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ABSTRACT. A phylogenetic study was conducted on current members (Chelone, Chionophila, Keckiella, Nothochelone, Pen-
nellianthus, Penstemon, and Tetranema) and former members (Collinsia, Freylinia, Halleria, Russelia, Scrophularia, Tonella) of tribe
Cheloneae to test for monophyly, examine biogeographic patterns, and assess relationships of Cheloneae to genera previously
excluded from the tribe. Nucleotide sequence data from ITS and matK used in separate and combined analyses yielded
congruent trees. Our results provide evidence that Collinsia and Tonella should be transferred from Collinsieae to Cheloneae
and that Russelieae should be expanded to include Tetranema. Our results also indicate a New World origin for Cheloneae
with dispersal of the Asian component over Beringia. North American Cheloneae may have originated in the Klamath Region
of the western United States with expansion to the Rocky Mountain/Columbia Plateau region followed by diversification of
several genera. We propose a post-Tertiary evolutionary radiation of the large North American genus Penstemon.

Tribe Cheloneae is a member of Scrophulariaceae
by traditional convention (Bentham 1846), but the tax-
onomy is in transition because results from phyloge-
netic analyses of chloroplast sequence data suggest the
family is not monophyletic (Olmstead and Reeves
1995; Wolfe et al. 1997; Olmstead et al. 2001). However,
a phylogeny inferred from nuclear rDNA ITS sequenc-
es supports the monophyly of Scrophulariaceae (Wolfe
1999). Proposed name changes for the clade to which
Cheloneae belongs include Plantaginaceae (Judd et al.
1999) and Veronicaceae (Olmstead et al. 2001). Here we
retain the conservative familial placement of Cheloneae
in Scrophulariaceae with the expectation that future
molecular, anatomical, developmental, cytological, and
morphological studies will yield a more stable taxon-
omy.

The Cheloneae were first named by Don (1837), first
described by Bentham (1846), and were last treated as
a whole by Wettstein (1891). Wettstein (1891) included
26 genera in his circumscription of Cheloneae, of which
20 were transferred to other tribes or families in the
Lamiales (reviewed in Wolfe et al. 1997). Penstemon
Mitchell was redefined by Straw (1966, 1967) who seg-
regated Keckiella Straw, Nothochelone (A. Gray) Straw,
and Pennellianthus Crosswh.(Crosswhite and Kawano
1970), thus adding three genera to the tribe.

The primary character used to circumscribe Che-
loneae (Bentham 1846; Wettstein 1891) was the pres-
ence of a cymose inflorescence, which has not re-
mained a synapomorphy for the tribe as originally de-
scribed (reviewed in Wolfe et al. 1997). If possession
of a cymose inflorescence is not a robust synapomor-
phy, it is necessary to determine which characters, if
any, unite these genera. In terms of vegetative char-
acters, Brookea Benth., Uroskinnera Lindley, and Keckiella
are shrubs and many species of Penstemon are shrubs
or sub-shrubs (Michener 1986). All other genera are

herbaceous perennials. Stem morphology ranges from
angular to round, and leaf morphology is variable
within as well as among genera. Floral characters are
also heterogeneous among genera. For example, the
form of the nectary varies from nectar secreting hairs
at the base of the stamens (i.e., epistaminal in Penste-
mon and Chionophila Benth.), to a hypogynous disk (all
other genera). Whereas most members of the tribe have
flowers with a well developed or reduced staminode,
Brookea is unique in the absence of this structure at
floral maturity. The five sepals of the calyx may be
fused as in Brookea, Uroskinnera, and Chionophila or free,
and may enclose the capsule at fruit maturation (Uros-
kinnera). The corolla is generally tubular, but there is
considerable variation in the shape (galeate to nonga-
leate), amount of bearding within the corolla throat,
and the length and reflexion of the corolla lobes. Fruit
and seed characters are also variable. Capsules may
have loculicidal (Tetranema (Lindley) Benth., Uroskin-
nera, Chionophila) or septicidal dehiscence and seeds
can be either winged (Chelone L., Nothochelone, Chiono-
phila) or angular. Clearly, the tribe as circumscribed
retains a great deal of morphological heterogeneity. A
goal of this study is to identify morphological char-
acters that can be interpreted as synapomorphies for
Cheloneae.

At present, Cheloneae consists of nine genera dis-
tributed from Asia to North and Central America:
Brookea with four species endemic to Borneo; Chelone
with four species in eastern North America; Chionophila
with two disjunct species in the Rocky Mountains of
North America; Keckiella with seven species in south-
western North America from Arizona to the Mt. Shas-
ta region of California, south to the Mexican state of
Baja California Norte; Nothochelone, monotypic and re-
stricted to the Cascade and coastal ranges of the Pacific
Northwest of North America; Pennellianthus, monotyp-
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ic with a distribution from Japan and the Kurile Is-
lands to the Kamchatka Peninsula; Penstemon with ca.
275 species endemic to North America, primarily in
the western cordillera, but ranging as far east as the
Atlantic coast and as far south as Guatemala; Tetranema
with 6 species distributed from Mexico to Central
America (Grayum and Hammel 1995); and Uroskinnera
consisting of six species in Mexico and Guatemala
(Schultes 1941; Daniel and Breedlove 1992). Whereas
the North American genera have been widely collected
and studied (Pennell 1935; Straw 1966; Wolfe et al.
1997; Nelson and Elisens 1999), the Asian and Central
American taxa are poorly represented in North Amer-
ican herbaria and have not been studied beyond their
initial descriptions or monographs (Pennell 1925;
Schultes 1941; Crosswhite and Kawano 1970; Daniel
and Breedlove 1992; Yamazaki 1994).

Background Information On North American
Cheloneae. Wettstein (1891) included the North
American genera Chelone, Chionophila, Collinsia Nutt.,
Penstemon, and Tonella (Gray) Nutt. in his treatment of
the Cheloneae. Collinsia and Tonella are the only genera
with an annual habit and a nectary at the base of the
staminode. These two characters were used to segre-
gate Collinsia and Tonella to a separate tribe (Collin-
sieae) by Bellini (1907) and Pennell (1935).

Three genera of Cheloneae are primarily mesic. Che-
lone is a forest understory herb, whereas Nothochelone
is distributed in moist montane habitats. Species of
Chionophila are adapted to alpine habitats and, based
on the possession of epistaminal nectaries, Straw
(1966) hypothesized that it ‘‘branched from the stock
leading to Penstemon at an early time.’’

Keckiella is distributed in xeric habitats as are most
species of Penstemon. However, many polyploid species
of Penstemon tolerate mesic habitats (e.g., P. digitalis, P.
globosus and other members of sect. Penstemon).

Penstemon is the only genus of Cheloneae divided
into subgenera. Two subgenera are monotypic: Cryp-
tostemon (P. personatus), which is endemic to a small
border area between Butte and Plumas Counties, Cal-
ifornia, and Dissecti (P. dissectus), which is found only
in southern Georgia. The largest subgenus is Penste-
mon, comprised of ca. 200 species partitioned into nine
sections and 20 subsections distributed throughout the
range of the genus. The remaining subgenera are: Ha-
broanthus with two sections and ca. 50 species distrib-
uted from South Dakota to the Pacific coast and into
Mexico; Saccanthera with ca. 30 species placed into two
sections found from Idaho and Utah westward to the
Pacific Coast; and Dasanthera with nine species in the
western cordillera system of Canada and the United
States.

Phylogenetic and Biogeographic Hypotheses for the
Cheloneae. Most phylogenetic and biogeographic hy-
potheses proposed for the Cheloneae have focused on

the North American genera. Straw (1966) proposed a
Neotropical origin for the North American Cheloneae
with radiation of the genera as part of the Nearctic-
Tertiary flora. The extension of the tribe into Asia pre-
sumably occurred before the break-up of Beringia dur-
ing the late Tertiary. Hong (1983) also proposed the
migration of Cheloneae across Beringia from North
America to Asia before the end of the Miocene some
12 million years ago. Straw (1966) hypothesized that
Pennellianthus, Chelone, and Nothochelone were basal
members of the tribe, and Keckiella diverged before
Penstemon and Chionophila. Penstemon and Chionophila
were proposed as sister genera because of shared ep-
istaminal nectaries. The distribution of extant species
of Chionophila and Penstemon subgenera suggested this
lineage originated in the central Rocky Mountains and
adjacent Columbia Plateau (Straw 1966).

Based on the taxonomic distribution of fungal rusts,
Savile (1968) disagreed with Straw’s (1966) phyloge-
netic hypotheses and proposed that Keckiella was the
most basal member of Cheloneae with Nothochelone,
Chelone, and Pennellianthus positioned basal to Penste-
mon, which was interpreted as the most derived taxon.
Savile (1968) also proposed the following relationships
among subgenera within Penstemon: subg. Dasanthera
as the basal lineage, and possibly distinct enough to
merit generic status, and subg. Saccanthera derived
from subg. Penstemon. Finally, Crosswhite and Kawano
(1970) suggested it is unlikely that Pennellianthus and
Chelone are closely related based on differences in hab-
itat preference (Pennellianthus adapted to xeric habitats
versus mesic for Chelone). They also hypothesized that
Pennellianthus and Chelone were derived from the line-
age leading to Penstemon.

Based on restriction site variation from PCR-ampli-
fied chloroplast genes, Wolfe et al. (1997) proposed a
redefinition of Cheloneae to include, at minimum, Che-
lone, Nothochelone, Chionophila, Keckiella, and Penstemon.
Their results also suggest a close relationship of Col-
linsia and Tonella with North American Cheloneae and
a close relationship among Pennellianthus, Tetranema,
and Russelia Jacq.. Olmstead et al.(2001) did not include
a sufficient sampling of taxa from Cheloneae to assess
phylogenetic relationships among these genera, but in-
ferred a close relationship among Chelone, Collinsia,
and Tetranema.

The objectives of this investigation were to use nu-
cleotide sequence data to (1) test hypotheses of mono-
phyly for the North American Cheloneae, (2) test pre-
vious phylogenetic and biogeographic hypotheses us-
ing a phylogeny inferred from molecular data, and (3)
examine patterns of morphological and chromosomal
evolution within Cheloneae.

MATERIALS AND METHODS

Sampling. Genera representing all North American members
of Cheloneae, including representatives of all six subgenera of Pen-
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TABLE 1. Taxa used in phylogenetic analysis of Cheloneae. Vouchers are deposited in aOKL, bOS, cUTC dISU. Tribal affinities from
most recent studies are listed. Tetranema is tentatively listed with Russelieae as a result of this study (Fig. 2). Genbank Accession numbers
listed for ITS and matK, respectively (matK is missing for Collinsia parviflora).

Taxon Collection GenBank accession #’s

Antirrhineae
Antirhinum majus

Cheloneae
Chelone lyonii
Chelone obliqua

Wolfe s.n.b

Nelson 131a

Wolfe 586b

AF375150, AF375189

AF375163, AF375201
AF375164, AF375202

Chionophila jamesii
Chionophila tweedyi
Collinsia grandiflora
Collinsia heterophylla
Collinsia parviflora
Keckiella breviflora

Wolfe 473b

Datwyler 110b

Wolfe s.n.b
Wolfe s.n.b
Wolfe 546b

Wilson 3487b

AF375167, AF375205
AF375166, AF375204
AF375155, AF375193
AF375153, AF375192
AF375154
AF375161, AF375199

Keckiella cordifolia
Keckiella corymbosa
Keckiella lemmonii
Keckiella rothrockii
Keckiella ternata

Wilson 3513b

Wolfe 437b

Wolfe 436b

Wilson 3512b

Valenzuela 43b

AF375162, AF375200
AF375160, AF375198
AF375158, AF375196
AF375159, AF375197
AF375157, AF375195

Nothochelone nemorosa
Penstemon subg. Cryptostemon

Penstemon personatus
Penstemon subg. Dasanthera

Penstemon davidsonii

Wolfe 603b

Edwards & Carter s.n.a

Datwyler 39b

AF375165, AF375203
AF375184, AF375222

AF375173, AF375211

Penstemon ellipticus
Penstemon fruticosus
Penstemon lyallii
Penstemon montanus

Datwyler 47b

Datwyler 29b

Datwyler 42b

Datwyler 51b

AF375168, AF375206
AF375171, AF375209
AF375170, AF375208
AF375169, AF375207

Penstemon rupicola
Penstemon subg. Dissecti

Penstemon dissectus

Datwyler 14b

Wolfe s.n.b

AF375172, AF375210

AF375183, AF375221
Penstemon subg. Habroanthus

Penstemon barbatus
Penstemon debilis
Penstemon speciosus

Penstemon subg. Penstemon

Wolfe 509b

McMullen s.n.c
Wolfe 583b

AF375177, AF375215
AF375180, AF375218
AF375179, AF375217

Penstemon deustus
Penstemon peckii
Penstemon pinifolius

Penstemon subg. Saccanthera
Penstemon azureus

Wolfe 628b

Wolfe 617b

Wolfe 744b

Wolfe 514b

AF375182, AF375220
AF375174, AF375212
AF375175, AF375213

AF375178, AF375216
Penstemon heterophyllus
Penstemon rostriflorus

Pennellianthus frutescens

Freylineae
Freylina lanceolata

Wolfe 574b

Walker 255b

Wolfe s.n.b

Wolfe 725b

AF375181, AF375219
AF375176, AF375214
AF375156, AF375194

AF375147, AF375186

Russelieae
Tetranema mexicanum
Russelia equisetiformis

Scrophularieae
Scrophularia alpestris

Wolfe s.n.b
Armstrong 1074d

Wolfe s.n.b

AF375151, AF375190
AF375152, AF375191

AF375146, AF375185

Teedieae
Halleria lucida
Teedia lucida

Wolfe 684b

Wolfe s.n.b
AF375149, AF375188
AF375148, AF375187

stemon, were sampled for this study (Table 1). Among genera cur-
rently circumscribed in Cheloneae, we were unable to obtain plant
material for Uroskinnera and Brookea, but the Asian genus Pennel-
lianthus and New World Tetranema were included. New World gen-
era transferred from Cheloneae to other tribes (Russelia of Russe-
lieae; Collinsia of Collinsieae) were also examined in this study
(Table 1) because of their inclusion in Wettstein’s (1891) compre-

hensive treatment, and the position of these genera in recent mo-
lecular studies (Wolfe et al. 1997; Olmstead et al. 2001). We sam-
pled five genera of Scrophulariaceae s.l. as outgroups (Scrophularia
L., Freylinia Colla, Teedia Rudolphi, Halleria Linn., Antirrhinum L.).
All of these genera except Antirrhinum were originally placed in
Cheloneae (Wettstein 1891) and were included here to assess the
monophyly of Cheloneae, and to test whether the transfers of Col-
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TABLE 2. matK primers. * indicates primers from Sang et al.
(1997).

Primer name Sequence (59 to 39)

matK 1f*
matK 1199f
matK 1683f
matK 1987f

ACT GTA TCG CAC TAT GTA TCA
GGT AAA AGA TGC CTC TTC TTT GC
ATT TTT CGC TGT GGT TTC ATC C
GTA TAT ACT TCG ACT YTC TTG TG

matK 1r*
matK 495r
matK 845r
matK 1293r

GAA CTA GTC GGA TGG AGT AG
AGC ACA AGA RAG TCG AAG TAT ATA C
CCT CCT GGA TGA AAC CAC AGC G
AGA AGA GGC ATC TTT TAC CC

linsia and Russelia into other tribes (Bellini 1907; Pennell 1919,
1935; Thieret 1967) are supported by molecular data.

PCR Protocols. DNA was extracted from either fresh-frozen
or silica gel dried leaf material following Wolfe and Randle (2001).
PCR products were generated for ITS following Wolfe and Randle
(2001). Amplifications for matK were performed using the matK 1f
and matK 1r primers from Sang et al. (1997). PCR products were
either gel-isolated using the Sephaglas kit (Pharmacia) or Concert
rapid PCR purification system (Gibco-BRL).

Di-deoxy termination sequencing was performed using manual
and automated techniques. Manual sequencing was performed us-
ing the dITP terminators of the USB DNA sequencing kit. Auto-
mated cycle sequencing reactions were performed using the Big
Dye terminator chemistry (ABI) and reactions were run on an ABI
310 automated DNA sequencer. Double stranded sequences were
generated for ITS using established protocols (Wolfe and Randle
2001). Cheloneae-specific matK sequencing primers were devel-
oped (Table 2) to generate double stranded sequences.

Sequences were assembled using AssemblyLign (Oxford Molec-
ular) or Sequencher (GeneCodes, Ann Arbor, MI, USA). Sequences
were aligned in ClustalX (Thompson et al. 1997) with manual ad-
justments as necessary. Analyses were performed separately for
ITS and matK data sets in addition to a combined data set (1.8%
of matrix cells scored as missing data). Phylogenetic analyses were
conducted using PAUP* 4.0b2 (Swofford 1998). All analyses were
performed with uninformative characters excluded. Gaps were
treated as missing data and not used as characters. Trees were
generated using the heuristic search option with 100 random ad-
dition sequences (Max Trees 5 5000, Mulpars, TBR branch swap-
ping, all shortest trees held at each step). Support for each node
was assessed using 1000 bootstrap replicates and Bremer support
(Bremer 1988, 1994). The search parameters were the same as for
the heuristic search except that only ten random addition sequenc-
es were done per replicate. Congruence between data sets was
assessed using the partition homogeneity test (Johnson and Soltis
1998) with 500 replicates. To assess the source of incongruence,
multiple tests were performed with single taxon deletions to iden-
tify taxa responsible for incongruence.

RESULTS

ITS sequences ranged in length from 559 to 604 bp
and had an aligned sequence length (including 5.8 S) of
659 bp resulting in 210 informative characters. Aligned
sequences for the matK region were 1872 bp in length
resulting in 278 informative characters, and included a
portion of the trnK intron and the entire matK region.
The length of the matK sequences ranged from 1771 to
1800 bp. Several indels were present, mostly in multiples
of three nucleotides, but single base pair indels were
also present throughout the sequenced region. Genbank
accession numbers are listed in Table 1, and our align-

ments can be found at http://www.biosci.ohio-state.
edu/;awolfe/Lab/alignments/chel.html.

The ITS data set produced 234 equally parsimoni-
ous trees (Fig. 1), which differed in the placement of
Chionophila and the Chelone/Nothochelone clade and in
relationships within Penstemon. The monophyly of
most genera was supported by ITS data, with the ex-
ception of the poorly-supported clade that included
Chionophila, Chelone, Nothochelone, and Penstemon (Fig.
1). Twelve equally parsimonious trees (Fig. 1) were re-
covered from the matK analysis, which differed in the
relationships within Keckiella and the placement of P.
montanus. The monophyly of Penstemon is strongly sup-
ported (bootstrap 100%; Bremer support 5 12) by the
matK trees.

Topologies of the ITS and matK trees differed in the
placement of Antirrhinum majus relative to the clade
with Tetranema mexicanum and Russelia equisetiformis. In
addition, there were several differences in topology
within Penstemon, most notably with regard to the
placement of P. montanus and P. personatus. Partition ho-
mogeneity tests identified P. montanus, P. personatus,
and P. rostriflorus as sources of conflict (p value 5 0.09
with three taxon deletion). Because the heterogeneity
can be interpreted as residing in the tips of the branch-
es and could result from insufficient data, and because
hybridization is well documented in Penstemon (Clark
1971; Every 1977; Wolfe and Elisens 1995; Wolfe et al.
1998a, b), these taxa were included in a combined anal-
ysis.

The combined analysis resulted in 36 trees (Fig. 2).
In this analysis, the monophyly of all genera was sup-
ported. The Asian genus Pennellianthus (originally de-
scribed as Penstemon frutescens) was strongly support-
ed as sister to the North American genera. Placement
of Collinsia between Pennellianthus and Keckiella results
in the paraphyly of Cheloneae if Collinsia is maintained
in a separate tribe. The clade including Chionophila,
Nothochelone, and Chelone was sister to Penstemon. With-
in Penstemon, subgenus Dasanthera, characterized by a
woody habit and lanate pubescence on the anther sacs,
was monophyletic with the exclusion of P. montanus.
Penstemon appeared to be monophyletic based on this
preliminary sampling of the genus.

DISCUSSION

Tribe Cheloneae, as originally circumscribed (Don
1837; Bentham 1846; Wettstein 1891), was a heteroge-
neous assemblage of genera posing taxonomic chal-
lenges. The transfer of genera from Cheloneae to Big-
noniaceae, Gesneriaceae, and to other tribes (reviewed
in Wolfe et al. 1997) indicated that the possession of a
cymose inflorescence was an inadequate character to
define the tribe. Scrophularia, Freylinia, Teedia, and Hal-
leria were positioned basal to Antirrhinum in all anal-
yses (Figs. 1, 2). Their exclusion from Cheloneae based
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FIG. 1. Strict consensus of 234 ITS trees (L 575; CI 0.635; RI 0.751) compared to strict consensus of 12 matK trees (L 457; CI
0.757; RI 0.908). Bootstrap values above and Bremer support below the nodes. Dotted lines in the Collinsia clade represent
hypothetical placement of C. parviflora, which was missing from the matK analysis.

on morphological data (Thieret 1967; Barringer 1993;
reviewed in Wolfe et al. 1997) was supported by our
study and from molecular phylogenetic analyses in-
cluding a larger sampling of Lamiales (Olmstead et al.
2001).

The most surprising result from this study was the
placement of Collinsia with the North American Che-
loneae (Figs. 1, 2). Collinsia has ca. 17 species endemic
to North America with all but three species distributed
along the Pacific coast region from Alaska to southern
California (Fig. 3; Newsom 1929). The remaining three
species are found throughout the central and north-
eastern United States. Both species of Tonella are re-
stricted to western North America. These genera were
placed in tribe Collinsieae by Meisner (1840), Bellini
(1907), and Pennell (1935) because of their annual hab-
it, nectary at the base of the staminode, and anomalous
floral morphology (papilionaceous in Collinsia and
nearly actinomorphic in Tonella). Bentham (1846) and
Wettstein (1891) included Collinsia and Tonella in tribe
Cheloneae. Tonella was unavailable for our study, but
recent work by Baldwin et al. (pers. comm.) indicated
the sister relationship of Collinsia and Tonella based on
ITS sequence data. Merger of Collinsieae within Che-
loneae is strongly supported in both separate and
combined analyses (Figs. 1, 2). The results from this
investigation combined with the ITS study of Baldwin
et al. (unpubl. data) support the transfer of Collinsia
and Tonella from Collinsieae to Cheloneae.

Tetranema is strongly supported as sister to Russelia
in all analyses with high bootstrap and Bremer sup-
port (Figs. 1, 2). These results are consistent with those
of Wolfe et al. (1997). The topology does not support
the inclusion of Tetranema in Cheloneae (Figs. 1, 2), but
is suggestive that Russelieae should be expanded to
include Tetranema. Pennell (1925) suggested that Tetra-
nema and Russelia were distantly related, but also stat-
ed that, morphologically, Tetranema resembles the Ges-
neriaceae in overall habit (short stems densely crowd-
ed with long, obovate leaves; flowers in close clusters
on elongate peduncles) more than Scrophulariaceae.

Russelia is comprised of ca. 50 species distributed
from Mexico and the West Indies to South America.
The presence of long, densely packed hairs within the
capsular fruit of Russelia is unique in Scrophulariaceae.
Pennell (1935) considered Russelia to be ‘‘not closely
akin to our other genera,’’ and placed it in sub-tribe
Russelieae. Thieret (1954, 1967) also considered Rus-
selia to be an isolated genus and suggested that it be
treated as a monotypic tribe Russelieae. Based on seed

morphology, Thieret (1967) also suggested that Russelia
is more closely resembled Verbascum and Celsia (Ver-
basceae) than members of Cheloneae. Other workers
have placed species of Russelia into Gesneriaceae, or
other tribes of Scrophulariaceae (Carlson 1957).

Tetranema shares a distribution with Russelia, but
few morphological characters. These two genera are
similar in inflorescence and the possesion of a short or
vestigial staminode. Russelia is suffrutescent to woody,
whereas Tetranema is suffrutescent only at the base of
the shortened stems. The two genera differ in habit,
corolla, anther and stigma morphology, capsule shape,
and capsule dehiscence pattern. Our results indicate
that further molecular, morphological, developmental,
and anatomical studies are warranted to examine the
relationship proposed here.

Brookea and Uroskinnera were unavailable for our
study, but an examination of morphology and distri-
bution for both genera reveals some interesting in-
sights. With four species endemic to Borneo, Brookea is
the most geographically isolated genus still retained in
Cheloneae. It is anomalous in the tribe in having den-
droid hairs, a prominent bifurcate stigma, stems with
hollow pith, and by lacking a staminode (Yamazaki
1994; Wolfe personal observation). All other genera in
Cheloneae have simple hairs (uniseriate or unicellular),
at least a remnant of a staminode, capitate stigmas,
and stems with pith. On the basis of these morpholog-
ical features and the anomalous distribution of Brookea,
we propose to remove this genus from Cheloneae with
the expectation that future morphological and molec-
ular studies will clarify its phylogenetic affinities. The
distribution of Uroskinnera overlaps those of Tetranema
and Russelia, and Uroskinnera shares several morpho-
logical characters with genera of Cheloneae as well as
with Tetranema and Russelia. For example, Uroskinnera
has a well-developed staminode and a cymose inflo-
rescence. Uroskinnera shares a loculicidal capsule de-
hiscence pattern with Tetranema and the woody to suf-
frutescent habit of Russelia. However, contrary to these
genera Uroskinnera has a bifurcate stigma similar to
Brookea. Uroskinnera may be the key to elucidating the
relationships among Tetranema, Russelia, and Chelo-
neae. We are unable to exclude Uroskinnera from Che-
loneae based on these limited data.

Our results support the phylogenetic hypotheses of
Savile (1968) and Straw (1966) in placing Keckiella basal
to Penstemon with Penstemon as a derived genus within
the tribe (Figs. 1, 2). Furthermore, our results support
Savile’s (1968) hypotheses regarding the evolutionary
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FIG. 2. Strict consensus of 36 trees (L 1037; CI 0.681; RI 0.838) from analysis of combined ITS and matK sequence data. Taxa
outlined in boxes are those that have significant heterogeneity as measured by the partition homogeneity test (Johnson and
Soltis 2000).
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FIG. 3. Distribution of North American genera (shaded areas) mapped onto the phylogeny of Cheloneae. Dashed line for
map of Collinsia refers to the distribution of the three widespread species and the darkened area shows the concentration of
the other 14 species plus Tonella. The darker shading on the map of Penstemon refers to the region of greatest diversity for the
genus. Chromosome numbers are mapped onto the tree with * indicating a probable chromosome doubling event followed by
aneuploid reduction in Chelone and Nothochelone.

position of subgenera within Penstemon with subg.
Dasanthera placed as sister to the rest of Penstemon, and
subg. Saccanthera as derived (Fig. 2). However, none of
the conflicting hypotheses regarding the phylogenetic
position of Pennellianthus, Chelone, and Nothochelone pro-
posed by Straw (1966), Savile (1968), and Crosswhite
and Kawano (1970) were supported by molecular data.
Previous phylogenetic hypotheses were based on mor-
phological, habitat, and distribution data. It is clear
that molecular data are valuable in testing previous
hypotheses for Cheloneae and allows a reassesment of
the tribe and morphological characters which may be
shared by these genera. Taken together, we propose
the following morphological characters as synapomor-
phies for Cheloneae: cymose inflorescence, staminode
present (or at least a vestigial structure present during

development), simple hairs, and stems with pith. We
further suggest the following clade definition for Che-
loneae:

Cheloneae are the least inclusive clade that contains
Chelone, Collinsia, and Pennellianthus.

Penstemon and its Allies. Pennellianthus, Nothoche-
lone, and Keckiella were segregated from Penstemon
based on differences in nectary placement and corolla
pubescence characters (Straw 1966). The results from
this investigation are consistent with this taxonomy.
Wolfe et al. (1997) were unable to resolve the relation-
ship of Pennellianthus within Cheloneae due to the lim-
ited number of characters in their data set. However,
our results show strong support for the inclusion of
Pennellianthus in Cheloneae as sister to the North
American genera (Figs. 1, 2).
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The perennial genera of the North American Che-
loneae form a strongly-supported clade in the matK
and combined analyses (Figs. 1, 2) with Keckiella as the
basal lineage. The position of Chionophila is unresolved
based on ITS data, but moderately supported as sister
to Chelone and Nothochelone in the matK and combined
trees. The position of this genus is relevant because it
has an epistaminal nectary, which is a character shared
with Penstemon. In addition, Chionophila is endemic to
the Rocky Mountains, which is hypothesized to be the
region of origin for Penstemon (Straw 1966). It is pos-
sible that the epistaminal nectary arose independently
in Chionophila and Penstemon given the lability of nec-
tary position in the tribe (hypogynous disc, epistam-
inal, epistaminodal). The nectary-bearing filaments in
Penstemon are inserted on the corolla at the base of the
ovary, whereas these structures are inserted on the co-
rolla half the height of the ovary in Chionophila (Straw
1966). Chionophila, Nothochelone, and Chelone have
winged seeds, whereas all other genera of Cheloneae
have nonwinged, angular seeds. These three genera
are found in wet habitats (Chelone and Nothochelone
along streams or rivers; Chionophila at the edge of melt-
ing snowfields) as opposed to xeric habitats typical of
the other perennial genera. Winged seeds may facili-
tate dispersal in wet habitats in Cheloneae. Other mor-
phological differences for Chionophila include a synsep-
alous calyx and the lack of bracts subtending the in-
florescence. The phylogenetic position of Chionophila is
important in understanding the evolution of Penstemon.
Further morphological, molecular, and developmental
studies may resolve relationships among these four
genera.

Chromosome Evolution Among North American
Cheloneae. The base chromosome number for Pennel-
lianthus and Russelia is x 5 10 (Crosswhite and Kawano
1970; Löve 1980). Chromosome numbers for North
American Cheloneae are x 5 7, 8, 14, and 15 (Garber
1956; Straw 1966; Löve 1972). Chromosome numbers
mapped on the ingroup tree topology (Fig. 3) provide
evidence for a pattern of aneuploid reduction from x
5 10 to x 5 8 to x 5 7 (Collinsia and Tonella) and
polyploidy followed by and aneuploid reduction x 5
8 to x 5 16 to x 5 15 to x 5 14 for the Chionophila,
Nothochelone, and Chelone clade. Straw (1966) proposed
that Nothochelone (x 5 15) may have originated by al-
lopolyploidy between genera with x 5 7 (possibly Che-
lone), and x 5 8 (possibly Keckiella or Penstemon), or
through aneuploid reduction following a tetraploid
derivation from an x 5 8 ancestor. The distribution of
chromosome numbers on the phylogenetic tree sup-
ports the latter hypothesis if there was a chromosome
doubling in the most recent common ancestor of Che-
lone and Nothochelone.

Biogeography of Cheloneae. From the phylogenetic
position of Tetranema plus Russelia and Pennellianthus

relative to the North American genera we can support
a biogeographic hypothesis in which the early Chelo-
neae were distributed from the Neotropics through
Beringia and into Asia. Straw (1966) proposed a mid-
Tertiary differentiation into east Asian, and western
and eastern North American elements. Our results are
consistent with this hypothesis.

An examination of species diversity among the
North American genera Chelone, Chionophila, Collinsia,
Keckiella, Nothochelone, Penstemon, and Tonella reveals
several biogeographical patterns (Fig. 3). All species of
Keckiella, Nothochelone, and Tonella are distributed west
of the Rocky Mountains, whereas Chionophila is endem-
ic to alpine habitats in the Rocky Mountains. Most spe-
cies of Collinsia (ca. 90%) and Penstemon (ca. 85–90%)
are west of the Rockies, whereas Chelone is restricted
to eastern North America. Five of the seven North
American genera overlap in their distribution in the
southern Cascades and Sierra Nevada–part of the
Klamath region, which has many paleoendemics rep-
resenting lineages present during the Tertiary (Whit-
taker 1961). Thus, it seems likely that the early diver-
sification of the North American Cheloneae (e.g., Col-
linsia, Tonella, Keckiella) took place in the Klamath re-
gion with subsequent migration of elements to the
Rocky Mountains and later diversification from this re-
gion. The two extant species of Chionophila are restrict-
ed to the Rocky Mountain system, and it is probable
that the genus originated there with the current dis-
tribution reflecting relictual endemism. Our results are
equivocal in supporting a Chionophila/Penstemon line-
age, but are consistent with the Rocky Mountain/Co-
lumbia Plateau region representing an important re-
fugium early in the evolution of Chionophila, Nothoche-
lone, Chelone, and Penstemon (Fig. 3). Dispersal to east-
ern North America for Chelone and some species of
Penstemon (e.g., P. dissectus; Pennell 1935) probably oc-
curred relatively early via tracks of open habitat left
behind retreating glaciers (i.e., the ‘‘sidewalk hypoth-
esis’’ of Marie-Victorin 1938), whereas most species of
Penstemon distributed east of the Rockies probably dis-
persed relatively late in the history of the tribe (Wolfe
et al. unpubl. data).

Penstemon is the largest genus in Cheloneae with ca.
275 species compared to 1–17 species for the other gen-
era in the tribe. The terminal clade position in the phy-
logeny combined with the remarkable morphological
diversification of Penstemon may represent a post-Ter-
tiary evolutionary radiation. Several factors may be re-
sponsible for both vegetative and floral diversification
in Penstemon including adaptation to different polli-
nators (bee, wasp, fly, moth, hummingbirds; Pennell
1935; Levin 2000), hybridization and hybrid speciation
(Wolfe and Elisens 1995; Wolfe et al. 1998a, b; Levin
2000), and adaptations to fragmented habitats (Levin
2000) associated with Pleistocene events.
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