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Abstract Angiosperm phylogeny has been investigated extensively using organellar sequences; recent efforts
using nuclear genes have also been successful in reconstructing angiosperm phylogenies at family or deeper levels.
However, it is not clearwhether nuclear genes are also effective in understanding relationships between species in a
genus. Here we present a case study of phylogeny at generic and specific levels with nuclear genes, using
Brassicaceae taxa as examples. Brassicaceae includes various crops and the model plant Arabidopsis thaliana.
A recent study showed that nuclear genes can provide well-resolved relationships between tribes and larger
lineages in Brassicaceae, but few species were included in any given genus. We present a phylogeny with multiple
species in each of five genera within Brassicaceae for a total of 65 taxa, using three protein-coding nuclear genes,
MLH1, SMC2, andMCM5, with up to approximately 10 200 base pairs (in both exons and introns). Maximum likelihood
and Bayesian analyses of the separate gene regions and combined data reveal high resolution at various
phylogenetic depths. The relationships between genera here were largely congruent with previous results, with
further resolution at the species level. Also, we report for the first time the affinity of Cardamine rockii with tribe
Camelineae instead of other Cardaminemembers. In addition, we report sequence divergence at three levels: across
angiosperms, among Brassicaceae species, and betweenArabidopsis ecotypes. Our results provide a robust species-
level phylogeny for a number of Brassicaceae members and support an optimistic perspective on the phylogenetic
utility of conserved nuclear data for relatively recent clades.
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The cabbage family (Brassicaceae) is one of the most
important and well-known plant groups, with various
vegetables (such as cabbage and broccoli) and oilseed
crop species cultivated throughout the world. In addition, a
well-known member of the family is the model organism
Arabidopsis thaliana (L.) Heynh., the studies of which have
revolutionized our knowledge in almost every field of
modern plant biology. Several studies have been carried out
on molecular phylogeny across this family in recent years
(Bailey et al., 2006; Beilstein et al., 2006, 2008; Warwick
et al., 2010; Al-Shehbaz, 2012). In these studies, phylogenetic
inference provided the basics for understanding the
patterns of evolutionary history. Transcribed nuclear ribo-
somal spacer (ITS), plastid DNA (cpDNA), and ribosomal
DNA (rDNA) markers are most commonly used because of
the highly conserved sequences and high copy numbers,
making them easily accessible without cloning (Baldwin
et al., 1995; Baldwin & Markos, 1998; �Alvarez & Wendel,
2003). However, the entire plastid genome is a single linkage
group (Birky, 1995), whereas rDNAs are sometimes not

completely identical within a genome (Buckler et al., 1997).
As a result, these markers are not capable of dealing with
the cases involving hybridization and polyploidization. More
importantly, building phylogenies below genus level
requires rapidly evolving markers that vary among closely
related species. Organellar and ribosomal genes are
sometimes too conserved in this context (Small et al.,
1998; Sang, 2002). The limitation of traditional cpDNA and
rDNA markers and the growing availability of large genomic
datasets from multiple taxa have prompted us to mine the
plant genomes for appropriate low-copy nuclear protein-
coding genes as phylogenetic markers.

Compared to organellar genes, protein-coding nuclear
genes are biparentally inherited, recording genetic informa-
tion from both male and female inherence. Additionally, their
third positions of codons, introns, and untranslated 30/50-
untranslated regions have relatively high evolutionary rates,
presenting better resolution among closely related species
(Zimmer & Wen, 2013). Therefore, we hypothesized that
better resolved relationships, especially at the species level,
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would be uncovered using suitable nuclear genes. At the same
time, events of hybridization and polyploidization might also
be uncovered. Despite these advantages, building nuclear
phylogeny is still challenging in several aspects. The highly
complex nuclear genome, particularly with the high frequency
of polyploidy events in angiosperms (Soltis et al., 2009),
makes it a serious problem to identify low-copy orthologs. For
example, the ancestors of extent angiosperms (Jiao et al.,
2011), of core eudicots (Blanc & Wolfe, 2004; De Bodt et al.,
2005; Soltis et al., 2009), and of Brassicaceae (b and a) (Blanc
& Wolfe, 2004; Schranz & Mitchell-Olds, 2006) all underwent
one or more rounds of whole genome duplication. Repeated
genome duplication and gene losses have made it difficult to
distinguish orthologs from paralogs. In some cases, the loss of
different duplicates in separate lineages can result in “hidden
paralogs”, yielding conflicting gene trees that exacerbate the
uncertainty in phylogenetic reconstruction (Maddison, 1997).
Thus it is crucial to identify genes that tend to return to single
copy status quickly after genome duplication, thus behaving
as ortholog among a wide range of plants.

In recent years, nuclear genes have been used to resolve
relatively deep relationships among major land plant groups
(Wickett et al., 2014), across angiosperms (Zhang et al., 2012;
Zeng et al., 2014), and at the levels of order and family (Ding
et al., 2012; Yang et al., 2015; Huang et al., 2016). Several of
these studies used phylogenomics and/or phylotranscrip-
tomics, with many gene sequences from large-scale datasets
(Wickett et al., 2014; Zeng et al., 2014; Yang et al., 2015;
Huang et al., 2016), illustrating the great power of the vast
quantity of nuclear genes. However, for many questions
concerning closely related species, it might not be necessary
to use many hundreds of genes, and the need to sample a
relatively large number of taxa might make large-scale
datasets too costly to obtain. Also, the use of a large
number of genes for many taxa will increase the need for
great computation power. Thus, it is desirable to be able to
quickly obtain a small number of genes from a large number
of taxa. However, isolation of nuclear marker sequences is
often time consuming and laborious (Small et al., 2004).
Furthermore, the need for sequence variation to provide
phylogenetic signals makes it difficult to develop universal
primers. Therefore, identification of appropriate nuclear
genes that are easy to amplify and sequence is a major
objective, before one can address phylogenetic questions
using this approach.

The identification of suitable nuclear genes initially involves
gene comparisons across genomes and transcriptomes of a
wide range of taxa, followed by lineage-specific analysis to
test the usability of primers for amplification. Previous efforts
on nuclear gene phylogenies within plant groups were largely
focused on single copy genes, for example, LFY (Oh & Potter,
2005; Nie et al., 2008; Kim et al., 2010), or easily distinguished
paralogs, such as Adh1 and Adh2 (Gaut & Clegg, 1991; Fukuda
et al., 2005). A recent study showed that five nuclear genes
were sufficient to resolve many deep relationships in the
angiosperm phylogeny (Zhang et al., 2012). These nuclear
genes were selected from four different gene families, the
MCM, SMC, MLH, andMSH gene families. They were verified for
their extensive single-copy and orthology across most
angiosperm groups (Gozuacik et al., 2003; Lin et al., 2007;
Surcel et al., 2008). However, whether these nuclear markers

are appropriate for phylogenetic study at or below the genus
level remains unknown.

As mentioned above, Brassicaceae provide an excellent
model group for phylogenetic study because of its moderately
large size of approximately 3700 species, relatively rapid
evolutionary rate, and easy access for many of the members
(Al-Shehbaz, 2012; Huang et al., 2016). Furthermore, the
wealth of nuclear sequence information from multiple
Brassicaceae genomic datasets (Arabidopsis thaliana,
Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz, Capsella rubella
(Almq.) Almq., Capsella grandiflora Bioss., Boechera stricta
(Graham) Al-Shehbaz, Brassica rapa L., and Eutrema salsuginea
O. E. Schulz) allows preliminary screening of candidate nuclear
genes (https://phytozome.jgi.doe.gov/pz/portal.html). Previ-
ous systematic research placed this family sister to Cleoma-
ceae and divided it into 51 tribes; in addition, phylogenetic
analyses support a clade (core Brassicaceae) with three main
lineages (Lineages I, II, and III) and Aethionema as the sister to
core Brassicaceae (Al-Shehbaz, 2012; Huang et al., 2016). Many
of the core Brassicaceae species are grouped into Lineages I,
II, and III with moderate to low support. A preliminary study
(Ding et al., 2012) used three low-copy nuclear genes,
including two from Zhang et al. (2012), to reconstruct
phylogenetic relationships among 13 Brassicaceae species.
The results were encouraging and indicated that nuclear
genes performed better than plastid genes and ITS segments
in untangling species-level phylogeny. Moreover, recent work
with 55 large-scale datasets has yielded a highly resolved
phylogeny of major lineages (Huang et al., 2016), but few of
the genera included had more than one species.

In this study, to test the effectiveness of nuclear genes
in resolving species-level phylogeny, a total of 35 taxa
were selected from three genera (Brassica L., Lepidium L.,
and Cardamine L.). These three genera are widely distributed
and have typical morphological features as to be distinguished
from other cruciferous plants. Seventeen available Brassica-
ceae genomes and 11 transcriptomes were also included to
expand our sampling among both closely related species and
more distant ones. To test genes that are conserved among all
plants (even other eukaryotes) to facilitate future use in other
families, we sampled three representatives of eukaryote-wide
gene families (Gozuacik et al., 2003; Lin et al., 2007; Surcel
et al., 2008): MLH1, SMC2, and MCM5, and investigated their
utility in resolving relationships among low-rank taxonomic
hierarchies. We also examined the sequence similarities of
these three genes across three levels of evolutionary
distances: among divergent angiosperm species, between
members of Brassicaceae, and within the same species—
Arabidopsis thaliana. Our results illustrate the effectiveness of
conserved nuclear genes in resolving species phylogeny
within a genus and provide useful information for future
investigation of relatively close relationships in many other
groups.

Material and Methods
Taxon sampling
A total of 63 accessions from across Brassicaceae were
included, together with two out-group species Cleome
serrulata Pursh and Populus trichocarpa Torr. & A. Gray ex
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Hook. The taxon sampling included 35 accessions of extracted
DNAs (Table 1) and 28 accessions from genome and
transcriptome datasets (Table 2). To test for the effectiveness
of nuclear genes in resolving species within a genus, sampled
taxa were largely members of three genera, including 8 from
Lepidium, 8 from Cardamine, and 19 from Brassica. In addition,
6 species from Rorippa Scop., 1 species from NasturtiumW. T.
Aiton, 1 species from Leavenworthia Torr., and 4 accessions

from Raphanus L. were included as to expand our sampling
variety within tribe Cardamineae and Brassiceae. Brassica is
the type genus of Brassiceae with tremendous diversity, in
part owing to domestication. Cardamine and Lepidium are also
type genera of tribes Cardamineae and Lepidiumeae,
respectively. All three genera are widely distributed in China
and easily accessible. Sampled materials included both wild
species and domestic vegetables. Species belonging to

Table 1 Scientific names and collection information of DNA materials of Brassicaceae species used to reconstruct angiosperm
phylogeny with nuclear genes MLH1, MCM5, and SMC2

Taxon MLH1 MCM5 SMC2 Voucher Collection locality Collection
year

Brassica campestris L. var. chinensis þ þ þ L. Cai 020102 Shanghai, China 2014
Brassica campestris L. var. narinosa þ � þ L. Cai 020701 Shanghai, China 2014
Brassica juncea (L.) Czern. var. multisecta � þ � H. Ma 020302 Pennsylvania,

USA
2014

Brassica oleracea L. var. botrytis L. þ þ þ L. Cai 020501 Shanghai, China 2014
Brassica oleracea L. var. caulorapa Metzg. þ þ þ L. Cai 020502 Shanghai, China 2014
Brassica oleracea L. var. gemmifera DC. � þ þ H. Ma 020505 Pennsylvania,

USA
2014

Brassica oleracea L. var. italic Plenck þ þ � L. Cai 020504 Shanghai, China 2014
Brassica oleracea L. var. gongylodes L. þ þ þ H. Ma 020508 Pennsylvania,

USA
2014

Brassica oleracea L. var. capitata L. � þ þ H. Ma 020507 Pennsylvania,
USA

2014

Brassica oleracea L. var. acephala (DC.) Metzg. � þ þ H. Ma 020506 Pennsylvania,
USA

2014

Brassica oleraceae L. var. alboglabra Beiley þ þ � L. Cai 020601 Shanghai, China 2014
Brassica rapa L. var. pekinensis (Lour.) Kitam. þ þ þ L. Cai 020402 Shanghai, China 2014
Brassica rapa L. var. rapa þ � þ H. Ma 020403 Pennsylvania,

USA
2014

Brassica rapa L. var. ruvo þ þ þ H. Ma 020405 Pennsylvania,
USA

2014

Brassica napus L. var. napobrassica (L.) Hanelt þ þ � H. Ma 020701 Pennsylvania,
USA

2014

Cardamine flexuosa With. þ þ þ L. Cai 440208 Shanghai, China 2013
Cardamine hirsute L. þ þ þ L. Cai 440502 Shanghai, China 2013
Cardamine lyrata Bunge þ � þ N. Zhang 440101 Shanghai, China 2011
Cardamine macrophylla Willd. þ þ þ ZY 440401 China 2012
Cardamine oligosperma Nutt. þ þ þ L. Cai 440503 California, USA 2013
Cardamine rockii O. E. Schulz þ � þ CGBOWS

440601
Yunnan, China 2014

Cardamine tangutorum O. E. Schulz þ þ þ ZWJ 440301 Gansu, China 2012
Lepidium apetalum Willd. � � þ H. Ma 100402 Shandong, China 2012
Lepidium cuneiforme C. Y. Wu þ þ þ CGBOWS 101001 Sichuan, China 2014
Lepidium ferganense Korsh. � � þ CGBOWS 100901 Xinjiang, China 2014
Lepidium latifolium L. þ þ þ L. Cai 100201 Xinjiang, China 2012
Lepidium perfoliatum L. þ þ � L. Cai 100601 Xinjiang, China 2012
Lepidium ruderale L. � � þ L. Cai 100301 Shandong, China 2012
Nasturtium officinale W. T. Aiton þ þ þ L. Cai 570102 Shanghai, China 2014
Raphanus sativus L. var. (1) þ þ þ H. Ma 060105 Pennsylvania,

USA
2014

Raphanus sativus L. var. longipinnatus L. H. Bailey þ þ þ L. Cai 060104 Shanghai, China 2014
Raphanus sativus L. var. (2) þ þ � L. Cai 060106 Shanghai, China 2014
Rorippa cantoniensis (Lour.) Ohwi þ þ þ L. Cai 560201 Shanghai, China 2013
Rorippa dubia (Pers.) Hara � þ þ L. Cai 560501 Shanghai, China 2013
Rorippa islandica (Oeder) Borb�as þ � � L. Cai 560301 Xingjiang, China 2012

þ, DNA sequences obtained for certain genes in that taxa; �, DNA sequences not obtained for certain genes in that taxa.
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Cardamine, Lepidium, and Rorippa are mostly wild plants that
are genetically more distant from other species. Cultivars of
the same Brassica species were also sampled to represent
lower-level divergence from relatively recent domestication
histories. As a result, such a sampling strategy provided an
effective test for the utility of the DNA markers to recover
phylogenies at distinct levels. Source information for these
accessions was listed in Table 1. Total genomic DNAs were
extracted from leaves using the CTAB method (Stewart & Via,
1993).

Apart from our DNA sampling, we also took advantage of
genome and transcriptome datasets to facilitate candidate
gene screening. Transcriptome datasets used here were
selected from those reported by Huang et al. (2016), including
two species from Lepidium, one from Cardamine and three
from Rorippa. Within Brassicaceae Lineage I, the clades
Camelineae and Erysimeae were represented by six and two
species, respectively. Likewise, within Lineage II, tribe
Brassiceae was represented by eight species, including five
in Brassica. Other tribes were represented by species with
sequenced genomes: Sisymbrium irio L., Eutrema salsuginea,
Schrenkiella parvula (Schrenk) D. A. German & Al-Shehbaz,
Thlaspi arvense L., and Arabis alpina L. Two species from
the basal lineage, Aethionema subulatum Bioss. and
Aethionema arabicum (L.) Andrz. ex DC., were specially

selected to represent the deepest genetic divergence within
Brassicaceae.

Preliminary screening of candidate genes
Previously, five low-copy nuclear genes (SMC1, SMC2, MLH1,
MSH1, andMCM5) were used to reconstruct a highly supported
angiosperm phylogeny (Zhang et al., 2012). These five genes
remain orthologous across a wide range of angiosperms and
have conserved exon sequences, which can facilitate primer
design and global alignment. Yet resolving species-level
phylogeny requires rapidly evolving markers with sufficient
variable sites among closely related species. Thus introns, with
more variable sequence, are expected to play a key role in
untangling recent and rapid radiation of species rendering
their high evolutionary rate. These five genes all contain both
exons and introns and encode proteins with at least 300
amino acids. They are all housekeeping genes with conserved
functions. We then examined copy numbers of these five
and related genes using eight Brassicaceae species with
sequenced genomes from Phytozome version 10 (https://
phytozome.jgi.doe.gov/pz/portal.html) (Fig. 1).

We compared genomic sequences of the five genes and
calculated the following average nucleotide sequence identi-
ties: SMC1, 78.58%; SMC2, 82.20%; MLH1, 74.49%; MSH1, 65.96%;
and MCM5, 77.21%. MSH1 was not tested further due to its

Table 2 Source information for Brassicaceae genomes/transcriptomes used in this study

Species Data type Source

Aethionema subulatum Bioss. Transcriptome Huang et al., 2016
Barbarea vulgaris W. T. Aiton Transcriptome Huang et al., 2016
Brassica nigra (L.) W. D. J. Koch Transcriptome Huang et al., 2016
Cardamine pensylvanica Muhl. ex Willd. Transcriptome Huang et al., 2016
Erysimum cheiranthoides L. Transcriptome Huang et al., 2016
Erysimum cheiri Crantz Transcriptome Huang et al., 2016
Lepidium campestre (L.) W. T. Aiton Transcriptome Huang et al., 2016
Lepidium didymum L. Transcriptome Huang et al., 2016
Rorippa indica (L.) Hiern Transcriptome Huang et al., 2016
Rorippa sylvestris (L.) Besser Transcriptome Huang et al., 2016
Rorippa globosa (Turcz.) Vassilcz. Transcriptome Huang et al., 2016
Aethionema arabicum (L.) Andrz. ex DC. Genome NCBI
Arabidopsis halleri (L.) O’Kane & Al-Shehbaz subsp. gemmifera (Matsum.)

O’Kane & Al-Shehbaz
Genome NCBI

Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz Genome Phytozome v10.0
Arabidopsis thaliana (L.) Heynh. Genome Phytozome v10.0
Arabis alpina L. cultivar Pajares Genome NCBI
Boechera stricta (Graham) Al-Shehbaz Genome NCBI
Brassica napus L. cultivar ZS11 Genome NCBI
Brassica oleracea L. var. oleracea cultivar TO1000 Genome NCBI
Brassica rapa L. cultivar FPsc Genome Phytozome v10.0
Camelina sativa (L.) Crantz Genome NCBI
Capsella grandiflora Bioss. Genome NCBI
Capsella rubella (Almq.) Almq. Genome Phytozome v10.0
Eutrema salsuginea O. E. Schulz Genome Phytozome v10.0
Leavenworthia alabamica Rollins Genome NCBI
Raphanus raphanistrum L. subsp. raphanistrum Genome NCBI
Schrenkiella parvula (Schrenk) D. A. German & Al-Shehbaz Genome thellungiella.org
Sisymbrium irio L. Genome NCBI

NCBI, National Center for Biotechnology Information; v, version.
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relatively low sequence identity and possible difficulty in
polymerase chain reaction (PCR) amplification. To further test
the feasibility of using the remaining four genes in resolving
species-level phylogeny, we examined the genomic sequences
for both conserved regions for primer design flanking variable
regions for phylogenetic signals and found SMC2, MHL1, and
MCM5 to be more favorable.

Primer design, amplification, and sequencing
For PCR reactions to amplify specific regions of the SMC2,
MHL1, and MCM5 genes, we designed primers based on
comparison (Fig. 2) of genomic sequences of eight
Brassicaceae species. We identified primers matching regions
conserved among all these genome sequences, then used the
leave-one-out approach (Berger et al., 2011) for assessing
site-specific congruence as implemented in RAxML 8.0.2
(Stamatakis, 2006). This test prunes a single taxon at a time
from a reference tree, carrying out site-specific computations
for it, followed by reinserting into the original position.
A sliding window of 100 sites in the alignment is used for
calculation. The mean distance between the best placements
for all sliding windows is calculated, assessing the phyloge-
netic variability of different areas of a gene. Targeted loci were
located in the regions with the lowest average node distance.
Degenerate sites were used when there were different sites
among sampled species.

Several primer pairs for each of the three genes (SMC2,
MHL1, and MCM5) were tested by PCR with multiple template
DNAs and the one that was chosen had most reliably yielded
amplified products across all samples; the primer sequences
and their properties are listed in Table 3. All three primer
pairs amplified loci with conserved exons flanking variable
introns (Fig. 2). SMC2was typically amplified in a segment that
contained two partial exons, three exons and four introns,
making up 1174 base pairs (bp) in A. thaliana. The amplified A.
thaliana MLH1 segment contained two partial exons, five
exons, and six introns, with 1462 bp. TheMCM5 segment from
A. thaliana contained two partial exons, four exons, and five
introns totaling 1313 bp. We used DNA polymerase from
Takara (Otsu, Shiga, Japan) for PCR reactions. This DNA
polymerase possesses high proofreading activity and can
reduce mismatch in DNA amplification. Cycling conditions for
SMC2 started with initial denaturation at 94.0 °C for 5min,
followed by 30 cycles of amplification, 94.0 °C for 60 s,

Fig. 1. Gene copy number of MLH, MCM, and SMC family
members in selected Brassicaceae species with sequenced
genomes. The gene names are provided above and copy
numbers are highlighted by different colors. Data source
information is provided on the right. v, version.

Fig. 2. Domains and nucleotide sequence conservation of
MLH1 (A), MCM5 (B), and SMC2 (C). Protein domains
predicted by SMART are shown as yellow boxes at the
top, with the number of translated amino acids in
Arabidopsis thaliana shown on the right. Below the protein
domain shown in black is the complete A. thaliana gene
structure displayed by Exon-Intron Graphic Maker (http://
wormweb.org/exonintron), with the number of nucleotides
on the right. Below is a graph showing levels of site-specific
congruence of phylogenetic signal identities among Brassi-
caceae species calculated by RAxML 8.0.2 (Stamatakis,
2006) with the window size of 100. Low value indicates high
level of congruent phylogenetic signal. The region in dark
blue represents the polymerase chain reaction (PCR)-
amplified portion with the exons marked by orange, which
give the most uniform phylogenetic signal. The gene
structure of the PCR-amplified region is shown below with
the exonic region in orange, intronic regions in gray, and the
length of the A. thaliana PCR product shown on the right.
Primers used in this study are marked as arrows, with the
conserved and divergent sequences shown as generated
using WebLogo (http://weblogo.berkeley.edu/logo.cgi).
HATPase_c, histidine kinase-like ATPase, C-terminal domain
(SMART accession number SM00387).
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59.0 °C for 60 s, and 72.0 °C for 1.5min, followed by a final
extension at 72.0 °C for 5min. Annealing temperatures for the
other two genes were 60 °C for MLH1 and 58 °C for MCM5.
Additional cloning steps were used for some species within
Cardamine, using vector pGEM-T and competent cell DH5
alpha. Three to five clones per amplification were sequenced
on both forward and reverse strands using the same primer
pair. Forward and reverse sequence strands were assembled
with the ContigExpress program (http://www.contigexpress.
com) and were then confirmed manually. Nucleotide
sequences obtained from PCR and transcriptomes were
submitted to GenBank, with accession numbers provided in
Table S1.

Phylogenetic analysis
For sequence alignment and phylogenetic analysis, full-length
MLH1, MCM5, and SMC2 genes (with exons and introns)
including 3051, 3005, and 4156 bp (for A. thaliana),
respectively, were retrieved from genomic datasets, while
the exon portion of their homologs were obtained from
transcriptomic datasets. In addition, the PCR-amplified
regions contained partial sequences with several exonic and
intronic regions (mentioned above), whereas regions flanking
the PCR-amplified loci were treated as missing data in the
alignment for those taxa with only PCR-amplified sequences
for the three genes. The sequences of each taxon were
concatenated, forming a supermatrix with Seaview 4.4.2
(Gouy et al., 2010) and aligned using muscle 3.8.31 (Edgar,
2004) and subsequently adjusted manually. Maximum likeli-
hood analyses were carried out using RAxML 8.0.2 (Stama-
takis, 2006). Analysis was performed under the general time
reversible model with the shape of the gamma distribution
(GTRþG) as determined byModeltest 3.7 (Posada & Crandall,
1998). Optimal tree searches were carried out with 100
random sequence addition replicates. Branch support was
assessed using 100 rapid bootstrap replicates. Maximum
likelihood bootstrap proportions (BP) �70% were considered
strong support (Hillis & Bull, 1993).

Bayesian analyses were implemented with MrBayes 3.1.2
(Ronquist & Huelsenbeck, 2003) under a time-free model.
Posterior probability (PP) support values �0.95 were consid-
ered strong support for individual clades. MrBayes analyses
were performed on the concatenated data. For consistency of
results, two independent Markov chain Monte Carlo analyses
were carried out for 200 000 generations to calculate PP. Prior
probabilities for all trees were equal, starting trees were
random, sampling every 1000 generations, and burn-in values
were determined empirically from the likelihood values. The

consistency of stationary-phase likelihood values and esti-
mated parameter values was determined using Tracer 1.5
(Rambaut & Drummond, 2009). Bayesian PPs were deter-
mined by building a 50%majority-rule consensus tree from two
Markov chain Monte Carlo analyses after discarding the 20%
burn-in generations.

Results
Single-copy nuclear genes are excellent phylogenetic
markers
As shown by Zhang et al. (2012), MLH1, SMC2, and MCM5 are
maintained as single-copy in most angiosperm species,
consistent with an earlier report that genes engaged in
DNA/RNA metabolisms tend to lose duplicate and remain
orthologous after duplication (Blanc & Wolfe, 2004). Exten-
sive phylogenetic studies have shown that members of SMC,
MCM, and MLH gene families are maintained as one copy in
most species (Forsburg, 2004; Lin et al., 2007; Surcel et al.,
2008). These nuclear genes provide excellent markers to trace
the evolution history of plants. We inspected their copy
numbers in eight Brassicaceae species with fully sequenced
genomes and found that most of them had only one copy for
these species, except for Brassica rapa, which has undergone a
recent whole genome duplication (Lysak et al., 2005; Yang
et al., 2006). Two members from the SMC family (SMC2 and
SMC6) each have two copies across Brassicaceae. The SMC2
duplication event occurred before the divergence of Brassi-
caceae (Fig. S1). There have been enough variations
accumulated between the two copies, so that we could easily
distinguish them, which is also seen in the application of two
paralogous copies of Adh1 and Adh2. In Arabidopsis thaliana,
one copy of SMC2 functions as subunit E in chromosome
condensation complex, condensin. It is located on chromo-
some 5 (AT5G62410). Another copy functions similarly as
structural maintenance of chromosome protein 2 and is
mapped to chromosome 3 (AT3G47460). Both copies are
maintained in all of the sequenced Brassicaceae genomes
(Fig. 1). In our study, the homologs of AT5G62410were used as
representative of SMC2 for all sampled species.

The percentages of successful PCR for SMC2, MCM5, and
MLH1 were 93.7%, 87%, and 90.1%, respectively. These, along
with gene sequences retrieved from public databases, include
in total 53 SMC2, 55 MCM5, and 55 MLH1 gene sequences from
63 Brassicaceae species. The lengths of each gene’s initial
alignment range from 3005 bp (MCM5) to 4156 bp (SMC2),
with over one-third of the aligned regions covered by

Table 3 Primer sequences and relative characters including length, Tm, GC%, and degeneracy

Gene Primer Sequence Length, bp Tm GC% Degeneracy

MLH1 MLH1_1F 50-ATGAACCAAAGGCGTGTGCDGCTG-30 24 66.3 54.2 3
MLH1 MLH1-2R 50-ATTGATATCAACATGTTCVCGTGGCA-30 25 63.9 52 1
MCM5 MCM5_1F 50-TTCVAGAGTGAARGCAAAGGCGAC-30 24 63.7 50 6
MCM5 MCM5_2R 50-GTGATTTTGCAGTTGATGGGTCTC-30 24 60.9 45.8 1
SMC2 SMC2_1F 50-GAGGTGATCTCCTYAGGCAACTTC-30 24 61 50 2
SMC2 SMC2_1R 50-GTATYAACTTGAGCTCGGCAAGAG-30 24 61.7 50 2

F, forward; R, reverse; Tm, annealing temperature; GC-content (GC%), percentage of either guanine or cytosine bases in a DNA
molecule.
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the amplified loci, which contain both highly conserved
and divergent sites. Gene length, length of exons, species
coverage, parsimony-informative (PI) sites, variable sites,
Guanine-cytosine (GC) frequencies, and a parameter (gamma
parameter for site rates) are summarized in Table 4. The
lengths of coding regions among different taxa are generally
conserved. But lengths of introns could sometimes vary
dramatically across taxa. We deleted such highly variable
intronic regions in our alignment to reduce phylogenetic
noise and the proportion of missing data. These highly
variable regions mostly occurred in the middle of the intron
with length varying from 6 bp to 25 bp in the alignment. Their
corresponding positions in A. thaliana can be found in
Table S2. The nucleotide sequences are highly conserved in
exons (>92% global identities of all three genes). The
conservation in terms of length, copy number, and exon
sequences could be attributed to their functions in DNA/RNA
metabolism and is important for primer design and sequence
alignment. In the cases of our taxon sampling, the gamma
parameters for site rates range from 0.466 for both SMC2 and
MLH1, to 0.494 forMCM5; thus, the three genes showed similar
patterns of variability. Further analyses indicated that
these genes are phylogenetically informative, with average
frequency of PI sites greater than 30% (Table 4). The PI site
proportion does not show significant heterogeneity between
genes, but was especially high at third codon positions and in
introns.

Further analyses of the nucleotide substitution model
shows that GTRþ IþG is the fittest model for all three genes
(Table S3). This result indicates these genesmay have evolved
under essentially very similar evolutionary patterns. A more
detailed examination of site-specific placement bias in each
gene reveals that the PCR-amplified region within each gene
has the most stable phylogenetic signal (Fig. 2). Although the
average node placement distance can be high in other regions
of the genes, with possibly incongruent phylogenetic signals,
this would not have a strong impact on our phylogenetic
reconstructions in that only few genome or transcriptome
data are available for those regions. For example, the PCR-
amplified region from 540 to 1900 bp of theMCM5 coding DNA
sequence region (Fig. 2B) has a relatively low average node
distance, whereas the intron region has higher phylogenetic
divergence. Consequently, the exon regions with uniform

phylogenetic signal are useful for resolving the deep nodes of
early diversification. The divergent intron regions can provide
crucial information to discern the subtle differences between
closely related species.

Single-gene phylogenies were reconstructed for each of the
three genes (Figs. S2–S4). They were largely consistent with
well-established organismal relationships, suggesting that
these genes were orthologous and phylogenetically informa-
tive. Although multiple sequences were occasionally obtained
in one species, they always formed adjacent terminal branches
in phylogenetic trees, suggesting that they resulted from
recent polyploidization and should not affect phylogenetic
relationships of more distantly related groups in this study.

Strongly supported phylogenies within Cardamine, Lepidium,
and Brassica
Using a concatenated supermatrix of the sequences isolated
from PCR amplification and retrieved from public databases,
we built phylogenetic trees including 65 taxa. Our results
showed that a combination of three nuclear loci resulted in a
well-resolved phylogeny at various phylogenetic depths
(Fig. 3). In the topology here with Populus trichocarpa as an
outgroup, Cleome serrulata (Cleomaceae) was sister to a
maximally supported clade of Brassicaceae; furthermore,
Aethionema (including Aethionema subulatum and Aethio-
nema arabicum) was the sister to all other Brassicaceae
species (members of the core Brassicaceae), in agreement
with previous studies (Al-Shehbaz et al., 2002; Huang et al.,
2016). Within the core Brassicaceae clade, the phylogeny
grouped all but one (Arabis alpina) of the remaining taxa into
two clades. One included species from the previously defined
Lineage I, and the other has those of Lineage II, again in
agreement with recent results on Brassicaceae phylogeny
(Al-Shehbaz et al., 2002; Huang et al., 2016). Eight species of
the genus Lepidium formed a maximally supported group as
the first divergent branch of Lineage I. Within the Lepidium
clade, L. campestre (L.) W. T. Aiton and L. perfoliatum L.
clustered as the sister to a large clade with the other Lepidium
species (100 BP/1.0 PP). In addition, L. didymum L., which was
formerly identified as Coronopus didymus (L.) Sm., is nested
within Lepidium (100 BP/1.0 PP). This result was in agreement
with a previous report on the systematics of Lepidium
(Al-Shehbaz et al., 2002).

Table 4 Characters of selected nuclear genes

Gene Length,
bp

Length of
exon, bp

PI
characters, bp

(%)

Variable
sites

GC% a
Parameter

Function anotation

MLH1 4096 2322 908 (39.1) 1265 41.49 0.4655 MUTL-homologue 1, DNA mismatch repair
protein

MCM5 4288 2208 753 (34.1) 1066 42.69 0.4936 Minichromosome maintenance family protein,
DNA replication licensing factor

SMC2 6364 3528 1333 (37.7) 1920 41.49 0.4655 Structural maintenance of chromosomes
(SMC) family protein

GC-content (GC%), percentage of either guanine or cytosine bases in a DNA molecule.
Sequence lengths of selected genes, including length of exons, came from Arabidopsis thaliana (L.) Heynh. Parsimony-
informative (PI) sites, variable sites, GC%, and gamma parameter for site rates (a Parameter) were calculated by mega. Function
annotations were cited from Phytozome version 10.0 (http://phytozome.jgi.doe.gov/pz/portal.html).
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Fig. 3. Maximum likelihood majority-rule consensus tree of Brassicaceae based on the concatenated MLH1, MCM5, and SMC2
datasets. Values above branches are maximum likelihood bootstrap values (left) and Bayesian inference posterior probabilities
(right). Star indicates either a bootstrap proportion of 100 or posterior probability of 1.0. The phylogram of the reconstructed
phylogeny is displayed on the upper right. Within clade Brassiceae, common names of cultivated vegetables are shown on
the right.
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The other major branch of Lineage I was comprised of
species belonging to the tribes Cardamineae, Camelineae,
and Erysimeae. The Camelineae and Erysimeae members
were more closely related (100 BP/1.0 PP) than they are to

Cardamineae. The tribe Camelineae was represented by
six species with sequenced genomes: A. thaliana, A. lyrata,
A. halleri O’Kane & Al-Shehbaz, C. grandiflora, C. rubella, and
Camelina sativa (L.) Crantz. In addition, Cardamine rockii O. E.

Fig. 4. Nucleotide and amino acid sequence identity ofMLH1 (A), MCM5 (B), and SMC2 (C) among 10 representative angiosperm
species. Pairwise sequence identities are calculated using the SIAS webserver (http://imed.med.ucm.es/Tools/sias.html).
Nucleotide and amino acid sequence identities are shown at upper right and bottom left, respectively. NA, data not available.
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Schulz clustered with a clade composed of Camelina Crantz
and Capsella Medik. (100 BP/1.0 PP), rather than being
close to members of Cardamineae. Erysimum cheiri Crantz
and Erysimum cheiranthoides L., with sequences from

transcriptomics, are sisters with maximal support, repre-
senting the tribe Erysimeae. Our sampling of the tribe
Cardamineae included 16 species from five genera. Carda-
mineae were divided into two clades (100 BP/1.0 PP),

Fig. 5. Nucleotide and amino acid sequence identity ofMLH1 (A),MCM5 (B), and SMC2 (C) among 10 representative Brassicaceae
species. Pairwise sequence identities are calculated using the SIAS webserver (http://imed.med.ucm.es/Tools/sias.html).
Nucleotide and amino acid sequences identities are displayed at upper right and bottom left, respectively.
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one containing genera Barbarea W. T. Aiton, Leavenworthia,
and Rorippa (100 BP/1.0 PP), the other containing Nasturtium
and Cardamine (100 BP/0.95 PP). Within Rorippa, six species
were divided into two clades, containing two and four
species, respectively. Rorippa dubia (Pers.) Hara and Rorippa
cantoniensis (Lour.) Ohwi formed one of the clades (100 BP/
1.0 PP). Within the other clade, R. islandica (Oeder) Borb�as
and R. sylvestris (L.) Besser share the closest affinity (100 BP/
1.0 PP), with their relationship to the other two species
unclear. Similarly, Nasturtium officinaleW. T. Aiton was sister
to a well-supported clade of seven Cardamine species.
Relationships within genus Cardamine were more compli-
cated. A basal clade was composed of two species C. lyrata
Bunge and C. tangutorum O. E. Schulz (100 BP/1.0 PP).
Cardamine oligosperma Nutt. and C. pensylvanica Muhl. ex
Willd. were sisters with maximal support, as were C. flexuosa

With. and C. macrophylla Willd. (both 100 BP/1.0 PP), and
the position of C. hirsuta L. as sister to the clade of
C. oligosperma and C. pensylvanica was moderately sup-
ported (100 BP/0.58 PP).

In Lineage II, four species belonging to the previously
defined Expanded Lineage II formed successive sisters to the
tribe Brassiceae, with maximal support. These species
included Sisymbrium irio, Thlaspi arvense, Eutrema salsuginea,
and Schrenkiella parvula. Our sampled taxa of the tribe
Brassiceae included two genera, Brassica and Raphanus and
they form a maximally supported clade. Within Brassiceae, all
four Raphanus sativus L. cultivars form a well-supported clade
(100 BP/1.0 PP), and most Brassica taxa form another
maximally supported clade. Our results indicated that Brassica
nigra (L.) W. D. J. Koch was more closely related to Raphanus
than to other Brassica species (100 BP/1.0 PP), which was also

Fig. 6. Pairwise nucleotide sequence identity ofMLH1 (A),MCM5 (B), and SMC2 (C) among 10 representative Arabidopsis thaliana
ecotypes, calculated using the SIAS webserver (http://imed.med.ucm.es/Tools/sias.html). Data were collected from the 19 genomes
of the A. thaliana project (http://mus.well.ox.ac.uk/19genomes/). Abbreviations for ecotype names follow Gan et al. (2011):
bur, Burren; col, Columbia; hi, Hilversum; mt, Martuba; no, Nossen; oy, Oystese; po, Poppelsdorf; tsu, Tsu; ws, Wassilewskija;
zu, Zurich.
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consistent with previous findings that Brassica is not monophy-
letic (Yang et al., 2002; Arias & Pires, 2012). Within the large
Brassica clade, the genetic similarity and complicated domesti-
cation histories of various cultivars brought challenge for
phylogenetic reconstruction. However, the introns and third
codon position of the nuclear markers provided crucial
information for good resolution even within species. Four
Brassica rapa accessions held four different positions. Cultivars
belonging to Brassica oleracea L. composed the majority of
our sampling diversity within Brassica, forming a maximally
supported clade with internal resolutions of either high or
low support values. The relationships among B. oleracea,
B. rapa, B. napus L., B. juncea (L.) Czern., and B. campestris L.
was not clear due to the limitation of sequence data and
the non-monophyletic results. Among these vegetables, B.
napus L. var. napobrassica (L.) Hanelt, or yellow turnip, is a cross
between the cabbage and the turnip. Its placement on the
tree suggested that itwasmore similar to cabbage (B. oleracea)
thanothers.Arabis alpinawas thebasal-most coreBrassicaceae
species (100 BP/1.0 PP) among taxa sampled here.

Analysis of sequence similarity for three marker genes
among angiosperms
The above phylogenetic analysis suggested that the MCM5,
MHL1, and SMC2 genes could be effective markers for
revolving relationships between members of a family or
even a genus. To further explore the sequence similarities of
these genes for their potential applications in the phyloge-
netic studies of plants of various evolutionary diversities, we
obtained their homologs in representative angiosperms,
Brassicaceae species, as well as A. thaliana ecotypes (Gan
et al., 2011) and compared their pairwise sequence identity
(Figs. 4–6). Ten angiosperm species were selected to be
phylogenetically representative. This included the basal-most
angiosperm Amborella trichopoda Baill., three monocot
species, and representatives of major eudicot clades. Within
this angiosperm sampling, the pairwise sequence identity of
MCM5 ranged between 72.43%–96.71% for amino acid sequen-
ces and 69.45%–88.03% for nucleotide acid sequences (Fig. 4).
Similar results can also be seen for SMC2 and MLH1. When we
compared sequence identities within the Brassicaceae family,
higher pairwise identities could be obtained. Generally, the
nucleotide sequence identity ranges from 83.34% to 98.88%
and the amino acid sequence identity ranges from 83.04% to
99.00%. Likewise, results from the 10 A. thaliana accessions
revealed that, although both nucleotide and amino acid
sequences are highly similar among different ecotypes, we
can still find SNP and indel sites within the sampled loci.
Because these genes are unusually longwith 3000 bp ormore,
even a low percentage of differences can provide dozens or
more sites for comparison. As shown in Fig. 1, other members
of these three gene families are also stably maintained as
single copy or low copy, providing additional markers if more
information is needed.

Discussion
Newly identified nuclear genes are suitable for phylogenetic
reconstructions
Extensive phylogenetic analyses have been undertaken using
mainly organellar or rDNA markers. Although they are easy to

obtain, they are often too conserved to provide sufficient
signals for resolving relatively close relationships. Nuclear
genes are both numerous and rich in phylogenetic signals, but
many nuclear genes have paralogs and should be used with
care to avoid misleading signals. Previous work on angio-
sperm phylogeny revealed that nuclear markers were also
highly informative for low-rank taxonomic groups (Zhu & Ge,
2005; Yuan et al., 2009; Salas-Leiva et al., 2013). These genes
are primarily single-copy and conserved. The nuclear markers
used here were previously described for use in a study of
angiosperm-wide phylogeny (Zhang et al., 2012) and they
were comparable to other markers that were screened from
�1000 low-copy putative orthologous genes by comparing
genomes of representative angiosperms (Zeng et al., 2014).
They were reported to be suitable for angiosperm phyloge-
netic reconstruction when conserved exon sequences were
used. Here, to provide more divergent sequences with signals
for within-genus relationships, we took advantage of both
exonic and intronic regions for phylogenetic reconstruction.
As illustrated by our result, the highly conserved exonic
regions could facilitate the design of primers with high
amplification efficiency for a wide range of organisms. First,
these loci are easy to amplify by PCR reaction. Cloning steps
are not necessary unless there are occasional recent gene
duplication events. Second, conserved exons make it easy to
align across distantly related species. Finally, together with
intron sequences, the nuclear gene markers provide informa-
tion at various phylogenetic depths. They are especially
powerful for resolving relationships involving recent and
rapid radiation.

With the development of sequencing technology, more
and more genome and transcriptome data will be available.
The growing genome datasets will facilitate the identifica-
tion of low-copy nuclear genes as phylogenetic markers for
more and more plant groups. At the same time, the PCR-
based approach presented here provides a complementary
means for obtaining a small number of genes from a large
number of taxa, without the expense of transcriptomics and
avoiding the need for great computation capability that is
associated with the analysis of many genes. Furthermore,
the information on the sequence similarity indicate that
there are many variable sites from the comparison of
different Brassicaceae species; there are even variations
between different Arabidopsis thaliana ecotypes. This
information and the phylogenetic results (see below)
together provide strong evidence that these genes can
serve as effective markers for investigation of relationships
between species in the same genus.

Potential newly defined species relationships in
Brassicaceae
One of the advantages of nuclear gene markers is their
usability for phylogenies at various depths. For example,
with three nuclear loci, we obtained placement of all
sampled genera congruent to the latest and most compre-
hensive analysis (Al-Shehbaz, 2012) with strong support
(100 BP/>0.95 PP). Within each genus, internal nodes are
well resolved, providing important information to investi-
gate their recent evolutionary history. At the same time,
greater resolution for some of the relationships among
species would probably benefit from some additional
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sequences, either from these three genes, or from
other similarly conserved genes. In addition, very difficult
relationships might also need more genes, as shown
recently by the phylogenetic study of a greater number of
tribes in Brassicaceae (Huang et al., 2016).

Cardamineae is a tribe containing 14 genera and 352
species. We sampled 16 species from five genera, which
were grouped into two clades: one clade with Cardamine
and Nasturtium, the other containing Rorippa, Leavenwor-
thia, and Barbarea. Previous studies found a close relation-
ship between Cardamine and Rorippa (Yang et al., 1999), and
between Cardamine and Nasturtium (Beilstein et al., 2006),
but they did not include all these genera. Our placement of
the five genera within tribe Cardamineae has received the
highest support so far. This is in good agreement with the
initial hypothesis that Nasturtium is more closely related to
Cardamine than to other genera in tribe Cardamineae
(Al-Shehbaz & Price, 1998). Our results contribute to the
understanding of the early divergence events within
Cardamineae. Additionally, we found that one Cardamine
species, Cardamine rockii, did not cluster with other
Cardamine species, but rather it was grouped with members
of Camelineae with strong support (100 BP/1.0 PP). Such
phylogenetic placement has not been reported before. Thus
this result suggests that this species might be misclassified
and further investigation with more Cardamine species and
Camelineae members will be needed to test this idea.

Within Lepidium, all relationships were strongly supported
in the phylogeny here (100 BP/1.0 PP). Lepidium perfoliatum
and L. campestre (100 BP/1.0 PP) formed the basal clade of
Lepidium, consistent with previous results (Mummenhoff
et al., 2001; Lee et al., 2002). Both of these studies placed the
two species as the basal lineage with a larger sampling size in
Lepidium. Three species, L. apetalum Willd., L. ferganense
Korsh., and L. cuneiforme C. Y. Wu, form a highly supported
group, allowing the placement of L. cuneiforme, which is
endemic to China, for the first time. In addition, the placement
of L. apetalum is similar to the results based on ITS sequences
(Mummenhoff et al., 2001). The markers used here might be
able to resolve the relationships in Lepidium when more
species can be analyzed in the future.

Previous studies have shown that Brassica is not a
monophyletic group (Yang et al., 2002; Arias & Pires, 2012).
For example, a phylogenetic study with B. rapa, B. nigra, and
R. sativus (Yang et al., 2002) indicated that B. nigra is sister to
the clade of B. rapa and R. sativus. Human domestication
of taxawithin tribe Brassiceae also caused difficulty for tracing
their ancient origins. In particular, multiple hybridization
events between different cultivars along with whole genome
duplication make it a major challenge to build phylogenetic
trees across Brassica using nuclear genes. Our attempt
revealed that the three nuclear markers used, MLH1, SMC2,
and MCM5, are sufficiently variable and useful for detecting
subtle differences between accessions within a species.
Human domestication of Brassica is often explained by
the U triangle theory (Nagaharu, 1935). The theory states
the evolutionary relationships between modern vegetables
and three ancestral species of Brassica by comparing their
chromosome number. However, the long-discussed U triangle
theory has not been rigorously tested by phylogenetic
analysis. Our sampling of U triangle species included assumed

ancestor species (B. nigra, B. oleracea, and B. rapa), as well as
modern vegetables and oil seed crops (B. juncea and B. napus).
This provides a unique opportunity to test the U triangle
theory and further investigate the impact of hybridization on
phylogenetic reconstruction. The problem lies in that our four
accessions of species B. rapa hold four different places on the
tree. This could be a result either from incorrect classification
of vegetables, or other problems. More marker genes and
more taxa are needed to resolve the proposed hybridization
events. Nevertheless, the preliminary analysis here suggests
that these nuclear genes contain variable sequences with
phylogenetic signals that could be used to address such
difficult questions.
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Supplementary Material
The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/
jse.12204/suppinfo:
Fig. S1. Maximum likelihood tree of SMC2 paralogs from
representative Brassicaceae species, with those from Cleome
serrulata Pursh and Populus trichocarpa Torr. & A. Gray ex
Hook. as outgroups. Values above branches are maximum
likelihood bootstrap support values. Numbers after species
names represent different paralogs.
Fig. S2. Fifty percent maximum likelihood majority-rule
consensus tree of Brassicaceae based on single-gene
phylogeny of MLH1. Values above branches are maximum
likelihood bootstrap proportions (BP). Only branches with
>50 BP are displayed.
Fig. S3. Fifty percent maximum likelihood majority-rule
consensus tree of Brassicaceae based on single-gene
phylogeny of SMC2. Values above branches are maximum
likelihood bootstrap proportions (BP). Only branches with
>50 BP are displayed.
Fig. S4. Fifty percent maximum likelihood (ML) majority-rule
consensus tree of Brassicaceae based on single-gene
phylogeny ofMCM5. Values above branches are ML bootstrap
proportions (BP). Only branches with >50 BP are displayed.
Table S1. GenBank accession numbers of MLH1, MCM5, and
SMC2 gene sequences from extracted DNA samples and
transcriptomes.
Table S2. Positions and lengths of highly variable intron
regions in Arabidopsis thaliana. The corresponding sites in the
alignmentwere deleted in order to reduce phylogenetic noise.
Table S3. Result of Modeltest for MLH1, MCM5, and SMC2
showing the top three substitution models with highest
probability.
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