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a b s t r a c t

There has been considerable interest and research into the benefits of multiple low-copy nuclear regions
for phylogenetic studies at low taxonomic levels. In this study, the phylogenetic utility of DNA sequence
data from two low-copy nuclear genes, nitrate reductase (NIA) and granule-bound starch synthase I
(GBSSI), was compared with data from nuclear ribosomal ITS and the cpDNA spacers trnT–trnF and
trnD–trnT across 33 closely related taxa in tribe Lycieae (Solanaceae). The NIA data (introns 1–2) had
the most parsimony-informative characters, with over twice the number provided by GBSSI, but NIA also
had greater homoplasy. Although gene trees were generally concordant across the four regions, there
were some notable areas of incongruence, suggesting both incomplete lineage sorting as well as possible
reticulate origins.

! 2008 Elsevier Inc. All rights reserved.

1. Introduction

Efforts at unraveling phylogenetic relationships among angio-
sperms using molecular sequence data have largely relied on data
from either the chloroplast genome (cp; reviewed in Clegg and
Zurawski, 1992; Shaw et al., 2005, 2007) or the nuclear ribosomal
internal transcribed spacer regions (ITS; Baldwin, 1992; Baldwin
et al., 1995; Álvarez and Wendel, 2003). Likely this is due to the
availability of universal primers (e.g., Taberlet et al., 1991; Baldwin
et al., 1995) and to the relative ease of PCR amplification given high
copy number. Further, the combination of these two types of data
often provides robust phylogenetic support, given a mixture of the
generally more slowly evolving cp regions and the faster evolving
ITS region (e.g., see review in Small et al., 2004; Mort et al., 2007).
Inclusion of data from both the maternally evolving plastid gen-
ome and the biparentally inherited nuclear genome can also be
advantageous in the detection of hybridization. For example, dis-
agreement in the placement of species in cp and ITS trees has been
used to suggest hybrid origins for several angiosperm lineages
(Sang et al., 1997; Mansion et al., 2005; Lihová et al., 2006).

However, for understanding relationships among closely re-
lated species within genera, further molecular data are often

needed, and low-copy nuclear genes are increasingly being used
to address these phylogenetic questions. One such region is the
granule-bound starch synthase I gene (GBSSI, waxy), which has
been shown to be useful in a variety of plant families including
Poaceae (Mason-Gamer et al., 1998; Fortune et al., 2007, 2008),
Malvaceae (Small, 2004), Boraginaceae (Moore and Jansen, 2006),
and Proteaceae (Mast et al., 2005). In Solanaceae GBSSI appears
to be single copy and phylogenetically informative among species
within genera (Peralta and Spooner, 2001; Levin and Miller, 2005;
Levin et al., 2005, 2006, 2007; Dillon et al., 2007).

The nuclear nitrate reductase gene (NIA) catalyzes the reduc-
tion of nitrate to nitrite, facilitating in plants the uptake of nitrogen
from the soil. The gene is usually comprised of four exons and
three introns (Fig. 1). Among Solanaceae NIA appears to be single
copy (Solanum lycopersicon, Daniel-Vedele et al., 1989; Solanum
tuberosum, Harris et al., 2000; Petunia hybrida, Salanoubat and
Ha, 1993). However, there are two loci in Nicotiana tabacum due
to its allopolyploid origin (Vaucheret et al., 1989). NIA has also
been found to be at a single locus in Goodeniaceae (Scaevola, Ho-
warth and Baum, 2002), Anacardiaceae (Yi et al., 2007, 2008) and
Chenopodiaceae (Spinacia oleracea, Tamura et al., 1997), whereas
there may be two loci in certain Olea (Oleaceae) species (Ham-
man-Khalifa et al., 2007), and at least two loci in Brassicaceae (Ara-
bidopsis thaliana, Cheng et al., 1988) and Poaceae (Oryza sativa,
Hamat et al., 1989). Zhou and Kleinhofs (1996) examined the
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molecular evolution of nitrate reductase sequences and suggested
that NIA may be a useful region for evolutionary studies of rela-
tionships across distantly related plant lineages. Further, Howarth
and Baum (2002) suggested that introns of this gene are useful for
evolutionary studies of recently diverged species, and showed a
high rate of evolution in comparison to three other nuclear gene
regions in Scaevola (Howarth and Baum, 2005). Sequence data for
nitrate reductase has also been shown to be informative for exam-
ining relationships within Rhus and Pistacia (Anacardiaceae; Yi
et al., 2007, 2008) and among closely related wild potatoes (Sola-
num sect. Petota; Rodriguez and Spooner, 2004, 2005).

Lycium is a genus of ca. 85 species distributed mainly in south-
western North America, South America, and southern Africa (tribe
Lycieae; Solanaceae). Although Lycium is by far the largest genus in
tribe Lycieae, the tribe also includes the monotypic Phrodus micro-
phyllus and small (3 spp.) genus Grabowskia (Hunziker, 2001).
However, previous studies (Levin and Miller, 2005; Levin et al.,
2007; Olmstead et al., 2008) have indicated that these genera,
which are endemic to the Americas, may be nested within Lycium.
Results suggest that Lycium species have diversified relatively re-
cently, particularly in southern Africa and within certain groups
of American taxa (Shak et al., 2006, Miller and Levin, unpublished
data). Here we focus on the paraphyletic American Lycium, a large
group of species within which the Old World Lycium species are
nested (Levin and Miller, 2005; Levin et al., 2007). Specifically,
our goals are to: (1) characterize the nitrate reductase region be-
tween exons 1 and 3 for Lycium, (2) determine whether this region
is useful for phylogenetic inference, and (3) compare topologies
across three nuclear (NIA, ITS, and GBSSI) and two chloroplast
(trnD–trnT and trnT–trnF) regions.

2. Materials and methods

2.1. Taxon sampling

Thirty-three species were involved in this study, including 28
Lycium species, two Grabowskia species, and P. microphyllus. As
Old World Lycium are strongly supported as monophyletic (Levin
and Miller, 2005; Levin et al., 2007), and our focus here was on
relationships among American species, we included only two rep-
resentative Old World species (L. arenicola and L. villosum). Thus,
we included 26 species of American Lycium (15 species from North
America and 11 from South America), which is equivalent to
approximately half of all New World taxa. In addition, two Chilean
Nolana species (N. coelestis and N. werdermannii) were included as a
monophyletic outgroup. The GBSSI data and all but three se-
quences for the chloroplast trnT–trnF data are from Levin and Mill-

er (2005) and Levin et al. (2007). The majority of ITS sequences are
from Miller (2002) and Yeung et al. (2005), with over one third (12
sequences) generated for the present study. All taxa, GenBank
Accession Nos., and voucher information are in Table 1. Total geno-
mic DNA was extracted from fresh or silica gel-dried leaf material
following Miller (2002) and Levin et al. (2004).

2.2. Nitrate reductase (NIA)

Amplification of the 30-end of exon 1 through the 50-end of exon
3 (Fig. 1) was conducted using the primers NIA-i1F (50-TCG GAA
AGC TAT TAT CAT TAC AAG G-30) and NIA-i2R (50-CCA TGT CTC
TCC TCC ATC CA-30), designed by D. Spooner and F. Rodriguez (Uni-
versity of Wisconsin, Madison, Wisconsin USA). Alternatively, the
forward primer NIAF50 (50-GCT GAA CTT GCT AAC GCT GA-30)
was used. Twenty-five microliter reactions contained 1! buffer,
3.0 mMMgCl2, 0.20 mM dNTPs, 0.40 lM of each primer, 1! Qiagen
Q-solution (Qiagen, Inc., Valencia, CA), 0.625 U of Taq polymerase,
and 1 lL DNA. The thermal cycler program had an initial denatur-
ation at 95 "C for 3 min; 40 cycles at 95 "C for 45 s, 56.5 "C for
2 min, 72 "C for 2 min; ending with an extension at 72 "C for
7 min. Occasionally, this region was PCR amplified in two separate
pieces, using primer pairs NIAF50 and midR (50-CGT CTR AAA AGC
AAT ACA TGA-30) and midF [50-TGG TTG AGA CAC CCC TCT GA-30;
occasionally NIAX2F (50-ACT CAG CGA CCT TAC ACG-30) was used
instead] and NIA-i2R. Thermal cycler conditions for these amplifi-
cations had a 4 min denaturation at 94 "C; 40 cycles at 94 "C for
30 s, 52–54 "C for 1 min, 72 "C for 1 min; with an extension at
72 "C for 7 min. PCR products were cleaned using the QIAquick
PCR purification Kit (Qiagen, Inc., Valencia, CA). Products were di-
rectly sequenced with the same primers as for amplification and
internal primers midF (or occasionally NIAX2F) and midR (Fig. 1)
using an ABI automated sequencer at the DNA Sequencing Facility
of the Biotechnology Resource Center, Cornell University (Ithaca,
NY, USA). Several directly sequenced PCR products yielded incom-
plete sequences; thus, 60% of all PCR amplicons (only those where
the entire region from exon 1 to exon 3 was amplified in a single
PCR) were cloned prior to sequencing. Cloning reduced sequencing
problems given allelic length polymorphisms and also facilitated
determination as to whether NIA is at a single locus in Lycium.

Cleaned amplification products were cloned using the pT7Blue
Perfectly Blunt Cloning Kit (Novagen, EMD Chemicals, Inc., Madi-
son, WI). Colonies were PCR amplified in 50 lL reactions using
10 lL of each colony prep and the vector primers R20 and U19 at
final concentrations of 0.01 mM. Reactions contained 1.25 U of
Taq polymerase, 1! buffer, 0.20 mM dNTPs, and 3.0 mM MgCl2/
MgSO4. The thermal cycler program had an initial denaturation

Fig. 1. Diagram of the region of the nitrate reductase gene that was sequenced and the primers that were used for PCR and/or sequencing (above). The structure of the NIA
gene as determined for Petunia hybrida (Salanoubat and Ha, 1993) is shown below; shading indicates the part of the gene that was sequenced in the present study. Locations
of the primers are as follows (reference sequence L. andersonii FJ444895): NIAF50 = 1–20 bp (NIA-i1F was not sequenced, but this primer ends 29 bp before NIAF50),
NIAX2F = 535–552 bp, midF = 791–810 bp, midR = 873–893 bp, NIA-i2R = 1665–1684 bp.
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at 94 "C for 5 min; 6 cycles at 94 "C for 1 min, 55–53 "C (decreasing
1 degree every 2 cycles) for 1 min, 72 "C for 2 min; 30 cycles at
94 "C for 1 min, 52 "C for 1 min, 72 "C for 2 min; ending with an
extension at 72 "C for 5 min. PCR products were cleaned and se-
quenced as above. Vector primers were used for sequencing cloned
products, with internal primers midF (or occasionally NIAX2F) and
midR also used to yield a complete sequence with considerable se-
quence overlap for this ca. 2 kb region.

2.3. Granule-bound starch synthase (GBSSI)

All GBSSI data included in the present study were previously
generated by Levin and Miller (2005) and Levin et al. (2007). The
GBSSI region that was amplified and sequenced encompassed
exons 2 through 10 (ca. 1800 bp) or occasionally the 30-end of exon
3 through the 50-end of exon 8 (ca. 900 bp).

2.4. Internal transcribed spacer (ITS)

Amplification of the internal transcribed spacer region of nucle-
ar ribosomal DNA, composed of ITS1, the 5.8S gene, and ITS2 (Bald-
win, 1992; Baldwin et al., 1995) was done following Miller (2002)
or using primers ITS5HP (50-GGA AGG AGA AGT CGT AAC AAG G-30;
Hershkovitz and Zimmer, 1996) or ITSleu1 (50-GTC CAC TGA ACC
TTA TCA TTT AG-30; Bohs and Olmstead, 2001) and ITS4 (50-TCC
TCC GCT TAT TGA TAT GC-30; White et al., 1990). Twenty-five
microliter reactions contained 1! buffer, 2.5–3.0 mM MgCl2,

0.20 mM dNTPs, 0.40 lM of each primer, 1! Qiagen Q-solution
(Qiagen, Inc., Valencia, CA), 0.625 U of Taq polymerase, and 1 lL
DNA. Thermal cycler conditions included an initial denaturation
at 97 "C for 2 min; 30 cycles at 97 "C for 1 min, 50 "C for 1 min,
72 "C for 1 min; ending with an extension at 72 "C for 7 min. Alter-
natively, a touchdown procedure was conducted using an initial
denaturation at 94 "C for 3 min; 8 cycles at 94 "C for 30 s, 58–
52 "C (decreasing 2" every 2 cycles) for 1 min, 72 "C for 1 min; 25
cycles at 94 "C for 30 s, 50 "C for 1 min, 72 "C for 1 min; ending
with an extension at 72 "C for 10 min. PCR products were cleaned
and sequenced as above, using ITS5HP and ITS4. For a few taxa,
sequencing was also done with one or two internal ITS primers
(see primer sequences in White et al., 1990).

2.5. Chloroplast trnD (GUC)–trnT (GGU)

Amplification of the intergenic region between the trnD and
trnT genes, including the trnY and trnE genes, used primers trnD
(50-ACC AAT TGA ACT ACA ATC CC-30) and trnT (50-CTA CCA CTG
AGT TAA AAG GG-30) of Demesure et al. (1995). Fifty microliter
reactions contained 1! buffer, 3.0 mM MgCl2, 0.20 mM dNTPs,
0.36 lM of each primer, 8.8 ng BSA, 1.25 U of Taq polymerase,
and 1–2 lL DNA. Thermal cycler conditions included initial dena-
turation at 80 "C for 5 min; 40 cycles at 94 "C for 45 s, 50 "C for
30 s, 72 "C for 1 min, ending with an extension at 72 "C for 7 min.
Alternatively, a touchdown procedure was used with an initial
denaturation at 94 "C for 3 min; 20 cycles at 94 "C for 45 s, 58–

Table 1
Taxa, collection localities, voucher information, and GenBank Accession Nos. for all sequences included in this study. GenBank Accession Nos. are listed in the following order:
NIA, GBSSI, ITS, trnT–trnL, trnL–trnF, trnD–trnT. Voucher specimens are deposited in the following herbaria: ARIZ, University of Arizona; BLFU, University of the Free State; CORD,
Universidad Nacional de Córdoba; MASS, University of Massachusetts; TAIC, Texas A&M University, Kingsville; UT, University of Utah.

Tribe Lycieae Hunz.

Grabowskia Schltdl.
G. boerhaviaefolia Schltdl.—Argentina, Bernardello 894 (CORD); FJ444896, EF137751, FJ439754, DQ124431, DQ124554, FJ444876
G. obtusa Arnott—Argentina, Bernardello 891 (CORD); FJ444897, DQ124498, FJ439755, DQ124433, DQ124556, FJ444877

Lycium L.
L. americanum Jacq.—Argentina, Barboza 525 (CORD); FJ444898, DQ124502, DQ124619, DQ124438, DQ124561, FJ189630
L. andersonii A. Gray—Mexico, Miller 97-12 (ARIZ); FJ444895, DQ124503, DQ124620, DQ124439, DQ124562, FJ189631
L. arenicola Miers—South Africa, Venter 647 (BLFU); FJ444899, DQ124504, FJ439756, DQ124440, DQ124563, FJ444878
L. athium Bernardello—Argentina, Miller et al. 05-25 (MASS); FJ444900, EF137756, FJ439757, FJ439766, N/A, FJ444879
L. berlandieri Dunal—Arizona, USA, Miller 01-1 (ARIZ); FJ444901, DQ124506, AF238989, DQ124444, DQ124567, FJ444880
L. brevipes Benth.—Mexico, Miller 97-19 (ARIZ); FJ444902, DQ124508, DQ124621, DQ124446, DQ124569, FJ444881
L. californicum Nutt. ex A. Gray—Arizona, USA, Miller & Levin 04-12 (MASS); FJ444903, DQ124510, DQ124648, DQ124448, DQ124571, FJ444882
L. carolinianum Walt.—Texas, USA, Hempel 843 (TAIC); FJ444904, DQ124512, DQ124622, DQ124450, DQ124573, FJ444883
L. cestroides Schltdl.—Argentina, Bernardello 878 (CORD); FJ444905, DQ124513, DQ124623, DQ124451, DQ124574, FJ189633
L. cooperi A. Gray—Arizona, USA, Miller 97-1 (ARIZ); FJ444906, DQ124518, AF238984, DQ124456, DQ124579, FJ444884
L. cuneatum Dammer—Argentina, Bernardello & Vesprini 897 (CORD); FJ444907, DQ124519, FJ439758, DQ124457, DQ124580, FJ189638
L. elongatum Miers—Argentina, Bohs 2940 (UT); FJ444909, DQ124520, DQ124624, DQ124458, DQ124581, FJ444885
L. exsertum A. Gray—Arizona, USA, Miller 95-1 (ARIZ); FJ444910, DQ124522, AF238994, DQ124460, DQ124583, N/A
L. fremontii A. Gray—Mexico, Miller 01-4 (ARIZ); FJ444911, DQ124524, DQ124626, DQ124462, DQ124585, FJ444886
L. infaustum Miers—Argentina, Bernardello 893 (CORD); FJ444912, DQ124529, DQ124627, DQ124467, DQ124590, FJ444887
L. leiospermum I. M. Johnst.—Mexico, Miller & Levin 05-53 (MASS); FJ444913, EF137779, FJ439759, FJ439767, N/A, FJ444888
L. macrodon A. Gray—Arizona, USA, Miller 97-21 (ARIZ); FJ444914, DQ124530, DQ124628, DQ124469, DQ124592, FJ444889
L. nodosum Miers—Argentina, Barboza 515 (CORD); FJ444915, EF137783, DQ124630, DQ124471, DQ124594, FJ189641
L. pallidum Miers—Arizona, USA, Miller 97-20 (ARIZ); FJ444916, DQ124534, DQ124631, DQ124473, DQ124596, FJ444890
L. parishii A. Gray—Arizona, USA, Miller 97-22 (ARIZ); FJ444917, DQ124535, DQ124632, DQ124474, DQ124597, FJ189643
L. puberulum A. Gray—Texas, USA, Levin 97-6 (ARIZ); FJ444918, DQ124537, AF238985, DQ124476, DQ124599, FJ189644
L. rachidocladum Dunal—Chile, Miller et al. 04-82 (MASS); FJ444919, EF137787, FJ439760, FJ189731, N/A, FJ189646
L. shockleyi A. Gray—Nevada, USA, Miller 98-1 (ARIZ); FJ444920, DQ124540, AF238987, DQ124481, DQ124604, FJ189648
L. tenuispinosum Miers—Argentina, Bernardello 892 (CORD); FJ444921, EF137795, DQ124633, DQ124485, DQ124608, FJ444891
L. texanum Correll—Texas, USA, no voucher; FJ444922, DQ124545, FJ439761, DQ124487, DQ124610, FJ444892
L. torreyi A. Gray—Arizona, USA, Miller & Levin 04-21 (ARIZ); FJ444923, DQ124546, DQ124634, DQ124488, DQ124611, FJ444893
L. villosum Schinz—South Africa, Venter 652 (BLFU); FJ444924, DQ124547, FJ439762, DQ124489, DQ124612, N/A
L. vimineum Miers—Argentina, Bernardello & Vesprini 896 (CORD); FJ444925, EF137796, DQ124635, DQ124491, DQ124614, FJ444894

Phrodus Miers
Phrodus microphyllus (Miers) Miers—Chile, Miller et al. 04-92 (MASS); FJ444928, EF137801, FJ439765, DQ124495, N/A, FJ189651

Taxa outside of Lycieae
Nolana coelestis Lindl.—Chile, Miller et al. 04-98 (MASS); FJ444926, EF137800, FJ439763, DQ124494, DQ124617, FJ189629
Nolana werdermannii I. M. Johnst.—Chile, Miller et al. 04-77 (MASS); FJ444927, EF137799, FJ439764, DQ124493, DQ124616, FJ189628
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49 "C (decreasing one degree every two cycles) for 30 s, 72 "C for
1 min 30 s; 20 cycles at 94 "C for 45 s, 48 "C for 30 s, 72 "C for
1 min 30 s; with a final extension at 72 "C for 7 min. PCR products
were cleaned and sequenced as above, using the same primers as
for amplification.

2.6. Chloroplast trnT (UGU)–trnF (GAA)

We amplified the chloroplast region between the trnT and trnF
genes, including the intergenic spacer between trnT and trnL, the
trnL intron, the trnL 30-exon (we sequenced only a few bases of
the trnL 50-exon), and the intergenic spacer between the trnL 30-
exon and trnF. For ease of amplification, this piece was amplified
with two separate PCRs; one reaction used primers a and b, and
the other reaction used primers c and f of Taberlet et al. (1991).
This set of primers resulted in a sequence gap of 23 bp at the 30-
end of the trnL 50-exon, and 26 bp at the 50-end of the trnL intron.
For both sets of primers, 50 lL reactions contained 1! buffer,
2.0 mM MgCl2, 0.20 mM dNTPs, 0.36 lM of each primer, 8.8 ng
BSA, 1.25 U of Taq polymerase, and 1–2 lL DNA. Thermal cycler
conditions with primers a and b was a touchdown procedure with
an initial denaturing at 94 "C for 4 min; 12 cycles at 94 "C for 1 min,
54–49 "C (decreasing one degree every two cycles) for 1 min, 72 "C
for 1 min 30 s; 28 cycles at 94 "C for 1 min, 48 "C for 1 min, 72 "C
for 1 min 30 s; ending with an extension at 72 "C for 7 min. The fol-
lowing PCR conditions with primers c and f were used: 94 "C for
4 min; 30–40 cycles at 94 "C for 45–60 s, 52–54 "C for 1 min,
72 "C for 1 min 30 s; 72 "C for 7 min. PCR products were cleaned
and sequenced as above, using the same primers as for
amplification.

2.7. Sequence alignment and phylogenetic analyses

For each region, sequences from all primers were edited and
aligned using either Sequencher v. 4.6 (Gene Codes Corp., 1991–
2006) or Autoassembler DNA Sequence Assembly Software v.
1.4.0 (Applied Biosystems, 1989–95). All sequences (usually from
two to four sequences depending on the region) for each genomic
accession were aligned and combined into a single consensus se-
quence. For clones, all sequences from a given colony were aligned
and combined as a single consensus sequence. Multiple alignment
of species (or individual colony) sequences was done manually in
SeAl (Rambaut, 2002) and MacClade 4.0 (Maddison and Maddison,
2000).

We used a maximum likelihood (ML) algorithm to analyze
each of the four data sets (the chloroplast data were combined
as a single data set), each of which included 33 taxa. A maximum
parsimony analysis (not shown) of the NIA data using multiple
clones for four species, revealed monophyly; thus, the sequence
of a single clone per species was included in the analyses pre-
sented here. For each data set, ML model parameters were deter-
mined using the Akaike information criterion in Modeltest v. 3.7
(Posada and Crandall, 1998). The best-fit model for each data set
was used in separate ML analyses in PAUP* (Swofford, 2002).
ML settings in PAUP* included the heuristic search option, all
most-parsimonious trees from a parsimony analysis of the data
set (100 random-addition sequence replicates, MulTrees disabled)
as the starting trees (note that not all of the most-parsimonious
starting trees are actually used by PAUP*, depending on their
ML scores), tree bisection reconnection (TBR) branch-swapping,
and the MulTrees option in effect. Nolana coelestis and N. werder-
mannii were defined as the monophyletic outgroup, as Nolana has
been shown to be sister to Lycieae in previous analyses (Olmstead
et al., 1999; Levin and Miller, 2005). For each data set all most-
likely trees were combined in a strict consensus tree. An ML non-
parametric bootstrap (BS) analysis was also conducted for each

data set, using the same model parameters as in the original ML
analysis, and 100 full heuristic bootstrap replicates, each with
10 random-addition sequence replicates, TBR branch-swapping,
and the MulTrees option in effect. Maximum likelihood bootstrap
analyses were conducted using PAUP* version 4.0b10 for UNIX
(Swofford, 2002) on the Condor (Condor Project, 2005) computer
cluster at Amherst College. Bootstrap replicates were parsed for
processing using RepMaker (Wilgenbusch, 2003).

2.8. Tests of data congruence

Congruence among data sets was examined using incongruence
length difference tests (ILD; Farris et al., 1994, 1995) as imple-
mented by the partition homogeneity test in PAUP*. Two ILD tests
were conducted; one compared all four data sets simultaneously,
and the other compared only the two low-copy nuclear regions
NIA and GBSSI. For each test, 500 ILD replicates were conducted,
with 100 random-addition sequence replicates and TBR branch-
swapping; the MulTrees option was not in effect. Further, we
tested support for topological differences among gene trees using
one-tailed Shimodaira–Hasegawa (SH) tests (Shimodaira and
Hasegawa, 1999) as conducted in PAUP*. A RELL test distribution
was used, with 1000 bootstrap replicates. Specifically, we exam-
ined the effect of constraining data sets to show relationships that
were well supported by one or more different data sets. We used
the same ML parameters as inferred from ModelTest (see above)
and compared the likelihoods of ML topologies inferred from
unconstrained versus constrained analyses.

3. Results

3.1. Nitrate reductase

Nitrate reductase sequences across the 33 taxa ranged in length
from 1610 to 2096 bp [this does not include the six taxa (L. cooperi,
L. macrodon, L. shockleyi, Grabowskia boerhaviaefolia, G. obtusa, and
Nolana coelestis) for which only partial sequences were obtained],
with an aligned length of 2836 bp. Intron 1 ranged in length from
345 to 523 bp, whereas intron 2 was ca. 3 times longer (1042–
1354 bp). The number of parsimony-informative (PI) characters
was 246 (8.7%), with a rescaled consistency index of 0.60 (Table
2). Likelihood settings from the best-fit model of GTR + I + G
(nucleotide frequencies of A = 0.3349, C = 0.1587, G = 0.1551, and
T = 0.3513; a substitution rate matrix of A–C: 0.8553, A–G:
3.2166, A–T: 0.5475, C–G: 0.9068, C–T: 2.3405, and G–T: 1; propor-
tion of invariable sites = 0.1877; and gamma distributed variable
sites with a shape parameter of 0.8229) were used in an ML anal-
ysis in PAUP* (Swofford, 2002). The ML analysis yielded one tree
with "lnL = 9281.23321.

The ML bootstrap consensus topology (Fig. 2A) supports the
placement of P. microphyllus in tribe Lycieae (BS = 100) and sister
to Grabowskia plus Lycium (BS = 62). Within the rest of the tribe,
there is a well supported clade of Grabowskia plus five species of
North American Lycium (BS = 100); this lineage is also supported

Table 2
Comparison of the 33 taxa data sets for the three nuclear genomic regions (NIA, GBSSI,
ITS) and the combined chloroplast regions (CP: trnT–trnF and trnD–trnT). PI,
parsimony-informative; CI, consistency index.

NIA GBSSI ITS CP

Total number of characters 2836 bp 1888 bp 692 bp 2785 bp
Number variable characters 638 227 110 64
Number PI characters (%) 246 (8.7%) 107 (5.7%) 66 (9.5%) 42 (1.5%)
CI 0.79 0.95 0.61 0.99
Rescaled CI 0.60 0.91 0.43 0.98
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by an 18 bp deletion in intron 1. Outside of this Grabowskia plus Ly-
cium clade is a well supported group (BS = 88) that includes all
other sampled Lycium species. Although deep relationships within

this BS = 88 group have limited support, there are a number of well
supported lineages. These include a group of nine American taxa
(BS = 99), within which there is a clade of L. andersonii, L. texanum,

Fig. 2. The maximum likelihood BS consensus topology for the nuclear NIA (A), nuclear GBSSI (B), nuclear ribosomal ITS (C), and the combined chloroplast DNA (D) data sets.
The two Old World taxa are shaded; all other taxa are New World. Informative indels noted in the text are indicated with symbols; each symbol represents one shared indel
except for circle = two indels and triangle = three indels (note that L. leiospermum has only two of the three indels).
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and L. exsertum (BS = 100). The other clade of Lycium (BS = 59) has a
large (ca. 240 bp) insertion in intron 2 (although the sequence is
not identical across these taxa). Among these taxa there is a clade
containing L. athium, L. californicum, and L. fremontii (BS = 100), and
several unplaced sister taxa pairs, including L. cestroides and L.
cuneatum (BS = 97), L. nodosum and L. vimineum (BS = 100), and L.
parishii and L. torreyi (BS = 100). Indels provide evidence for addi-
tional relationships that are not revealed by the ML bootstrap con-
sensus topology (Fig. 2A). A sister taxon relationship of L. infaustum
and L. americanum is supported by two indels (one 7 bp insertion
and one 9 bp deletion) in intron 2. In addition, although there is
moderate BS support (BS = 80) for a different relationship (see
clade including L. berlandieri in Fig. 2A), three indels (two in intron
1 and one in intron 2), ranging in size from 2 to 5 bp, support the
relationship of L. berlandieri with L. parishii and L. torreyi; two of
these indels also support the affinity of L. leiospermum to these
three taxa.

3.2. Granule-bound starch synthase

Sequences across all 33 taxa ranged from 869 to 1842 (taxa
were amplified with a range of primers, resulting in sequences
of different lengths; see Levin and Miller, 2005), with an aligned
length of 1888 bp. The number of PI characters was 107 (5.7%),
with a rescaled consistency index of 0.91 (Table 2). Likelihood set-
tings from the best-fit model of TVM + G (nucleotide frequencies
of A = 0.2693, C = 0.1923, G = 0.2030, and T = 0.3354; a substitu-
tion rate matrix of A–C: 0.9620, A–G: 2.4896, A–T: 0.5962, C–G:
1.1865, C–T: 2.4896, and G–T: 1; proportion of invariable sites = 0;
and gamma distributed variable sites with a shape parameter of
1.0388) were used in an ML analysis in PAUP* (Swofford, 2002).
The ML analysis yielded 8 trees with "lnL = 4339.97138. The ML
BS consensus topology (Fig. 2B) supports (albeit weakly) the
placement of P. microphyllus as branching earliest within tribe Ly-
cieae. Further, within the rest of the tribe there is a well sup-
ported clade of Grabowskia plus five species of North American
Lycium (BS = 100); this lineage is outside of the rest of Lycium.
The remaining species are included in two large clades, one
(BS = 96) of which includes the two Old World species (L. arenicola
and L. villosum) plus a well supported American clade (BS = 95) of
Lycium californicum, L. nodosum, and L. vimineum. The other large
clade (BS = 100) includes a strongly supported lineage of L. brevi-
pes, L. carolinianum, L. rachidocladum, and L. tenuispinosum
(BS = 97), which is also supported by a large 59–62 bp insertion
in intron 7.

3.3. Internal transcribed spacer

Sequences across all 33 taxa ranged from 659 to 669, with an
aligned length of 692 bp. The number of PI characters was 66
(9.5%), with a rescaled consistency index of 0.43 (Table 2). Like-
lihood settings from the best-fit model of HKY + I + G (nucleotide
frequencies of A = 0.1680, C = 0.3455, G = 0.3041, and T = 0.1824;
a transition to transversion ratio of 3.2355; proportion of invari-
able sites = 0.6794; and gamma distributed variable sites with a
shape parameter of 0.6386) were used. The ML analysis yielded
2 trees with "lnL = 2149.76051. The ML BS consensus topology
(Fig. 2C) shows P. microphyllus as sister to the rest of tribe Ly-
cieae (BS = 72). Within the rest of the tribe there is limited reso-
lution; however, there is strong support for a number of sister
group relationships including the two Grabowskia species
(BS = 100), L. americanum + L. infaustum (BS = 91), L. parishii + L.
torreyi (BS = 83), L. exsertum + L. fremontii (BS = 99), L. nodo-
sum + L. vimineum (BS = 91), and L. rachidocladum + L. tenuispino-
sum (BS = 99).

3.4. Chloroplast trnD–trnT and trnT–trnF

Sequences across all 33 taxa ranged from 1106 to 1158 bp for
trnD–trnT and from 1592 to 1611 bp for trnT–trnF, with a total
combined aligned length of 2785 bp. The number of PI characters
was 42 (1.5%), with a rescaled consistency index of 0.98 (Table
2). Likelihood settings from the best-fit model of TVM + I (nucleo-
tide frequencies of A = 0.3450, C = 0.1629, G = 0.1673, and
T = 0.3248; a substitution rate matrix of A–C: 0.5046, A–G:
0.6340, A–T: 0.0647, C–G: 0.4704, C–T: 0.6340, and G–T: 1; propor-
tion of invariable sites = 0.7240; and equal rates of variable sites)
were used. The ML analysis yielded 5 trees with
"lnL = 4251.01042. There are few supported relationships,
although P. microphyllus is weakly supported as nested within tribe
Lycieae (BS = 73). There is also support for the sister group rela-
tionships of the two Grabowskia species (BS = 96), L. america-
num + L. infaustum (BS = 88), L. nodosum + L. vimineum (BS = 75),
and the two Old World taxa, L. arenicola + L. villosum (BS = 89).

4. Discussion

4.1. Phylogenetic utility of NIA

Of the four gene regions examined in this study, NIA has more PI
characters than any of the other three regions, with over twice the
number of PI characters as GBSSI (Table 2). Further, NIA and ITS
clearly have the greatest percentage of PI characters. In species-le-
vel studies of Pistacia and Rhus (Anacardiaceae; Yi et al., 2007,
2008), with similar numbers of taxa as included here, NIA was also
found to have the highest number of PI characters. In Pistacia, the
NIA sequence data had 212 PI characters, in comparison to 173
for ITS. Similarly, in Rhus the NIA data had 150 PI characters, a
bit higher than the 142 PI characters in ITS. Further, for a much
smaller data set of 14 Betula species (Li et al., 2007), there were
66 PI characters in the NIA data, compared to 26 PI characters for
ITS. In the present study, the number of PI characters in the NIA
data (246) was considerably higher than the ITS data (66) (Table
2). This disparity with the findings of Yi et al. (2007, 2008) is likely
due in part to differences in the region of the NIA gene that was se-
quenced. Yi et al. (2007, 2008) and Li et al. (2007) sequenced the
third NIA intron, which is less than half as long as the region
(including introns 1 and 2) sequenced in the present study (Fig. 1).

Although greater numbers of PI characters are desirable for res-
olution at fine taxonomic levels, more variable regions may result
in increased homoplasy. High levels of homoplasy are often associ-
ated with the ITS region, as noted by other researchers for various
angiosperm groups (e.g., Buckler et al., 1997; Oh and Potter, 2003;
Levin et al., 2005). Álvarez and Wendel (2003) discussed problems
with ITS and reasons for the high homoplasy of this region, includ-
ing incomplete concerted evolution. Our data for ITS also show
considerable homoplasy; ITS has both the highest percentage of
PI characters and also the lowest consistency index (CI). Álvarez
andWendel (2003) surveyed the literature and conducted pairwise
comparisons of the CI for ITS and all other gene regions sequenced
for the same taxon set. They found that, on average, ITS had a 14.6%
lower CI than other gene regions. Our data concur, with an 18% de-
crease in CI for ITS when compared to NIA, a 34% decrease in CI for
ITS when compared to GBSSI, and a 38% decrease in CI for ITS when
compared to the cpDNA data (average of 30% lower CI for ITS; Table
2). Álvarez and Wendel (2003) suggested that high levels of homo-
plasy can increase the possibility of incorrect inference. We agree,
but emphasize that highly variable regions such as ITS may also be
expected to yield poor resolution, given conflicting (and likely
homoplastic) signal in the data (e.g., Fig. 2C).
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Although our data show a higher CI for NIA (0.79) than for ITS
(0.61), the level of homoplasy for both ITS and NIA is by far the
highest across the four genomic regions examined in this study
(Table 2). These two regions also have the greatest percentage of
PI characters, which has been shown experimentally to be nega-
tively correlated with CI (Hauser and Boyajian, 1997). It is not sur-
prising that an increase in the percentage of PI characters also
decreases CI, especially for large taxon sets, as more parsimony-
informative change may result in a concomitant increase in homo-
plastic change. Thus, although NIA and ITS have roughly the same
percentage of PI characters, the extent of homoplasy in NIA is com-
paratively low given its length and number of PI characters.

NIA was previously suggested as useful for phylogenetic infer-
ence in Scaevola (Howarth and Baum, 2002, 2005), especially given
the high variation in the large intronic regions (i.e., 3.2% variable
sites and 2.7% PI sites in NIA intron 3; Howarth and Baum, 2005).
However, the magnitude and frequency of indels that are not nec-
essarily homologous may affect the utility of NIA for phylogeny
reconstruction. Among the 31 taxa in tribe Lycieae sampled here,
there are 19 non-autapomorphic indels (2–242 bp) and 29 autapo-
morphic indels (2–303 bp). The longest insertion, occurring within
intron 2, is shared by half of the Lycium species included in this
study (clade with BS = 59; Fig. 2A). However, the sequence of this
insertion is variable across taxa both in terms of base changes as
well as indels (e.g., multiple taxa have autapomorphic or shared
insertions or deletions within this large insertion). An analysis
excluding this region revealed similar relationships, suggesting
that homoplasy in this region does not affect inference of evolu-
tionary relationships. The frequency of indels in introns 1 and 2
of NIA is remarkable, especially given that the indels in the other
gene regions (ITS, GBSSI, and cp) combined are only roughly a third
of the number of indels in NIA (16 for ITS, GBSSI, and cp regions
combined versus 48 in NIA). It is notable that a considerable num-
ber of gaps were also required for alignment of the NIA intron 3 in
Rhus and outgroups, with 38 informative gaps out of 67 total gaps
(Yi et al., 2007).

The high number of indels for NIA may be due to a mixture of
paralogous and orthologous NIA copies. Hamman-Khalifa et al.
(2007) suggest that a duplication of NIA occurred in the ancestor
of the domesticated olive (Olea europaea), and a second NIA type
was observed in one species of Betula (Li et al., 2007). It is possible
that there are multiple NIA loci in tribe Lycieae, although close rel-
atives (except Nicotiana tabacum) have only a single locus (Daniel-
Vedele et al., 1989; Salanoubat and Ha, 1993; Harris et al., 2000).
Phylogenetic data also do not suggest more than one locus, given
that when multiple colonies were included, they were monophy-
letic. Further, although 60% of NIA amplicons were cloned prior
to sequencing, the rest were directly sequenced and yielded clean
sequences, suggesting a single locus (although there could be pref-
erential PCR amplification).

4.2. Data incongruence

All four data sets are incongruent (ILD test; P < 0.01). In exam-
ining individual data sets, the topologies inferred with ITS and cp
data were fairly unresolved, resulting in minimal topological con-
flict with other data sets (Fig. 2). Topological incongruence be-
tween the nuclear and cpDNA data is concentrated on the
placement of Grabowskia and Phrodus (see below). Between ITS
and the other three data sets, the only supported discordance is
the relationship of L. exsertum relative to L. fremontii (Fig. 2). The
nuclear ITS data strongly support L. exsertum as sister to L. fremontii
(Fig. 2C). This sister relationship is not supported, although it is
also not refuted, by the GBSSI and cpDNA topologies. However,
the BS consensus topology inferred from NIA data (Fig. 2A) con-
flicts with ITS, placing Lycium exsertum sister to L. andersonii + L.

texanum (BS = 100) and L. fremontii in a well supported clade with
L. athium and L. californicum (BS = 100). When the NIA data were
constrained to place L. exsertum as sister to L. fremontii, those con-
strained topologies had a significantly lower likelihood (SH test,
P < 0.001). It may be that multiple copies of ITS and NIA are the
cause of the discordance here, as L. exsertum and L. fremontii are
polyploid (some accessions of L. californicum are also polyploid,
see below; Chiang-Cabrera, 1981; Yeung et al., 2005). Multiple
gene copies in putative hybrids have certainly been reported in
other polyploid taxa (nrITS: Obbard et al., 2006; GBSSI: Fortune
et al., 2007; Mason-Gamer, 2008). Cloning ITS and sequencing
more clones of NIA for these three taxa would be necessary to
determine whether multiple copies are indeed present, resulting
in topological incongruence among gene regions. A southern blot
analysis could also indicate the presence (or absence) of multiple
copies.

The topologies based on GBSSI and NIA are the most resolved,
resulting in more apparent incongruence; these two data sets are
also statistically incongruent (ILD test: P < 0.01). A main source of
incongruence is the placement of L. californicum with L. nodosum
and L. vimineum in the topology inferred from GBSSI (Fig. 2B,
BS = 95) versus the placement of L. californicum with L. athium
and L. fremontii in the NIA topology (Fig. 2A, BS = 100). The phylo-
genetic affinities of L. californicum have been problematic in the
past as well, with gene regions differing in their placement of this
species (Miller, 2002; Levin and Miller, 2005). In Miller (2002) nu-
clear ITS sequence data suggested that L. californicum is within a
well supported clade with L. exsertum and L. fremontii, a relation-
ship that is not inconsistent with the ITS topology in the present
study. However, we note that the L. californicum accessions used
in these two studies are from different populations that also differ
in ploidy level, with a diploid accession used in Miller (2002) and a
tetraploid accession used in the present study. In a phylogenetic
analysis based on chloroplast sequence data, Levin and Miller
(2005) found that L. californicum was in a clade of nine North
American species including L. exsertum; by contrast, in the same
Levin and Miller (2005) paper, L. californicum was strongly placed
with L. vimineum and L. nodosum using GBSSI data (as in the pres-
ent study, Fig. 2B). The disagreement in the phylogenetic place-
ment of L. californicum among these three nuclear regions, rather
than simply conflicting placement between nrDNA and cpDNA
data, suggests that incomplete lineage sorting and/or introgression
is the best explanation for this incongruence.

Certainly the biogeography of L. californicum is more consistent
with the phylogenetic placement of ITS, cp data, and perhaps NIA
(but see geographic location of L. athium, below). Lycium fremontii
and L. exsertum occur in close proximity to L. californicum in south-
western North America, whereas L. vimineum, L. nodosum, and L.
athium all occur solely in South America. As no Lycium species oc-
cur in central America, these groups of taxa are well separated geo-
graphically. In terms of morphological affinities, there is some
support for the NIA placement of L. californicum, given that L. cali-
fornicum, L. athium, L. minimum, and L. ameghinoi (the later two
species were not included in the present study) share a distinctive
fruit type, with two hardened seeds surrounded by a fleshy meso-
carp. The phylogenetic position of L. californicum is especially inter-
esting, given that this species has a variable sexual system across
its range, with tetraploid gender dimorphic populations and dip-
loid hermaphroditic populations (Yeung et al., 2005). Further stud-
ies in progress (Levin et al., unpublished data), with sampling from
multiple individuals across multiple populations, should help clar-
ify relationships within this species and among this species and its
likely Lycium relatives.

Another major conflict between the NIA and GBSSI topologies is
the relationship among L. brevipes, L. carolinianum, L. rachidocladum,
and L. tenuispinosum. Specifically, the topology inferred from GBSSI

614 R.A. Levin et al. /Molecular Phylogenetics and Evolution 50 (2009) 608–617



data shows a well supported clade of L. brevipes, L. carolinianum, L.
rachidocladum, and L. tenuispinosum [these taxa also share a 62
(59 bp in L. brevipes) bp insertion in GBSSI; Fig. 2B, BS = 97]. How-
ever, the NIA data conflict with this relationship, particularly in the
placement of L. brevipes outside of the well supported clade
(Fig. 2A, BS = 99) that includes the other three species. It is possible
that this incongruence is due to incomplete lineage sorting, given
that L. brevipes has the ca. 240 bp insertion in intron 2. When the
NIA data are constrained to include L. brevipes in a clade with the
other three taxa (as supported by the GBSSI data), the topology is
significantly less likely (SH test, P < 0.001). This group of taxa is
of interest biogeographically, given that L. brevipes is restricted to
North America (California and Mexico), L. rachidocladum and L.
tenuispinosum are South American (Argentina and Chile), and L.
carolinianum is unique among Lycium in occurring in both the
Northern hemisphere [coastal North America (mainly Florida,
Texas, and Mexico), Hawaii, and a few Japanese islands] and the
Southern hemisphere (Easter Island).

Rodriguez and Spooner (2005) investigated the utility of NIA
among wild potato species. As in the present study, they report
incongruence between NIA and GBSSI data sets. In particular,
Rodriguez and Spooner (2005) suggest that intron 2 is the source
of the incongruence in Solanum, given that when intron 2 is in-
cluded in analyses of NIA, there is incongruence with both cp
restriction site data and GBSSI sequence data. However, when in-
tron 2 was excluded, the phylogeny inferred from nitrate reductase
sequence data concurs with the topologies inferred from the cp
restriction site data and GBSSI sequence data (Rodriguez and Spoo-
ner, 2005). Thus, to explore the effects of intron 2 in the present
study, we excluded this intron prior to additional analyses. Com-
parison of topologies suggests that incongruence was reduced;
however, resolution was also greatly reduced, given that consider-
ably fewer characters were included in the analysis without intron
2. When intron 2 was excluded, the bootstrap consensus topology
resolved 13 nodes with bootstrap values >50% within tribe Lycieae,
whereas the topology including intron 2 (Fig. 2A) resolved 19
nodes with bootstrap values >50%. Much of the resolution lost
was at internal nodes, rather than at the tips of the phylogeny. Fur-
ther, despite the decrease in resolution, the discordant clade of L.
fremontii, L. athium, and L. californicum remained.

Previous studies (Yi et al., 2007, 2008) using sequence data from
NIA intron 3 (not included in the present study) have also reported
incongruence between NIA and other nuclear and chloroplast data.
Incongruence between ITS and NIA in Pistacia, with the ITS data
concurring with cpDNA data, is thought to be due to incomplete
lineage sorting or hybridization (Yi et al., 2008). In Rhus there
was a slight conflict between NIA and ITS data, with the majority
of incongruence between the nrDNA and cpDNA data; thus,
hybridization is thought to be the primary explanation for incon-
gruence (Yi et al., 2007). In Betula (Li et al., 2007) there was limited
topological incongruence between ITS and NIA intron 3, given low
resolution in the ITS topologies.

4.3. Phylogenetic relationships within tribe Lycieae

Grabowskia species have been consistently placed with five
North American species of Lycium (see Fig. 2A and B), which are
morphologically quite similar to Grabowskia (Levin and Miller,
2005; Levin et al., 2007). The topologies inferred from nuclear data
in the present study are in accord with these findings; however,
the cpDNA data do not group Grabowskia species with these five
North American species, although Grabowskia species are nested
within Lycium (Fig. 2D). When these cpDNA data are constrained
to place Grabowskia as sister to these five Lycium species, the
unconstrained and constrained topologies are equally as likely,
although marginally so (SH test, P = 0.061). Results of Levin and

Miller (2005), using a larger sample of taxa but only cp trnT–trnF
data, are consistent with either placement of the Grabowskia clade
(i.e., with or without the five North American Lycium species). Fur-
ther, a recent family-wide study of Solanaceae (Olmstead et al.,
2008) based on cp trnL–trnF and ndhF data is congruent with rela-
tionships inferred here from trnT–trnF (including trnL–trnF) and
trnD–trnT sequence data (Fig. 2D).

The phylogenetic affinity of Phrodus in Levin and Miller (2005)
was equivocal with GBSSI and cp trnT–trnF data, due to a polytomy
at the base of Lycieae. However, Levin et al. (2007), which included
GBSSI data from a much larger sampling of taxa, suggested that P.
microphyllus was sister to the rest of tribe Lycieae, although this
conclusion did not have strong support. In the present study, all
three nuclear data sets suggest that P. microphyllus is sister to the
remaining members of tribe Lycieae. Although bootstrap support
for this result is limited (bootstrap values range from 52 to 72;
Fig. 2A–C), this result is bolstered by its presence in three indepen-
dent data sets. By contrast, the combined cp trnT–trnF and trnD–
trnT data suggest that P. microphyllus is nested within
Lycium + Grabowskia (BS = 73), and results of Olmstead et al.
(2008) concur with this relationship. When the cpDNA data are
constrained to place P. microphyllus at the base of tribe Lycieae,
the unconstrained and constrained topologies are equally as likely,
although only marginally so (SH test, P = 0.063). Furthermore, data
from a much larger cpDNA data set including nine spacer regions
(Miller et al., in press), strongly suggest that Phrodus is nested well
within Lycium. Thus, the discordant placement of Phrodus between
the nuclear and cpDNA gene trees indicates that past hybridization
has played a role in the history of Phrodus. More chloroplast data
are needed for Grabowskia, although the data suggest that hybrid-
ization may also have been important in the evolutionary history
of Grabowskia or the group of five Lycium species that both NIA
and GBSSI data strongly support as sister to Grabowskia (Fig. 2A–B).

4.4. Conclusions

NIA appears to have considerable phylogenetic signal, espe-
cially when compared to the more commonly used nrITS data.
However, incongruence between GBSSI and NIA suggests some
incomplete lineage sorting, and there are also indications of
hybridization, particularly given the conflicting placement of Phro-
dus between the nuclear and cpDNA topologies. Given these con-
flicts, more sequence data from other independent low-copy
nuclear regions appear necessary to fully understand species-level
relationships. In Lycieae, multiple conserved orthologous se-
quences (COSII markers) from the nuclear genome appear promis-
ing for understanding relationships among species (Wu et al.,
2006; Levin et al., 2008, submitted for publication). Only with fur-
ther multi-locus nuclear data will we be able to differentiate
incomplete lineage sorting in a single gene history from the ‘‘true”
species history for the closely related American Lycium species.
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