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Abstract The Brassicaceae is an economically and scientifically important family distributed globally, including
oilseed rape and the model plant, Arabidopsis thaliana. Although growing molecular data have been used in
phylogenetic studies, the relationships among major clades and tribes of Brassicaceae are still controversial. Here,
we investigated the core Brassicaceae phylogenetics using 222 plastomes and 235 nrDNA cistrons, including 106
plastomes and 112 nrDNA cistrons assembled from newly sequenced genome skimming data of 112 taxa. The
sampling covered 73 genera from 61.5% tribes and four unassigned genera and species. Three well supported
lineages LI, LII, and LIII were revealed in our plastomic analyses, with LI sister to LII+ LIII. In addition, the
monophyly of the newly delimitated LII was strongly supported by three different partition strategies,
concatenated methods under Bayesian and Maximum Likelihood analyses. LII comprised 13 tribes, including four
tribes previously unassigned to any lineage, that is Biscutelleae as the earliest diverging clade and Cochlearieae as
the sister to Megacarpaeeae+ Anastaticeae. Within LII, the intertribal relationships were also well resolved,
except that a conflicting position of Orychophragmus was detected among different datasets. In LIII, Shehbazia
was resolved as a member of Chorisproreae, but Chorisproreae, Dontostemoneae, and Euclidieae were all
resolved as paraphyletic, which was also confirmed by nrDNA analyses. Moreover, the loss of the rps16 gene was
detected as likely to be a synapomorphy of the tribes Arabideae and Alysseae. Overall, using genome skimming
data, we resolved robust phylogenetic relationships of core Brassicaceae and shed new light on the complex
evolutionary history of this family.
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1 Introduction
The Brassicaceae is a large, economically and scientifically
important family, which comprises ca. 3977 species and is
distributed globally except for Antarctica (Koch &
Kiefer, 2006; Franzke et al., 2011; Koch et al., 2018). Some
species of the family are important vegetables, such as
cabbage, turnip, radish, and oilseed rape, or ornamentals
such as Aurinia Desv. and Matthiola L., or weeds such as
Lepidium apetalum Willd. and Capsella bursa‐pastoris (Linn.)
Medic. Arabidopsis thaliana (L.) Heynh has been the primary
genetic model and universal reference organism in plant
biology, which has broadly enhanced the understanding of
plant genetics and development (The Arabidopsis Genome
Initiative, 2000; Koenig & Weigel, 2015; Provart et al., 2016).
Abundant genetic and genomic resources (including 28
species with whole‐genome assemblies available from plant
genomes database, http://www.plabipd.de/plant_genomes_
pa.ep) of Brassicaceae open the door to investigate
important botanical propositions, such as whole‐genome
duplication (Mandáková et al., 2019) and morphological
evolution (Dong & Ostergaard, 2019; Nikolov, 2019).

Therefore, a robust phylogenetic framework is fundamen-
tally important for comparative studies of this group.

Members of Brassicaceae can be easily recognized by
morphology, as their flowers are cruciform (e.g., in the form
of a cross) with four petals and four sepals. Most species of
this family have been assigned to 351 genera of 52
recognized tribes according to the newest checklist,
with the remaining 11 genera unassigned to any tribes
(Al‐Shehbaz, 2012; German & Friesen, 2014; Koch et al., 2018).
In the traditional classification, it had been classified into 19
tribes and 30 subtribes by Schulz (1936), and this used to be
the most widely adopted classification, although it was later
proved by molecular phylogeny to be largely artificial
(Beilstein et al., 2006; Al‐Shehbaz, 2012). Early phylogenetic
studies of Brassicaceae recognized 25 tribes based on the
analysis of plastid ndhF gene sequences (Al‐Shehbaz
et al., 2006; Beilstein et al., 2006). Actually, several diagnostic
morphological characters, such as leaf shape and trichome,
varied greatly in the Brassicaceae, thus homoplasy in
these traits has likely to have led to conflict conclusions among
early classifications (Al‐Shehbaz et al., 2006; Huang et al., 2015).
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Over the past decades, a continuous effort has been
devoted to molecular phylogeny of Brassicaceae based on
one or two DNA sequences, such as the nuclear ribosomal
ITS (Bailey et al., 2006; Warwick et al., 2010), a few plastid
(Beilstein et al., 2006), and mitochondrial sequences
(Couvreur et al., 2010). Following the molecular phylogenies,
the number of tribes of the family had consequently been
expanded into 52 tribes (Al‐Shehbaz, 2012; German &
Friesen, 2014; Chen et al., 2016).
In the early phylogenetic studies based on plastid ndhF

sequences, three major lineages (i.e., Lineages I–III or LI–III;
fide Beilstein et al., 2006) were proposed for the core
Brassicaceae, and Aethionemeae was resolved as the basal
lineage, although the statistic supports were generally low
(Beilstein et al., 2006, 2008). The study of Beilstein et al.
(2006) included 17 of 19 tribes sensu Schulz (1936). Since
then, an additional cluster including 22 tribes that were
associated with LII was referred to as Expanded Lineage II
(ELII), again with low support (Franzke et al., 2011). Using 113
single‐copy nuclear markers derived from transcriptomic
data, Huang et al. (2015) recovered the phylogenetic
backbone of core Brassicaceae as five major clades, namely
clades A–E. Subsequent studies gradually improved the
circumscription of major lineages within Brassicaceae, but
they were still hindered by insufficient sampling (e.g., Guo
et al., 2017; Mandáková et al., 2017). More recently, based on
the target captured exons from 63 species, it was confirmed
that Aethionemeae was the earliest diverging lineage of
Brassicaceae, and five strongly supported lineages were
resolved in the core Brassicaceae (Lineages I–V). However,
five tribes Cochlearieae, Anastaticeae, Megacarpaeeae,
Iberideae, and Biscutelleae remained unassigned to any
lineage (Nikolov et al., 2019).
Despite the fact that substantial improvements have been

made by recent molecular studies, the relationships within the
core Brassicaceae remain unresolved with incongruence among
different studies. Relationships among major lineages of this
family were still uncertain, particularly in LI (Nikolov et al., 2019).
The monophyly of LII and intertribal relationships of ELII are
largely unresolved or incongruent among studies using different
datasets (Huang et al., 2015; Guo et al., 2017; Nikolov et al., 2019).
The incongruent relationships among these studies are
probably due to hybridizations (Tsuda et al., 2014), polyploidiza-
tions (Mandáková & Lysak, 2008; Mandáková et al., 2010;
Hohmann et al., 2015), and a rapid radiation event in the early
evolutionary history of Brassicaceae (Huang et al., 2015).
Therefore, comprehensive taxon sampling and adequate
phylogenetic information, as well as appropriate analytical
methods are required to reconstruct a robust phylogenetic
framework of core Brassicaceae.
Plastid genomes and nuclear ribosome cistron sequences

obtained from low‐coverage genome sequencing (e.g.,
genome skimming) data have been widely used for
phylogenetic of angiosperms (Straub et al., 2012; Zimmer &
Wen, 2012; Zeng et al., 2018; Nevill et al., 2020). Also, plastid
phylogenomics has been successfully applied in systematic
studies for numerous groups and at various taxonomical
levels of angiosperms (Ma et al., 2014; Zhang et al., 2016;
Foster et al., 2018; Li et al., 2019). Most studies considered
plastomic‐scale datasets as a single evolutionary unit so that
concatenated analyses could be used to amplify the

phylogenetic signal. However, recent studies have shown
that some conflicts in plastomic phylogeny were likely to
have been produced by multiple factors, such as stochastic
inferences from genes with few variable sites (Walker
et al., 2019). Therefore, conflict among the tribes Lepidieae
and Cardamineae in plastid phylogenomics may result from
different matrices (Guo et al., 2017; Mandáková et al., 2017).
In addition to plastid sequences, nuclear ribosomal DNA

(nrDNA) cistrons and their internal spacers regions (ITS1–5.8S
nrDNA–ITS2, or nrDNA–ITS spacer) have been frequently
used as effective markers for Brassicaceae systematics at the
tribal level (Bailey et al., 2006; Al‐Shehbaz & Warwick, 2007;
Warwick et al., 2007, 2010; German & Al‐Shehbaz, 2008). The
full‐length nrDNA cistron sequences (18S nrDNA–ITS1–5.8S
nrDNA–ITS2–26S nrDNA) were also employed to solve some
poorly inter‐ and intratribal relationships (Kim et al., 2015;
Chen et al., 2018).
In this study, to resolve the deep relationships of core

Brassicaceae, we employed a strategy to generate abundant
phylogenetic markers with comprehensive sampling and
multifaceted methods of tree inferences. The plastid
genomes and nrDNA cistrons of, in total, 220 (including 112
newly sequenced) species representing 32 of the 52 (61.5%)
recognized tribes and four additional taxa unassigned to any
tribes were gathered for phylogenetic analyses. We tested
the robustness of the backbone of core Brassicaceae based
on three different plastomic datasets (“WP”, “WPB” and
“PCGs‐C” datasets, detailed in Section 2) and using Bayesian
inference (BI) and Maximum Likelihood (ML) analyses.
Comparisons among phylogenetic relationships inferred
from a nuclear ribosomal dataset (“nrDNA” dataset, detailed
in Section 2) and plastomic data were performed. In addition,
structural variations of plastid genomes within Brassicaceae
were investigated.

2 Material and Methods
2.1 Taxon sampling
Our taxon sampling comprised in total, 222 plastomes from
202 species and 235 nrDNA cistrons from 214 species,
respectively, which represented 73 genera of 32 tribes in
Brassicaceae (BrassiBase: http://brassibase.cos.uni-heidelberg.
de/), and four additional genera (four species) unassigned to
any tribes. Three representative species in Aethionemeae
were chosen as outgroups. Our study newly generated
genome skimming data of 112 species. Leaf material was
collected from living plants in the field and botanical gardens,
with a few species sampled from herbarium specimens, and
voucher specimens were deposited in the herbarium of the
Kunming Institute of Botany, Chinese Academy of Sciences
(KUN). The voucher information for samples included in this
study was available in Table S1.

2.2 Genome skimming sequencing and data assembly
DNA extraction and library preparation were facilitated by
the Germplasm Bank of Wild Species, Kunming Institute of
Botany, Chinese Academy of Sciences, and Illumina
sequencing was conducted at BGI Genomics Co., Ltd
(Shenzhen, China), respectively. Total genomic DNAs were
extracted from dried leaf tissue or herbarium specimens
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using the cetyl trimethylammonium bromide (CTAB) method
(Doyle & Doyle, 1987). Short‐insert (500 bp) libraries were
prepared, and paired‐end reads sequencing with 150‐bp
length was conducted on an Illumina HiSeq 3000, generating
ca. 2 Gb data per sample.
The resultant sequencing reads were assembled into plastid

genome and nrDNA sequences using the GetOrganelle pipeline
with a range of k‐mers of 55, 75, 95, 115, and 127 (Jin et al., 2018).
The software Bandage v.0.8.0 (Wick et al., 2015) was used to
visualize and extract plastomic sequences and nrDNA
sequences. Annotation of plastomes and nrDNA cistrons were
conducted in software, including PGA (Qu et al., 2019), GeSeq
(Tillich et al., 2017), and Geneious v.8.02 (Kearse et al., 2012).
The tRNA genes were also verified by the online tRNAscan‐SE
server (http://lowelab.ucsc.edu/tRNAscan‐SE/). Published
plastomes of Aethionema grandiflorum Boiss. & Hohen.
(NC009266), Raphanus sativus L. (NC024469), Isatis tinctoria L.
(NC028415), Alyssum desertorum Stapf. (NC034299), and nrDNA
sequences of Brassica oleracea var. capitata L. (KM538957), and
Brassica oleracea var. gongylodes L. (KX709352) were used as
reference for annotation.

2.3 Gene content analysis and sequence alignment
Gene content of the sequenced plastomes was manually
summarized, and the gene loss/presence of several selected
genes was indicated as a heatmap using “pheatmap”
packages in R (https://www.R-project.org/). Sequences of
78 plastid protein‐coding genes (PCGs) were extracted from
plastomic sequences, and the length of individual genes was
summed using python scripts (https://github.com/Kinggerm/
PersonalUtilities/).
To delimit systematic error, three different datasets were

generated from plastomic and nrDNA sequences, which
included the following cases: (i) the whole plastid sequences
with one IR region excluded (the “WP” dataset); (ii) the
ambiguously aligned sites in the WP dataset were removed
using Gblocks version 0.91b (Castresana, 2000; Talavera &
Castresana, 2007) with the following parameters: a maximum
number of contiguous non‐conserved positions, 8; minimum
block length, 10; allowed gap positions, with half (the “WPB”
dataset); (iii) to test whether PCGs contain putative
misleading signals which needed to be pruned, substitutions
saturation of 78 unitary gene matrices were tested by
substitution saturation index (Iss) using the software DAMBE
version 7.0.68 (Xia, 2018). As a consequence, substitution
saturation was detected in the accD gene (Iss values were
significantly bigger than Iss.c values; P< 0.001, two‐tailed
t‐test; Table S4). So, the remaining 77 PCGs were concatenated
to produce the PCGs‐C dataset; (iv) the nrDNA cistrons were
concatenated to produce the nrDNA dataset. All the datasets
were aligned with MAFFT v.7.4.0 (Katoh & Standley, 2013) and

some poorly aligned regions were adjusted manually in
Geneious v.8.02 (Kearse et al., 2012).

2.4 Phylogenetic analysis
Four different datasets described above (the “WP”, “WPB”,
“PCGs‐C” and “nrDNA” datasets) were analyzed using the
ML method. The best‐fit models of nucleotide substitution
were selected by jModeltest v.2.1.7 (Darriba et al., 2012) with
the Akaike Information Criterion (AIC) (Posada &
Buckley, 2004). The ML analyses were performed with
RAxML v.8.2.12 (Stamatakis, 2014). Search for the best ML
tree (the “‐f a” option) was using the GTRGAMMAI
substitution model that selected by jModeltest in all
analyses, then drawing support values using the rapid
bootstrap (1000 replicates). In addition, the nrDNA and
PCGs‐C datasets were further estimated with BI methods
implemented in CIPRES Science Gateway (https://www.
phylo.org/). The BI analysis was performed for 40 million
generations in MrBayes v.3.2.6 (Ronquist et al., 2012), with
two runs of two independent Markov chain Monte Carlo
(MCMC) chains. Each chain started with a random tree,
default priors, and sampling trees every 1000 generations,
and the first 25% generation was discarded as burn‐in. The
MCMC output was examined to check for convergence and
to ensure that all the effective sample size (ESS) values were
above 200.

3 Results
3.1 General features of core Brassicaceae plastomes and
nrDNA cistrons
We obtained a dataset of 222 plastomes, including 106
plastomes by de novo assembly in this study. As in the vast
majority of angiosperms, both gene order and structure of
core Brassicaceae plastomes were conserved among
sampled species. They included in total, 112 unique genes
with 78 PCGs, 30 tRNA genes, and 4 rRNA genes (Table S2),
and with a typical quadripartite structure. The plastomes of
core Brassicaceae had a total length ranging from 144 044 bp
(Ptilotrichum canescens (DC.) C.A.Mey.) to 162 692 bp
(Shehbazia tibeticus [Maxim.] D.A. German). The average
GC contents of these plastomes ranged from 35.6% to 36.8%
(Table S3). The structure of 112 newly assembled nrDNAs was
uniformed as 18S–ITS1–5.8S–ITS1–26S (Fig. 1A).

3.2 Sequence alignment
As mentioned above, three plastomic datasets (including WP,
WPB, and PGCs‐C datasets) and a nrDNA dataset were
constructed, respectively. The PCGs‐C dataset had an aligned
length of 70 965 bp, with 48 295 variable sites (VS, 68.1%) and

Fig. 1. Bayesian phylogeny of core Brassicaceae reconstructed based on the nrDNA sequences. A, Map of the nuclear
ribosomal DNA cistron of Chorispora tenella. Different regions such as 18S subunit, ITS1, 5.8S small subunit, ITS2, 26S subunit
were represented as boxes in different colors. The base length of each corresponding region was marked below the box. B,
Marked nodes with a black circle represent the maximum posterior probability value. Gray stars are marked with nodes when
the posterior probability value ranges from 0.99 to 0.85. The posterior probability values less than 0.85 are marked as numbers
above each branch line. The blue boxes represented those species for which full‐length nrDNA cistron sequences were used
for phylogenetic tree estimation.
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15 344 parsimony‐informative sites (PICs, 21.6%). The nrDNA
dataset had an aligned length of 6986 bp, with 1454 VS
(20.8%) and 937 PICs (13.4%). Detailed information about
these four datasets is listed in Table 1.

3.3 nrDNA phylogeny
We only adopted the phylogenetic result of the nrDNA
dataset using BI analysis (Figs. 1, S1) instead of the ML
analysis, as the latter result generally showed low support
values on deep splits (ML bootstrap proportion or Maximum
Likelihood bootstrap proportion [MLBP] < 70) (Fig. S2). Our
result was roughly consistent with the taxonomic treatment
of core Brassicaceae of BrassiBase, which recovered 23 tribes
and three genera unassigned to any tribes, with 10 tribes
resolved as polyphyletic (Fig. 3B). Moreover, four clades
were newly recognized here: (i) a moderately supported
clade (clade a, BI posterior probability or BIPP= 0.96)
comprising two unassigned genera (Dipoma iberideum and
Hemilophia pulchella) and the tribes Microlepidieae, Alyssop-
sideae, Crucihimalayeae, and Camelineae; (ii) a weakly
supported clade (clade b, BIPP= 0.86) including tribes
Descurainieae, Yinshanieae, Smelowskieae, Lepidieae, and
Cardamineae; (iii) a strongly supported clade (clade c,
BIPP= 1) including Megacarpaeeae, Stevenieae, and Arabi-
deae; (iv) a strongly supported clade (clade d, BIPP= 1)
approximately representing the circumscription of LIII of
plastid‐based phylogeny, which consisted of sampled species
of tribes Euclidieae, Dontostemoneae, Chorisporeae, and
Buniadeae, while the former three tribes were resolved as
paraphyletic.

3.4 Plastomic phylogeny
Phylogenetic reconstruction was performed using the ML
method on the WP and WPB datasets. In addition, both ML
and BI methods were applied to the PCGs‐C datasets. The
resultant ML and BI trees based on the PCGs‐C dataset were
summarized in Figs. 2, 3, and the ML trees based on WP and
WPB datasets were provided in Supplemental Figs. S2, S3. All
four estimates under different tree inference strategies
recovered well supported and mostly similar intertribal
relationships, with only a slight incongruence. Both the results
of WP and WPB datasets supported the sister relationship of
Orychophragmus and Sisymbrium (Sisymbrieae) (Figs. S3, S4),
whereas the results of the PCGs‐C dataset showed that
Orychophragmus was sister to the rest of the Brassiceae
(MLBP= 100, BIPP= 1.0), and Sisymbrieae was sister to
Brassiceae (MLBP= 100, BIPP= 1.0) (Fig. 3).
Our plastomic phylogeny resolved core Brassicaceae into

three major clades (lineages I–III, LI–LIII) corresponding to
Beilstein et al. (2006) and Franzke et al. (2011), with high

support at the tribal level (all MLBS= 100, all BIPP= 1.0)
(Figs. 2, 3): (i) lineage I (LI), comprising 11 tribes and two
species previously unassigned to any tribes (Dipoma
iberideum Franchet, Bull. and Hemilophia pulchella Franchet,
Pl.), in which tribes Alyssopsideae and Crucihimalayeae were
resolved as polyphyletic; (ii) a newly delimitated lineage II
(LII), including those species/clades previously placed in ELII
by Franzke et al. (2011), and comprising 13 tribes and two
species previously unassigned to any tribes (i.e., Conringia
planisiliqua Fisch. & C.A.Mey. and Schrenkiella parvula
(Schrenk) D.A.German & Al‐Shehbaz); (iii) lineage III (LIII)
as sister to LII and consisting of seven tribes, in which tribe
Hesperideae was recovered as sister to tribes Buniadeae+
Anchonieae (all MLBS= 100, all BIPP= 1) (Figs. 2, S3, S4).

3.5 Plastid protein‐coding gene loss
The absence/presence of several PCGs in plastomes of some
species was described as a clustered heatmap (Fig. 2). In a
total of 78 coding genes, the absence of rps16 gene was
observed in all sampled species within tribes Arabideae and
Alysseae, as well as the genera Lobularia and Camelina. The
particular deletion of an individual gene, such as ndhF, ndhA,
ndhE, atpF, atpA, or psbI was detected in some species, such
as Sisymbriopsis mollipila (Maxim.) Botsch. (genes psbI, atpA,
atpF), and Hemilophia pulchella Franch. (genes ndhF,
ndhA, ndhE).

4 Discussion
4.1 Comparison of phylogenies inferred from nrDNA and
nuclear gene datasets
Few intertribal relationships were resolved in previous
studies that were based on the ITS sequence (German
et al., 2009; Warwick et al., 2010), whereas the deep
relationships were improved and intratribal relationships
were generally resolved based on the nrDNA analyses by the
present study (Fig. 1B). Our nrDNA phylogeny recovered four
monophyletic clades (namely clades a, b, c, and d) in which
the intratribal relationships were generally highly supported.
Interestingly, the unsolved tribe Megacarpaeeae in target
captured analysis (Huang et al., 2015; Nikolov et al., 2019) was
well resolved as sister to the subclade comprising Stevenieae
and Arabideae (BIPP= 1.0) here, which was congruent with
the ITS phylogeny by Qian et al. (2018). Our results indicated
that the full‐length nrDNA cistron sequences might contain
abundant phylogenetic informative sites and have the
potential to improve relationships at intratribal and lower
taxonomic ranks of core Brassicaceae.

Table 1 Characteristics of the four datasets in this study

Dataset Aligned length (bp) Parsimony‐informative sites (bp) Variable sites Identical sites Model

WP 183 763 43 555 64 724 119 039 GTR+ G+ I
WPB 109 017 28 417 40 569 68 448 GTR+ G+ I
PCGs‐C 70 965 15 344 48 295 48 295 GTR+ G+ I
nrDNA 6986 937 1454 4591 GTR+ G+ I
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4.2 New insights into the phylogeny of core Brassicaceae
using plastomic datasets
As the whole plastomic sequences may contain some
saturation that would confound the species tree, we
recommended the result of PCGs‐C dataset as our best
estimate of Brassicaceae phylogeny. Our phylogenetic
framework of core Brassicaceae represented the most
comprehensive plastomic sampling to date, in which many
intertribal relationships were resolved with strong support
(Figs. 2, 3). Phylogenies reconstructed from all three
plastomic datasets were consistent with the tribal circum-
scriptions of core Brassicaceae (Figs. 2, S3, S4), with the only
discrepancy of the position of genus Orychophragmus within
tribe Brassiceae. The discrepancy between the results of
whole plastid (“WP” and “WPB”) datasets and PCGs‐C
dataset might originate from the phylogenetic signals in
non‐coding sequences. Furthermore, the conflict position of
genus Orychophragmus was also revealed between the
plastomic and nrDNA analyses in the present study, as it
was nested within tribe Sisymbrieae in the nrDNA analysis.
This genus was also found to be nested within Brassiceae
using plastid restriction site and ITS sequences (Warwick &
Sauder, 2005), or clustering with other tribes in different
studies (e.g., German et al., 2009; Zhao et al., 2010; Liu
et al., 2011). Regrettably, the results of Nikolov et al. (2019)
lacked sampling of Orychophragmus. This genus was
distinctive as it underwent a whole‐genome duplication
event, whereas the rest of the genera of Brassiceae shared a
whole‐genome triplication (Lysak et al., 2005, 2007; Man-
dáková et al., 2017). Further investigation of this genus is
needed to unravel its systematic position.
The plastomic framework of core Brassicaceae circum-

scribed three monophyletic groups with maximum support
(Figs. 2, 3), which coincided with recent Brassicaceae
phylogenetic studies based on small‐scale plastid datasets
(Guo et al., 2017; Mandáková et al., 2017). Three lineages and
intertribal relationships of core Brassicaceae were approx-
imately identical to the plastomic phylogenies of Guo et al.
(2017) and Mandáková et al. (2017), with the only differences
in the positions of tribes Cardamineae and Lepidieae. These
relationships also remained controversial in the results of
Huang et al. (2015) and Nikolov et al. (2019). Compared with
the results of Guo et al. (2017), the sampling frequency of
Cardamineae (4 vs. 30 samples in the present study) and
Lepidieae (2 vs. 10 samples in the present study) were
significantly increased in our analyses, and Lepidieae was
better resolved to diverge prior to Cardamineae with strong
support (all MLBP= 100, all BIPP= 1). This improvement
indicated that these increased plastomic data and taxon
sampling enhanced the resolution of the difficult intertribal
relationships in the Brassicaceae.
Furthermore, three of four tribes unassigned to any

lineage were recovered as a subclade consisting of

Cochlearieae and (Megacarpaeeae+ Anastaticeae) by all
plastomic datasets with strong support, which were
unsolved in the phylogenetic result using captured exons
(Nikolov et al., 2019). Although the position of tribe
Biscutelleae was unresolved (MLBP < 60) in early studies
(Franzke et al., 2011; Nikolov et al., 2019), it was suggested as
the earliest diverging lineages of LII by Guo et al. (2017) and
Mandáková et al. (2017). Indeed, this placement of
Biscutelleae was consolidated in our analyses with high
statistical support. However, Biscutelleae was resolved as
sister to Anastaticeae + Cochlearieae in clade C with
moderate support, based on nuclear genes (Huang
et al., 2015). This conflict may be caused by either the absent
sampling of tribe Megacarpaeeae or their large genome sizes
with mesopolyploid origin (Hohmann et al., 2015). These
results indicated that plastid phylogenomics may resolve
difficult phylogenies, especially for those relationships of
problematic tribes which are poorly resolved based on the
nuclear dataset.

As indicated in Fig. 3, the most remarkably incongruent
relationships were those involving the LII, which consisted of
only four tribes initially (Zhao et al., 2010; Franzke et al., 2011;
Huang et al., 2015; Qian et al., 2018; Nikolov et al., 2019).
Controversial results from previous studies were generally
attributed to homoplasy in morphology (e.g., Al‐Shehbaz
et al., 2006; Beilstein et al., 2006; Al‐Shehbaz, 2012). In the
results of Huang et al. (2015) that used conserved nuclear
genes of 29 tribes, their representative tribes within clades B,
C, and D were merged into LII in our plastomic analyses. This
was compared with the most recent study (Nikolov
et al., 2019), in which our newly delimitated LII was
demarcated into two lineages (LII and LIV), plus four tribes
were unresolved to any lineages. In addition, Arabideae and
Alysseae were also resolved as part of ELII (Franzke
et al., 2011), but were treated as a newly formed LIV there
(Nikolov et al., 2019). Overall, LII was recovered as
monophyletic with maximum support in our plastomic
analyses (Figs. 2, S3, S4), which was in consensus with
previous phylogenies based on smaller scale plastid datasets
(Guo et al., 2017; Mandáková et al., 2017).

Greater effort must be made to understand the phylogeny
of core Brassicaceae with denser sampling among and within
the recognized tribes. Although Nikolov et al. (2019)
adopted a seemly most comprehensive samplings at
the tribal level, some intertribal relationships are likely to
be misleading as most tribes are only represented by one
species. For example, Stevenieae was represented by a single
species Pseudoturritis turrita (L.) Al‐Shehbaz that unexpect-
edly clustered into LIV, as sister to Arabideae, whereas
this genus was then proved to be a member of Arabideae
(Al‐Shehbaz et al., 2011; Koch et al., 2018). Actually,
Stevenieae remained within LI in our plastomic analyses
(Fig. 3). Moreover, we failed to sample some tribes of their

Fig. 2. Maximum Likelihood phylogenetic topology of the core Brassicaceae based on the PCGs‐C dataset (detailed in Section 2).
The present/absent genes are represented by blue and pink boxes, respectively. The values at the node represent the Maximum
Likelihood bootstrap proportion value/the Bayesian posterior probability value. The black oval on nodes indicates that both the
Maximum Likelihood bootstrap proportion value and Bayesian posterior probability value are recovered with the maximum
support. The figure in the lower left represents the phylogram of the same tree showing branch lengths.

7Phylogeny of core Brassicaceae

J. Syst. Evol. 00 (0): 1–12, 2020www.jse.ac.cn



novel lineage (LV), which was mainly distributed in the
Southern Hemisphere (Nikolov et al., 2019), thus their
relationships remained to be confirmed.

4.3 Incongruent and congruent intertribal relationships
among nuclear and plastomic datasets
Introgressions, polyploidizations, and early rapid radiation
events among Brassicaceae, along with independent diploid-
izations of some tribes, may contribute to abundant
phylogenetic conflicts between nuclear and plastid analyses
(Wang et al., 2014), which makes the phylogeny of core
Brassicaceae difficult to disentangle (Fig. 3). Frequent

discordances of the intertribal relationships among LI were
revealed among different studies, especially with the results
of plastid and nuclear datasets. For example, the sister
relationship of Dipoma iberideum and Hemilophia as reported
by our nrDNA dataset (Fig. 1) and the result of Nikolov et al.
(2019) was strongly incongruent with our plastomic
phylogeny (Fig. 2). In addition, the clade of ([Yinshanieae,
Smelowskieae], Descurainieae), abbreviated as YSD clade,
was resolved as basal lineages of LI in our plastid genomic
results. However, the nuclear gene analyses recovered
Cardamineaea and Lepidieae as the basal lineages, followed
by the YSD clade (Nikolov et al., 2019). Camelineae is a

Fig. 3. A summarized Maximum‐Likelihood phylogeny of the core Brassicaceae. This result is proposed according to the
phylogenetic trees of the core Brassicaceae based on the PCGs‐C dataset (details referred to in Fig. 2). The values
corresponding to each branch are Maximum likelihood bootstrap proportion/Bayesian posterior probability, and the asterisk
(*) represents that Maximum likelihood bootstrap proportion and Bayesian posterior probability are both maximum values.
Four circles beside the phylogenetic tree represent the definition of Brassicaceae clades among the four studies. The
innermost circle represents the branch division of this study. The outer three circles indicate the recognized branches of the
Brassicaceae family from previous phylogenomic results, referred to Beilstein et al. (2006), Franzke et al. (2011), Huang et al.
(2015) and Nikolov et al. (2019) from the inside to the outside, respectively.
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monophyletic group in our plastid phylogenies (Fig. 2),
whereas it was resolved as a polyphyletic group based on
nuclear genes (Zhao et al., 2010; Huang et al., 2015; Nikolov
et al., 2019; Fig. 1B). The complex evolutionary history of this
clade is demonstrated by these examples, which are likely to
be attributed to incomplete lineage sorting or other
biological factors mentioned above.
The most notable incongruence among our plastomic

phylogenetic framework (Fig. 3) and the previous ones
(Franzke et al., 2011; Huang et al., 2015; Nikolov et al., 2019)
were the intertribal relationships within LII. Alysseae and
Arabideae were monophyletic clades that belonged to LII in
the plastomic analyses, while both these two tribes were
grouped in their novel lineage IV (Nikolov et al., 2019). The
discrepancy of tribes Arabideae and Alysseae may be
explained by their polyploid evolutionary history (Hohmann
et al., 2015; Mandáková et al., 2020). In addition, the species
Conringia planisiliqua assigned to the tribe Conringieae
(German & Al‐Shehbaz, 2008) was recovered as the sister
group of the tribe Isatideae instead of grouping with type
species of Conringia Heist. ex Fabr., C. orientalis (L.) Dumort.
in nuclear genes analyses (Zhao et al., 2010; Nikolov
et al., 2019; Fig. 3). It was controversial in a previous study
that Conringia planisiliqua was supported to be sister to
Orychophragmus violaceus (L.) O.E. Schulz (Liu et al., 2011).
Moreover, the position of the type species of Conringia, was
distant away from Conringia planisiliqua in captured genes
analyses (Nikolov et al., 2019). Further studies are needed to
address the phylogenetic position and taxonomic placement
of Conringia planisiliqua.
The intertribal relationships of LIII in our analyses are

largely consistent with previous analyses (Franzke et al., 2011;
Huang et al., 2015; Nikolov et al., 2019). In this lineage,
Shehbazieae clustered with Chorisporeae based on plastomic
data (Fig. 3), which was consistent with our nrDNA analyses
(Fig. 1B) and previous studies based on ITS (but with low
support) and trnL‐F data (German et al., 2011). Previously, this
tribe was suggested to be of hybrid origin by the common
ancestors of tribes Chorisporeae and Dontostemoneae in
Tibet (German & Friesen, 2014). The monotypic tribe
Shehbazieae is interesting, as many morphological character-
istics (e.g., leaves, Cotyledon, and Petioles) of this species are
shared with Chorisporeae. Taking morphology and molecular
phylogenies together, it clearly indicated that Shehbazia
should be treated as a member of Chorisproreae, rather than
an independent tribe of its own. However, the monophyly of
Chorisproreae, Dontostemoneae, and Euclidieae was not
resolved in our plastomic (Fig. 3) and nrDNA (Fig. 1) analyses.
Congruent intertribal relationships among nuclear and
plastomic datasets suggested that the delimitation of tribes
in LIII needs to be clarified in future studies by more
comprehensive taxon sampling.

4.4 Gene loss of plastomes in core Brassicaceae
Several absent plastid genes, such as rps16, have been
reported in some species of Brassicaceae (Shradha et al., 2010;
Guo et al., 2017) and other angiosperms (Keller et al., 2017).
The plastid rps16 gene was critical for cell division (Ahlert
et al., 2003; Fleischmann et al., 2011), and methylation of the
rps16 gene involved in plant development (Chi et al., 2020),
which indicated that the gene and its orthologs were

conserved. However, our comparative analysis suggested
that loss of functionality of rps16 gene was likely to be a
synapomorphy shared in the whole tribes Arabideae (largest
in the family; ca. 550 species) and Alysseae (ca. 277 species)
(Fig. 2), implying an ancient loss in the ancestors of these
two tribes, respectively. Compared with previous reports
(e.g., Guo et al., 2017), the discordance may have originated
from different assembly and annotated methods. A theoret-
ical explanation of the gene absence might be that it was
likely to have been substituted by the intracellular nuclear‐
coded rps16 gene that transferred from mitochondria (Ueda
et al., 2008; Shradha et al., 2010).

We resolved the framework of core Brassicaceae with
higher support using the plastomic dataset, which was
circumscribed into three well supported lineages, in which a
newly delimitated LII was resolved as monophyletic under
different datasets and multifaceted methods of tree
inferences. In addition, four clades were recovered by nrDNA
analysis. Our plastomic‐based phylogeny was also compared
with nrDNA phylogeny and previous phylogenomic studies,
and the discrepancies among these analyses implied the
complex evolutionary history in the Brassicaceae family. We
also discovered, for the first time, that the plastid‐coded
rps16 gene was a likely to be a synapomorphy of Arabideae
and Alysseae. Our study provided a reliable phylogenetic
framework for further exploration of biogeography and
evolutionary comparative genomics of Brassicaceae.
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