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Abstract. Sequence analysis of the hypervariable internal transcribed spacer (ITS) regions of ribosomal
DNA (rDNA) is commonly used to gain insights into
plant and animal population structure and phylogeny. We
characterized ITS1, ITS2, and the 5.8S coding region of
18 senita (Lophocereus) individuals from 12 different
populations in Baja as well as from closely related cactus
species. Analyses of multiple clones demonstrated extensive paralogy in the senita rDNA gene family. We
identified at least two putatively non-recombining rDNA
operons in senita as well as multiple paralogous sequences within each operon. Usage of PCR, reverse transcriptase (RT)-PCR, Southern blot, primary sequence
analyses of the 18S rDNA gene, and secondary structure
analyses of the 5.8S rRNA showed that one of the operons encodes rDNA pseudogenes in a low copy-number
(Truncated), whereas the second operon encodes an expressed rRNA (Functional). Surprisingly, we found extensive paralogy not only in the ITS regions but also in
the 5.8S coding regions in senita both within and between operons. Phylogenetic analyses suggest that the
second rDNA operon originated prior to the divergence
of Lophocereus. A significant (p < 0.05) divergence-rate
acceleration was found in the Lophocereus 5.8S rDNA
coding region in the Functional operon in comparison to
Pereskiopsis porteri (Cactaceae) and Portulaca molokiniensis (Portulacaceae) with Silene dioica and Spinacia
oleracea as the outgroups.
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Introduction
Ribosomal DNA (rDNA) coding regions are present in
all cells and have been widely used for evolutionary
studies (Baldwin et al. 1995; Soltis and Soltis 1998;
Hershkovitz et al. 1999). The canonical rDNA operon
consists of the 18S coding region, the internal transcribed
spacer 1 (ITS1) region, the 5.8S coding region, the ITS2
region, the 28S coding region, and the non-transcribed
spacer (NTS). The operons are tandemly repeated and,
because of their high copy number (up to thousands of
copies per cell), are easily amplified using PCR methods
and conserved primers. The different regions of the
rDNA operon repeat unit have different rates of sequence
evolution that have been used to study variation at all
systematic levels (Hamby and Zimmer 1992; Hershkovitz and Lewis 1996; Mayer and Soltis 1999). Whereas,
the ITS and NTS regions have been widely applied at the
interspecific-intergenetic level, few studies document
population-level patterns of variation that are presumed
to give rise to higher-level patterns of divergence.
Concerted evolution, driven by unequal crossing over
and gene conversion, is an important factor in the evolution of gene families such as that encoding rDNA (Dover 1982). In extreme cases, all repeat members may be
homogenized by this process and paralogy is not a concern in phylogenetic analyses, i.e., any rDNA copy can
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be used as a representative of the family. A gene family
that is not subject to concerted evolution also presents no
problems of paralogy as long as the different orthologs
are correctly identified in taxa. Theory predicts, however, that there may be cases of intermediate concerted
evolution and partial homogenization, for example,
through introgression or migration, which introduces
new variants faster than they can be homogenized within
the genome (Sanderson and Doyle 1992). This is a particularly vexing problem because, gone unnoticed, rDNA
paralogy can lead to substantial errors in the reconstruction of species/population phylogenies (Buckler et al.
1997; Rich et al. 1997). It is, therefore, of utmost importance that the presence and extent of rDNA paralogy be
determined, particularly in studies conducted at lower
taxonomic levels. Growing evidence points out, in fact,
that intra-individual rDNA sequence variation, be it microheterogeneity (i.e., paralog polymorphism) or the existence of distinct operons, is a common problem with
this molecular marker (e.g., Suh et al. 1993; Buckler and
Holtsford 1996b; Miller et al. 1996; Campbell et al.
1997; Hershkovitz and Zimmer 1997; Hershkovitz et al.
1999). Distinguishing orthologs from paralogs is of
greatest concern in intraspecific studies in which ancestral polymorphisms, in combination with incomplete
concerted evolution, may render rDNA ITS data unusable for uncovering processes such as gene flow. In these
cases, incomplete homogenization of rDNA sequences
(or any gene family) is better used to understand introgression or recent migration events.
In this study, we conduct a detailed examination of
nuclear rDNA structure in the Sonoran Desert columnar
cactus, senita (genus Lophocereus, Cactaceae). We show
the existence of two distinct rDNA operons that share
limited sequence identity and have likely remained distinct entities since the origin of Lophocereus. One operon
(Functional) encodes an expressed 18S rRNA and a 5.8S
coding region that folds into a conserved secondary
structure (Hershkovitz and Lewis 1996; Yeh and Lee
1991). Paralagous copies of this operon were found with
sequence divergence, not only in the ITS regions of the
rDNA, but, remarkably, also within the 5.8S rRNA. The
second operon (Truncated) encodes a truncated, nonfunctional 18S sequence, has a 157 bp deletion in ITS2,
and a highly divergent 5.8S rRNA. Truncated also has
paralagous copies with sequence variation both in the
5.8S gene and the ITS regions. Two rDNA operons also
exist in Pachycereus marginatus, the sister taxa of Lophocereus. From these data, we conclude that the second
operon predates the origin of Lophocereus and Pachycereus marginatus.

Materials and Methods
Study Species and Sample Populations. Senita is a large, multistemmed and long-lived Sonoran Desert species in the tribe Pachyce-

Fig. 1. Location of the 18 populations of Lophocereus that were
sampled in Baja, California.

reeae, that ranges from northwestern Sinaloa, western Sonora, Baja
California, and adjacent islands in Mexico into southern Arizona in
Organ Pipe Cactus National Monument (Lindsay 1963). The genus
Lophocereus presently consists of only two described species, L. schottii and L. gatesii (Lindsay 1963). The predominant L. schottii schottii
is restricted to, but widely distributed within the Sonoran Desert of
northwestern Mexico and the southwestern United States. The two
subspecies L. s. tenuis and L. s. australis occur in the coastal regions of
southern Sonora/northern Sinaloa and the southernmost region of Baja,
respectively (Lindsay 1963). Eighteen senita populations were sampled
from Baja California as shown in Fig. 1. Seeds from a senita individual
in population 18 have been deposited in the University of Iowa Herbarium. Seeds from several of the other populations used in this study
are available upon request.
DNA Extraction and PCR Methods. Senita total genomic DNA was
extracted with the CTAB method (Doyle and Doyle 1987). Modifications were implemented to optimize DNA extraction from the polysaccharide-rich cactus tissues. In our method, approximately 50 mg of
frozen tissue (flowerbuds or stem tissue) was ground to a fine powder
in liquid nitrogen for some samples. For other samples, anthers were
scraped out of unopened flowerbuds. The frozen powder was added to
500 l CTAB buffer (2.5% CTAB, 3.5 M NaCl, 50 mM ETDA, 250
mM Tris Cl pH 8.0) and a small amount of glass beads (0.2 mm
diameter), and vortexed vigorously. After incubation at 60 °C for 30–
60 min, 500 l Phenol:Chloroform:Isoamylalcohol (25:24:1) was
added and the mixture was vortexed. The sample was centrifuged at
14000 rpm for 5 min at 4 °C. The aqueous phase was transferred to a
fresh tube, and the extraction was repeated with an equal volume of
Phenol:Chloroform:Isoamylalcohol. Ten g/ml RNAse (A) was added
to the aqueous phase; incubation was carried out at 37 °C for 20–60
min. Where necessary, a second Phenol:Chloroform:Isoamylalcohol
extraction was carried out and/or CTAB was removed by an overnight
dialysis step against TE buffer at 4 °C (Pierce microdialyzer; dialysis
tubing: Gibco BRL, Molecular weight exclusion: 12000–14000 Da).
To remove polysaccharides, further purification of the DNA with glassmilk (GeneClean, Bio101) was carried out for several of the samples.
The DNA was then resuspended in 20–50 l TE buffer and a small
amount was analyzed on a 0.8% agarose gel to assess its quality and
yield.
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Different sets of PCR primers were used to amplify the fragment
containing the ITS1 region, the 5.8S rDNA coding region, and the ITS2
region. Forward primers were either 1800F at the 3⬘ terminus of the
18S sequence (5⬘-ACCTGCGGAAGGATCATTG-3⬘) or LsITS1-F
(5⬘-CAAGCAAAAAGACCCGTGAAC-3⬘) which was complementary to the 5⬘-terminus of ITS1. The reverse PCR primers were either
ITS4-R (5⬘-TCCTCCGCTTATTGATATGC-3⬘) at the 5⬘ terminus of
the 28S coding region and LsITS2-R (5⬘-CTTTYAACACGCGTTAGGGTCC-3⬘) near the 3⬘ terminus of ITS2. The template DNA was
first denatured at 94 °C for 10 min and then subjected to 35 cycles of
the following PCR program: 94 °C for 1 min, 53 °C (for 1800F, ITS4)
or 60 °C (for LsITS1-F,-ITS2-R) for 1 min, 72 °C for 1 min. The final
cycle included an extension of 10 min at 72 °C. These PCR reactions
always resulted in the amplification of two bands: one higher-yield,
larger band of ca. 700 bp (upper) and another, smaller band of ca. 550
bp (lower). For this reason, the entire reaction volume was loaded onto
a 1% agarose gel and the 700 bp PCR product was excised and purified
with either Wizard PCR Preps (Promega DNA purification system) or
with glassmilk according to the manufacturer’s instructions. The purified DNA product was quantified on a 1% agarose gel and sequenced
using a dye termination sequencing protocol. The reactions were done
on a 373 A Fluorescent Automated Sequencer (Perkin Elmer-Applied
Biosystems).
Sequence analysis of the upper band showed that it contained the
major, multi-copy rDNA operon which, however, encoded at least two
distinct paralogs. We decided then to further analyze the lower band,
which was also determined to be rDNA from senita but with a 157 bp
deletion in the ITS2 fragment. Motivation for this thorough analysis of
the lower band rDNA operon was twofold: first, we wanted to determine whether this operon also showed intra-individual heterogeneity
and thus explore the possibility of using it as a phylogeographic
marker; second, we wanted to determine if this second operon encoded
a functional rDNA sequence.
Heterogeneity Within the Lower Band Sequence. To study intraindividual heterogeneity of the ITS fragments, the lower band from one
individual (population 2) was PCR-amplified and subcloned into the
pCR2.1 vector (Invitrogen). For the ligation, 12.5 ng vector and the
purified PCR product were incubated in a 10 l volume at 4 °C overnight with T4 DNA ligase (Promega). The entire ligation reaction was
used for transformation of competent JM109 cells according to standard protocols. Single colonies were picked, grown in liquid medium
over night at 37 °C, and plasmid DNA was isolated using a standard
alkaline lysis mini-prep protocol (Sambrook et al. 1989). Plasmids
were digested with EcoRI to confirm the presence of an insert.
Individual clones were used as a template for PCR amplification of
the lower band using the 1800F and ITS4-R primers and the conditions
described above. PCR products were double-digested with AluI and
HinfI, ethanol-precipitated, collected by centrifugation for 20 min at 4
°C, and resuspended in 10 l water. Loading buffer was added and the
samples were heated to 95 °C for 10 min, quick-cooled, and loaded on
an 8% polyacrylamide gel.
Amplification and Sequencing of ITS from Related Cactus Species.
Other members of the tribe Pachycereeae were also studied to understand more broadly rDNA evolution in these cacti. Sampled taxa were
Pachycereus marginatus, P. weberi (both purchased from Mesa Garden, New Mexico), P. pringlei, and P. pecten-aboriginum (both collected from wild populations in the Sonoran Desert). Seeds of an individual from P. pecten-aboriginum were placed in the University of
Iowa Herbarium. Total genomic DNA was prepared from these taxa as
described above. PCR reactions were done with the template DNAs and
the ITS4 and 1800F primers to amplify fragments containing the ITS1,
ITS2, and the 5.8S rDNA coding region. PCR products were cloned
into the pGEM-T Vector (Promega) according to the manufacturer’s
protocol and sequenced using standard sequencing primers.
Phylogenetic Methods. We used the 5.8S rDNA sequences to reconstruct the phylogeny of the senita populations and related cactus

Table 1. Caryophyllales 5.8S sequences used for the phylogenetic
analysis of the Functional and Truncated operons. L is the lower PCR
fragment in Lophocereus spp. and Pachycereus marginatus

Species: population

Family

Accession
number

Lophocereus:

Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Cactaceae
Portulacaceae
Portulacaceae
Portulacaceae
Caryophyllaceae
Chenopodiaceae

AF328639
AF328640
AF328629
AF328641
AF328628
AF328642
AF328644
AF328645
AF328630
AF328650
AF328652
AF328654
AF328655
AF328631
AF328658
AF328632
AF328633
AF328636
AF328635
AF328634
AF328667
AF328665
AF328669
AF328666
AF328668
GSDB.S.109828
GSDB.S.76069
GSDB.S.76070
GSDB.S.109833
X86830
AF062088

17-3
17-2
17-2L
17-1
17-1L
16-1
15-2
15-1
12-2L
11-1
10-2
9-1
8-2
8-1L
6-2
6-1L
5-1L
2-1L (Type 1)
2-1L (Type 2)
2-1L (Type 3)
Pachycereus marginatus L
Pachycereus marginatus
Pachycereus pecten-aboriginum
Pachycereus. weberi
Pachycereus. pringlei
Pereskiopsis porteri
Portulaca molokiniensis
Portulaca quadrifida
Portulaca oleracea
Silene diocia
Spinacia oleracea

species (Table 1). This alignment, of length 164 nt, was analyzed with
the maximum likelihood:(fastDNAml I.1, Olsen et al. 1994) and maximum parsimony (PAUP* V4.0b3a, Swofford 2000) methods. The fast
DNAml tree was constructed using the global search option, transition/
transversion ration ⳱ 2, and a jumbled sequence input. To assess the
robustness of each clade, bootstrap analysis (Felsenstein 1985) was
done with 100 resamplings. Maximum parsimony analysis was done
using the heuristic search of ten replicates with random stepwise addition and tree bisection-reconnection (TBR) and the MulTrees option.
One-thousand bootstrap replicates were analyzed with this method. The
5.8S rDNA phylogeny was outgroup-rooted with this sequence from
Silene dioica and Spinacia oleracea which are outside of the clade
containing the Cactaceae genera Pachycereus and Lophocereus in the
order Caryophyllales. A second data set of 5.8S and ITS1 regions that
included 38 sequences from individuals in 17 Baja populations (see
Table 2) was analyzed with the distance method. Corrected distances
were calculated with the HKY85 model (Hasegawa et al. 1985) and a
phylogeny was built with neighbor-joining. The transition/transversion
ratio was set to 2, gaps were excluded in pairwise comparisons, and an
uniform mutation rate was used in the calculation of the distance matrix. These data were subjected to a bootstrap distance analysis (1000
replications). All phylogenetic analyses were done with PAUP*
(V4.0b3a, Swofford 2000).
Secondary Structure Analysis. A putative secondary structure of the
5.8S rRNA from a sequence isolated from the upper band of an individual from population 17 was reconstructed using existing structures
as a guide (e.g., Yeh and Lee 1991; Hershkovitz and Lewis 1996).
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Table 2. Lophocereus spp. Functional and Truncated (L) 5.8S and
ITS1 sequences used for the phylogenetic analysis. Pachycereus spp.
was the outgroup in this tree
Species:
population

Accession
number

Lophocereus:
17-4
17-3
17-2
17-2L
17-1
17-1L
16-1
15-3
15-2
15-1
14-1
13-1
12-2
12-2L
12-1
11-1
10-3
10-2
10-1
P. weberi

AF328638
AF328639
AF328640
AF328629
AF328641
AF328628
AF328642
AF328643
AF328644
AF328645
AF328646
AF328647
AF328648
AF328630
AF328649
AF328650
AF328651
AF328652
AF328653
AF328666

Species:
population

Accession
number

region divergence in the Lophocereus upper and lower band rDNA
sequences in comparison to other members of the Cactaceae and the
Portulacaceae with Silene dioica as the outgroup. The Kimura twoparameter model (Kimura 1980) with rate variation modeled as a
gamma distribution having the shape parameter ␣⳱0.5 was used to
calculate the pairwise distances.

Lophocereus:
9-1
8-2
8-1L
7-2
7-1
6-2
6-1L
5-1
5-1L
4-2
4-1
3-1
2-1
2-1L (Type 1)
2-1L (Type 2)
2-1L (Type 3)
1-1
1-1L

AF328654
AF328655
AF328631
AF328656
AF328657
AF328658
AF328632
AF328659
AF328633
AF328660
AF328661
AF328662
AF328663
AF328636
AF328635
AF328634
AF328664
AF328637

RT-PCR. We used the RT-PCR method to determine the expression
of the 18S coding region in the upper and lower band rDNA operons.
Total RNA was isolated from a senita seedling (population 10) using
the Qiagen RNA extraction kit according to the manufacturer’s instructions. To exclude DNA contamination, RNA was extensively electrophoresed on a 1% Low Melting Point agarose gel and the 18S rRNA
band was excised. cDNA synthesis was done using SuperScript II
reverse transcriptase (Gibco BRL) and conserved primers within the
18S sequence (B, 1400R, 1055R, Elwood et al. 1985; Medlin et al.
1988). PCR was done using primers within the 18S coding region
(300F forward primer paired with B, 1055R, or 1400R reverse primers). PCR products were subcloned into pGEM-T Easy (Promega) and
the entire ligation reaction was used for transformation of competent
JM109 cells according to standard protocols. Single colonies were
picked, grown in liquid medium over night at 37 °C, and plasmid DNA
was isolated using a standard alkaline lysis mini-prep protocol (Sambrook et al. 1989). Plasmid DNA was digested with EcoRI to confirm
the presence of an insert prior to sequencing with the SP6 primer.

P. marginatus

AF328665

Results
Southern Blot Analyses. We did Southern blot analyses to confirm
the presence of/and to estimate the relative copy numbers of both upper
and lower rDNA fragments in the senita genome. Genomic DNA was
digested to completion with BamHI, EcoRI, HindIII, electrophoresed
through an 1% agarose gel, and blotted onto a nylon membrane via
capillary transfer. Purified PCR product (50–100 ng) was labeled in the
presence of 50 Ci of 32P-CTP using the Random Primer labeling Kit
(Boehringer Mannheim) according to the manufacturer’s instructions.
Prehybridization (90 min) and hybridization (overnight) were done at
62 °C in a solution containing 0.25M Na2HPO4 1M EDTA, 1% BSA,
7% SDS. Membranes were washed in 2×SSC and 0.1%SDS at 45 °C
twice for 15 min and once for 45 min. Film-exposure was carried out
at −70 °C. A PCR product encoding ITSI-5.8s rDNA-ITS2, or a partial
region of the ITS2 that recognized specifically the upper rDNA band
were used as probes in the Southern blot analyses.
Genomic PCR Analysis of Lophocereus rDNA. We used a PCR
approach to determine if the lower band had a complete 18S sequence
indicative of a functional coding region. Conserved primers within the
18S gene (1800F, 1400F, 1055F, 920F, 690F, 300F, Medlin et al. 1988)
were used in combination with a reverse primer specific to the lower
band (ITS2P-R: 5⬘-GCAGTGTGAATGATG-3⬘) for rDNA genomic
amplifications. The DNA was isolated from an individual from population 4. Annealing was done at 58 °C and primer extension was for 2.5
min. All other PCR conditions were as described above. PCR products
were separated on a 1% agarose gel. The longest fragment obtained
(using 1400F) was gel-excised, purified, and sequenced as described
above. We also determined the 18S rDNA sequence for the upper PCR
band of an individual from population 5 using the conserved 1400F and
the upper band-specific ITS1 (5⬘-GCCACCCCTGCGCACCGGTGGATTGAG-3⬘) primers. This PCR product was cloned into pGEM-T
Easy (Promega) and sequenced as described above.
Relative Rate Test. The relative rate test (Takezaki et al. 1995) was
implemented to determine whether the 5.8S rDNA genes of Lophocereus had an accelerated rate of sequence divergence. The program
PHYLTEST (V2.0, Kumar 1996) was used to calculate rates of coding

Results of PCR Analyses
PCR reactions, using the species-specific and conserved
primers within the 18S and 28S genes to amplify ITS1
and ITS2 (and the 5.8S gene), resulted in two bands in all
studied individuals from senita. PCR analyses of Pachycereus marginatus with the ITS4 and 1800F primers resulted in two bands of same sizes as in senita (ca. 700 bp,
550 bp). A single band of approximate size 700 bp was
found in PCRs with P. weberi, P. pectenaboriginum, P.
pringlei, P. pringlei. In senita, the 700 bp (upper) band
was of higher yield whereas the second lower (550 bp)
band was only faintly visible (Fig. 2). The upper band
was sequenced from a number of individuals and, using
the BLAST search (Altschul et al. 1997), shown to encode rDNA sequence. Our initial analyses showed that
the upper band sequences varied between senita individuals, so we tested this region as a potential phylogeographic marker.
As we accumulated more sequence data, however,
ITS and 5.8S seqences from the upper band of senita did
not cluster into geographically distinct populations like
those generated using allozyme data. Furthermore, three
individuals from different populations (6, 9, 11) consistently formed a distinct clade (see Fig. 3). These individuals were not only more divergent in their ITS1 and
ITS2 than the other senita rDNA sequences, but contained six nucleotide differences within the 5.8S gene
that differentiated them from the major clade. We hypothesize that these two clades are paralogous rDNA
operons in senita that are found in the upper PCR frag-
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Fig. 2. A Photograph of an agarose gel showing results of the amplification of the ITS1, 5.8S, and ITS2 region in senita using conserved
primers within the 18S and 28S genes (1800F and ITS4, respectively).
The two bands were found in all studied senita individuals. Shown are
the results for two individuals each for populations 17 and 6. Funct. is
the Functional operon, whereas Trunc. is the pseudogene Truncated
operon.

ment. This hypothesis is supported by the remarkable
sequence divergence in the 5.8S rDNA sequence of
members of these clades. We also believe that there may
be additional, as yet undetected, heterogeneity within
each of these two paralogs based on the consistent observation of double peaks (ambiguities) at some positions in the sequencing electropherograms.
It was, therefore, clear that without a great deal of
effort to clone and characterize all paralogs within the
upper PCR band of senita, these rDNA regions could not
be used as population markers. We then decided to examine the lower 550 bp band to evaluate its potential as
a phylogeographic marker in senita. The lower band sequence was determined from several individuals. This
fragment also encoded ITS sequence from senita, although it was found to have a deletion of 157 bp starting
after the fourth bp of ITS2 (relative to the upper band).
Upper and lower band comparisons were done with
rDNA sequences from the same individual (17-2).
Within ITS1, there was a 20.7% (34/164) difference between these sequences. Within the 5.8S sequence, there
was a remarkable 14.7% (24/163) difference. Within the
ITS2 there was a 17.5% (22/126) difference. The lower
band ITS1 contained a 36 bp region that was unalignable
with this region in the upper band, resulting in a greater
number of changes in ITS1 in comparison to the 5.8S
sequence. The GC content of the upper ITS1 region was
62.3% (100/160), of its 5.8S gene 50.3% (82/163), and of
its ITS2 region, 57.6% (159/276). The GC content of the
lower ITS1 region was 65.2% (105/161), of its 5.8S gene
47.2% (77/163), and of its ITS2 region, 52.0% (66/127).
These values are within the range of what is found in
other angiosperms; i.e., 50–75% for ITS1 and ITS2
(Baldwin et al. 1995).

Fig. 3. FastDNAml tree of the 5.8S gene from senita individuals
collected in different areas of Baja and of the 5.8S gene of the Pachycereus species and other Caryophyllales with Spinacia and Silene as
outgroups. A total of 164 nt (46 parsimony informative sites) were used
in the analysis. Results of maximum likelihood bootstrap analysis (100
replications) are shown on the left of the slashmarks above the
branches, whereas the bootstrap values shown on the right are from an
unweighted maximum parsimony analysis (1000 replications). The locations of the sampled senita in Baja are those shown in Fig. 1. Functional is the expressed senita rDNA operon, whereas Truncated is the
pseudogene operon. Types 1–3 are the different pseudogene sequences
shown in Figs. 4, 5.

the lower band of one individual (2-1) showed that there
are two dominant sequence types (Type 1, Type 2; see
Fig. 4). A third pattern (Type 3) was found in 1/14 clones
and encoded a sequence closely related to Type 2 with
the only apparent RFLP being the upward shift of the
smallest band on this gel. One clone encoding each type
of lower band rDNA was sequenced. Types 1 and 2
differed at a total of 12 nt positions (7 in ITS1, 4 in 5.8S,
and 1 in ITS2), whereas Types 2 and 3 differed at 2 sites
(1 in ITS1 and 1 in 5.8S, Fig. 5). We postulate that the
number of changes between Types 1 and 1 and 2 are too
great for these to be allelic variants. These two sequences
likely represent rDNA paralogs, whereas Types 2 and 3
are likely allelic variants. The apparent band shift is explained by the loss of a HinfI site in the Type 3 ITS that
is 17 bp from a shared site in Type 2.

Lower Band Heterogeneity

Phylogeny of Upper and Lower Band Sequences

RFLP analysis using AluI/HinfI double-digests and
cloned PCR products (encoding ITS1-5.8S-ITS2) from

Phylogenetic analyses of the 5.8S rDNA sequences
shows a complex history of duplications of Lophocereus
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Fig. 4. PAGE gel showing results
of the RFLP analysis of cloned
PCR products. The ITS1, ITS2, and
the 5.8S coding region of an
individual from population 2 was
cloned and the inserts of 14 clones
were isolated with PCR and
double-digested with AluI and HinI.
The three types of restriction
patterns correspond to the three
sequence types for the lower band
rDNA fragment, labeled 1–3. Types
1 and 2 represent paralog
polymorphism within the lower
band operon, whereas Type 3 is
likely an allelic variant of Type 2
(see text).

Fig. 5. Alignment of pseudogene
sequence Types 1–3 shown in Fig.
4. These sequences were isolated
from a single individual from
population 2. Identical positions are
marked with dots and all nucleotide
substitutions are shown. The ITS1
and ITS2 regions are in uppercase,
whereas the 5.8S rDNA is in
lowercase.

and Pachycereus rDNA operons that is consistent with
there having been at least two operons in the common
ancestor of these taxa (Fig. 3). Distance analysis of the
combined 5.8S + ITS1 sequences from a broader sampling of Lophocereus upper and lower bands of individuals from Baja substantiates the finding of two distinct
operons in this taxon (Fig. 6). Within the 5.8S tree, the
well-supported sister group relationship of P. marginatus

upper and lower bands with two different Pachycereus
clades is consistent with this scenario.

Southern Blot Analyses
We probed genomic DNA from different senita individuals with the entire ITS1-5.8S-ITS2 fragment to detect the

130

Fig. 6. Bootstrap consensus tree (1000 replications) inferred from a
distance analysis (HKY85 model, neighbor-joining) of 5.8S and ITS1
sequences from all sampled senita individuals in Baja (see Table 2).
This phylogeny has been rooted on the branch leading to the Pachycereus sequences. Only groups found in ⱖ60% of the bootstrap replicates are shown. The locations of the sampled senita in Baja are those
shown in Fig. 1. The Functional and Truncated operons in senita are
identified.

lower band rDNA operon. Because the Functional and
lower band ITS fragments share a sequence identity of
about 80%, a full-length probe derived from this sequence should hybridize to both rDNA regions. A RFLP
is, however, expected with the analysis because the upper band contains an EcoRI site 248 nt from the 5⬘ end
of the probe that is not found in the lower band DNA.
Our prediction was to see two bands in the Southern
analysis, corresponding to the two distinct operons. Even
after a long (5 days) exposure, however, we were able to
detect only a single band (Fig. 7A). This could mean
either that one of the operons is in such a low copy
number that we are not detecting it with the Southern
analysis, or that both operons are closely linked and occur in the single bands. The second scenario is less likely
because, in addition to the EcoRI polymorphism, there is
a 150 bp deletion in the ITS2 region of the lower band
operon that should result in a noticeable size shift in
agarose gels. To address this issue, we repeated the
Southern blot analysis using as probe a 157 bp fragment
of the ITS2 in the Functional operon that is deleted in the
lower band, i.e., the probe was specific for the Functional operon. This analysis resulted in the identification
of the same band in different populations (Fig. 7B) as
when the ITS1-5.8S-ITS2 region was used as the probe.
We interpret this as support for the first scenario of a
putative low copy number of the lower band operon and
hypothesize that its amplification (albeit weakly) results
from the greater sensitivity of the PCR method.

Fig. 7. Southern analyses of rDNA genes in senita. (A) Genomic
Southern blot of an individual from population 18 that has been digested with BamHI, HindIII, and EcoRI and probed with a PCR product encoding an entire Functional ITS1, 5.8S, ITS2 region. The
lambda/HindIII molecular weight marker is from NEB. The presence of
a distinct band in all digests is consistent with a single locus encoding
Functional and that Truncated exists in too low a copy number to be
resolved in this experiment (see text for details). (B) Genomic Southern
blot of individuals from populations 2, 9, and 18 that have been digested with EcoRI and probed with a fragment that spans the ITS2
deletion in Truncated (i.e., the probe is Functional-specific). The 1 kb
ladder is from NEB.

The Lophocereus Lower Band Encodes a Pseudogene
To determine if the lower band ITS region in Lophocereus is part of a rDNA operon that contains a functional
18S gene, we isolated portions of this coding region with
PCR methods. Usage of conserved forward primers
(300F, 690F, 920F, 1055F, 1400F, 1800F) within the
18S gene in combination with a reverse primer specific
for the lower band (ITS2P-R) failed to amplify the full
length 18S gene from this operon. The 5⬘ end of the 18S
gene is apparently deleted because PCR primers upstream of the 1400F primer, in combination with ITS2PR, did not produce a fragment (Fig. 8). The longest product obtained from these PCRs (1400F+ITS2P-R) was
sequenced and confirmed to be the lower band operon.
Sequence data for this region of the 18S gene showed
81/100 and 147/161 matches in comparison to the homologous sequence from spinach and the Lophocereus
upper band, respectively. These data lead us to postulate
that the lower band operon (Truncated) encodes a pseudogene.
Functional is Expressed in Senita
We used the RT-PCR method to test whether Functional
is expressed in senita. As described above, gel-purified
18S rRNA was used for cDNA synthesis and RT-PCR
using conserved primers within this coding region. RT-
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estimated migration rates among senita populations in
Baja can be explained by a hypothesis of isolation by
linear (north–south) distance (J. N. unpublished data).
The rDNA analyses were designed to test this hypothesis
and to provide an independent corroboration of the allozyme data.
Evolution of Paralogous rDNA Sequences within
Functional and Truncated

Fig. 8. Genomic PCR analysis of the senita pseudogene operon in an
individual from population 4. Only primers 1400F and 1800F, which
recognize conserved sequences at the 3⬘ end of the 18S rDNA gene,
paired with the Truncated-specific reverse primer ITS2P-R resulted in
the amplification of an 18S rDNA fragment. This result suggests that
the 5⬘ end of the 18S coding region has been deleted in senita.

PCR products obtained with primers 300F+1400R or
1055R were cloned and sequenced. All RT-PCR fragments encoded a single sequence which was identical to
the homologous genomic region from the senita upper
band. This result identifies Functional as the expressed
coding region in senita.
Relative Rate Tests
Divergence rates comparisons were done of the 5.8S
rDNA coding region in the Lophocereus Functional (individual 17-2) operon with homologous sequences in
other Cactaceae (Pereskiopsis porteri) and Portulacaceae
(Portulaca molokiniensis) with Silene dioica as the outgroup. These analyses showed significant rate differences between 17-2 (used to represent all the Lophocereus 5.8S genes) and the other ingroup and outgroup
sequences. For example, the branch length leading to the
5.8S gene in 17-2 (La⳱0.1567) showed a significant rate
elevation in comparison to this gene in Portulaca (Lb ⳱
−0.01791, La − Lb ⳱ 0.1746 ± 0.0698, Z⳱2.5004, p <
0.05).

Discussion

Senita has two distinct rDNA operons, one that is functional and one that is a pseudogene. Functional clearly
demonstrates paralog polymorphism, and we postulate
that the same holds for Truncated (see Figs. 4, 5). The
paralog polymorphism may have resulted from recombination during recent range expansion and nothward migration, or high levels of current pollen- or seedmediated gene flow. Gene flow may introduce new
rDNA variants into populations at a rate faster than their
homogenization (Sanderson and Doyle 1992). Analyses
of 32 allozyme loci from 12 Baja populations of senita,
however, indicate unusually low rates of gene flow relative to other long-lived woody species, including Baja
populations of the columnar cacti Pachycereus pringlei
and Stenocereus thurberi (Hamrick et al. in press). Regardless of the source of the rDNA variants, these results
are particularly striking because Functional was resolved
as a single strong band in the Southern analysis. This
suggests that the Functional repeats may be located at a
single chromosomal site and would, therefore, be expected to undergo rapid concerted evolution (Schlötterer
and Tautz 1994). Regarding the possible origin of the
divergent lower band rDNA sequence from a contaminant, this can likely be excluded because the plant tissue
used in our analyses was derived from anthers inside
unopened senita flowerbuds or stem tissue trimmed with
a sterile razor blade. Furthermore, database searches using the lower band sequence(s) failed to find strong similarity to any published rDNA sequence and identified a
similar spectrum of taxa as searches using the upper band
rDNA sequences. Results of the similarity searches also
allowed us to exclude the possibility that the lower band
was of organellar origin. This leads us to hypothesize
that the lower band encodes a distinct rDNA operon in
senita.

Senita as a Study System
Origin of the Senita Truncated Operon
Our study was originally designed to use ITS1 and ITS2
as markers for phylogeographic analyses of senita. Results from paleoecological studies suggest that the Sonoran Desert flora, including senita, recolonized northern
Baja from Pleistocene refugia in southern Baja and/or
Sonora within the last 2000–4000 years (Peñalba and
Devender 1998). In a previous study, allozyme markers
showed directionality in historical pathways of gene migration in senita. In fact, over 60% of the variation in

We postulate that Truncated was present in the common
ancestor of Lophocereus and Pachycereus and has maintained an evolutionary history that is distinct from the
Functional operon. The high sequence divergence between Functional and Truncated suggests that recombination does not take place between these repeats. This
may reflect the relatively large deletions in Truncated.
Alternatively, Truncated may occur in a genomic region
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Fig. 9. Putative secondary
structure of the 5.8S rRNA from the
Functional operon. This sequence
was isolated from an individual in
population 17. The outlined sites
differ between the Functional and
Truncated operons in this
individual.

that is protected from recombination and/or occurs in
very low copy numbers (consistent with the Southern
blot analysis). A similar situation exists in Zea which
contains a functional and a pseudogene rDNA operon,
both of which were present prior to the divergence of
modern Zea (Buckler IV and Holtsford 1996a; Buckler et
al. 1997).
To determine the evolutionary origin of Truncated in
senita, we analyzed related cactus species for the presence of two rDNA operons. Morphological studies (Gibson and Horak 1978) and recent molecular evidence
from chloroplast sequence data (S. H. unpublished data)
point to the hummingbird pollinated Pachycereus marginatus as the sister group of Lophocereus. Using conserved PCR primers within the 18S and 28S genes to
amplify ITS1 and ITS2 (and the 5.8S gene), we obtained
and sequenced two bands from P. marginatus that were
of the same size as the two PCR products from Lophocereus (a stronger band of approximately 700 bp, and a
fainter band of ca. 550 bp). We tested Pachycereus weberi, P. pecten-aboriginum, and P. pringlei, three columnar cacti in the tribe Pachycereeae which are the most
closely related to P. marginatus and Lophocereus (Gibson and Horak 1978; S. H. unpublished data), for the
presence of two rDNA operons. Using conserved primers
as described above, we were able to amplify only one
major band (ca. 700 bp) from these Pachycereus species.

We used the 5.8S region to determine the evolutionary history of these operons. Phylogenetic analysis using
sequences derived from the upper and lower bands of P.
marginatus showed that the upper band 5.8S rDNA clustered with the lower band sequences of Lophocereus,
whereas the lower P. marginatus band formed a distinct
group that included the single sequences isolated from P.
pringlei and P. weberi (Fig. 3). We did not further characterize these operons within P. marginatus but speculate that the lower band may be a non-functional, truncated rDNA operon.
Interestingly, sequence relationships within the two
Lophocereus/Pachycereus clades (i.e., Lophocereus
functional/P. marginatus-L/P. pecten-aboriginum and P.
marginatus/P. pringlei/P. weberi) are consistent with
chloroplast DNA phylogenies of these taxa (S. H. unpublished data). Sequence comparisons of non-coding
regions between the following genes trnL–trnF, trnC–
trnD, trnS–trnfM show that Lophocereus and P. marginatus share a sister group relationship to the exclusion of
P. pecten-aboriginum and that P. weberi and P. marginatus are more closely related to each other than either is
to P. pringlei. These data suggest that different rDNA
paralogs may have been lost in P. pecten-aboriginum, P.
pringlei, and P. weberi, whereas Lophocereus and
Pachycereus marginatus have maintained both ancestral
operons. Alternatively, all Pachycereus species may re-
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tain the ancestral rDNA operons but we are unable to
amplify the second paralog in P. pecten-aboriginum, P.
pringlei, and P. weberi because of extreme sequence
divergence at the primer-binding sites or the evolution of
nucleotide bias leading to hairpins making these sequences resistant to PCR amplification. That all studied
Lophocereus and Pachycereus rDNA sequences have
high relative sequence divergence rates is demonstrated
by a comparison of corrected (HKY85 model) distance
values between the taxa shown in Fig. 3. The highest
distance estimate among the non-Lophocereus/
Pachycereus sequences is 3.85% between Portulaca
quadrifida and the outgroup Silene diocia, whereas between P. pringlei and Lophocereus 8–2, this value is a
magnitude higher at 30.43%. Secondary structure analysis of the 5.8S rRNA from the senita Functional operon
(Fig. 9) shows that, in spite of a high relative divergence
rate, this coding region can be folded into a structure
typical of plant 5.8S rRNAs (Yeh and Lee 1991; Hershkovitz and Lewis 1996). The 24 positions that differ
between the 5.8S rRNA in Functional and Truncated are
as outlined text in Fig. 9. These changes are dispersed
throughout the secondary structure.
In conclusion, our study shows the extreme level of
paralogy that is possible in plant rDNA genes. Although
other taxa may not have rDNA heterogeneity to the extent found in senita, our results underline the caution that
must be used when using rDNA genes in population
analyses. A significant finding in senita is the existence
of high levels of coding region heterogeneity both within
and between operons. These data are a model for understanding the dynamics of concerted evolution in a system
that is likely characterized by extensive ancestral polymorphisms, historical gene flow between populations,
and/or existence of hybridization during species evolution. However, the lack of evidence for polyploidy at 32
allozyme loci (Hamrick et al. in press) suggests that
Truncated does not result from a duplication of the genome. Our analysis of rDNA of related cactus species
suggests that the second operon was present in the common ancestor of Lophocereus and Pachycereus marginatus.
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