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Molecular sequence data have become increasingly
used for examining the evolutionary history of plants at
scales ranging from relationships among the major lin-
eages of land plants to relationships within individual
genera. Phylogenetic systematics has progressed in part
through the development of new molecular markers
suited to particular classes of phylogenetic problems
(e.g., Mathews et al., 2000; Olsen and Schaal, 1999;
Palmer et al., 1988; Taberlet et al., 1991; Whitlock and
Baum, 1999). Nonetheless, there are few genes that may
be easily amplified from a wide range of taxa that have
levels of sequence variation appropriate for studies of
closely related species or studies at the population level
(Schaal et al., 1998). Consequently, species and popu-
lation-level phylogenies, especially involving recent ra-
diations, most commonly utilize techniques such as
inter-simple sequence repeats (Wolfe and Randle, 2001),
amplified fragment length polymorphisms (Albertson
et al., 1999; Bakkeren et al., 2000), and microsatellites
(Billotte et al., 2001; Dayanandan et al., 1997). Unfor-
tunately, these techniques do not provide gene geneal-
ogies, which may be useful for clarifying species limits
and patterns of gene flow (Avise and Ball, 1990; Baum
and Shaw, 1995), but rather provide a summation across
numerous, possibly discordant, gene genealogies.

The most commonly used marker for sequence
analysis at low phylogenetic levels is the internal tran-
scribed spacer (ITS) region of 18S–5.8S–28S rDNA
(Baldwin et al., 1995). While ITS has been useful in
elucidating some island lineages (reviewed in Baldwin
et al., 1998), it is often invariant in clades that have
undergone rapid or recent radiations (Ganders et al.,

2000; Vargas et al., 1998). This is particularly true in
island radiations, which are consequently often assessed
with morphological data (Buss et al., 2001; Wagner and
Funk, 1995). Additionally, ITS is present in multiple
copies per genome and subject to varying degrees of
concerted evolution, which can occasionally result in a
distorted picture of evolutionary history (Buckler et al.,
1997, Wendel et al., 1995).

Palumbi and Baker (1994) described a method to find
more variable regions of the genome, which they called
exon-primer, intron-crossing (EPIC). The method en-
tails using data from two or more model species to find
conserved exons that flank variable introns. Primers can
then be designed within these flanking exons that will
amplify the intron in a broader array of taxa. Strand
et al. (1997) used such a technique to design primers for
amplifying introns from a diversity of plant taxa.
However, they focused on markers with multiple small
introns. For example, glyceraldehyde-3-phosphate de-
hydrogenase (G3PDH), which has been used success-
fully at the population level (Olsen and Schaal, 1999),
has introns that are typically only 100 bp in length.
Longer introns would provide more phylogenetic in-
formation per unit sequence because less exon sequence
would need to be generated. Therefore, we set out to use
EPIC to find longer nuclear introns that could be am-
plified from a diversity of plants and could provide
phylogenetic information at low taxonomic levels.

This paper describes one target of this effort, the ni-
trate reductase (NIA) gene, which is a promising candi-
date for phylogenetic reconstruction. The gene
(sometimes abbreviated NR) has been isolated from
fungi, algae, and land plants (Zhou andKleinhofs, 1996).
NIA from most land plants acts as a homodimer and,
with NADH as a cofactor, catalyzes the first reaction in
the uptake of nitrogen from the soil, the reduction of
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nitrate to nitrite (Hoff et al., 1994). The gene has three
introns in conserved positions in all angiosperms studied
(Salanoubat and Ha, 1993). The location of the first two
introns is also shared with green algae (nonangiosperm
land plants have not been studied), whereas the third
intron (NIA-i3) has been found only in angiosperms
(Zhou and Kleinhofs, 1996). This third intron varies in
length (Table 1), but is generally large for a plant intron,
attaining 1.6 kb in Phaseolus (Jensen et al., 1994).

We downloaded and aligned published GenBank
NIA protein and nucleotide sequences from Petuna,
Cichorium, and Lotus. The intron positions were deter-
mined, allowing degenerate primers to be designed
within conserved regions of exons III and IV (Table 2).
There was, theoretically, enough conservation in the
exons for primers to amplify NIA-i3 from both rosids
and asterids. Primers were also designed for the second
intron of NIA (Table 2), but these primers did not
amplify as consistently. Successfully cloned sequences
from NIA-i2 indicate that it is actually longer than NIA-
i3 in Scaevola (approximately 1.7 kb).

To evaluate the phylogenetic utility of NIA-i3 we
here focus on the genus Scaevola (Goodeniaceae).
Scaevola is of interest in this case because it includes a
number of rapidly evolving island clades, including a
radiation of seven species endemic to Hawaii. We am-
plified NIA-i3 from genomic DNA of four divergent
Scaevola species (S. aemula, S. nitida, S. plumieri, and S.
taccada) and seven species endemic to Hawaii (S.
chamissoniana, S. coriacea, S. gaudichaudiana, S. gaud-
ichaudii, S. kilaueae, S. mollis, and S. procera). These
taxa were chosen because they differ in their degree of

divergence, and sequences from ITS are already avail-
able (unpublished data), allowing a comparison of se-
quence evolution between these regions. Additionally,
partial G3PDH sequences are also available for S. tac-
cada and the Hawaiian endemics (unpublished data).

PCR amplification was carried out on a PTC-200
Peltier Thermal Cycler (MJ Research, Waltham, MA).
NIA-i3 was amplified using a stepdown PCR protocol
(Hecker and Roux, 1996) with the annealing tempera-
ture beginning at 62 �C and ending at 49 �C. The reac-
tions were performed using either PfuTurbo Hotstart
DNA Polymerase (Stratagene, La Jolla, CA) or Taq
DNA Polymerase (QIAGEN, Valencia, CA) in 25 lL,
with final concentrations of 2.5mM MgCl2, 0.5 lM of
each primer, 0.8mM dNTPs, and 1� Q solution
(QIAGEN, Valencia, CA). The reactions were then gel
purified using the QIAquick gel extraction protocol
(QIAGEN, Valencia, CA) and eluted with 10 lL of
ddH2O. This product was then cloned using the pGEM-
T Easy TA cloning kit (Promega, Madison, WI). At
least five colonies were screened for each taxon to check
for multiple loci. Clones were purified with the Sigma
GenElute Plasmid Miniprep Kit (Sigma, St. Louis, MO)
and were then sequenced using the original primers with
BigDye termination mix (PE Applied Biosystems, Fos-
ter City, CA) and run on an automated DNA sequencer
(ABI 377 or 3100). To verify the sequences, additional
sequencing reactions were conducted using Scaevola-
specific internal primers.

The primers NIA3F and NIA3R amplified a 1.2- to
1.5-kb fragment in all the Scaevola species used. A
smaller band of approximately 0.3 kb was also amplified

Table 1

Nitrate reductase genes published in GenBank and the size of their 3rd introns

Species Intron size (bp) Publication GenBank accession no.

Arabidopsis thaliana 439 Wilkinson and Crawford (1993) Z19050

Cichorium intybus 1411 Palms et al. (unpublished) X84103

Lotus japonicus 596 Waterhouse et al. (unpublished) X80670

Lycopersicon esculentum 436 Daniel-Vedele et al. (1989) X14060

Nicotiana tabacum 652, 788 Vaucheret et al. (1989) X14058, X14059

Petuna x hybrida 497 Salanoubat and Ha (1993) L11563

Phaseolus vulgaris 677, 1646 Hoff et al. (1991); Jensen et al. (1994) X53603, U01029

Scaevola procera 1285 This paper AF460205

Spinacia oleracea 1374 Tamura et al. (1997) D86226

Zea mays 85a Campbell et al. (unpublished) U20450

Note. Two different copies were identified in Nicotiana (which is tetraploid) and Phaseolus.
a This is only one of three loci for which the sequence of NIA is reported.

Table 2

Primer sequences and locations for the second and third introns of nitrate reductase

Forward primer Reverse primer

NIA-i2 50-TCBGTGATTACGACGCCGTGTCATGA-30 50-GACCARAARCACCARCACCARTAYT-30

68–93 bases 50 of intron 104–128 bases 30 of intron

NIA-i3 50-AARTAYTGGTGYTGGTGYTTYTGGTC-30 50-GAACCARCARTTGTTCATCATDCC-30

107–132 bases 50 of intron 0–24 bases 30 of intron
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across all taxa. The cloned product of this smaller band
corresponds to a separate, apparently nonfunctional
copy of NIA (there were multiple missense base muta-
tions in the exon sequence) with a much smaller intron
(96 bp), which will not be discussed further.

Within the larger fragment no more than two distinct
but almost identical sequences (putative alleles) were
found from a single individual except in Scaevola glabra,
which is tetraploid. Therefore, it appears that the diploid
species contain only one NIA locus with the full-length
intron.

The percentage sequence divergence among taxa was
1.3- to 5.4-fold greater in NIA-i3 than in ITS in all
comparisons (Table 3). A similar difference was found
for G3PDH. For example, sequence divergence at
G3PDH was 3.1 times less than that of NIA-i3 in a
comparison between S. taccada and S. procera.

Within the seven Hawaiian species, the matrix for
NIA-i3 was 1287 characters, of which 33 (2.6%) were
parsimony informative. For these same taxa, an ITS
matrix was 786 bases in length with only 11 (1.4%)
parsimony-informative characters. The G3PDH matrix
was 915 bp with only 6 (0.7%) parsimony-informative
sites. Unfortunately, these numbers are not easily com-
parable due to differential sampling of accessions and
the presence of multiple alleles in NIA-i3.

Separate phylogenetic analyses of the ITS and NIA-i3
sequences (ignoring indels) were conducted using par-
simony. In both cases only two clades were supported
with >70% bootstrap—suggesting that phylogenetic
signal is roughly equivalent between these two data sets.
However, unlike ITS, NIA-i3 also contained four par-
simony-informative indel regions which, when coded as
binary characters, led to one additional clade attaining a
bootstrap >70%. Additionally, multiple accessions of a
species had identical ITS sequences, unlike multiple ac-
cessions in NIA-i3 which varied within species. Of the 13
Hawaiian individuals sampled from individuals with
unambiguous species affiliation (based on morphology),

4 were heterozygous. Nonetheless, the alleles from each
named species clustered on the phylogeny. In contrast, 5
putatively hybrid individuals were found to be hetero-
zygous with one of each of the putative parental species
alleles. Therefore, it appears that NIA-i3 yields greater
low-level phylogenetic information than ITS.

The primers given in Table 2 appear to be broadly
applicable. For example, unpublished research inTilia (J.
Li and Y. Chen), Antirrhinum (R.K. Oyama and D.A.
Baum), and Ribes (L. Schultheis and M.J. Donoghue)
has involved use of these primers and has yielded high
levels of molecular variation, as we found for Scaevola.
Although multiple loci are sometimes present, these
generally give products of different sizes, allowing them
to be separated by gel purification (Jensen et al., 1994).
Consequently, we are optimistic that NIA-i3 will have
general utility for the study of the history and population
biology of rapidly evolving species and complexes.
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