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Medicago and its relatives, Trigonella and Melilotus comprise the most important forage
resources globally. The alfalfa selected from the wild relatives has been cultivated
worldwide as the forage queen. In the Flora of China, 15 Medicago, eight Trigonella,
and four Melilotus species are recorded, of which six Medicago and two Trigonella
species are introduced. Although several studies have been conducted to investigate
the phylogenetic relationship within the three genera, many Chinese naturally distributed
or endemic species are not included in those studies. Therefore, the taxonomic identity
and phylogenetic relationship of these species remains unclear. In this study, we
collected samples representing 18 out of 19 Chinese naturally distributed species of
these three genera and three introduced Medicago species, and applied an integrative
approach by combining evidences from population-based morphological clusters and
molecular data to investigate species boundaries. A total of 186 individuals selected
from 156 populations and 454 individuals from 124 populations were collected for
genetic and morphological analyses, respectively. We sequenced three commonly used
DNA barcodes (trmH-psbA, trK-matK, and ITS) and one nuclear marker (GA30x1) for
phylogenetic analyses. We found that 16 out of 21 species could be well delimited
based on phylogenetic analyses and morphological clusters. Two Trigonella species
may be merged as one species or treated as two subspecies, and Medicago falcata
should be treated as a subspecies of the M. sativa complex. We further found that major
incongruences between the chloroplast and nuclear trees mainly occurred among the
deep diverging lineages, which may be resulted from hybridization, incomplete lineage
sorting and/or sampling errors. Further studies involving a finer sampling of species
associated with large scale genomic data should be employed to better understand the
species delimitation of these three genera.
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INTRODUCTION

Species is the basic unit of biodiversity (Mayr, 1982; Claridge
et al., 1997; Coyne and Orr, 2004) and almost all the biological
researches regard one or more species as their study subjects
(Guggisberg et al., 2006; Zheng et al., 2014; Pastore et al,
2019). Although there are at least 30 recognized concepts
on species (Wilkins, 2009), most of them are incomplete as
they only reflect one or two characters of species. A clear-
cut consensus on species has not been reached yet (Zhou and
Yang, 2011). A common assumption in several species concepts
is that the species represent distinct evolutionary units with
limited gene flow to other species, and they exhibit concordance
among different character sets (Avise, 1990). Recent theory has
suggested that all species are in the way of becoming divided,
frequently species beginning the next divide when it does not
complete the current differentiation (Queiroz, 2007; Liu, 2015).
Gene flow between related species also occurs more frequently
than previously thought (Wu and Ting, 2004; Liu, 2016),
which leads to ambiguous species boundaries, especially between
closely related species. Moreover, the widespread occurrence of
incomplete lineage sorting and interspecific introgression among
related lineages (i.e., incomplete reproductive isolation) makes
species delimitation more challenging. It may, therefore, be
insufficient to use only one species concept. It may rather be
more appropriate to use integrative species concepts (Liu, 2016;
Hong, 2020), which reconciles different sources of data and
meets multiple criteria of the diverse species concepts. Recent
studies based on statistical analysis of morphological variation
within and between species, combined with molecular evidence,
mostly DNA barcodes (e.g., psbA-trnH, trnL-F, and ITS) at the
population level, have provided strong power and new insights in
delimiting species boundaries in many taxa, such as Orinus (Su
et al,, 2015), Orychophargmus (Hu et al., 2015), Ostrya (Lu et al.,
2016), and Stachyuraceae (Su et al., 2020). Here, we apply such an
integrative approach to facilitate species delimitation in Medicago
L. and its two related genera.

Medicago and its relatives, Trigonella L. and Melilotus Miller,
belonging to the subtribe Trigonellinae (Leguminosae), are three
genera that are widely distributed throughout the Eurasia and in
the North Africa and Oceania, with the Mediterranean regions
as their diversity center. The three genera are closely related and
the latter two genera were included in Medicago sensu lato by
some authors (Small and Jomphe, 1989; Bena, 2001). However,
here, we follow Flora of China and treat them as three tentative
genera (Xu et al., 2010). The three genera are famous for fine
pasture especially the alfalfa (Medicago sativa L.), which is known
as “the queen of forage crops” (Small, 2010) and the biological
model species, Medicago truncatula. Some species of these genera
are also used for food and medicines. For example, fenugreek
(Trigonella foenum-graecum L.) and alfalfa are widely used in
the treatment of diabetes, menstrual cramps and high cholesterol
(Malinow et al., 1978, 1980; Hong et al., 2009; Bora and Sharma,
2011; Seida et al.,, 2015; Sadeghi et al., 2016; Wani and Kumar,
2018). Generic circumscription has long been problematic in the
tribe Trifolieae subtribe Trigonellinae (Bena, 2001), especially
between Medicago and Trigonella concerning the “medicagoid”

species, which has long been considered as belonging to the genus
Trigonella due to the strong similarities in the appearance of
their fruit. However, Baum (1968) named 23 species of Trigonella
as “medicagoid” species due to similarities in flower and seed
structure with those of Medicago. Later, Small (1987) proposed
to transfer these 23 “medicagoid” species to Medicago because
of the shared explosive tripping pollination mechanism. This is
partly supported by the phylogeny based on ITS and ETS in
which 10 “medicagoid” species are grouped with the Medicago
clade rather than the Trigonella clade (Bena, 2001). In addition,
phylogenetic relationships within and between these three genera
are also obscure and unresolved, and molecular evidence based
on DNA barcodes often contradict the sectional delimitation
based on morphology (e.g., within Trigonella see Dangi et al.,
2016; within Medicago see Hu et al., 2014, and within Melilotus
see Di et al.,, 2015). Phylogenetic analyses using DNA barcodes
or whole genome resequencing data for Medicago at species level
recovered significant incongruent species relationships among
recently diverged taxa between gene phylogenies (Bena, 2001;
Maureira-Butler and Pfeil, 2008; Steele et al., 2010; Yoder et al,,
2013; Sousas et al., 2016), suggesting that incomplete lineage
sorting and/or interspecific introgression are widespread within
the genus. However, few studies have tested the competing
hypotheses of species delimitation in Medicago and Trigonella
using DNA barcodes at the population level.

DNA barcodes, such as trnL-F, rbcL, matK, trnK-matK, psbA-
trnH, and ITS, are developed to distinguish between both closely
and distantly related species of different genera and families
(Hebert et al., 2003; Cowan et al., 2006; CBOL Plant Working
Group et al., 2009). However, the discrimination power of these
barcodes varies greatly depending on the studied groups (e.g., Hu
et al,, 2015; Lu et al., 2016). Previous study suggested that trnL-
F, rbcL, and matK seemed not sufficient to delimit the species of
Melilotus (Di et al., 2015), while at most scenarios, ITS was found
to be effective in discriminating the closely related species with
the relatively recent divergences (Li et al., 2011). Furthermore,
trnK-matK and one nuclear gene marker (GA3o0x1) were found to
be informative for phylogenetic resolution at species level within
Medicago (Steele et al., 2010; Hu et al., 2014). Therefore, in this
study, we used those DNA barcodes (ITS, trnK-matK and psbA-
trnH) and the nuclear DNA (nrDNA) marker (GA3o0x1), and
combined morphological variation with molecular evidence to
examine phylogenetic relationships and species delimitation of
Medicago, Trigonella, and Melilotus, using species from China
as a case study.

According to the Flora of China', 15 Medicago species
(including one hybrid species Medicago x varia, and two
“medicogoid” species, Trigonella monantha and Trigonella
orthoceras, which are already treated as Medicago monantha
and Medicago orthoceras), eight Trigonella species and four
Melilotus species are recorded (Xu et al.,, 2010). Among them,
eight (i.e., Medicago arborea, M. sativa, Medicago x varia,
Medicago praecox, Medicago arabica, Medicago polymorpha,
Trigonella caerulea, and T. foenum-graecum) are introduced
and widely cultivated in China. Some of them (e.g., M. sativa,

'http://www.iplant.cn/foc/
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Medicago x varia, and M. polymorpha) have been escaped
to roadsides, fields and stream banks and adapted to variable
environments. The remaining species are naturally distributed
in China and adjacent countries, and only Medicago archiducis-
nicolai is endemic in China. This endemic species together with
other three Chinese species (i.e., Medicago ruthenica, Medicago
platycarpos, and Medicago edgeworthii) belong to the sect.
Platycarpae. Phylogenetic analysis based on three DNA markers
(ITS, trnK-matK and GA3oxl) indicated that M. archiducis-
nicolai is clustered with M. ruthenica and M. platycarpos,
but M. edgeworthii is clearly not nested within the sect.
Platycarpae clade (Hu et al., 2014). In addition, the phylogenetic
relationships of the other two “medicogoid” species (Trigonella
arcuata and Trigonella cancellata) and other four Trigonella
(Trigonella cachemiriana, Trigonella pamirica, Trigonella emodi,
and Trigonella fimbriata) remains unclear. To examine the
delimitation and relationships among these Chinese species, we
sequenced three DNA barcode regions (ITS, trnK-matK and
psbA-trnH) and one nuclear marker (GA3o0x1), and remeasured
19 morphological traits at the population level. Specifically, we
aimed to address the following questions: (1) Which marker
is the most effective for phylogenetic resolution? (2) Do the
two “medicogoid” species (T. arcuata and T. cancellata) also
cluster with the Medicago clade? (3) How many species should be
recognized in the three genera in China based on the integrated
results of molecular and morphological variation? (4) Are the
phylogenies reconstructed by nrDNA regions and chloroplast
DNA (cpDNA) fragments congruent?

MATERIALS AND METHODS
Plant Sampling

For the naturally distributed species of the three genera in
China, we sampled 18 out of 19 species (94.7%) but failed
to find the species T. pamirica. In addition, we also collected
three introduced species (i.e., M. sativa, M. polymorpha, and
Medicago x varia) because of their significant values as
legume forage and included the well-known model species
M. truncatula in our analyses, resulting in a total number
of 22 species (Figure 1). For the species that are widely
distributed in China, we collected 3-27 populations for each
species (Supplementary Table 1) in the field according to
the records in National Specimen Information Infrastructure’.
For M. platycarpos, T. arcuata, T. emodi, T. fimbriata, and
T. cachemiriana that only occur (but also in other countries) in
the western or southwestern borders of China, we could only
collect one or two populations for each species (Supplementary
Table 1). We also obtained five samples of T. emodi and
three samples of T. fimbriata from the specimens in Kunming
Institute of Botany Herbarium (KUN). We followed standard
protocol and collected the individual samples that were at least
20 meters apart in naturally distributed populations. In total,
we collected fresh leaves and specimens for all the 21 species
from 156 localities in China. We used silica gel to dry the

Zhttp://www.nsii.org.cn

fresh materials, and deposited all voucher specimens in Lanzhou
University. The elevation, latitude, and longitude of locations
were recorded using the mobile phone application “GPSkit
v.2.3.9.” We selected 1-6 individuals from each of the 156
populations for molecular analysis, which resulted in a total
of 186 individuals. The detailed information for the sampling
localities and individuals used for molecular analysis was listed
in Supplementary Table 1.

DNA Isolation, Amplification and
Sequencing

The whole genomic DNA of all samples was isolated from
nearly 30 mg dried leaves according to the TIANGEN plant
genomic DNA Kit (TIANGEN, Beijing, China) following the
manufacturers instructions. We used previously published
primers (Sang et al., 1997; Bena, 2001; Steele et al., 2010) of two
cpDNA fragments (psbA-trnH and trnK-matK) and two nrDNA
regions (GA3ox1 and ITS) to amplify and sequence 166-186
individuals of the 21 species.

We performed the PCR amplification in 25 pL volume
containing 1 pL of plant DNA with 50-150 ng/pL, 12.5 pL
2 x TSINGKE® Master Mix (TIANGEN, Beijing, China)
containing dNTPs, rTaq polymerase and 10 x PCR buffer,
10 uM of two primers and ddH,0 added to 25 L. For trnK-
matK with nucleotide length of more than 2500 bp, multiple
primer pairs were used for PCR amplification and sequencing
(Supplementary Table 2). The PCR cycling parameters were
coded for an initial denaturation step at 94°C for 5 min, followed
by 35 cycles of 45 s at 94°C, 1 min 30 s at Tm (annealing
temperature for each primer pair was shown in Supplementary
Table 2), 45 s at 72°C, and the final extension step for 10 min
at 72°C. The PCR products were examined through the agarose
gel electrophoresis. The sequencing was carried out by TSINGKE
Biotech (Xi’an, China) using the forward and reverse primer
pairs. All sequences were submitted to GenBank (accessions
MW241635-MW242342).

Multiple Sequence Alignment and

Phylogenetic Analyses

Multiple sequence alignment was performed using MEGA
v.7.0 (Kumar et al, 2016) and revised manually. The
sequenced fragments were joined in SeqMan v.7.1.0 (Burland,
2000). The two cpDNA and two nrDNA markers were
further concatenated, respectively for phylogenetic analysis.
Haplotypes, insertions/deletions (indels) and single nucleotides
polymorphisms (SNPs) were identified using DnaSP v.5.0
(Librado and Rozas, 2009). Phylogenetic analyses for each
marker and the concatenated cpDNA and nrDNA fragments
were conducted by maximum likelihood (ML) using RAXxML
v.1.0.8 (Lemoine et al, 2018) and Bayesian inference (BI)
using MrBayes v.3.2.7 (Ronquist and Huelsenbeck, 2003). The
results of phylogenetic analyses for each marker were used to
evaluate their relative discrimination power. The GTR + G + I
model of sequence evolution was selected on the basis of
Akaike information criterion (AIC) for all DNA markers and
the two concatenated datasets as estimated by jModelTest
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Melilotus dentata

Melilotus officinalis
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Trigonella cancellata
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S

FIGURE 1 | Photos of flowers (A), leaves (B), pods (C), and seeds (D) of the 21 species analyzed in this study. All photos were taken by JC.

D

Medicago archiducis-nicolai

Medicago ruthenica

v.2.1.7 (Guindon and Gascuel, 2003). Analyses of the data sets
for ML were performed using the GTR + G + I model and
1,000 bootstrap replicates to evaluate the reliability of each
internal branch. For BI analyses, we used the same model of
sequence evolution selected by jModelTest. We repeated each
analysis three times (i.e., each of the four markers and the
two concatenated datasets) and each analysis consisted two
parallel runs and four chains of 2,000,000 generations, sampling
every 500 generations and 500,000 generations as burn-in. The
convergence was determined by examining trace plots of the
log-likelihood values for each parameter in Tracer 1.5. Sequences
for the four markers of the model species M. truncatula and
four species of genus Trifolium (Trifolium albopurpureum Torr.
& A. Gray, Trifolium incarnatum L., Trifolium semipilosum

Fresen. and Trifolium subterraneum L.) that were selected as
outgroup (Supplementary Table 3) were downloaded from
GenBank for the phylogenetic analyses. The congruence of the
two trees reconstructed based on the two concatenated datasets
was estimated following the methods described by Avino et al.
(2019) using the R package “dendextend” (tanglegram function;
Galili, 2015).

Morphological Measurements of the

Variable Traits

In order to test for consistently morphological differences for
all the 21 species and M. truncatula, based on the major
morphological traits used to establish species in the Flora of
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China (Xu et al, 2010) and by Small (1987), we re-examined
seven characters for the vegetative organs (mature leaf length,
mature leaf width, petiole length, serrate number of leaf
margin, stipule length, serrate number of stipule margin, stipule
shape), and 12 characters for the reproductive organs (pedicel
length, inflorescence length, number of flowers in inflorescence,
pod length, pod width, pod shape, number of seeds in pod,
spiral number of pod, presence/absence of hair covering pod,
flower color, flower length, carine length greater than wing
length or not). To cover the morphological variation among
and within populations, for the species that sampled multiple
populations, we selected 3-12 individuals from each population
for morphological measurements (Supplementary Table 4). For
species that sampled only one population, 5-12 individuals for
each species were measured. In total, 454 individuals representing
124 populations were used for principal component analysis
(PCA) to detect morphological clusters. For each quantitative
character, we measured three times per specimen and used
the mean of the real values. For qualitative characters (i.e.,
stipule shape, pod shape, presence/absence of hair covering
pod, flower color, and carine length greater than wing length
or not), we used numbers (e.g., 0, 1, 2, 3) to represent the
presence, absence, difference shapes or different colors of flower
(Supplementary Table 4).

We first did PCA using all the measured characters of
22 species for a preliminary analysis and found that species
belonging to Medicago/Trigonella and Melilotus formed two
clusters, respectively, and none of the 22 species could be
delimited (Supplementary Figure 1). This may be because
our sampling represented multiple sections of three different
genera, the levels of morphological variation at higher taxonomic
level (i.e., between genera and sections) would be very high,
which would cover up the variation at lower taxonomic level
(i.e., among closely related species), leading to the failure of
delimitation of closely related species. Therefore, it was not
appropriate to perform the statistical analyses based on all
the 22 species together. In order to establish morphological
clusters based on statistical analyses of morphological characters
at the population level, we assigned the 22 species into five
groups on the basis of the five clades inferred by the cpDNA
phylogeny (see section “Results”) and retained the characters
that were shown variation among and within species of each
clade. Finally, PCA was performed for each clade with the
princomp function in “ggbiplot” package Vu (2011) in R to
identify morphological clusters.

RESULTS

Sequence Characteristics

In total, 708 new DNA sequences were generated in this study,
including 167 psbA-trnH (497 bp, 10.2% missing data), 186 trnK-
matK (2565 bp, no missing data), 177 GA3oxI (1311 bp, 4.8%
missing data), and 178 ITS (622 bp, 4.3% missing data). The
length of the four aligned markers ranged from 497 bp for
psbA-trnH to 2565 bp for trnK-matK (Table 1). Among the
four markers, ITS had the highest percentage of variable sites
(SNPs; 20.57%) and nucleotide diversity (Pi, 0.05079) and trnK-
matK the lowest (8.34% and 0.02002; Table 1). A total of 24
and 39 haplotypes were identified in the concatenated cpDNA
and nrDNA datasets (Supplementary Table 5), respectively. The
nrDNA dataset had the highest haplotype diversity (0.956).

Phylogenetic Analyses of DNA Datasets

The ML and BI tree of each data set recovered congruent
topologies except for some low supported groups, but
discrepancies were obtained between the two markers (ie.,
cpDNA and nrDNA), both at the independent and concatenated
marker levels (Figure 2 and Supplementary Figure 2). The
phylogenies reconstructed based on the four markers recovered
different delimitating efficiency and phylogenetic relationships.
The GA3o0x1 with the longest length of sequence (Table 1) had the
strongest power in species delimitation, as indicated by higher
supported values at nodes compared to the phylogenetic trees
based on other three markers (Supplementary Figure 2). The
nuclear ITS and cpDNA trnK-matK also showed considerable
power in delimiting most of the 21 species, except for some
closely related species. The cpDNA psbA-trnH showed the lowest
discrimination power. In the concatenated cpDNA phylogenetic
tree, five monophyletic clades were inferred (Figure 2). Clade
1 included four species belonging to Medicago sect. Platycarpae
(M. ruthenica, M. archiducis-nicolai, M. platycarpos, and
M. edgeworthii); Clade 2 contained four species Medicago
lupulina (sect. Lupularia), Medicago minima, M. polymorpha,
and M. truncatula (sect. Sphaerocarpos), and M. sativa complex
comprising three species, M. sativa, Medicago falcata, and
Medicago x varia (sect. Medicago); Clade 3 contained four
“medicagoid” species (T. cancellata, T. arcuata, M. monantha,
and M. orthoceras; sect. Buceras); while other three Trigonella
species (T. emodi, T. fimbriata, and T. cachemiriana; sect.
Ellipticae) were grouped as Clade 5. Clade 4 included all the four

TABLE 1 | The characteristics, nucleotide diversity and haplotype diversity of the four DNA markers.

Sample Size Sequence length/bp No. SNPs % SNP Nucleotide Number of Haplotype
diversity (Pi) haplotypes diversity (Hd)
trnK-matK 186 2565 214 8.34% 0.02002 22 0.922
psbA-trnH 167 497 69 13.14% 0.03751 16 0.907
cpDNA 186 3062 283 9.24% 0.02006 24 0.930
GAS3ox1 177 1311 118 9% 0.04635 30 0.950
ITS 178 622 128 20.57% 0.05079 27 0.933
nrDNA 178 1937 246 12.7% 0.04803 39 0.956
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Melilotus species. Clades 4 and 5 were basal to all other groups
and the four “medicagoid” species (Clade 3) were reciprocally
monophyletic to all Medicago species (Clades 1 and 2). All the
five clades were strongly supported in both ML and BI analyses,
except for Clade 2, which had a bootstrap value of 78 (Figure 2).

In contrast, phylogenetic relationships among and within the
Clades 1-3 in the nrDNA tree were incongruent with those in
the cpDNA tree (Figure 2). For example, M. edgeworthii was
grouped with the four “medicagoid” species, which was nested
within Medicago clade. Clade 2 in the cpDNA tree was split
into two clades in the nrDNAS tree both with high support.
Clade 1 was moved to a basal position in the ntDNA tree. In
general, phylogenetic relationships among species within each
clade received higher support in the nrDNA tree compared to
those in the cpDNA tree. Moreover, the three species of M. sativa
complex or the two Trigonella species (T. emodi and T. fimbriata)
were always grouped together and could not be separated from
each other in both phylogenetic trees.

Morphological Clustering Based on the
Morphological Traits

For statistical analysis, we used 12-20 morphological characters
that were obviously variable between species within each clade.
The detailed information of characters used for each clade are
listed in Supplementary Table 4. Cumulative values of the
first two principal components for the five clades ranged from
51.2 to 73.1% (Figure 3). Morphological clusters identified by
PCA were generally formed by samples from the same species,
and the distances among clusters were consistent with the

delimitation indicated by the phylogenetic trees. In Clade 1, the
four species were mostly separate with some overlap between
the two sister species, M. ruthenica and M. archiducis-nicolai. In
Clade 2, the three species of M. sativa complex were clustered
together as indicated by the phylogenetic tree, whereas other
species formed distinct clusters. Clade 4 had similar clustering
pattern as Clade 1, where overlap was present between Melilotus
indicus and Melilotus officinalis, which was not highly supported
as two distinct species although samples from each species
seemed to group together in the phylogenetic trees. The four
“medicagoid” species (Clade 3) formed generally distinct clusters,
while the two Trigonella species (T. emodi and T. fimbriata)
could not be distinguished based on morphological characters
as shown for Clade 5. Finally, the four “medicagoid” species
were morphologically closer to M. edgeworthii than the other
Trigonella species (see Supplementary Figure 3).

DISCUSSION

Discrimination Power of the Four DNA

Markers

DNA barcodes are standardized fragments of DNA that were
developed with the aim of distinguishing between both closely
and distantly related species of different genera and families
(Hebert et al., 2003; Kress et al., 2005; Cowan et al., 2006).
Multiple cpDNA markers, such as the two used in this study
(trnK-matK and psbA-trnH) as well as trnL-F, rbcL, and matK
are commonly used as core barcodes for plants (Kress and
Erickson, 2007; CBOL Plant Working Group et al,, 2009).
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FIGURE 3 | Morphological clustering within each of the five clades inferred from cpDNA phylogenetic tree based on the principal component analysis. Colors are the
same as in Figure 2.

The nuclear ITS was also found to show high effectiveness in
discriminating species boundaries on the basis of results from
large comparative dataset or between closely related species
(Li et al,, 2011; Pang et al, 2011; Hu et al, 2015; Lu et al,
2016), and thus was strongly recommended as an additional core
barcode for plants. However, we found that the discrimination
power of the nuclear marker GA3oxI is the highest compared
with that of the three core barcodes (i.e., trnK-matK and

psbA-trnH and ITS; Supplementary Figure 2), as also suggested
by Steele et al. (2010). Many previous studies have suggested
that ITS are more effective in delimitating closely related species
than the cpDNA barcodes, and ascribed the explanation to
its fast rate of mutation and lineage sorting compared with
the maternally inherited cpDNAs in angiosperms (Wang et al.,
2011; Hu et al,, 2015; Lu et al., 2016). However, among the
three core barcodes, although ITS has the highest percentage
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of SNPs, it has similar discrimination power for closely related
species compared with that of cpDNA barcode trnK-matK.
Phylogenetic tree reconstructed based on trnK-matK could
delimit M. ruthenica + M. archiducis-nicolai + M. platycarpos
but not the four “medicagoid” species, while the ITS tree resolved
the opposite, in which the latter could be delimited but not the
former. Our results, therefore, suggest that the discrimination
powers of ITS, GA3o0x1 and two barcodes of cpDNA sequences
are different, as also shown in many other studies (Su et al.,
2015; Lu et al,, 2016). The discrimination power of previously
developed core barcodes may vary greatly in different lineages,
and applying new specific markers (in this case, GA30xI) may be
useful when the commonly used barcodes exhibit relatively low
resolution in species delimitation.

Species Delimitation and Interspecific

Relationship
As we only focused on the species occurring in China, further
studies involving all species from all over the world would
be needed to gain a comprehensive understanding of species
delimitation in these three genera. Nevertheless, using an
integrative approach based on evidence from phylogenetic data
and statistical analyses of morphological variation, our results
suggest that 16 (15 naturally distributed and one introduced-
M. polymorpha) out of the 21 Chinese species can be delimited
with high support values in the phylogenetic trees and distinct
morphological clusters (Figures 2, 3), while the remaining five
species need further investigation. Although our sampling is
limited to species only from China, our results still have two
taxonomic implications. First, in the Flora of China, M. falcata
is described as a wild species and widely distributed in North
China, while in other studies, this species has been treated as a
subspecies of M. sativa (Quiros and Bauchan, 1988; Small and
Jomphe, 1989). The two species M. sativa and M. falcata and their
hybrid Medicago x varia could not be distinguished based on
the molecular and morphological evidence and therefore support
the later treatment that they are three subspecies in the M. sativa
complex. Second, similarly, T. emodi Bentham and T. fimbriata
Royle ex Bentham can’t be separated in neither phylogenetic
analyses nor morphological clusters. The two species co-occur
in southwestern Tibet of China and adjacent countries, such
as India, Pakistan, and Nepal, and are distinguished mainly
by the number of sawtooth at leaflet margin (Xu et al,
2010). By checking the specimens of T. fimbriata in KUN, we
found that the species was probably established based on only
few specimens due to its remote distribution. Our statistical
analyses of morphological variation suggest that T. emodi and
T. fimbriata cannot be distinguished from each other based on the
studied morphological characters (Figure 3). These characters
exhibit considerable variation between individuals even within
the same population. Phylogenetic analyses also indicate that
the two species form one monophyletic group. We, therefore,
propose to merge the two species as one species or treat them
as two subspecies.

“Medicagoid” species were established by Baum (1968) on
the basis of similarities in flower and seed structure with those

of Medicago, although other characters, such as the appearance
of fruit, have maintained them as Trigonella species for a
long time. Based on the tripping pollination mechanism and
molecular phylogeny, Small (1987) and Bena (2001) suggested
that the “Medicagoid” species should be transferred to the
genus Medicago. In the Flora of China, four “Medicagoid”
species are recorded and two of them (i.e., T. monantha and
T. orthoceras) have already been revised as Medicago species
(M. monantha and M. orthoceras). Our results indicated that
the four “Medicagoid” species formed a monophyletic group
and nested within Medicago. Therefore, the other two species
(i.e., T. arcuata and T. cancellata) should be also transferred
to Medicago.

Although the clades inferred in the ¢pDNA and nrDNA
phylogenetic trees all received strong statistical supports, the
relationships among them are incongruent in the two trees.
Except for the two basal clades 4 and 5 (i.e., Trigonella/Melilotus
clade), deep relationships among the early diverging lineages
within Medicago (including the four “Medicagoid” species, see
section “Discussion” above) recovered in the two trees are
inconsistent. Such discordance of gene trees derived from
nuclear and cytoplasmic markers has been found in numerous
studies and usually explained by two non-exclusive factors,
i.e., hybridization and introgression, and/or incomplete lineage
sorting (Degnan and Rosenberg, 2009; Lemmon and Lemmon,
2013; Zwickl et al.,, 2014; Alexander et al., 2015; Ren et al.,
2015). Hybridization/introgression often occur among closely
related species where reproductive isolation is incomplete,
leading to fast introgression of maternally inherited cpDNA
fragments and the concerted evolution of the nuclear genes,
which could distort phylogenetic relationships of closely related
species (Mallet, 2007; Abbott et al., 2010). Hybridization has
been indicated to be common and ongoing among lineages
since the origin of Medicago (Maureira-Butler and Pfeil, 2008),
although, it is currently unclear to what degree species in
Medicago hybridize with each other. The incongruent placement
of M. edgeworthii between cpDNA and nrDNA gene trees seems
to be explained by hybridization. M. edgeworthii and the four
“Medicagoid” species are currently co-distributed in central Asia.
It is likely that these species may contact and hybridize with
each other. Furthermore, hybridization/introgression scenario
seems to be supported by the incongruent relationships of the
three closely related species (i.e., M. ruthenica, M. archiducis-
nicolai, M. platycarpos). However, incomplete lineage sorting
that causes the retention of ancestral polymorphism in different
species and/or sampling error cannot be completely excluded
because of the relatively small sampling size. We, therefore,
recognized that population genomic level data and more species
sampling would be necessary to clearly discriminate among these
possible scenarios.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI
repository (https://www.ncbi.nlm.nih.gov/), accession numbers:
MW241635-MW242342.

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 619799


https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Chen et al.

Species Delimitation of Medicago

AUTHOR CONTRIBUTIONS

GR and JL conceived and designed the project. JC, WG,
and MY collected the materials. JC and GW carried
out the lab work and measured the morphological
traits. JC, SW, and AL performed the analysis. JC and
GR wrote the manuscript with the help from NS and
JL. All authors read and approved the final version
of the manuscript.

FUNDING

This work was supported equally by the Second Tibetan
Plateau Scientific Expedition and Research (STEP) Program
(2019QZKK0502) and the Strategic Priority Research Program
of the Chinese Academy of Sciences (XDB31010300), as well as
by the National Natural Science Foundation of China (31971391
and 41901056).

ACKNOWLEDGMENTS

The paper benefited greatly from the comments received from the
two reviewers.

REFERENCES

Abbott, R. J., Hegarty, M. J., Hiscock, S. J., and Brennan, A. C. (2010). Homoploid
hybrid speciation in action. Taxon 59, 1375-1386. doi: 10.1002/tax.595005

Alexander, S., Linnea, S., and Hans, E. (2015). The dynamics of incomplete lineage
sorting across the ancient adaptive radiation of neoavian birds. PLoS Biol.
13:€1002224. doi: 10.1371/journal.pbio.1002224

Avino, M., Ng, G. T., He, Y., Renaud, M. S., Jones, B. R, and Poon, A. F. Y. (2019).
Tree shape-based approaches for the comparative study of cophylogeny. Ecol.
Evol. 9, 6756-6771. doi: 10.1002/ece3.5185

Avise, J. C. (1990). Principles of genealogical concordance in species concepts and
biological taxonomy. Oxf. Sur. Evo. Bio. 7, 45-67.

Baum, B. R. (1968). A clarification of the generic limits of Trigonella and Medicago.
Can. J. Bot. 46, 741-749. doi: 10.1139/b68-102

Bena, G. (2001). Molecular phylogeny supports the morphologically based
taxonomic transfer of the “medicagoid” Trigonella species to the genus
Medicago L. Plant Syst. Evol. 229, 217-236. doi: 10.1007/s006060170012

Bora, K. S., and Sharma, A. (2011). Phytochemical and pharmacological potential
of Medicago sativa: a review. Pharm. Biol. 49, 211-220. doi: 10.3109/13880209.
2010.504732

Burland, T. G. (2000). DNASTAR’s lasergene sequence analysis software. Methods
Mol. Biol. 132, 71-91. doi: 10.1385/1-59259-192-2:71

CBOL Plant Working Group, Hollingsworth, P. M., Forrest, L. L., Spouge, J. L.,
Hajibabaei, M., Ratnasingham, S., et al. (2009). A DNA barcode for land plants.
Proc. Natl. Acad. Sci. U.S.A. 106, 12794-12797. doi: 10.1073/pnas.0905845106

Claridge, M. F., Dawah, H. A., and Wilson, M. R. (1997). Species: The Units of
Biodiversity. Boca Raton, FL: Chapman and Hall Ltd.

Cowan, R. S., Case, M. W., Kress, W. J., and Savolainen, V. (2006). 300,000 species
to identify: problems, progress, and prospects in DNA barcoding of land plants.
Taxon 55, 611-616. doi: 10.2307/25065638

Coyne, J. A.,and Orr, H. A. (2004). Speciation. Sunderland, MA: Sinauer Associates.

Dangi, R., Tamhankar, S., and Choudhary, R. K. (2016). Molecular phylogenetics
and systematics of Trigonella L.(Fabaceae) based on nuclear ribosomal ITS

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.
619799/full#supplementary-material

Supplementary Figure 1 | Morphological clustering of all the 22 species based
on the principal component analysis. Colors are the same as in Figure 2.

Supplementary Figure 2 | Phylogenetic tree based on the analyses of each of
the four DNA markers for the sampled individuals showing the phylogenetic
relationships of all the 21 species occurring in China. (A) GA3ox7; (B) ITS; (C)
trnK-matK; (D) psbA-trnH. Statistical support from maximum likelihood/Bayesian
analyses are given above branches. The number in bracket indicate the number of
individuals used for phylogenetic analyses.

Supplementary Figure 3 | Morphological clustering of the four “Medicagoid”
species, three Trigonella species and Medicago edgeworthii based on the
principal component analysis. Colors are the same as in Figure 2.

Supplementary Table 1 | Locations of populations and number of individuals
from each population used for the nrDNA and cpDNA phylogenetic analyses.

Supplementary Table 2 | The primer pairs used in this study.

Supplementary Table 3 | GenBank accession numbers for DNA sequence data
of Medicago truncatula and four Trifolium species used for phylogenetic analyses.

Supplementary Table 4 | Morphological characters re-examined in Clades
1-5, respectively.

Supplementary Table 5 | The distributions of SNPs identified for the haplotypes
of the concatenated cpDNA and nrDNA datasets, respectively.

and chloroplast trnL intron sequences. Genet. Resour. Crop. Evol. 63, 79-96.
doi: 10.1007/s10722-015-0236- 4

Degnan, J. H., and Rosenberg, N. A. (2009). Gene tree discordance, phylogenetic
inference and the multispecies coalescent. Trends Ecol. Evol. 24, 332-340. doi:
10.1016/j.tree.2009.01.009

Di, H., Duan, Z., Luo, K, Zhang, D., Wu, F., Zhang, J., et al. (2015).
Interspecific phylogenic relationships within genus Melilotus based on nuclear
and chroloplast DNA. PLoS One 10:¢0132596. doi: 10.1371/journal.pone.
0132596

Galili, T. (2015). dendextend: an R package for visualizing, adjusting and
comparing trees of hierarchical clustering. Bioinformatics 31, 3718-3720. doi:
10.1093/bioinformatics/btv428

Guggisberg, A., Mansion, G., Kelso, S., and Conti, E. (2006). Evolution of
biogeographic patterns, ploidy levels, and breeding systems in a diploid—
polyploid species complex of Primula. New Phytol. 171, 617-632. doi: 10.1111/
j.1469-8137.2006.01722.x

Guindon, S., and Gascuel, O. (2003). A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696-704.
doi: 10.1080/10635150390235520

Hebert, P. D. N., Cywinska, A., Ball, S. L., and Dewaard, J. R. (2003). Biological
identifications through DNA barcodes. Proc. R. Soc. Lond. Ser. B: Biol. Sci. 270,
313-321. doi: 10.1098/rspb.2002.2218

Hong, D. Y. (2020). Gen-morph species concept—a new and integrative species
concept for outbreeding organisms. J. Sys. Evo. 58, 725-742. doi: 10.1111/jse.
12660

Hong, Y. H., Chao, W. W., Chen, M. L., and Lin, B. F. (2009). Ethyl acetate
extracts of alfalfa (Medicago sativa L.) sprouts inhibit lipopolysaccharide-
induced inflammation in vitro and in vivo. J. Biomed. Sci. 16:64. doi: 10.1186/
1423-0127-16-64

Hu, D, Li, F. F, Liy, ], Sun, Y. X,, Li, X. W,, Yan, J., et al. (2014). Systematic
positions of Medicago edgeworthii and M. archiducis-nicolai (Leguminosae)
inferred from plastid trnk/matk, nuclear GA3ox1 and ITS sequences. Pak. J.
Bot. 46, 775-778.

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 619799


https://www.frontiersin.org/articles/10.3389/fpls.2020.619799/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.619799/full#supplementary-material
https://doi.org/10.1002/tax.595005
https://doi.org/10.1371/journal.pbio.1002224
https://doi.org/10.1002/ece3.5185
https://doi.org/10.1139/b68-102
https://doi.org/10.1007/s006060170012
https://doi.org/10.3109/13880209.2010.504732
https://doi.org/10.3109/13880209.2010.504732
https://doi.org/10.1385/1-59259-192-2:71
https://doi.org/10.1073/pnas.0905845106
https://doi.org/10.2307/25065638
https://doi.org/10.1007/s10722-015-0236-4
https://doi.org/10.1016/j.tree.2009.01.009
https://doi.org/10.1016/j.tree.2009.01.009
https://doi.org/10.1371/journal.pone.0132596
https://doi.org/10.1371/journal.pone.0132596
https://doi.org/10.1093/bioinformatics/btv428
https://doi.org/10.1093/bioinformatics/btv428
https://doi.org/10.1111/j.1469-8137.2006.01722.x
https://doi.org/10.1111/j.1469-8137.2006.01722.x
https://doi.org/10.1080/10635150390235520
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1111/jse.12660
https://doi.org/10.1111/jse.12660
https://doi.org/10.1186/1423-0127-16-64
https://doi.org/10.1186/1423-0127-16-64
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Chen et al.

Species Delimitation of Medicago

Hu, H., Thsan, A. A.-S,, Sun, Y., Hao, G, Wang, Q. and Liu, J. (2015).
Species delimitation in Orychophragmus (Brassicaceae) based on chloroplast
and nuclear DNA barcodes. Taxon 64, 714-726. doi: 10.12705/644.4

Kress, W. J., and Erickson, D. L. (2007). A two-locus global DNA barcode for land
plants: the coding rbcL gene complements the non-coding trnH-psbA spacer
region. PLoS One 2:¢508. doi: 10.1371/journal.pone.0000508

Kress, W. J., Wurdack, K. J., Zimmer, E. A., Weigt, L. A, and Janzen, D. H. (2005).
Use of DNA barcodes to identify flowering plants. Proc. Natl. Acad. Sci. U.S.A.
102, 8369-8374. doi: 10.1073/pnas.0503123102

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Lemmon, E. M., and Lemmon, A. R. (2013). High-throughput genomic data in
systematics and phylogenetics. Annu. Rev. Ecol. Evol. Syst. 44, 99-121. doi:
10.1146/annurev-ecolsys-110512-135822

Lemoine, F., Domelevo Entfellner, J. B., Wilkinson, E., Correia, D., Davila Felipe,
M., De Oliveira, T., et al. (2018). Renewing Felsenstein’s phylogenetic bootstrap
in the era of big data. Nature 556, 452-456. doi: 10.1038/s41586-018-0043-0

Li, D. Z,, Gao, L. M,, Li, H. T., Wang, H., Liu, J. Q,, and Chen, Z. D. (2011).
Comparative analysis of a large dataset indicates that internal transcribed spacer
(ITS) should be incorporated into the core barcode for seed plants. Proc. Natl.
Acad. Sci. U.S.A. 108, 19641-19646. doi: 10.1073/pnas.1104551108

Librado, P., and Rozas, J. (2009). DnaSP v5: a software for comprehensive analysis
of DNA polymorphism data. Bioinformatics 25, 1451-1452. doi: 10.1093/
bioinformatics/btp187

Liu, J. Q. (2015). DNA barcodes, speciation and taxonomy in plants. Biodivers. Sci.
23, 283-285. doi: 10.17520/biods.2015066

Liu, J. Q. (2016). The integrative species concept” and “species on the speciation
way. Biodivers. Sci. 24, 1004-1008. doi: 10.17520/biods.2016222

Lu, Z. Q., Zhang, D., and Liu, S. Y. (2016). Species delimitation of Chinese hop-
hornbeams based on molecular and morphological evidence. Ecol. Evol. 6,
4731-4740. doi: 10.1002/ece3.2251

Malinow, M. R., McLaughlin, P., Naito, H. K., Lewis, L. A., and McNulty, W. P.
(1978). Effect of alfalfa meal on shrinkage (regression) of atherosclerotic plaques
during cholesterol feeding in monkeys. Atherosclerosis 30, 27-43. doi: 10.1016/
0021-9150(78)90150-8

Malinow, M. R., McLaughlin, P., and Stafford, C. (1980). Alfalfa seeds: effects on
cholesterol metabolism. Experientia 36, 562-564. doi: 10.1007/BF01965801

Mallet, J. (2007). Hybrid speciation. Nature 446, 279-283. doi: 10.1038/
nature05706

Maureira-Butler, L. J., and Pfeil, B. E. (2008). The reticulate history of Medicago
(Fabaceae). Syst. Biol. 57, 466-482. doi: 10.1080/10635150802172168

Mayr, E. (1982). The Growth of Biological Thought: Diversity, Evolution, and
Inheritance. Cambridge, MA: Harvard University Press.

Pang, X. H,, Song, J. Y., Zhu, Y. J,, Xu, H. X,, Huang, L. F,, and Chen, S. L. (2011).
Applying plant DNA barcodes for Rosaceae species identification. Cladistics 27,
165-170. doi: 10.1111/j.1096-0031.2010.00328.x

Pastore, J. F. B., Abbott, J. R, Neubig, K. M., Berg, C. V. D., Mota, M. C. D. A,
Cabral, A, etal. (2019). Phylogeny and biogeography of Polygala (Polygalaceae).
Taxon 68, 673-691. doi: 10.1002/tax.12119

Queiroz, K. D. (2007). Species concepts and species delimitation. Systematic Biol.
56, 879-886. doi: 10.1080/10635150701701083

Quiros, C. F., and Bauchan, G. R. (1988). The genus medicago and the origin of
the Medicago sativa comp. Alfalfa Alfalfa Improv. 29, 93-124. doi: 10.2134/
agronmonogr29.c3

Ren, G. P., Elena, C., and Nicolas, S. (2015). Phylogeny and biogeography of
Primula sect. Armerina: implications for plant evolution under climate change
and the uplift of the Qinghai-Tibet Plateau. BMC Evol. Biol. 15:161. doi: 10.
1186/512862-015-0445-7

Ronquist, F., and Huelsenbeck, J. P. (2003). MrBayes 3: bayesian phylogenetic
inference under mixed models. Bioinformatics 19, 1572-1574. doi: 10.1093/
bioinformatics/btg180

Sadeghi, L., Tanwir, F., and Yousefi, B. V. (2016). Antioxidant effects of alfalfa
can improve iron oxide nanoparticle damage: invivo and invitro studies. Regul.
Toxicol. Pharmacol. 81, 39-46. doi: 10.1016/j.yrtph.2016.07.010

Sang, T., Crawford, D. J., and Stuessy, T. F. (1997). Chloroplast DNA phylogeny,
reticulate evolution, and biogeography of Paeonia (Paeoniaceae). Am. J. Bot. 84,
1120-1136. doi: 10.2307/2446155

Seida, A., Hefnawy, H. E., Hussein, D. A., Mokhtar, F. A., and Naim, A. A.
(2015). Evaluation of Medicago sativa L. sprouts as antihyperlipidemic and
antihyperglycemic agent. Pak. J. Pharm. Sci. 28, 2061-2074.

Small, E. (1987). A taxonomic study of the “medicagoid” Trigonella (Leguminosae).
Can. J. Bot. 65,1199-1211. doi: 10.1139/b87-166

Small, E. (2010). Alfalfa and relatives: Evolution and classification of Medicago.
Ottawa, ON: NRC Research Press.

Small, E, and Jomphe, M. (1989). A synopsis of the genus Medicago
(Leguminosae). Can. J. Bot. 67, 3260-3294. doi: 10.1139/b89-405

Sousas, F. D., Bertrand, Y. J. K., and Pfeil, B. E. (2016). Patterns of phylogenetic
incongruence in Medicago found among six loci. Plant Syst. Evol. 302, 493-513.
doi: 10.1007/s00606-016-1278-6

Steele, K. P., Ickert-bond, S. M., Zarre, S., and Wojciechowski, M. F. (2010).
Phylogeny and character evolution in Medicago(Leguminosag): evidence from
analyses of plastid trnK/matK and nuclear GA30x1 sequences. Am. J. Bot. 97,
1142-1155. doi: 10.3732/ajb.1000009

Su, J. X,, Dong, C. C,, Niu, Y. T,, Lu, L. M., Xu, C,, Liu, B., et al. (2020). Molecular
phylogeny and species delimitation of Stachyuraceae: advocating a herbarium
specimen-based phylogenomic approach in resolving species boundaries. J. Sys.
Evo. 58, 710-724. doi: 10.1111/jse.12650

Su, X., Wu, G. L, Li, L. L,, and Liu, J. Q. (2015). Species delimitation in plants
using the Qinghai-Tibet Plateau endemic Orinus (Poaceae: Tridentinae) as an
example. Ann. Bot. 116, 35-48. doi: 10.1093/aob/mcv062

Vu, V. Q. (2011). ggbiplot: A ggplot2 Based Biplot. R Package, version 0.55. Available
online at: https://github.com/vqv/ggbiplot

Wang, J., Abbott, R. J.,, Peng, Y. L., Du, F. K,, and Liu, J. Q. (2011). Species
delimitation and biogeography of two fir species (Abies) in central China:
cytoplasmic DNA variation. Heredity 107, 362-370. doi: 10.1038/hdy.2011.22

Wani, S. A., and Kumar, P. (2018). Fenugreek: a review on its nutraceutical
properties and utilization in various food products. J. Saudi Soc. Agri. Sci. 17,
97-106. doi: 10.1016/j.jssas.2016.01.007

Wilkins, J. S. (2009). Species: A History of the Idea. California, CL: University of
California Press.

Wu, C. L, and Ting, C. T. (2004). Genes and speciation. Nat. Rev. Genet. 5,114-122.
doi: 10.1038/nrg1269

Xu, L. R,, Chen, D. Z., and Zhu, X. Y. (2010). Flora of China. China: Science Press.

Yoder, J. B., Briskine, R., Mudge, J., Farmer, A., Paape, T., Steele, K., et al. (2013).
Phylogenetic signal variation in the genomes of Medicago (Fabaceae). Syst. Biol.
62, 424-438. doi: 10.1093/sysbio/syt009

Zheng, X. Y., Cai, D. Y., Potter, D., Postman, J., Liu, J, and Teng,
Y. W. (2014). Phylogeny and evolutionary histories of Pyrus L. revealed
by phylogenetic trees and networks based on data from multiple DNA
sequences. Mol. Phylogen. Evol. 80, 54-65. doi: 10.1016/j.ympev.2014.
07.009

Zhou, C. F., and Yang, G. (2011). The Status and Definition of Species. China:
Science Press.

Zwickl, D. J., Stein, J. C., Wing, R., Ware, D., and Sanderson, M. J. (2014).
Disentangling methodological and biological sources of gene tree discordance
on Oryza (Poaceae) chromosome. Syst. Biol. 63, 645-659. doi: 10.1093/sysbio/
syu027

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chen, Wu, Shrestha, Wu, Guo, Yin, Li, Liu and Ren. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 619799


https://doi.org/10.12705/644.4
https://doi.org/10.1371/journal.pone.0000508
https://doi.org/10.1073/pnas.0503123102
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1146/annurev-ecolsys-110512-135822
https://doi.org/10.1146/annurev-ecolsys-110512-135822
https://doi.org/10.1038/s41586-018-0043-0
https://doi.org/10.1073/pnas.1104551108
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.17520/biods.2015066
https://doi.org/10.17520/biods.2016222
https://doi.org/10.1002/ece3.2251
https://doi.org/10.1016/0021-9150(78)90150-8
https://doi.org/10.1016/0021-9150(78)90150-8
https://doi.org/10.1007/BF01965801
https://doi.org/10.1038/nature05706
https://doi.org/10.1038/nature05706
https://doi.org/10.1080/10635150802172168
https://doi.org/10.1111/j.1096-0031.2010.00328.x
https://doi.org/10.1002/tax.12119
https://doi.org/10.1080/10635150701701083
https://doi.org/10.2134/agronmonogr29.c3
https://doi.org/10.2134/agronmonogr29.c3
https://doi.org/10.1186/s12862-015-0445-7
https://doi.org/10.1186/s12862-015-0445-7
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1016/j.yrtph.2016.07.010
https://doi.org/10.2307/2446155
https://doi.org/10.1139/b87-166
https://doi.org/10.1139/b89-405
https://doi.org/10.1007/s00606-016-1278-6
https://doi.org/10.3732/ajb.1000009
https://doi.org/10.1111/jse.12650
https://doi.org/10.1093/aob/mcv062
https://github.com/vqv/ggbiplot
https://doi.org/10.1038/hdy.2011.22
https://doi.org/10.1016/j.jssas.2016.01.007
https://doi.org/10.1038/nrg1269
https://doi.org/10.1093/sysbio/syt009
https://doi.org/10.1016/j.ympev.2014.07.009
https://doi.org/10.1016/j.ympev.2014.07.009
https://doi.org/10.1093/sysbio/syu027
https://doi.org/10.1093/sysbio/syu027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Phylogeny and Species Delimitation of Chinese Medicago (Leguminosae) and Its Relatives Based on Molecular and Morphological Evidence
	Introduction
	Materials and Methods
	Plant Sampling
	DNA Isolation, Amplification and Sequencing
	Multiple Sequence Alignment and Phylogenetic Analyses
	Morphological Measurements of the Variable Traits

	Results
	Sequence Characteristics
	Phylogenetic Analyses of DNA Datasets
	Morphological Clustering Based on the Morphological Traits

	Discussion
	Discrimination Power of the Four DNA Markers
	Species Delimitation and Interspecific Relationship

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


