Eight popula-
tions included in this survey reflected sympatric
distributions between P. centranthifolius and P. spectabilis,
and both populations of P. X parishii are sympatric with
one or both parental species (Table 1). Because sympatry
between P. centranthifolius and P. spectabilis is common and
hybridization has been consistently observed between
sympatric populations (Straw 1955a; Wolfe & Elisens
1993, 1994, 1995), we assayed the distribution of markers
among populations as a whole and with sympatric popu-
lations excluded. One population of P. clevelandii was
sympatric with P. centranthifolius (Table 1) and the distri-
bution of markers from P. centranthifolius was calculated
in the same fashion.

A distance matrix was generated from the raw data
matrix of 1s and Os by using a computer program written
by Vera Ford (unpublished; University of California,
Davis). Pairwise average similarity comparisons between
groups of DNA accessions representing specific taxa were
also calculated. Vera Ford’s program only considers band
matches in the estimation of distance and similarity val-
ues. UPGMA trees were generated for both the distance and
similarity matrices using PHYLIP (Felsenstein 1995).

Results

A total of 286 ISSR bands was scored with a range of bands
per taxon of 60-184 (Table 2). ISSR banding profiles were
capable of fingerprinting each DNA accession in this study
with one to three primers. Most accessions could be identi-
fied using a single primer. Some accessions within the
same population required three primers for assigning a

Table 2 Summary of ISSR bands scored. Abbreviations are as shown in Table 1; numbers in parentheses represent the number of DNA
accessions contributing to the average number of bands per primer for each taxon (*)

Primer Total no. Size range
Primer sequence of bands of bands (kb) CE(46) SP((31) GR((6) CL(13) PA(9) XP (6) IN (3)
7 (CT)s-RG 26 553-3000 4.2* 4.5* 4.0* 4.3* 1.4% 5.2* 1.3*
814.1 (CT)s-TG 24 446-2491 3.3 3.3 2.8 4.5 34 4.2 1.3
17898 (CA)¢-RY 28 539-2117 3.6 2.9 3.4 3.3 4.0 4.8 2.3
17899 (CA)¢-RG 51 300-3300 6.8 6.5 6.3 9.0 12.5 9.5 10.3
17901 (GT)e=-YR 46 497-3000 45 45 55 5.7 6.1 47 3.7
17902 (GT)g~AY 35 479-2600 5.2 5.9 6.0 7.2 7.1 5.7 6.0
AW3 (GT)¢-RG 31 373-2900 5.2 4.1 5.4 53 4.0 4.7 3.3
M1 CAA—(GA)s 45 471-3600 8.3 7.2 7.8 7.5 9.0 6.7 10.3
Average 35.8 457-2876 5.1 4.8 52 5.8 59 5.7 48
Total no. of bands 184 164 149 140 105 108 60
Per cent bands 95 90 88 89 91 72 83

polymorphic
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genotype. There was an apparent correlation of the num-
ber of DNA accessions with the number of bands scored:
the more accessions surveyed per taxon, the higher the
number of bands within taxa (Table 2). The percentage of
polymorphic bands ranged from 72 to 95 with no apparent
trend with regard to the number of accessions surveyed
(Table 2). Only one band was found in all populations
(absent from only three DNA accessions), and two addi-
tional bands were nearly monomorphic across all taxa.
The average number of bands per primer ranged from 1.3
to 12.5 with the average number of bands across all
primers ranging from 4.8 to 5.9 (Table 2). Among the 3'-
anchored SSR primers, the CA- and GT-repeats yielded a
higher average number of bands per primer than the CT-
repeats. However, the 5'-anchored GA-repeat primer (M1)
had approximately the same average number of
bands/ primer as one of the CA-repeat primers (17899).
All ISSR bands scored ranged from 300 to 3600 bp
(Table 2). Bands running faster than 300 bp migrated off
the gel matrix before EtBr staining and were not scored.
The majority of bands scored were in the range of 500 to
2000 bp. We observed no major discrepancies among
replicate experiments in that bands scored from one set of
reactions were identical to subsequent reactions. This pat-
tern has held through trials with several other genera (A.

D. Wolfe et al. unpublished; A. Liston ef al. unpublished).
In addition, negative controls had no amplification
products.

Taxon-specific ISSR bands were found for each species
(Table 3). Penstemon centranthifolius had the most Category
I and II marker bands (47) plus eight private bands (those
restricted to a single taxon; data not shown) that could be
classified as Category I or II markers; P. spectabilis had
nine Category I or Il marker bands; P. grinnellii had eight
Category I or I marker bands plus seven private bands of
that classification; P. clevelandii had three Category I or II
marker bands plus one additional private band that could
be classified as Category I. Marker bands were not
assayed for P. incertus and P. palmeri because they are not
part of the hybrid complex.

P. clevelandii and P. X parishii had an additive pattern of
Category I and II markers from P. centranthifolius and P.
spectabilis (Table 3). When considering the distribution of
markers as a whole and those that can be inferred as the
result of introgression (e.g. from sympatric populations or
where P. X parishii shares bands with one or both parental
species), most of the marker bands from P. centranthifolius
found in P. clevelandii result from an additive pattern and
not from introgression, whereas the majority of P. centran-
thifolius bands found in DNA accessions from P. spectabilis

Table 3 Distribution of ISSR bands among taxa in the hybrid complex arranged by groups of taxa and in alphanumerical order of primer

names and loci. Abbreviations are as shown in Table 1

Bands shared
among taxa ISSR locus* Marker* CE 16 (46)t CL5 (13)t XP2(6)t SP9(31)t+ GR7(26)t
CE/CL 814-1770 CE 5 (10) 1(1) 1(1) 0(0) 0(0)
1(1)
17898-1110 CE 10 (17) 1(1) 0(0) 0(0) 0(0)
33)
17899-300 ce/cl 1) 1) 0(0) 0(0) 0(0)
17899-617 ce 3(4) 2(2) 0(0) 0(0) 0(0)
17899-647 ce 34 2(2) 1(1) 0(0) 0(0)
22) 1(1)
17898-900 ce 3(5) 1) 0(0) 0(0) 0(0)
17899-1110 CE 5(09) 1) 0(0) 0(0) 0(0)
24)
17899-1524 CE 4(8) 1) 1) 0(0) 0(0)
1(5)
17899-1658 ce 2(2) 1) 0(0) 0(0) 0(0)
17899-2092 cl 1) 1(2) 0(0) 0(0) 0(0)
1(1)
17901-2200 CL 24) 3(5) 1) 0(0) 0(0)
24)
17902-1166 CE 4(6) 1) 0(0) 0(0) 0(0)
24)
17902-1325 ce/cl 2(2) 2(2) 0(0) 0(0) 0(0)
1(1)
M1-1000 CE 7 (12) 1(1) 1(1) 0(0) 0(0)
12)
M1-2800 CE 6 (16) 4(8) 1) 0(0) 0(0)
2(10)
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Table 3 Continued

Bands shared
among taxa ISSR locus* Marker* CE 16 (46)t CL5 (13)t XP2(6)t SP9(31)t GR7(26)t
CE/XP 17898-1175 ce 4(4) 0(0) 1) 0(0) 0(0)
2(2)
17899-2503 ce 2(3) 0(0) 2(4) 0(0) 0(0)
1(1)
17901-2100 CE 4(13) 0(0) 1(1) 0(0) 0(0)
2@3)
17902-918 ce 1(1) 0(0) 1(1) 0(0) 0(0)
M1-630 CE 7 (15) 0(0) 1(2) 0(0) 0(0)
2(6)
CL/XP 814-1699 cl 0(0) 1) 1) 0(0) 0(0)
CL/SP 7-681 sp 0(0) 1) 0(0) 1(2) 0(0)
1(2)
814-712 SP/CL 0(0) 3(9) 1(1) 5(14) 0(0)
2(5)
814-743 sp 0(0) 2(2) 0(0) 3(3) 0(0)
2(2)
1(1)
17901-1785 sp 0(0) 1) 1) 2(2) 0(0)
1(1)
17901-2700 SP 0(0) 1(1) 1(1) 3(5) 0(0)
1(1)
17902-1850 SP/CL 0(0) 3(6) 1) 7 (14) 0(0)
1(1) 23)
2@3)
AW3-703 sp 0(0) 1(1) 0(0) 2(5) 0(0)
1(1) 1)
AW3-1230 CL 0(0) 4(8) 1(2) 24) 0(0)
1(1)
XP/SP 7-3000 sp 0(0) 0(0) 1(2) 1(1) 0(0)
1(1)
17898-1531 sp 0(0) 0(0) 1(1) 1(1) 0(0)
1(1)
17901-1411 SP 0(0) 0(0) 1(2) 34
1(1)
CE/CL/SP 7-1040 CE 5(5) 2(3) 1(1) 1(1) 0(0)
1(1) 1(1)
7-1170 CE 8(12) 1(3) 0(0) 1(2) 0(0)
1(1)
17899422 CL 1(1) 3(3) 0(0) 1(1) 0(0)
1(1) 1(1) 1)
17899-1146 CE/CL 4(5) 3(7) 1(1) 1(2) 0(0)
1(1)
17899-1357 CE 11 (19) 1(1) 2(2) 3(3) 0(0)
3(5) 1(1)
1)
17899-1843 CE 6(12) 2(2) 0(0) 4(5) 0(0)
1(2) 2(2)
1(2)
17902-720 CE 12 (34) 3(4) 2(3) 2(3) 0(0)
3(11) 1(1) 1(1)
17902-2000 CE 15 (25) 2(2) 1(1) 2(2) 0(0)
3(10) 1(1)
17902-2300 CE 7 (14) 2(3) 0(0) 1(1) 0(0)
2(2) 1(1)
M1-471 sp 1(1) 1(1) 1(2) 3(3) 0(0)
2(2)
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Table 3 Continued

Bands shared
among taxa ISSR locus* Marker* CE 16 (46)t CL5 (13)t XP2(6)t SP9(31)t GR7(26)t
CE/SP
(nonintrogressive)+
17899-569 ce/sp 1(1) 0(0) 0(0) 1(1) 0(0)
CE/SP
(introgressive)f
7-2300 CE 4(7) 0(0) 1) 1(1) 0(0)
2(@3)
814-913 CE 10 (27) 0(0) 1(2) 1(2) 0(0)
3(12)
17899-451 CE/SP 15 (31) 0(0) 0(0) 8 (17) 0(0)
3(8) 306)
1(5)
17901-543 CE 4(7) 0(0) 1(1) 1) 0(0)
13) 1(1)
17901-805 CE 10 (21) 0(0) 1) 1(2) 0(0)
3(6)
17901-1240 CE 4(4) 0(0) 1(3) 2(3) 0(0)
1(1) 1(1)
17901-1370 CE/SP 7 (16) 0(0) 0(0) 409 0(0)
2(4) 24)
1(3)
17901-1765 sp 1) 0(0) 0(0) 2(3) 0(0)
1(1) 1)
17902-866 ce/sp 2(3) 0(0) 0(0) 3(3) 0(0)
1) 2(2)
AW3-680 CE/SP 409 0(0) 0(0) 4(5) 0(0)
3(7) 2(2)
1(1)
AW3-880 CE 16 (43) 0(0) 2(4) 2(2) 0(0)
3(13) 1(1)
M1-900 ce 2(3) 0(0) 0(0) 1(2) 0(0)
1)
M1-2125 sp 1) 0(0) 0(0) 2(2) 0(0)
1)
SP/GR 7-1600 sp 0(0) 0(0) 0(0) 2(4) 1(1)
1)
17899-950 GR 0(0) 0(0) 0(0) 2 (6) 5 (18)
17899-1804 SP 0(0) 0(0) 0(0) 3(6) 2(2)
24
17901-1334 SP 0(0) 0(0) 0(0) 3(5) 1(1)
1(2)
17901-1700 GR 0(0) 0(0) 0(0) 1(1) 409
1(1)
AW3-478 sp/gr 0(0) 0(0) 0(0) 1(1) 1(1)
1(1)
M1-743 GR 0(0) 0(0) 0(0) 2(3) 409
1(1)
M1-2659 SP 0(0) 0(0) 0(0) 5(7) 1(1)
1(1)
1(2)
CE/SP/GR 17898-1030 CE 7 (10) 0(0) 1(2) 1(1) 1(2)
1(1) 11
17898-1150 CE 7(9) 0(0) 0(0) 3(4) 1(1)
3(4) 1(1)
1(2)
17899-520 spec 1(1) 0(0) 0(0) 3(3) 4(6)
1(1)
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Table 3 Continued

Bands shared
among taxa ISSR locus* Marker* CE 16 (46)t CL5 (13)t XP2(6)t SP9(31)t GR7(26)t
17899-1730 CE 6 (13) 0(0) 1(1) 1(1) 1(1)
2(4) 1(1)
17899-2477 CE 7(19) 0(0) 1(1) 5(7) 1(2)
2(5) 2(2)
13)
17901-1100 CE 4(4) 0(0) 1(1) 1(1) 2(2)
1(1) 1M
17902-567 SP 4(7) 0(0) 1(1) 8 (16) 2(2)
1(2) 2(3)
2(5)
17902-673 GR 1(1) 0(0) 0(0) 2(2) 4(6)
2(2)
AW3-593 CE 10 (17) 0(0) 0(0) 2(2) 1(1)
2(3) 1(1)
AW3-1100 GR 2(6) 0(0) 0(0) 1(1) 6(9)
2(6)
M1-2078 GR 3(3) 0(0) 0(0) 1(1) 5(8)
1(1)
CE/GR 17898-866 GR 1(1) 0(0) 0(0) 0(0) 2(7)
1(1)
17901-1219 CE/GR 4(8) 0(0) 1(1) 0(0) 3(11)
1(1)
17901-1846 ce 1) 0(0) 1(2) 0(0) 1)
17902-941 CE/GR 4(7) 0(0) 0(0) 0(0) 4(4)
1)
AW3-439 (gr) 1(1) 0(0) 0(0) 0(0) 2 (5)
AW3-1423 ce/gr 3(5) 0(0) 0(0) 0(0) 2(7)
13)
M1-1900 CE 6 (16) 0(0) 0(0) 0(0) 1(1)
M1-1950 CE 13 (30) 0(0) 1(3) 0(0) 2(2)
3(8)
CL/GR
XP/GR
CL/XP/GR 17901-1173 cl/gr 0(0) 1(1) 0(0) 0(0) 1(1)
17901-1450 Cl/gr 0(0) 1(2) 0(0) 0(0) 3(3)
17901-1669 Cl/gr 0(0) 2(2) 0(0) 0(0) 3(6)
17901-1867 Cl/gr 0(0) 2(2) 0(0) 0(0) 2(3)
17902-1368 cl/gr 0(0) 2(3) 1(1) 0(0) 2(2)
17902-1723 gr 0(0) 0(0) 1) 0(0) 1)
AW3-933 GR 0(0) 2(2) 0(0) 0(0) 7 (24)
SPEC 7-617 SPEC 0(0) 4(7) 1(2) 9(27) 5(9)
3(4)
2(10)
7-721 SPEC 0(0) 2(2) 1(1) 2(2) 3(7)
1@
7-805 spec 0(0) 1(1) 0(0) 2 (3) 1(1)
1(1)
1(2)
814-1600 SP 0(0) 1(1) 0(0) 5(8) 1(2)
2(2)
1(4)
17898-555 SPEC 0(0) 5(12) 2(5) 9(29) 6 (15)
1(1) 3(5)
2(9)
17898-1200 SPEC 0(0) 2(6) 2(3) 2(3) 6 (15)
1(1)
1(2)
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Table 3 Continued

Bands shared
among taxa ISSR locus* Marker* CE 16 (46)t CL5 (13)t XP2(6)t SP9(31)t GR7(26)t
17899-686 SPEC 0(0) 2(2) 0(0) 3(3) 1(1)
2(2)
17899-829 SPEC 0(0) 5(10) 2 (5) 5(7) 4 (11)
1(1) 1(1)
2(3)
17899-911 SPEC 0(0) 1(1) 0(0) 2(2) 4(8)
1(1)
11
17899-1461 spec 0(0) 1(2) 0(0) 2(4) 2(3)
1(1)
11
17899-1676 SPEC 0(0) 2(6) 2(4) 6 (11) 6(8)
3(@3)
17899-1922 SPEC 0(0) 4(8) 2 (5) 1(3) 6 (14)
17899-2252 SPEC 0(0) 3(4) 1(1) 1(1) 4(13)
1(1) 1(1)
17899-2800 SPEC 0(0) 4(8) 1(1) 4(4) 1(1)
1(1) 1(1)
17901-670 SPEC 0(0) 1(1) 0(0) 2(2) 3(6)
11
17901-1042 SPEC 0(0) 4(4) 0(0) 7 (16) 7 (20)
1(1) 3(5)
1(5)
17902-810 SPEC 0(0) 4(11) 1(1) 9 (24) 7 (22)
3(4)
2(10)
17902-1400 SPEC 0(0) 4 (6) 2 (5) 5(6) 6 (14)
1(1)
AW3-373 SPEC 0(0) 4(10) 2(4) 9(31) 6 (14)
1(1) 3(5)
2(10)
AW3-837 SPEC 0(0) 5(11) 1(1) 9 (24) 7 (22)
1(1) 3(4)
2(8)
AW3-1358 SPEC 0(0) 5(13) 2(3) 9 (26) 7 (23)
1(1) 3(4)
2(8)
M1-1809 spec 0(0) 1(1) 0(0) 1(1) 1(1)
M1-1850 SPEC 0(0) 5(10) 2(2) 9 (30) 6 (15)
1(1) 3(5)
2(10)
M1-2330 SPEC 0(0) 1(2) 0(0) 3(3) 1(1)
1(1)
11
CE/SPEC 7-1670 CE 14 (41) 2(3) 2(3) 1(1) 1(1)
2(11) 1(1)
814-1020 CE 14 (27) 1(1) 2(3) 3(4) 3(4)
3(7) 1)
17898-1330 CE 16 (44) 2(3) 1(4) 6 (10) 2(6)
3(13) 1(1) 2(2)
11
17898-1600 CE 10 (20) 3(4) 2(5) 4(6) 2 (5)
2(3) 1(1) 1(1)
1(2)
17899-715 SP 2(2) 3(7) 2(5) 7 (21) 0(0)
1(1) 2(3)
2(8)
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Bands shared
among taxa ISSR locus* Marker* CE 16 (46)t CL5 (13)t XP2(6)t SP9(31)t GR7(26)t
17899-1234 SPEC 2 (4) 3(5) 1(2) 5(12) 2 (4)
1(3) 2(3)
17899-1315 CE 3(6) 1(2) 0(0) 1(1) 1(1)
1(2)
17901-885 SPEC 1(1) 4(7) 1(1) 4 (11) 6(9)
2(5)
17901-1475 CE 10 (16) 1(2) 1(1) 3(4) 1(3)
3(6) 1(1)
11
17901-2400 SP 1(1) 3(3) 1(1) 2(4) 4(7)
1(1) 1(1)
17902-1220 CE 6 (10) 0(0) 2(2) 1(1) 3(5)
2(2)
17902-2200 SPEC 2(2) 3(7) 1(2) 9 (24) 7 (20)
2(2) 1(1) 3(5)
2(9)
AW3-640 CE 12 (28) 5(9) 2(6) 4(4) 1(1)
1(4) 1(1) 1(1)
1@
AW3-1575 CE 8 (20) 1(1) 1(1) 1(1) 1(2)
3(6)
AW3-1800 SPEC 1(1) 4 (5) 0(0) 6(7) 2(2)
2(2)
1(2)
AW3-2000 CE 16 (43) 1(2) 1(3) 0(0) 1(1)
3(12)
M1-880 SPEC 1(1) 5(12) 1(1) 8(24) 7 (22)
1(1) 3(4)
2(8)
M1-1060 CE 6(9) 2(2) 0(0) 0(0) 1(1)
2(5)
M1-1132 CE 7 (7) 1(2) 0(0) 2(2) 1(2)
1(1) 1(1)
M1-1220 SPEC 1(1) 1(3) 0(0) 2(2) 7 (20)
1(1)
1
M1-1600 CE 14 (26) 1(1) 0(0) 2(2) 4 (5)
3(6) 1)
M1-1750 CE 10 (17) 1(2) 0(0) 2(3) 3(6)
2(4) 1)
M1-2460 CE 10 (19) 2(5) 0(0) 2(4) 1(1)
3(7) (1)
M1-2900 CE 6(9) 2(3) 1(2) 2(2) 1(1)
1(1) 1(1)
M1-3400 CE 6 (11) 2(2) 1(3) 4(5) 1(1)
2(5) 2(2)

*Loci and taxa in bold upper-case letters denote Category I marker bands where the band is present in at least 25% of all populations and
individuals of taxon indicated; taxa in lower-case letters denote Category II bands present in at least 25% of populations indicated, but in
less than 25% of all individuals; taxa in upper-case letters (not bold) denote Category Il bands where bands are present in more

populations and/ or individuals of that taxon compared to others in the hybrid complex.

tNumber of populations (number of individuals); boldface shows distribution of markers exclusively shared by pairs of taxa or pairs
with P. X parishii included. Italics indicate distribution of ISSR bands where populations of P. centranthifolius are sympatric with either P.
spectabilis or P. clevelandii (refer to Table 1). Numbers underlined indicate number of populations (number of individuals) of P. specctabilis
ssp. subviscosus, which has the chloroplast genome of P. grinnellii (Wolfe et al. 1995).
Introgressive bands shared inferred from distribution of bands in sympatric populations or where bands also occur in the F; hybrid
between P. centranthifolius and P. spectabilis.
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can be attributed to introgression (Tables 3, 5). This same
pattern holds for total bands (Table 4).

One other clear pattern is apparent from the distribu-
tion of marker bands among taxa. The proportion of
marker bands from the hummingbird-pollinated P. cen-
tranthifolius in populations of the insect-pollinated species
of section Spectabiles is nearly twice that of marker alleles
from species of section Spectabiles into populations of P.
centranthifolius (Table 5). The distribution of markers
among the insect-pollinated species is also asymmetrical
with a higher proportion of P. spectabilis markers appear-
ing in populations of P. clevelandii and P. grinnellii than
vice versa. There is also a higher similarity between P. cen-
tranthifolius or P. spectabilis with either P. X parishii or P,
clevelandii (Table 5), and between P. X parishii and P. cleve-
landii than there is between the two purported parental
taxa P. centranthifolius and P. spectabilis. One anomalous
result is the occurrence of P. grinnellii markers in P. cleve-
landii (0.400). This result is from a single ISSR band
(AW3-933) appearing in two individuals from two popu-
lations of P. clevelandii (Table 3) and may represent conver-
gence or retention of an ancestral polymorphism because

the distributions of P. clevelandii and P. grinnellii are
largely allopatric.

Private bands (not shared among species, but may have
appeared in the F1 hybrid P. X parishii) were distributed as
follows: P. centranthifolius = 37 (plus five additional shared
only with P. X parishii); P. clevelandii = 9 (plus one addi-
tional band shared only with P. X parishii); P. X parishii = 2;
D. spectabilis =12 (plus three additional shared only with P.
X parishii); P. grinnellii = 16; P. incertus = 1; P. palmeri = 13.
Private bands are taxon specific, but these were not
included in calculations performed in assessing potential
introgression.

The urGMA tree from the distance matrix was able to
resolve all DNA accessions into species groups with the
exception of one accession each from P. spectabilis and P.
grinnellii (Fig. 2). Where multiple DNA accessions were
available, ISSR data were also able to resolve seven popu-
lations of P. centranthifolius, both populations of P. X
parishii, one population each of P. spectabilis, P. incertus,
and P. palmeri, and three population groups of P. grinnellii
based on geographical proximity. In addition, northern
and southern lineages of P. centranthifolius were resolved

Table 4 Distribution of total (marker and nonmarker) ISSR bands from Penstemon centranthifolius shared among populations of P. cleve-

landii and P. spectabilis.

Proportion not Proportion not
P. centranthifolius Total no. of Total no. of associated with Total no. of associated with
ISSR band type* CEISSR bands CE Bands in SP CE/SP sympatryt CE Bands in CL CE/CL sympatryt
CE1 131 86 22% 66 70%
CE2 53 25 8% 25 84%
Total 184 111 19% 91 74%

*CE1 = ISSR bands present in populations of P. centranthifolius where some populations are sympatric with P. spectabilis; CE2 = ISSR
bands present in populations of P. centranthifolius where no populations are sympatric with P. spectabilis. tProportion of bands not associ-
ated with sympatry represents proportion CE1 or CE2 bands found in nonsympatric populations of either P. spectabilis or P. clevelandii.

Abbreviations are as shown in Table 1.

Table 5 Proportion of Category I ISSR

CEt CLt XP Spt GR marker bands (refer to Table 3) distributed
among taxa.
CE - 0.370% (0.219)*  0.477 (0.280) 0.288 (0.125) 0.232(0.101)
0.310 (0.196) 0.142 (0.063)

CL 0.125 (0.087) - 0.500 (0.250) 0.222 (0.129) 0.000 (0.000)
XP 0.000 (0.000) 0.000 (0.000) - 0.000 (0.000) 0.000 (0.000)
SP 0.188 (0.098)

0.156 (0.076) 0.500 (0.423) 0.667 (0.389) - 0.214 (0.077)
GR 0.125 (0.075) 0.400 (0.154) 0.000 (0.000) 0.155 (0.077) -

Proportion = number of bands observed / maximum possible number of bands.

t Where two sets of numbers appear in table, the top set is for all populations and the
lower set is the proportion distributed among populations where sympatry between
Penstemon centranthifolius and either P. clevelandii or P. spectabilis is absent.

Proportion for +populations *(individuals).
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and concurred with the same grouping observed with
cpDNA restriction site data (Fig. 2; Wolfe & Elisens 1995).

One population of P. X parishii clustered with P. centran-
thifolius, whereas the other population clustered with a
single DNA accession of P. clevelandii in a cluster contain-
ing P. spectabilis accessions (Fig. 2). All DNA accessions of
P. clevelandii are clustered within the larger P. spectabilis
group. Accessions of P. palmeri form a cluster that is out-
side the hybrid complex, but P. incertus clusters with
several populations of P. grinnellii.

The UPGMA trees based on distance (Fig. 2) and average
similarity values between groups (Fig. 3) show topologies
that are more highly resolved than phylogenetic recon-
structions based on rDNA and cpDNA restriction-site
mapping (Wolfe & Elisens 1994, 1995), and greater resolu-
tion of species groups than UPGMA trees based on
allozyme identity coefficients (Wolfe & Elisens 1993).
Sister relationships are inferred between P. grinnellii/P.

CE
= XP
=

CL
= XP

—=
= SP
- I e
— -
o= | | o
SN
— Iie==, | ra

GR

Fig. 2 UPGMA tree generated from distance matrix. Populations of
all species are resolved into discrete clusters except for two acces-
sions as illustrated. The light grey cluster represents the northern
populations of Penstemon centranthifolius, which have the CE1
and CE2 chloroplast haplotypes (Table 1). Clusters depicted by
hashmarks represent the two populations of P. X parishii included
in the study.
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UPGMA OF AVERAGE SIMILARITY
BETWEEN GROUPS

CE
CL
—1—

XP

GR
g —
PA

Fig. 3 UPGMA tree generated from average similarity values of
taxon groups.

incertus and P. spectabilis | P. clevelandii. Penstemon centran-
thifolius is more distantly related to the insect-pollinated
species in agreement with all previous analyses (Wolfe &
Elisens 1993, 1994, 1995). In addition, P. X parishii clusters
with P. spectabilis and P. clevelandii in the average similar-
ity tree (Fig. 3), but shows affinities with P. clevelandii and
P. centranthifolius in the distance tree (Fig. 2).

Discussion

In contrast to previous molecular studies of the hybrid
complex (Wolfe & Elisens 1993, 1994, 1995), we were able
to differentiate all species and all DNA accessions using
ISSR markers (Fig. 2). Penstemon centranthifolius was the
most clearly demarcated species, in agreement with pre-
vious studies, but each of the insect-pollinated species of
section Spectabiles was also identified with species-spe-
cific ISSR bands (Table 3) and populations of each species
cluster as a discrete unit (Fig. 2). This fine resolution
enabled us to address the hypotheses of diploid hybrid
speciation (Straw 1955b, 1956a,b) as well as the questions
of whether gene flow occurs among the species of section
Spectabiles.

Hybrid speciation

The criteria needed to support a hypothesis of diploid
hybrid speciation include an additive profile of parental
nuclear genetic markers and the organelle genome of at
least one of the parental taxa (Wolfe & Elisens 1995). These
criteria differ slightly for ancient vs. recent hybrid species
(e.g. population level patterns, and the accumulation of
novel markers in both the nuclear and organellar
genomes) and depend entirely on being able to differenti-
ate the parental taxa from one another (Wolfe & Elisens
1995).

The classic example of diploid hybrid speciation result-
ing from ethological isolating factors involved the forma-
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tion of P. spectabilis (Straw 1955b, 1956a,b). Several authors
used this scenario to illustrate rapid speciation (Baker
1963; Stebbins 1971; Grant 1981). Straw’s hypothesis was
based on morphological evidence, field observations of
pollinator behaviour, and the results from artificial cross-
ing studies involving P. centranthifolius and P. grinnellii.
The morphological evidence was compelling in that artifi-
cial hybrids between the parental taxa strongly resembled
the morphological appearance of P. spectabilis. The obser-
vation that floral isolating mechanisms were extremely
strong was also good support for the hybrid speciation
hypothesis. For example, carpenter bees are unable to
enter the corolla of P. centranthifolius and P. spectabilis,
hummingbirds are apparently inefficient pollinators of P.
spectabilis and P. grinnellii due to the positioning of the
stamens and stigma, and wasps are observed only in P.
spectabilis flowers. Only two historical collections are
known of the natural F; hybrid between P. centranthifolius
and P. grinnellii, P. X dubius. However, the rarity of this
taxon does not necessarily mean that it was not more
abundant in the past when speciation leading to P.
spectabilis occurred. Introgression of genes from P. centran-
thifolius into P. grinnellii has been observed with allozyme
and rDNA restriction-site data in addition to documenta-
tion of chloroplast capture events involving these species
(Wolfe & Elisens 1993, 1994, 1995); therefore it is obvious
that the opportunity for hybrid speciation has historically
been available.

Allozyme and rDNA restriction-site patterns revealed
no additive pattern of markers from the purported
parental species, P. centranthifolius and P. grinnellii in the
hypothesized hybrid (Wolfe & Elisens 1993, 1994). In the
current study, we had many additional markers for both
parental species and there were also no additive patterns
observed here (Tables 3, 5). In addition, P. spectabilis had a
well-differentiated chloroplast haplotype, with the excep-
tion of one subspecies that has apparently undergone a
chloroplast capture event in the past and is more closely
related to the P. grinnellii cpDNA haplotype than to its sis-
ter subspecies (e.g. the SP1 haplotype has only two
restriction-site differences compared to the GR haplotype:
Table 1; Wolfe & Elisens 1995). We conclude therefore that
P. spectabilis is not a diploid hybrid species.

The other hypothesized diploid hybrid species in
Straw’s (1955b, 1956a,b) hybrid complex is P. clevelandii.
This hypothesis was based on the strong morphological
resemblance of P. clevelandii to the natural hybrid between
P. centranthifolius and P. spectabilis, P. X parishii. P. cleve-
landii and P. X parishii share numerous floral and leaf char-
acteristics (e.g. magenta corollas of intermediate shape
and size compared to the parental taxa; Hall 1902; Keck
1937; Straw 1955b). P. centranthifolius and P. spectabilis
occur in sympatry throughout the range of P. spectabilis
and P. X parishii is found in most populations where

sympatry occurs. The evidence for historical and current
introgression of genes from P. centranthifolius into popula-
tions of P. spectabilis and vice versa is also compelling
(Tables 3, 4, 5; Wolfe & Elisens 1993, 1994, 1995).

There is strong support for the diploid hybrid origin of
P. clevelandii in that this species has an additive profile of
ISSR markers from both its purported parental species (P.
centranthifolius and P. spectabilis; Tables 3, 5) and has a
higher genetic similarity to P. X parishii than the latter has
to the same parental taxa (Wolfe et al. 1998). P. clevelandii
also shares a larger proportion of ISSR marker bands with
P. X parishii than P. X parishii does with P. centranthifolius
and has the highest proportion of marker bands shared
between P. centranthifolius and P. spectabilis than any other
pair of taxa surveyed except for the known hybrid, P. X
parishii. (Tables 3, 5, Wolfe et al. 1998).

P. clevelandii has consistently appeared as a sister
species to P. spectabilis in phylogenetic reconstructions
based on molecular data (Wolfe & Elisens 1994, 1995). The
same pattern holds with ISSR data (Figs 2, 3). In addition,
P. X parishii accessions cluster with either P. centranthifolius
or P. clevelandii in the UPGMA analysis (Fig. 2). P. clevelandii
has many unique allozyme alleles and private or marker
ISSR bands as well as distinct cpDNA haplotypes (Wolfe
& Elisens 1993, 1995). One alternative hypothesis that
should be considered is whether hybridization occurs
between P. clevelandii and P. spectabilis or between P. cleve-
landii and P. X parishii. Three ISSR band loci show a poten-
tial for hybridization involving these taxa (CL: 901-2200;
CL AW3-1230; and cl 814-1699; Table 3). At 901-2200 and
AWB3-1230, either P. centranthifolius or P. spectabilis also
have bands for these alleles. In the case of 814-1699, the
band is exclusively shared between P. clevelandii and P. X
parishii. Eighteen marker bands from P. centranthifolius
occur in P. X parishii as well as P. clevelandii and four
marker bands from P. spectabilis occur in both. Given the
pattern of these latter markers, it is clear that gene flow is
occurring between these taxa and it is most likely that the
ISSR bands shared between P. clevelandii and P. X parishii
represent historical or current hybridization between P.
centranthifolius and P. spectabilis. The current results taken
together with previous molecular studies support a
hypothesis that P. clevelandii is a diploid hybrid species of
ancient origin.

Penstemon X parishii

The F, hybrid between P. centranthifolius and P. spectabilis
had a primarily additive pattern of ISSR bands for both
parental species (Table 3). In addition, P. X parishii had two
private alleles and bands shared exclusively with P. cleve-
landii and P. grinnellii. Most molecular data sets reveal
completely additive patterns of hybrid taxa with no
unique markers. Our results are consistent with the
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hypervariable nature of ISSR bands and probably reflect
genetic recombination artefacts.

Patterns of introgression

Sympatric distributions account for most of the gene flow
observed between P. centranthifolius and P. spectabilis
(Tables 3, 4, 5). As noted above, natural hybrids are
observed in these populations. However, there is a lack of
hybrid swarm formation and apparent later-generation
backcrosses (Straw 1955a; A. D. Wolfe, personal observa-
tion). Introgression of genes from P. centranthifolius into
populations of P. grinnellii also occurs outside the range of
their distributional overlap (Wolfe & Elisens 1993, 1994,
1995). The pattern of introgression was asymmetrical with
more alleles from the hummingbird-pollinated P. centran-
thifolius appearing in all insect-pollinated species of sec-
tion Spectabiles surveyed. Wolfe & Elisens (1995) proposed
that pollen-mediated gene flow via hummingbirds
explained the patterns observed.

With the more-sensitive assay offered using ISSR mark-
ers, we were able to address the pollen-mediated gene
flow hypothesis and to also examine whether evidence
for hybridization among the insect-pollinated species
exists. Each of the insect-pollinated species in the hybrid
complex had ISSR marker bands (Table 3). We also desig-
nated bands that were markers for species of section
Spectabiles as a whole compared to P. centranthifolius. The
distribution of ISSR markers from P. centranthifolius into
each of the insect-pollinated species considered individu-
ally and as a whole, and vice versa, strongly support
Wolfe & Elisens’s (1995) hypothesis of pollen-mediated
gene flow. For example, 13 out of 47 marker bands specific
to species of section Spectabiles (considered from individ-
ual species or from markers designated as SPEC) are
found in populations of P. centranthifolius, whereas 45 out
of 47 marker bands specific to P. centranthifolius are found
in species of section Spectabiles distributed in one, two or
three of the species (16, 15, and 14, respectively; Table 3).
The proportion of markers bands is also weighted toward
distribution of bands from P. centranthifolius into section
Spectabiles rather than the converse distribution (Table 5).

With regard to the question of gene flow between
species in section Spectabiles, the pattern that emerges
from our study is that more ISSR markers from P.
spectabilis occur in populations of P. clevelandii, P. X
parishii, and P. grinnellii than the converse arrangement
(Table 5). In addition, there is one ISSR marker from P.
grinnellii exclusively shared with P. clevelandii, but no
markers from P. clevelandii apparent in populations of P.
grinnellii (Table 3). Because there is very little distribu-
tional overlap between the latter two species, it is most
likely that the shared band results from retention of an
ancestral polymorphism rather than hybridization. In
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contrast, the range overlap of P. spectabilis with P. cleve-
landii is extensive throughout their distributions, and
there is considerable overlap between P. spectabilis and P.
grinnellii in the transverse mountain ranges near Los
Angeles.

It is possible that much of the ISSR marker distribution
among species of section Spectabiles results from retention
of ancestral polymorphisms. However, the possibility also
exists for gene flow given the natural history of the group.
For example, although wasp pollination and visitation are
restricted to P. spectabilis, hummingbirds visit all species
in the hybrid complex. The pattern of pollen-mediated
gene flow discussed previously (Wolfe & Elisens 1995)
matches hummingbird migrational patterns throughout
southern California (Grant & Grant 1968), which are
largely along an elevational gradient as the flowering sea-
son progresses. The elevational ranges of the species of
section Spectabiles are 185-1400 m, 500-1800 m, and
800-2900 m for P. spectabilis, P. clevelandii, and P. grinnellii,
respectively. The elevational range of P. centranthifolius is
10-2000 m. Given the geographical and elevational distri-
bution ranges of all species in the complex, it seems likely
that hummingbirds are important vectors of gene
exchange among these species of Penstemon.

Straw (1956a) hypothesized that floral isolating mecha-
nisms were strong among these species because of the
adaptations to different pollinators. It is also evident that
floral isolating mechanisms are sufficiently strong to
maintain species identity even with the limited amounts
of gene flow observed here and in previous studies. For
example, no hybrid swarms have been observed among
any pairs of taxa where sympatry has been observed and
introgression patterns observed from morphological
observations are minimal. How are species boundaries
maintained given the patterns of introgression observed
here and in previous studies? Grant (1993) outlined three
scenarios relating to floral isolation when hybridization is
involved between ornithophilous and sphingophilous
species: (i) if hummingbirds dominate pollination of the
hybrid population, selection would be skewed toward
ornithophilous characters; (ii) if hawkmoths dominate,
sphingophilous characters would dominate the selection
filter; and (iii) if visits from both pollinators were equiva-
lent, selection would be for flowers with intermediate
characteristics. In the Penstemon hybrid complex, hum-
mingbirds are the common vector for each species and
apparently cause relatively small amounts of pollen-
mediated gene flow. However, the dominant and most
effective pollinators for each of the species of section
Spectabiles are the ‘legitimate’ insect pollinators. Floral iso-
lating mechanisms and species identities are maintained
in this hybrid complex because the selection pressure for
insect pollination exceeds selection pressure for hum-
mingbird floral syndromes in section Spectabiles.
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Utility of ISSR bands in natural populations

Wolfe & Liston (1998) reviewed the literature on ISSR
applications and found that ISSR marker studies have
previously been restricted to cultivated species. The abil-
ity of ISSR markers to resolve relationships among culti-
vars was of prime interest in designing a test of the utility
of the method for use in natural populations. Our study
group was chosen specifically because three other molec-
ular data sets were available for comparison. One possi-
ble drawback to the hypervariability of these markers
was that they might prove to be unusable for studies of
natural populations or for species-level studies. Our
results clearly show the utility of ISSR markers for
addressing questions of hybridization and diploid
hybrid speciation. Furthermore, we have demonstrated
the increased resolution to be gained in assessing rela-
tionships among species and for testing hypotheses of
hybridization by using ISSR markers compared to other
molecular methods. The ability to fingerprint individuals
in a population via a method that is technically feasible
and cost-effective should prove extremely useful for
applications ranging from population genetics to ecologi-
cal and systematics studies.

Tests of the utility of the method for population-level
studies have demonstrated that ISSR bands may be effec-
tive in identification of clonal vs. sexual reproduction in
Festuca idahoensis (Robinson et al. 1997), identification of
ramets and clusters of siblings in an endangered orchid,
Cypripedium fasciculatum (A. Liston, personal communica-
tion), and for estimating diversity among populations of
rare and endangered plants (A. D. Wolfe et al. unpub-
lished). The high degree of polymorphic bands obtained
by using ISSR markers may prove useful where applica-
tions of RAPD markers have been ineffective (Wolfe &
Liston 1998). One feature of using these markers for
examination of hybridization was the lack of resolution of
all populations into discrete clusters in the UPGMA tree
(Fig. 2). It is probable that the lack of population resolu-
tion in our study results from introgression of ‘foreign’
ISSR markers into populations. It remains to be seen
whether ISSR bands will be effective in examining biogeo-
graphic patterns among populations of a single species
that is not subject to hybridization.

Although ISSR markers have great potential use in pop-
ulation- and species-level studies, it is not yet clear as to
whether ISSR bands represent nuclear markers or a com-
bination of nuclear and organellar markers. We can prob-
ably eliminate the plastid genome as a source of ISSR
bands because only mononucleotide SSRs have been
found in vascular plant plastid DNA sequences, with the
exception of a single (AT);, repeat found in the genome of
the holoparasite, Epifagus virginiana (Powell et al. 1995a,
b). No information is available as to whether di- or trinu-

cleotide SSRs are found in mitchondrial DNA. However,
in one study where inheritance patterns of ISSR markers
have been examined, three ISSR bands were found to
behave in a non-Mendelian fashion (e.g. Pseudotsuga men-
ziesii; Tsumura et al. 1996).

Recommendations for use of ISSR markers

ISSR markers offer many improvements over other avail-
able techniques including: (i) small amounts of DNA may
be used; (ii) small reaction volumes and amounts of
enzyme are needed for PCR; (iii) the hypervariability of
banding patterns; (iv) fresh or large quantities of material
for DNA extraction are not required; (v) no specialized
apparatus (e.g. automated sequencer, autorad develop-
ment, etc.) or kits required other than those needed for
standard PCR techniques; and (vi) banding patterns are
easily scorable. Primers should be selected that will not
yield overlapping results. For example, the primers
(CA)g-RY and (CA)g—AT will have some bands at the
same loci and scoring these bands separately will weight
identical data points. In addition, the higher annealing
temperatures used for ISSR reactions may reduce the
amount of template—primer mismatch artefacts than may
be encountered with RAPD markers, which generally rely
on lower annealing temperatures. Many researchers who
have compared RAPD and ISSR methods have found that
ISSR markers exhibit higher levels of polymorphism
and/or reproducibility compared to RAPD markers
(Yang et al. 1996; Nagaoka & Ogihara 1997; Parsons et al.
1997). In addition, where a direct cost comparison was
made among RFLP (restriction fragment length polymor-
phism), RAPD, and ISSR techniques, the latter was found
to be the most economical per polymorphism observed
($29, $57, and $10, respectively; Yang et al. 1996).

A consistent protocol for scoring bands should be
implemented at the beginning of data analysis and main-
tained throughout the study. We found digital imaging
and band scoring far superior to our attempts to score
bands manually, and digital techniques eliminated a
source of potential bias during data analysis. In the
absence of digital technology, we recommend the elimina-
tion of questionable bands from the analysis. With the
hypervariability of ISSR markers, it is unlikely that the
elimination of a subset of the data will have a major
impact on the results.

It is probable that switching from agarose to a polyacry-
lamide gel matrix will improve resolution of banding pat-
terns and fragment sizing. Several of the bright bands
scored in our analysis may represent more than one locus
and could be of potential use in resolution of population
patterns. In addition, switching from EtBr staining to
radioactive labelling of the amplicons may also increase
resolution in that more scorable bands may be produced
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compared to analysis of EtBr-stained agarose gels
(Godwin et al. 1997).

Limitations of the technique are similar to those
encountered in the use of RAPD markers: (i) clean DNA
template and similar concentrations among accessions
are required for standardization of reactions; (ii) opti-
mization of initial reactions is needed; (iii) bands are
scored as dominant markers; and (iv) genetic diversity
estimates are based on diallelic characters. Even with
these few limitations, we believe that ISSR markers will
provide an attractive alternative to RAPD markers and a
technique that is much more easily implemented than
amplified fragment length polymorphisms (AFLP;
reviewed in Wolfe & Liston 1998). Our examination of
hybridization and tests of hybrid speciation hypotheses
have demonstrated that ISSR markers offer a much
higher degree of resolution of species relationships and
patterns of introgression than available with conven-
tional molecular methods. ISSR markers clearly have
great potential in studies of natural plant populations in
addition to their demonstrable utility in analysis of
cultivated species.
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