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Abstract Intrageneric phylogeny among ten represen-
tative Ceanothus species was investigated using DNA
sequences of the chloroplast encoded ndhF and rbcL
genes. Parsimony analysis of the ndhF sequences identi-
fied two main clades corresponding to two subgenera
Ceanothus and Cerastes. The phylogenetic results sug-
gest that three monophyletic clades within the sub-
genus Ceanothus can be delimited on the basis of
(1) evergreen or (2) deciduous leaves and (3) thorn
presence within the evergreen clade. The estimated
divergence time based on rbcL sequences suggests that
the two subgenera diverged 18—39 million years ago
whereas species within each subgenus diverged more
recently. Taken together, the results support the divi-
sion of Ceanothus into two monophyletic subgenera
and are consistent with the postulated recent diver-
gence of many species within each subgenus.
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Introduction

Ceanothus (Rhamnaceae), a genus of 55 species of
shrubs or rarely small trees (McMinn 1942), is re-
stricted to North America with a center of diversity in
California. This genus is grouped into two subgenera
(Schmidt 1993): Ceanothus (33 species) and Cerastes
(22 species). Forty five species (over 80%) occur on the

Pacific coast of North America; however, several other
species occur widely in other areas of the continent (e.g.,
C. americanus and C. fendleri). Species of the subgenus
Ceanothus and all of the species of the subgenus
Cerastes are often important components of a broad-
leaf sclerophyllous vegetation.

Ceanothus is an important genus as cultivated orna-
mentals, forage plants, and plants for site amelioration
and erosion prevention. Thirtyone species of the genus
have been reported to be associated with nitrogen-
fixing bacteria of the genus Frankia (Becking 1977).
Host plants that form endosymbiotic nodules with
Frankia are called actinorhizal plants (Torrey and
Tjepkema 1979). The nitrogen-fixing ability of
Ceanothus is a particularly important ecophysiological
trait. Ceanothus species contribute substantially to the
nitrogen status of soil in northwest North America
(Conard et al. 1985).

The most recent comprehensive monograph of
Ceanothus is that of McMinn (1942) and here we follow
his taxonomic treatment. In the subgenus Ceanothus,
the species have alternate leaves, hornless fruit, thin
early-falling stipules, and stomata located on the lower
surfaces of the leaves. Species of the subgenus Cerastes
are characterized by the presence of opposite leaves,
horned fruits, persistent corky stipules, and stomata
located in sunken pits on the underside of the leaves.
Among these characters, the thick leaves with sunken
stomatal pits and persistent stipules exist in all mem-
bers of the subgenus Cerastes. Most Ceanothus species
have evergreen leaves with the exception of six species
of the subgenus Ceanothus. Seven species within this
subgenus have thorny twigs, which often occur in mem-
bers of the Rhamnaceae.

Fossil records also support the distinctiveness of the
two Ceanothus subgenera. Ceanothus has been present
at least since the Oligocene (Chaney 1927; Raven and
Axelrod 1978). The distinctive leaf forms of both sub-
genera, Ceanothus and Cerastes, are occasionally found
in Miocene fossil floras, suggesting that genetic barriers



Table 1 Characteristics of representative Ceanothus species used in this study

Ceanothus species! Distinguishing characteristics

Plant features" Distribution

Subgenus Ceanothus
C. americanus Deciduous, W, leaves L and broadly ovate to oblong-ovate Eastern U.S.
C. sanguineus Deciduous, W, leaves L and broadly ovate but not orbicular Pacific coast, northern Rocky Mountains
C. integerrimus Semidecidous, W or B, leaves M/L and elliptical but never Pacific coast, southern Rocky Mountains

approaching orbicular
C. cordulatus Evergreen, thorny, W, leaves M and not two-times longer than wide Pacific coast
C. fendleri Evergreen, thorny, W, leaves M and two-times longer than wide Southern Rocky Mountains
C. thyrsiflorus Evergreen, B, leaves M/L, branchlets flexible Pacific coast
C. velutinus Evergreen, W, leaves L and glutinous above Pacific coast, northern Rocky Mountains

Subgenus Cerastes
C. cuneatus Erect, W, leaves S and typically entire Pacific coast
C. prostratus Prostrate, B, leaves S and usually broader Pacific coast
C. pumilus Prostrate, B, leaves M and narrowly oblanceolate Pacific coast

!Ceanothus is divided into two subgenera: Ceanothus and Cerastes
"W — white flower, B — blue flower; S — leaves less than 10 mm long or broad, M — leaves 10 to 25 mm long or broad, L — leaves more than
25 mm long or broad

between the two sections may already have been de-
veloped at this time (Nobs 1963).

Although Ceanothus species can be conveniently re-
solved by morphological characters, karyological and
hybridization studies indicate that species boundaries
are not clear. Chromosome counts of 17 species and
three varieties of the subgenus Ceanothus together with
17 species and five varieties of the subgenus Cerastes
investigated by Nobs (1963) have a diploid number
2n"24. Hybrid plants were found to have the same
number of chromosomes as their parents, with one
exception that had 12 pairs of normal-size chromo-
somes, one very small pair, and three fragments. All
reduction divisions examined appeared regular. There-
fore, he suggested that no evident cytological barrier
prevented hybridization. Field observation and hybrid-
ization studies (Nobs 1963) also indicated that species
within each subgenus are interfertile, but the species of
the two subgenera do not hybridize.

We are interested in elucidating the plant-Frankia
symbiotic relationship. From experiences of our pre-
vious Alnus-infective Frankia studies (Crannell et al.
1994; Huss-Danell and Myrold 1994) we selected the
genus Ceanothus as model plants because of their re-
ticulate relationship among species, high species
diversity within relatively small areas, and their eco-
physiological importance. No rigorous phylogenetic
analysis of Ceanothus has been reported using molecular
markers. The objective of this study was to investigate
the phylogenetic relationship among representative
Ceanothus species (Table 1) using the chloroplast genes,
ndhF and rbcL.

Several candidate chloroplast genes have been sug-
gested for phylogenetic studies at lower taxonomic
levels (Olmstead and Palmer 1994). ndhF has recently
been demonstrated to be useful for phylogenetic studies
at intrafamilial levels compared with the rbcL gene

which has been widely used at higher taxonomic levels
(Olmstead and Sweere 1994; Kim and Jansen 1995).
The utility of sequence change in the rbcL gene has
been recently evaluated for the estimation of divergence
time between woody-taxon pairs (Albert et al. 1994). In
the present study, we use ndhF sequences to reconstruct
phylogenetic relationship and rbcL sequences to esti-
mate divergence times.

Materials and methods

Plant materials

Ten species of Ceanothus (Tables 1 and 2) represent the taxonomic
diversity of the plant genus, its geographical range, and a habitat
gradient of environmental and soil conditions. Rhamnus purshiana
(Rhamnaceae) was used as an outgroup (Table 2). Nicotiana tabacum
(Solanaceae) and Barnadesia caryophylla (Asteraceae) were also
included as distant outgroups. All collections by S.-C. Jeong, G. V.
Johnson, B. C. Mullin, and N. J. Ritchie are deposited as vouchers in
the herbarium of Oregon State University (OSC).

DNA sequencing

Total DNA was isolated from leaves following the protocol of Doyle
and Doyle (1987). When needed, DNA was further purified by
polyethylene glycol precipitation.

We utilized the polymerase chain reaction (PCR) to amplify ndhF
and rbcL nucleotide sequences from all taxa listed in Table 2. DNA
sequences for the two chloroplast genes were determined following
similar procedures. DNA sequencing was carried out using a set of
internal primers. The primers described by Olmstead and Sweere
(1994) were used for the amplification and internal sequencing of
ndhF, with the modification of five internal primers specified in
Table 3. Primers for amplification of rbcL and the internal se-
quencing primers were provided by G. Zurawski (DNAX Research
Institute, Palo Alto, Calif.), with the exception of C331F and
C1022R (Table 3). The Z1 and C1022R primer combinations
were used to amplify rbcL. The ndhF sequences of Ceanothus were
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Table 2 Sources of taxa sampled for DNA sequences and previously published sequences

Taxon DNA source/voucher Genbank accession number

rbcL ndhF

C. americanus L. Tennessee, Anderson Co., U78893
3 miles from Oak Ridge/B. C. Mullin 01

C. cordulatus Kell Oregon, Douglas Co., 100 yards from U78904 U78894
Toketee Ranger Station/N. J. Ritchie 004

C. fendleri Gray New Mexico/G. V. Johnson 01 U78895
C. integerrimus H. & A. Oregon, Lane Co., 0.5 mile west of Blue River, U78896

Hwy. 126 /N. J. Ritchie 003
C. sanguineus Pursh Oregon, Lane Co., H.J. Andrews Experimental

Forest, Unit L/N. J. Ritchie 002
U06795
(Morgan et al. 1994)

U78897

C. thyrsiflorus Esch. Oregon, Douglas Co., Bear Creek Recreational area,
Hwy. 42/N. J. Ritchie 005

U78898

C. velutinus Dougl. Oregon, Benton Co., 5.8 miles from Hwy.
34 on Marys Peak Rd./N. J. Ritchie 001

U78899

C. cuneatus (Hook.) Nutt. Oregon, Benton Co., 0.6 miles north of Adair
Village, Hwy. 99 W/N. J. Ritchie 008

U78900

C. prostratus Benth. Oregon, Douglas Co., 6.5 miles west of Diamond
Lake/N. J. Ritchie 006

U78901

C. pumilus Greene Oregon, Coos Co., Powers Ranger District:
FS 5325, S. FS 530/N. J. Ritchie 007

U78905 U78902

R. purshiana DC. Oregon, Benton Co., Jackson-Frazier Wetland of
Corvallis/S.-C. Jeong 001

U78903

R. carthartica L. G13189
(Chase et al. 1993)

N. tabacum L. L14953 (Olmstead
and Sweere 1994)

B. caryophylla Blake L39394
(Kim and Jansen 1995)

Table 3 Oligonucleotides designed for PCR amplification and DNA
sequencing

Gene Primer 5@-3@ nucleotide sequence

ndhF C538F GTAACTAATCGTGTAGGGGATT
ndhF C538R AATCCCCTACACGATTAGTTAC
ndhF C803F CTATGGTAGCAGCCGGAATTTTTC
ndhF C803R GAAAAATTCCGGCTGCTACCATAG
ndhF C1601F TATCCGCAGGAATCGGACAATACTAT
rbcL C331F TCTACGTAGTAAATCAACAAAGCCTAAA
rbcL C1022R ATCACGTAGTAATAAATCAACAAAGCCT-

AAA

amplified in two overlapping segments, using primers 1F-1318R and
C803F-2110R. For R. purshiana, two different primer combinations
were used (C538F-1318R and C803F-2110R) because of problems
with 1F, the 5@ forward primer.

Ten microliters of each PCR reaction was run on a 0.8% agarose
gel to check the quality of amplification. To purify the resulting
DNA, 40 ll of each PCR reaction was run on a 1.0% TBE agarose
gel. Agarose blocks containing the DNA were excised from the gel
with a scalpel over UV light, and purified with the GeneClean II
gel-extraction kit according to the manufacturer’s protocol (BIO
101, Vista, Calif.). Final pellets were dissolved in 22 ll of water and
DNA amounts measured using a fluorometer. The purified double-
stranded DNA products were sequenced directly by automatic se-
quencing with dye terminator extension in the Center for Gene
Research and Biotechnology, Oregon State University.

Eleven ndhF sequences, corresponding to ten taxa and one out-
group, and two rbcL sequences were generated. Sequence alignment
was performed using the PILEUP program of GCG (Genetics Com-
puter Group, Madison, Wis.). No gaps (indels) were observed in the

ndhF sequences of Ceanothus species. Two gaps (indels) in the ndhF
sequence of R. purshiana were observed. There were no missing cells
in the data matrix except for the gaps and missing sequences caused
by outgroups. In all cases where sequences were ambiguous, due to
compression or otherwise, samples were sequenced in both direc-
tions. All sequences determined as part of this study have been
submitted to GenBank (Table 2).

Phylogenetic analysis

The rbcL data were used to calculate divergence times (Li and Graur
1991). Maximum-parsimony analyses of the ndhF data were conduc-
ted using PAUP 3.0s#4 (beta) (Swofford 1991), with all changes
weighted equally. Gaps caused by outgroups were treated as missing
data. We used the branch-and-bound algorithm with the delayed
transformation option. Analyses of the complete data set were per-
formed rooting the tree with R. purshiana, B. caryophylla, and
N. tabacum. To evaluate relative levels of support for individual
clades, the bootstrap method was used with 100 replicates of a heu-
ristic search.

Results

A total of 2122 bp of ndhF from ten Ceanothus species
and 993 bp of rbcL from two Ceanothus species were
sequenced. As an outgroup, 1616 bp of the ndhF of
R. purshiana was sequenced due to difficulty in PCR-
amplification of the gene. No length variation was
observed for rbcL sequences. No length variation was
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Table 4 Pairwise distances of ndhF sequences among ten Ceanothus species!

1 2 3 4 5 6 7 8 9 10

1. C. cuneatus — 0.000 0.001 0.011 0.010 0.010 0.010 0.010 0.011 0.011
2. C. pumilus 1 — 0.001 0.010 0.009 0.009 0.010 0.010 0.010 0.011
3. C. prostratus 3 2 — 0.011 0.010 0.010 0.011 0.011 0.011 0.012
4. C. americanus 23 22 24 — 0.002 0.004 0.004 0.004 0.005 0.005
5. C. sanguineus 21 20 22 4 — 0.003 0.003 0.003 0.004 0.004
6. C. integerrimus 21 20 22 8 6 — 0.000 0.000 0.002 0.002
7. C. thyrsiflorus 22 21 23 9 7 1 — 0.001 0.002 0.003
8. C. velutinus 22 21 23 9 7 1 2 — 0.002 0.003
9. C. fendleri 23 22 24 10 8 4 5 5 — 0.002

10. C. cordulatus 24 23 25 11 9 5 6 6 5 —

! Numbers above the diagonal indicate percent distance and below the diagonal is the number of base differences between species

Fig. 1 Single most-parsimonious tree constructed by using the
branch-and-bound algorithm with maximum parsimony of 13 ndhF
sequences of Ceanothus species plus outgroup taxa. Percentages
based on 100 bootstrap replicates are shown above the branches;
branch lengths are shown below. Columns A—E are a key to the
distribution of selected morphological characters of Ceanothus spe-
cies: A-flower color (¼-white, B-blue); B-leaf type (D-deciduous,
E-evergreen); C-thorny twigs (¹-thorny, N-non-thorny); D-growth
form (P-prostrate, E-erect); E-leaf size (S-(10 mm long or broad,
M-10 to 25 mm long or broad, ¸-'25 mm long or broad)

observed for ndhF nucleotide sequences among
Ceanothus species. In the sequenced 1616 bp of ndhF
from R. purshiana, we found one deletion (9 bp) and
one insertion (39 bp), relative to published sequences
(Olmstead and Sweere 1994; Clark et al. 1995; Kim and
Jansen 1995). Interestingly, primer pair 1F and 803R
for the amplification of ndhF nucleotides of R. pur-
shiana produced a single PCR product of approxi-
mately 800 bp. However, the sequencing of the PCR
product gave a partial ndhH nucleotide sequence, sug-
gesting that both primers have high homology to the
ndhH nucleotide sequence.

The rbcL sequences allowed us to estimate diver-
gence times between the Ceanothus subgenera
Ceanothus and Cerastes and between Rhamnus and
Ceanothus pairs using the mean calculated divergence
rate estimated by Albert et al. (1994). Based on patristic
distances between woody taxon pairs from Search II of
Chase et al. (1993) and the divergence time assumption,
they obtained a mean divergence rate of approximately
2.05$0.72]10~10 total substitutions per site per year.
Estimated divergence time of the two Ceanothus sub-
genera is 18—39 million years ago; for Rhamnus and
Ceanothus it is 147—317 million years ago. The rbcL
sequences of C. cordulatus and C. sanguineus, which
belong to the same subgenus, showed 100% similarity.

Pairwise distances between taxa are shown in
Table 4. There were 1—3 base differences within the
subgenus Cerastes (0.0—0.1%) and 1—11 base differences
within the subgenus Ceanothus (0.0—0.5%). A total of
20—25 (0.9—1.1%) base differences were observed be-
tween the two subgenera. In the data set 30 of the
2122 bp were variable, 11 of which represented third-
codon-position substitutions. Seven were due to first-
position substitutions, whereas the remaining 12 were
second-position substitutions. One percent of the nu-
cleotides were potentially phylogenetically informative.

Parsimony analyses of the 13 ndhF sequences by the
branch-and-bound algorithm yielded one most-par-
simonious tree (Fig. 1), with a length of 567 steps,
a consistency index (CI) of 0.947, homoplasy (HI) of

0.053, a CI excluding uninformative characters of 0.878,
a HI excluding uninformative characters of 0.122, a re-
tention index of 0.888, and a re-scaled CI of 0.841.
Bootstrap analysis of the nucleotide-sequence data
yielded a topology that was exactly congruent with the
branch-and-bound analysis.
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Discussion

The results presented here suggest that Ceanothus is
well divided into two subgenera, in accord with the
traditional classification system of the genus. McMinn
(1942) divided the subgenus Ceanothus into two groups
and the subgenus Cerastes into three groups on the
basis of flower color. Our phylogenetic analysis indi-
cates that flower color varies within putatively mono-
phyletic clades. In contrast, our analysis hypothesizes
three monophyletic clades corresponding to vegetative
characters within the subgenus Ceanothus (Fig. 1). The
three monophyletic clades correspond to (1) evergreen
or (2) deciduous leaves and (3) thorn presence within
the evergreen clade. An exception is Ceanothus integer-
rimus, which has semideciduous leaves (Table1). The
cladogram topology suggests that deciduous leaves in
this species are a derived feature (Fig. 1). This polymor-
phism for leaf persistence is apparently a response to
water availability, and not a result of hybridization
(McMinn 1942).

The phylogenetic tree (Fig. 1) is consistent with low
levels of genetic differentiation (Table 4) among repre-
sentative western North America Ceanothus species.
C. integerrimus, C. thyrsiflorus, and C. velutinus, which
belong to the same clade, are sympatric in southern
Oregon and northern California (Conard et al. 1985).
C. cuneatus, C. pumilus, and C. prostratus, which belong
to another clade, are distributed together in the south-
ern Cascade Range and in the Sierra Nevada of
southern Oregon and northern California. Although
C. cordulatus and C. fendleri, which do not have a sim-
ilar distribution pattern, belong to the same clade, they
show substantial ndhF sequence divergence.

Albert et al. (1994) suggested that the rbcL sequence
is quasi-ultrametric in terms of a clock assumption,
implying that the extent of nucleotide substitution in
a given taxon should roughly reflect the underlying
cladogenetic time. Divergence time calculated from the
rbcL nucleotide sequence suggested that the two
Ceanothus subgenera separated in a comparable time
to woody taxon pairs (see Albert et al. 1994), but species
within a subgenus originated more recently. Low se-
quence divergency of ndhF and complete identity of the
C. sanguineus and C. cordulatus partial rbcL nucleotide
sequences correspond with previous hybridization and
karyological studies (Nobs 1963), indicating a high
genetic similarity of many Ceanothus species.

We used the sequence information to make oligonuc-
leotides for sequencing the ndhF gene. However, we
had to modify several internal primers proposed by
Olmstead and Sweere (1994) on the basis of the partial
sequences obtained because of sequence differences be-
tween Ceaonthus and tobacco (Table 3). Therefore, our
revised primer information will be useful for sequencing
plant species related to Ceanothus. However, we suc-
ceeded in sequencing only three-fourths of the ndhF

sequence of R. purshiana. This difficulty may come from
the lack of homology of primer 1F. The fact that the
PCR product from the 1F and C803R primer pair is
a part of the ndhH nucleotide sequence (unpublished
data) points out the necessity for a new design of primer
1F for extensive use of the ndhF gene as phylogenetic
data. Olmstead and Palmer (1994) suggested several
candidate genes to study plant phylogenetic relation-
ships on the species or genus level. One advantage of
the ndhF gene is that it is long enough to resolve
phylogenetic relationships at the species level. Recently,
several groups have reported intrageneric analyses us-
ing matK and ITS nucleotide sequences (e.g., Soltis
et al. 1996; Yuan et al. 1996). Our report demonstrates
the utility of the ndhF nucleotide sequence to estimate
phylogenetic relationship at the intrageneric level.

Recent work on the phylogeny of nitrogen-fixing
plants suggests a single evolutionary origin (Soltis et al.
1995), which is in contrast with conventional taxon-
omy. Actinorhizal plants are found in three of the four
subclades that contain nitrogen-fixing symbioses. At this
higher taxonomic level there is general congruence
between host plant and Frankia phylogenies (Hönerlage
et al. 1995; Normand et al. 1996), although Frankia that
nodulate members of the Rhamnaceae are poorly repre-
sented in these trees. Two recent studies have grouped
Ceanothus-infective Frankia either with those that nod-
ulate members of the Rosaceae (Benson et al. 1996) or
the Elaeagnaceae (Murry et al. 1997). Both of these
plant families are in the same subclade of nitrogen-fixing
plants; however, Ceanothus is much more closely related
to members of the Elaeagnaceae (Soltis et al. 1995).

At lower taxonomic levels there is considerably less
specificity between plant host and microbial symbiont
(Myrold 1994), although the study of Rouvier et al.
(1996) showed some degree of specificity between
Frankia strains and species within the Casuarinaceae.
Whether such specificity exists with Ceanothus-infec-
tive Frankia is unknown, although Baker and Mullin
(1994) detected no plant population or geographic pat-
terns of Frankia within C. americanus nodules. We have
collected nodules from the same Ceanothus populations
as the present plant-collection populations and ana-
lyzed them by PCR-RFLP (restriction fragment length
polymorphism) and DNA sequencing. The preliminary
data show that we have uncovered several putative new
Frankia strains from nine Ceanothus species (Ritchie
and Myrold, unpublished data). When these data are
combined with our present results, they may give an
insight into the elucidation of Frankia-host plant rela-
tionship. Therefore, the present molecular phylogenetic
study of Ceanothus species provides important data to
reveal how Frankia and Ceanothus have co-evolved on
the intrageneric level as well as clarifing systematic
relationships among Ceanothus species.
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