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Abstract—Cercocarpus H.B.K. (Rosaceae) taxa are important
members of the plant communities of the western states and Mexico,
yet the systematics of this genus are unknown primarily from lack
of clear morphological delimitations between taxa. In recent years,
molecular data have proven useful for resolving relationships among
species and the diversity within species that have otherwise re-
mained elusive. We will report here preliminary data on the phylo-
genetic utility of two noncoding regions within the nuclear riboso-
mal DNA (nrDNA) for Cercocarpus; the internal transcribed spacer
(ITS) region and the external transcribed spacer (ETS) region. The
ITS and ETS were amplified and sequenced in five individuals
representing four Cercocarpus taxa. Maximum parsimony and
maximum likelihood phylogenies were created from the two aligned
data sets and compared. We found that the ETS has considerably
more phylogenetically informative sequence variation than the ITS,
which had almost no signal. Further sampling of ETS sequences in
Cercocarpus taxa produced four main ETS types. The four ETS
types were alignable only in the extreme 5’ and 3’ regions of the ETS
sequence. Large regions of the ETS sequences were unalignable
between different ETS types. Phylogenetic analysis of a reduced
data set including just the regions in common between ETS types
suggest that the different ETS types in Cercocarpus diverged prior
to the origin of the genus, making them paralogous. This deep
coalescence requires that a single ETS type be used for reconstruction.

Introduction ____________________
Cercocarpus H.B.K. (Rosaceae) is a New World genus

composed of montane xerophytic shrubs and trees, found in
deserts, chaparral, and mountainous regions of western
North America with a center of diversity in northern Mexico.
Botanists have paid attention to the ecology and manage-
ment of Cercocarpus in the United States because the
evergreen leaves found on most members of the genus have
high levels of protein and are an important winter forage for
wildlife and livestock in western states (Blauer and others
1975; Davis and Brotherson 1991).

The systematics of Cercocarpus are largely unknown; the
genus lacks a consensus classification or phylogeny. Since it
was first described, Cercocarpus has undergone three revi-
sions (Schneider 1905; Rydberg 1913; Martin 1950), each
varying widely in the ranks assigned to taxa and the number
of species. Much of the current taxonomy of Cercocarpus is
based on quantitative characteristics involving leaf mor-
phology (Schneider 1905; Rydberg 1913; Martin 1950). Con-
fusion about the number and circumscription of species
within Cercocarpus arises primarily from the lack of clear
morphological delimitations between taxa. Variations in
leaf morphology show a continuum within and between
taxa, making it difficult to define boundaries among species
(Brayton and Mooney 1966; Mortenson 1973). A phylogeny
based on leaf characters is poorly supported due to severe
homoplasy.

In recent years, molecular data have proved useful for
resolving relationships among morphologically similar spe-
cies and for understanding the diversity within species
(Soltis and Soltis 1998 and references therein). A phylogeny
and a clear definition of taxa using molecular markers
within Cercocarpus is critical to an understanding of the
evolution and systematics of Cercocarpus. Knowledge of the
systematics of Cerocarpus may enhance its breeding and
help prevent undesirable hybridization of species and
ecotypes planted in reclaimed areas using bulk seed.

We report here preliminary results on the phylogenetic
utility of two noncoding regions within the 18S-26S nuclear
ribosomal DNA (nrDNA) repeat for Cercocarpus: the inter-
nal transcribed spacer (ITS) region and the external tran-
scribed spacer (ETS) region (fig. 1). Both the ITS region and

Figure 1—Representation of the 18S-26S ribo-
somal repeat in the nuclear genome. The genes
(26S, 5.8S, and 18S) are shown by the large
boxes. Transcription begins at the TIS. Both the
ETS and both ITS regions are removed after
transcription. The general location and direction
of the primers used in this study are shown by
arrows and italized text.
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the ETS region have been used with success in phylogenetic
reconstruction at the generic and specific level in other plant
groups (for example, Baldwin 1995; Bena 1998; Baldwin and
Markos 1998; Linder and others 2000). Recently, the ETS
has been shown to contain informative variation in groups
where ITS does not (Bena 1998; Baldwin and Markos 1998;
Linder and others 2000).

Materials and Methods ___________

Taxon Sampling

For this report, we follow the taxonomy of Martin (1950)
with the exception of the Mexican taxa, for which we turned
to an unpublished treatment by J. Henrickson (personal
communication). Twenty-six taxa were sampled (table 1). In
six cases more than a single individual represented a taxon.
For each sample, DNA was extracted from the collections
using a modified CTAB procedure (Doyle and Doyle 1987).
Genomic DNA extractions were cleaned using the Elu-quik
DNA purification kit (Schleicher and Schuell) prior to PCR
amplification.

Amplification, Sequencing, and Analysis
of the ITS Region

To test the phylogenetic utility of the ITS region in
Cercocarpus, we selected five individuals representing four
exemplar taxa of Cercocarpus (table 1). This sampling
strategy was designed to compare the amount of variation
observed between very closely related individuals (two indi-
viduals of C. montanus var. montanus) and more distantly
related taxa, as determined by recent work on the leaf
architecture of Cercocarpus by Lis (1992). The ITS region
was amplified using the primers ITS 5 and ITS 4 (Innis and
others 1990). A negative control was also used that lacked
template DNA. Fifty microliter PCRs were performed using
30mM Tricine, pH 8.4, 2mM MgCl2, 50 mM KCl, 5 percent
acetamide, 100 uM of each dNTP, 1.0 unit of Taq poly-
merase, and 30 nM of each amplification primer. Twenty ng
of template DNA was added and the reactions were overlaid
with mineral oil and run on an MJ Research Thermal Cycler
programmed for a hot start (95 °C, 5 min; 74 °C, 7 min) and
30 cycles of 94 °C for 30 sec, 50 °C for 45 sec, and 72 °C for
1 min. A final extension of 72 °C for 7 min was also included.

Table 1—Collection and ETS type data for the 26 populations of Cercocarpus and Purshia analyzed. Collectors: JH-James
Henrickson, BVH-Brian Vanden Heuvel, BC-Bonnie Crozier. Vouchers are housed at the University of Texas (TEX).

Taxon Population no. Collection location and number ETS type(s)

C. montanus var. montanus 5a Douglas Co., CO BVH 5 1
8 Platte Co., WY BVH 8 1
10a Custer Co., SD BVH 10 1

C. montanus var. glaber 12 Brewster Co., TX JH 20663 1
14 Brewster Co., TX JH 20665 1
15 Brewster Co., TX JH 20666 1
16 Brewster Co., TX JH 20667 1
17a Coahuila, MX JH 20439b 1

C. montanus var. paucidentatus 1 Tamaulipas, MX JH 19218 1
27C Eddy Co., NM BVH 27 1

C. montanus var. blancheae 19 Los Angeles Co., CA BVH 123a 2
20 Los Angeles Co., CA BVH 123b 2
21 Los Angeles Co., CA BVH 123c 2
62D Tulare Co., CA BVH 127a 1
65C Tulare Co., CA BVH 127b 2
65D Tulare Co., CA BVH 127c 1

C. montanus var. traskiae 52B Los Angelas Co., CA JH 22312 2
C. montanus var. minutiflorus 57 San Diego Co., CA JH 22311 1, 2
C. fothergilloides var. mojadensis 18a Coahuila, MX JH 13156 2

66 Coahuila, MX BVH and JH 11824 3
C. fothergilloides var. medranoanus 82 Tamaulipas, MX BVH and JH 22444 1, 3
C. macrophyllus 26 Coahuila, MX BC 1034 1, 2
C. rzedowskii 78 Tamaulipas, MX BVH and JH 22446 1

81 Tamaulipas, MX BVH and JH 22460 4
C. ledifolius var. intermontanus 45 Box Elder Co., UT BVH 45 1
C. ledifolius var. ledifolius 41 Emery Co., UT BVH 41 1
C. ledifolius var. intricatus 25a Garfield Co., UT BVH 45 1
Purshia tridentata 34 La Plata Co., CO BVH 34

aIndividuals for which the ITS and ETS were compared.
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Three uL of the reaction mixture was run on a 1.5 percent
agarose gel in a 0.5X TBE buffer. PCR products were visu-
alized with ethidium bromide under UV light. PCR products
were purified (QIAquick PCR purification kit, QIAGEN)
and sequenced on an ABI Prism 377 automated sequencer
using standard reagents at the Core Facility of the Molecu-
lar Biology Institute at the University of Texas. Sequences
were proofread and then aligned using Clustal W in MegAlign
(DNAstar, 1998), followed by adjustment by eye. Aligned
ITS sequence data was used to generate phylogenetic trees
in PAUP 4.0.0d64 (kindly provided by David Swofford).
Gaps were treated as missing data. Trees were constructed
using maximum likelihood and maximum parsimony algo-
rithms with the exhaustive search option. The specific
parameters for the ML analysis were unequal transition-
transversion rates and empirically determined nucleotide
frequencies. Support for the monophyly of groups was
evaluated using bootstraping (Felsenstein 1985).

Developing the ETS in Cercocarpus

To develop the ETS region for phylogenetic reconstruction
in Cercocarpus, we amplified the entire intragenic spacer
(IGS) of C. montanus (collection #5) and C. intricatus (collec-
tion #25) (table 1) using the primers 1M and 18S-2L ((Linder
and others 2000)) present in conserved regions of the 26S
and 18S genes, respectively (fig. 1), and following the same
PCR parameters listed above except an extension time of
2 min. per cycle. We sequenced from the 3’ end of the amplified
product in both taxa following the same procedures as for the
ITS regions. Because the ETS region was too long to sequence
with a single primer, we developed internal primers to se-
quence through the transcription initiation site (TIS). We
identified the TIS based on similarity with the TISs in other
plant groups. As a result of its role in transcription of the rDNA
repeat, the TIS is under strong selection to stay conserved,
making it a good choice for priming throughout Cercocarpus.
We designed Cerc-ETS1f (5’-tataaaggggaggcctcatt-3’) to in-
clude the TIS and have high sequence similarity to both taxa
(fig. 1). Using this primer in combination with 18S-2L, we
amplified the ETS reliably for all Cercocarpus taxa from
which DNA was extracted from fresh material.

The ETS sequence for Purshia tridentata, used as the
outgroup for this study, was obtained by amplifying the
whole IGS as described above for Cercocarpus. We then
sequenced from the 3’ end of the amplified product until we
identified the TIS.

For each Cercocarpus taxon, one of two strategies was
conducted for sequencing the ETS. If the ETS amplification
produced a single PCR product, the product was sequenced
directly as outlined in the above section. If the ETS amplifi-
cation produced multiple-length PCR products, we cloned
the PCR products using the TOPO-TA cloning kit (Invitrogen).
At least 10 colonies were screed for the ETS insert by direct
PCR amplification using the same PCR parameters except a
10 min. hot start at 95 °C to lyse the cells. At least two of
these amplifications were sequenced for each individual for
each ETS length variant.

Comparison of the Phylogenetic Utility of
the ITS and the ETS in Cercocarpus

The ETS sequences from the same five Cercocarpus indi-
viduals sampled to test the phylogenetic utility of the ITS
were proofread and aligned using Clustal W in MegAlign
(DNAstar 1998), followed by adjustment by eye. The five
ETS sequences consisted of four ETS type 1 sequences and
one ETS type 2 sequence (table 1, fig. 2). Only the 5’ and 3’
common regions of the ETS sequences (see Reults) were
included in the analyses (fig. 2). Maximum parsimony and
maximum likelihood analyses were carried out in PAUP
4.0.0d64 as described for ITS.

Alignment and Phylogenetic Analysis of
the ETS Types

All ETS sequences, regardless of type, were aligned using
Clustal W followed by adjustment by eye. Only regions of the
ETS sequences that were alignable between different ETS
types were included in the analyses (fig. 2). For ETS type 3
sequences, only the 5’ common region was included in the
aligned sequence matrix. Only the 3’ common region of the
ETS sequence of P. tridentata was included to serve as the
outgroup (fig. 2). Therefore, ETS type 3 sequences place-
ment in the phylogeny is based only on its relationship to the
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Figure 2—Representation of all four ETS types found
in Cercocarpus to date and the ETS found in Purshia
tridentata. Representations begin at the transcription
initiation site (TIS) and go to the 18S gene. The
hatched boxes indicate the 5’ region that is alignable
among ETS types. The black boxes show the location
of the 3’ region that is alignable among ETS types.
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other ETS types and not on a direct comparison to the
outgroup. The resulting sequence matrix totaled 300 aligned
base pairs. Maximum parsimony and maximum likelihood
analyses were carried out in PAUP 4.0.0d64 as described for
ITS.

Results ________________________

Identification of Four ETS Types in
Cercocarpus

Amplification and sequencing of the ETS region using the
primers Cerc-ETS1f and 18S-2L resulted in the identifica-
tion of four distinct ETSs (table 1, fig. 2). The different ETS
types ranged from 1,000 bp to 500 bp in Cercocarpus and was
1,300 bp in the outgroup Purshia. Three Cercocarpus indi-
viduals were found to contain multiple ETS types, 16 indi-
viduals had ETS type 1 only, four individuals had ETS type
2 only, one individual had ETS type 3 only, and one indi-
vidual had ETS type 4 only (table 1).

Comparison of the ITS and the ETS
Regions

The ITS tree was based on an alignment of 700 bp, which
included the ITS1, ITS2, and 5.8S gene (fig. 1). ML and MP
analyses produced the same tree topology. Only the MP
results are presented here (fig. 3). The MP ITS tree had a
length of 2 and very weak bootstrap support for internal
branches due to lack of phylogenetically informative varia-
tion in the ITS region for the five individuals sampled.

The ETS tree for the same five individuals was based on
360 bp of aligned sequence data in the 5’ and 3’ common
regions (fig. 3). ML and MP resulted in the same tree
topology so only the MP results are presented (fig. 3). The
ETS tree had a length of 20 steps and considerably higher
bootstrap support for internal branches.

Figure 3—A comparison of MP phylogenies pro-
duced from 700 bp of aligned ITS sequences and
360 bp of aligned ETS sequence data. Numbers
above branches are the numbers of steps, numbers
below are bootstrap values.

Phylogenetic Analysis Using the ETS

The MP analysis of 5’ and 3’ common regions (360 bp) of 26
individuals of Cercocarpus and one individual of Purshia
tridentata resulted in over 10,000 equally parsimonious
trees of length 176. Figure 4 is a 50 percent majority rule
consensus tree based upon those trees. Each ETS type
formed its own clade, indicating the evolution of the types
prior to the origin of the genus. Further, each of the multiple
ETS types in C. montanus var. minutiflorus (pop. 57),
C. fothergilloides var. medranoanus (pop. 82), and C. macrophyl-
lus (pop. 26) belonged to their respective “type” clade (fig. 4).
ETS type 1 sequences form a well supported clade, which is

Figure 4—Fifty percent majority rule maximum
parsimony consensus tree produced from the 360
bp alignment of the common regions between ETS
types. The dark grey box indicates the monophyly
of the ETS type 1 sequences, the light grey box
indicates ETS sequences of type 2, the white box
indicates the monophyly of ETS type 3 sequences,
and the black box indicates the placement of the
ETS type 4 sequence. Numbers below the branches
indicate bootstrap support.
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sister to a clade containing ETS types 2, 3, and 4. Because
ETS type 3 sequences lack a 3’ common region and the
outgroup (P. tridentata) sequence lacks 5’ common region,
placement of ETS type 3 sequences in the phylogeny is based
on comparison to the other Cercocarpus ETS sequences and
not to direct comparison to the outgroup (fig. 2). ETS type 1
sequences form a well supported clade, which is sister to a
clade containing ETS type 2, 3, and 4 sequences.

Discussion _____________________

Comparison of the ITS and the ETS
Regions in Cercocarpus

The ITS region has been very attractive for phylogenetic
reconstruction in plants because it evolves rapidly, it is
subject to concerted evolution, and it is easily amplified
using universal primers in the flanking genes (Baldwin and
others 1995). However, in some studies of recently evolved
plant lineages, the ITS region lacks enough phylogenetically
informative variation to resolve relationships (Bain and
Jansen 1995; Baldwin and others 1995; Francisco-Ortega
and others 1997; Schilling and others 1998; Soltis and
Kuzoff 1993). This lack of variation in the ITS in some plant
groups (Fabaceae and Asteraceae) has led some researchers
to look at the ETS for more variation (Bena 1998; Baldwin
and Markos 1998; Linder and others 2000). Our results
indicate that the ETS is also more phylogenetically informa-
tive than the ITS in Cercocarpus (Rosaceae). The length of
the MP tree increased tenfold from 2 steps for the ITS tree
to 20 steps for the ETS tree, even though the aligned ETS
sequence data had only half the number of aligned base pairs
as the ITS (fig. 3). Also, the bootstrap support for internal
nodes increased dramatically in the ETS tree. Our results
add to those of others (Bena and others 1998; Baldwin and
Markos 1998; Linder and others 2000) that indicate that the
ETS can be more phylogenetically useful for resolving the
relationships of recently evolved taxa.

So little informative variation in the ITS for Cercocarpus
adds weight to claims that Cercocarpus is a recently evolved
group (Martin 1950), because there hasn’t been enough time
for variation to accumulate in the ITS. Recent origin of
Cercocarpus would explain why there has been such dis-
agreement in the taxonomy and circumscription of taxa
(Schneider 1905; Rydberg 1913; Martin 1950).

Multiple ETS Types and Phylogenetic
Analysis Using the ETS in Cercocarpus

Multiple ETS types have been found in other plant groups,
including three genera in the Asteraceae: Asteriscus,
Calycadenia, and Helianthus (Baldwin and Markos 1998;
Linder and others 2000). However, the multiple ETS types
found in these genera only differed in numbers of sub-repeats
and did not show such large scale structural differences. The
large structural differences found among the ETS types in
Cercocarpus may be the result of past DNA mispairing events
during replication due to secondary structure. We are currently
cloning the ETS from genomic DNA obtained from different
Cercocarpus individuals with known ETS types to further
explore the molecular evolution of the ETS in Cercocarpus.

In an earlier study where multiple ETS types were found
in individuals (Linder and others 2000), the types were all
found to have originated within a species. There was no
evidence for deep coalescence of the types. In Cercocarpus,
we have found evidence for ETS types that have coalescence
times earlier than the origination of the genus. ETS types 1,
3, and 4 are monophyletic groups, and ETS type 2 is a very
closely related paraphyletic group. This is surprising be-
cause concerted evolution of the 18S-26S nrDNA repeat has
commonly been invoked to reduce or eliminate the effects of
deep coalescence on phylogenetic reconstruction (Moritz
and Hillis 1996; Zimmer and others 1980). Within Cercocar-
pus, lack of concerted evolution or lineage sorting followed
by hybridization has produced patterns of relationship that
do not fit the usual pattern. We do not have enough data to
tell which of these scenarios is more likely. In either case, the
data suggest that the ETS types are paralogous with an
ancient coalescence time. Different Cercocarpus ETS types,
therefore, should not be used together for phylogenetic
analysis. No problem should arise if a single ETS type is used
for phylogenetic reconstruction. We believe that, with more
sampling, a phylogeny using ETS type 1 will produce a usable
nuclear phylogeny for Cercocarpus. ETS type 1 was found in
all Cercocarpus taxa except C. montanus var. traskiae and
C. fothergilloides var. mojadensis (table 1). Continued sam-
pling of these two taxa may discover usable ETS type 1
sequences to include in the phylogenetic reconstruction.
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