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Abstract: Understanding the striking diversity of the angiosperms is a paramount issue in biology
and of interest to biologists. The Millettiod legumes is one of the most hyper-diverse groups of the
legume family, containing many economically important medicine, furniture and craft species. In
the present study, we explore how the interplay of past climate change, ecological opportunities and
functional traits’ evolution may have triggered diversification of the Millettiod legumes. Using a
comprehensive species-level phylogeny from three plastid markers, we estimate divergence times,
infer habit shifts, test the phylogenetic and temporal diversification heterogeneity, and reconstruct
ancestral biogeographical ranges. We found that three dramatic accumulations of the Millettiod
legumes occurred during the Miocene. The rapid diversification of the Millettiod legumes in the
Miocene was driven by ecological opportunities created by the emergence of new niches and range
expansion. Additionally, habit shifts and the switch between biomes might have facilitated the
rapid diversification of the Millettiod legumes. The Millettiod legumes provide an excellent case
for supporting the idea that the interplay of functional traits, biomes, and climatic and geographic
factors drives evolutionary success.
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1. Introduction

Angiosperms are the most prominent life form across global ecosystems, and exhibit
a spectacular range of morphological and ecological diversity on the Earth [1]. However,
the species diversity across the Tree of Life of the angiosperms is uneven. Understanding
the striking diversity of the angiosperms is a paramount issue in biology and of interest
to biologists [1–3]. Previous studies found that the rapid radiations of many angiosperm
groups was driven by both biological (intrinsic) and environmental (extrinsic) factors [4–7];
however, the effects of functional traits, the biome, and climatic and geographic factors on
plant diversification are largely unknown.

The Millettiod legumes is one of the most hyper-diverse groups in the legume family.
This clade is composed of five tribes (Millettieae, Abreae, Phaseoleae, Desmodieae and
Psoraleeae), including more than 2600 described species with a global distribution [8,9].
The Millettiod legumes contain many economically important species, which contribute
enormously to the word’s economy through food and vegetables, pharmaceuticals and
medicines, furniture and crafts, chemicals and fertilizers, as well as horticulture [9]. The
main dietary legumes include pigeon pea (Cajanus cajan Millsp.), soybean (Glycine max Merr.),
cowpea (Vigna unguiculata Walp.), and bean (Phaseolus). Vetches (Vicia amoena Fisch.) and
tropical kudzu (Pueraria phaseoloides Benth.) were important pastures used for forage. Species
such as Desmodium, Macoptilium and Centrosema are used for the purpose of improving tropical
pasture systems [10]. Showy-flowered species of Mucuna and Strongylodon are very popular
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in tropical gardens. Species of Erythrina are important woody tree legumes in forestry.
Multipurpose shrubs, such as Butea and Millettia, are regional favorites as ornaments and
for shade [9].

The Millettiod legumes show great diversity in their morphological and habit charac-
teristics from ephemeral herbs and herbaceous climbers to shrubs, woody lianas and trees.
The terminal taxa of the Millettiod legumes grow in various habitats such as succulent,
grass, rainforest and temperate, which are in accordance with major zonobiomes [9,11].
The crown age of the Millettiod legumes is 44.1 Ma to 53 Ma. Global climate and tectomic
changes since the Eocene may have triggered the diversification of many angiosperm
lineages [12–16]. Moreover, the diversification of Psoraleeae is assumed to be a result of
global climate change during the Pleistocene [17]. The evolution of phaseoloid legumes
may be due to habit shifts and dispersal events along with the global climate changes since
the Oligocene [18]. However, it remains puzzling and unexplored how the evolution of
habits fostered diversification in the Millettiod legumes and how ecological forces have
been regulating cladogenesis in different geographical areas.

A well-resolved phylogeny of Millettiod legumes is paramount for understanding the
aspects of the temporal and biogeographical patterns of diversification. Some previous
molecular phylogenetic studies have made progress in the delimitation of the Millettiod
legumes based on nuclear ribosomal ITS or a few plastid loci [18–22]. These researches
generated a well-resolved phylogenetic framework of the Millettiod legumes at tribal
levels [3,23]. However, less than 40% of the generic diversity of the Millettiod legumes
was sampled in previous studies. Therefore, a well-resolved phylogeny with dense taxon
sampling at species level is needed to understand the evolutionary dynamics of the Millet-
tiod legumes. Oyebanji et al. proved that plastome is an effective marker for resolving the
evolutionary relationships of the Millettiod legumes [23]. In the past decades, plastome
data of the Millettiod legumes increased rapidly along with previous studies [19–22,24–27].
The data accumulation of the Millettiod legumes provides an opportunity to reconstruct
the phylogeny of this clade with comprehensive taxon sampling.

In the present study, we first reconstruct a species-level phylogeny for the phaseoloid
legumes using three plastid loci with a more extensive generic sampling than in any
previous studies. Based on the improved phylogenetic framework, we then explore how
the interplay of past climate change, geographical expansion and habit shifts may have
triggered diversification of the Millettiod legumes.

2. Material and Methods
2.1. Taxon and Nuclear Marker Sampling

Three plastid regions (rbcL, matK and trnL-F) were selected as DNA markers for the
phylogenetic analyses of the Millettiod legumes. The combination of these three plastid
regions has been proved to have high-efficiency in resolving intergeneric and interspecific
relationships. To obtain dense sampling of the Millettiod legumes, all available nucleotide
sequences of these three markers from GenBank were collected firstly. Then, sequences
were filtered following the principles: (1) For each taxon, the same species and DNA
sample across three plastid markers were kept in priority, but some composite accessions
were necessary to represent genera. (2) When multiple sequences were available for each
marker, the longest sequence was retained. (3) In the scenario of multiple sequences with
the same length, one sequence was randomly selected. (4) In a genus, when one marker
occurred in species different with other markers, the species with faster evolved marker
were kept following the order: trnL-F, rbcL, matK. All the works above were completed by
using a series of R scripts written by our group. Most of the DNA sequences have been
used in previously published studies [19–22,24–27]. Species names and GenBank accession
numbers are listed in Table S1.
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2.2. Alignment and Phylogeny

For the two DNA coding genes (rbcL and matK), sequences were aligned directly in the
program MUSCLE with the default settings [28]. Then the aligned matrix was manually
adjusted using BioEdit version 5.0.9 (Hall, T.A., California, USA) [29]. For the plastid
region trnL-F, sequences were aligned using a two-step strategy. First, sequences were
divided into clusters according to taxonomic unit and aligned in the program MUSCLE
under default high accuracy parameters with subsequently manual adjustment. Then,
the matrix of each cluster was aligned using the profile–profile alignment algorithm in
MUSCLE and final adjustments were made to the alignments using the refinement algo-
rithm in MUSCLE. Alignment of each plastid region was manually trimmed for quality
and maximum coverage. The final aligned matrix contains 429 OTUs.

To check the conflicts among three plastid regions, the initial phylogenetic analysis for
each marker was carried out using maximum likelihood (ML) method implemented in the
program RAxML version 7.6.6 (Stamatakis, A., Lausanne, Switzerland) [30]. After checking
for significant conflict among different nodes (bootstrap support value exceeding 70%), all
data from different markers were combined for further analyses. We used the ML method
to construct the phylogeny of the Millettiod legumes based on the combined data. The ML
analysis was performed using RAxML with the following options: three data partitions
(rbcL, matK and trnL-F), GTR + I + G nucleotide substitution model, and gaps treated as
missing data. A standard bootstrap analysis with 1000 bootstrap iterations was used to
estimate the branch support. The program was run on the CIPRES network [31].

2.3. Molecular Dating

To date the branching events within the Millettiod legumes, a Bayesian MCMC ap-
proach as implemented in BEAST version 1.8.0 (Drummond, A.J., Auckland, Zealand) was
used based on the combined dataset of 429 terminals [32]. We selected 7 calibration points
from the result of Lavin et al. [33]. These calibration points could be confidently assigned
to clades and nodes represented in our dataset (Table S2). A normal distribution was used
for all 7 calibration points. The standard deviation was set to contain the lower and higher
boundaries of the 95% highest posterior density values. MCMC searches were run for
500,000,000 generations, sampled every 5000 generations. Tracer v1.5 was used to monitor
appropriate burn-in and the adequate effective sample sizes of the posterior distribution
(>200). The maximum clade credibility tree was computed by TreeAnnotator v1.7.5 in
BEAST software package [34]. BEAST analyses were performed in the CIPRES Web Portal
3.1 (Miller, M.A., California, USA) [31].

2.4. Trait Evolution Analyses

To clarify the trait evolutionary history of the Millettiod legumes, the habit and biome
information were collected (Table S2). The habit information of the Millettiod legumes was
collected from International Legume Database & Information Service (ILDIS). Two habit
states were coded, herbaceous (including herbs and herbaceous climbing vines) vs. woody
(including trees, woody climbers and shrubs) (Table S1). According to the geographic
distributions and the biome patterns of Lewis et al. [9], five biome types were coded:
(1) succulent (S), including semi-arid, non-fire-adapted, succulent-rich and grass-poor,
dry tropical forest, thicket and bushland biome; (2) grass (G), comprising a fire-adapted,
succulent-poor and grass-rich, seasonally dry tropical forest, woodland and savanna biome;
(3) rainforest (R), comprising the equatorial tropics (wet forests) worldwide; (4) temperate
north (TN), comprising the Mediterranean, warm and cold temperate regions of the North
Hemisphere; and (5) temperate south (TS), comprising the area except for the first three
biomes (Table S1). The parsimony method implemented in Mesquite v2.74 was used
to reconstruct the trait evolution of the Millettiod legumes [35]. The maximum clade
credibility tree obtained from the Bayesian analysis was used as input tree.
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2.5. Diversification Analyses

To visualize the temporal dynamics of the diversification rates in the Millettiod
legumes, we constructed the semilogarithmic lineage-through-time (LTT) plots using the
R package APE v2.5-1 [36]. In total, 1000 dated phylogenies obtained from the Bayesian
analyses were randomly selected and used to generate semilogarithmic LTT plots. To verify
the rapid shifts in diversification rates at any specified time, the RC statistic was performed
using the R package GEIGER v1.3-1 [37]. We used 11 models including pureBirth, bd,
DDX, DDL, SPVAR, EXVAR, BOTHVAR, yule2rate, yule3rate, yule4rate and yule5rate
to assess the significant rate changes. A diversification rate shift was confirmed by the
criterion that more or fewer descendants than expected under the constant rate model
happen in lineages.

2.6. Biogeographical Analyses

In order to infer the possible ancestral ranges of the Millettiod legumes, a Bayes-DIVA
analysis [38] was conducted using the software package RASP [39]. Bayes-DIVA method is
a popular method with the advantages of minimizing the phylogenetic uncertainties and
generating credibility support values for alternative phylogenetic relationships [38,39]. We
used 1000 trees from the BEAST output as a “trees file”. The maximum clade credibility tree
was used as a final representative tree. With the aim of predicating the ancestral areas of
nodes deeper down into the tree, biogeographical analyses were run on continental spatial
scale at species level. According to Lewies et al. [9] and the ILDIS database, nine geographic
regions were coded: A, Africa; B, Asia; C, Australia; D, Indian Ocean area, including islands
in the Indian Ocean region and Madagascar; E, Pacific, including islands in the Pacific; F,
North America; H, Central America; I, Europe; K, South America (Table S1). The “maxareas”
was constrained to 3 when constructing the ancestral areas of the Millettiod legumes.

3. Results
3.1. Phylogeny of the Millettiod Legumes

The aligned matrix of the combined three-marker dataset consists of 4728 characters
with 2290 variable and 1690 parsimony-informative sites. The tree generated by the
maximum likelihood (ML) analysis (Figure S1) was highly consistent with those retrieved
from the Bayesian inference (BI) analysis (Figure S2), except for some weakly supported
nodes (BS < 70%). The Millettiod legumes are strongly supported as monophyletic (BS 100%,
PP 1.0). Within the Millettiod legumes, five major clades were identified: Basal millettioid
(BS 94%, PP 1.0), Clitoriinae (BS 59%, PP 0.87), Disynstemon + (Abreae + (Diocleinae
+ core Millettieae)) (BS 81%, PP 1.0), Platycyamus + Dewevrea (BS 91%, PP 1.0), and the
phaseoloid clade (BS 98%, PP 1.0). Within the phaseoloid clade, Desmodieae, Cajaninae
and Phaseolinae are monophyletic with high support. Psoraleeae is monophyletic and
nested in Glycininae.

3.2. Divergence-Time Estimates of the Millettiod Legumes

Based on our analyses, the Millettiod legumes diversified at 45.1 Ma (42.3–47.3 Ma,
HPD) (Figures 1 and S3). The second lineage separated from the remaining Millettiod
legumes at 44.5 Ma (40.1–45.6 Ma, HPD). The tribe Abreae split with its sister lineage at
34.3 Ma (32.2–38.2 Ma, HPD). The divergence time between core Millettieae and Diocleinae
was estimated to be 27.3 Ma (26.4–35.4 Ma, HPD). The steam age of the phaseoloid clade
was 37.3 Ma (36.1–41.4 Ma, HPD), and the crow age was 31.1 Ma (28.8–33.5 Ma, HPD).
Desmodieae diverged from its close relatives at 24.8 Ma (23.7–30.0 Ma, HPD). Psoraleeae
separated from Glycine at 11.8 Ma (8.8–14.4 Ma, HPD).
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Figure 1. Combined chronogram and the summary of biogeographic analysis of the Millettiod
legumes. Dating analysis was performed using BEAST software. The topology corresponds to the
majority rule consensus tree of the Bayesian stationary sample. Large pie charts show the relative
probabilities of alternative ancestral distributions obtained by statistical dispersal–vicariance analysis
(white > red > blue > yellow); areas (frequencies < 0.1) are collectively given with black color.



Genes 2022, 13, 2220 6 of 14

3.3. Trait Evolution

Results of the ancestral habit state reconstruction of the Millettiod legumes are shown
in Figure 2. The ancestral state of the Millettiod legumes was woody. Multiple transitions
between woody and herbaceous occurred during the evolutionary history of the Millettiod
legumes. Our results showed that switching frequency from woody to herbaceous was
higher than that from herbaceous. The switching frequency from woody to herbaceous was
52, whereas the switching frequency from herbaceous to woody was 25. In our examining
transitions analyses among biomes, the common ancestor of the Millettiod legumes was
most likely distributed in a grass biome (Figure 3). The ancestor of core Millettieae similarly
may have occupied a grass biome with subsequent shifts into the other biome types. The
ancestor of the phaseoloid clade was also distributed in a grass biome. Multiple shifts
between biome types in different clades were detected since the Miocene.
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3.4. Reconstruction of Historical Biogeography

The results of biogeographic reconstruction are summarized in Figures 1 and S4. The
most recent common ancestor (MRCA) of the Millettiod legumes was equivocal, either
in Africa (p = 0.44), Asia (p = 0.39) or the other regions (p = 0.17). Multiple colonization
events occurred independently during the evolutionary history of the Millettiod legumes.
The MRCA of core Millettieae was Africa (p = 0.88), and dispersed from Africa to Asia,
North America, Central America and South America multiple times. The MRCA of the
phaseoloid legumes occurred in Asia (p = 0.84), with a number of movements into Africa,
Australia and Central America. Among all of the nine geographic regions, Africa and
Asia harbored higher frequency of lineage emigration (185 and 204 times, respectively)
than immigration (73 and 90 times, respectively). Conversely, the frequency of lineage
emigration in Australia, the Indian Ocean area and Pacific harbor was lower with the
numbers being 17, 10 and 17.5, respectively, whereas the frequencies of lineage immigration
were 81, 87 and 69, respectively.

3.5. Diversification Rates

Our results of the semilogarithmic lineage-through-time (LTT) showed that the Mil-
lettiod legumes experienced a high diversification rate in the Miocene (Figure 4). When
testing the significant rate changes based on 11 models, the AIC values of seven constant
rate models, including pureBirth, bd, DDX, DDL, SPVAR, EXVAR and BOTHVAR, were
found to be higher than the other four and were excluded (Table 1). Among the variable
rate models, the AIC value of yule5rate was the lowest and was selected as the best fit
model for the diversification rate analyses of the Millettiod legumes. Three rapid increases
in diversification rate were found in the Millettiod legumes: the first was at 17.78 Ma with
a rate change from 0.07 to 0.13 (sp Myr−1); the second was at 11.57 Ma, with a rate change
from 0.13 to 0.29 (sp Myr−1); the third was at 8.46 Ma, with a rate change from 0.10 to 0.19
(sp Myr−1).

Table 1. Results of diversification rate model-fitting test with parameters estimated under each model.
“R” indicates the speciation rate, “St” indicates where the speciation rate shifts.

Model AIC Likelihood R1 R2 R3 R4 R5 St1 St2 St3 St4

pureBirth −1910.211 956.1055 0.16607 - - - - - - - -
bd −1928.547 966.2735 0.10794 - - - - - - - -

DDX −1930.799 967.3994 0.05211 - - - - - - - -
DDL −1908.208 956.1041 0.16608 - - - - - - - -

SPVAR −1926.028 966.0142 0.24839 - - - - - - - -
EXVAR −1926.544 966.2718 0.23662 - - - - - - - -

BOTHVAR −1924.329 966.1644 0.24951 - - - - - - - -
yule2rate −1929.337 967.6686 0.16650 0.10857 - - - 0.04 - - -
yule3rate −1932.285 971.1423 0.07166 0.14114 0.19292 - - 17.78 7.12 - -
yule4rate −1931.881 972.9404 0.09826 0.28943 0.09592 0.19 - 11.57 10.68 8.46 -
yule5rate −1932.951 975.4753 0.07166 0.13342 0.28943 0.09592 0.19 17.78 11.57 10.68 8.46
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rapid increases in diversification rate.

4. Discussion

Reliable molecular dating is an essential precondition for revealing the diversification
patterns of plant lineages. Phylogenetic analyses of the combined three-region DNA
dataset generated a well-supported evolutionary framework of the Millettiod legumes
(Figures 1, S1 and S2). The relationships among the main lineages of the Millettiod legumes
were in accordance with previous studies [3,18,21–23]. Based on our time estimates, the
crown age of the Millettiod legumes was 45.1 Ma (42.3–47.3 Ma, HPD; Figures 1 and S3),
which corresponded to previous studies [1,33]. The crown age of the phaseoloid legumes
was 31.1 Ma (28.8–33.5 Ma, HPD), which was consistent with the estimations of many
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previous studies [18,26,33]. Our result showed the crown age of Psoraleeae was 5.6 Ma
(4.29–8.4 Ma, HPD), which was in accordance with the result of Egan and Crandall [17]. All
these results indicated that the divergence times of the Millettiod legumes in the present
study were credible.

Our biogeographic reconstruction and dating analyses indicated the Millettiod legumes
occurred in Africa (p = 0.44) or Asia (p = 0.39) in the early Eocene. The LTT plot indicated
that a dramatic burst of diversification of the Millettiod legumes occurred during the
Miocene (c. 18–8 Ma; Figure 4). Three dramatic accumulations of the Millettiod legumes
were detected at 17.8 Ma, 11.6 Ma and 8.5 Ma (Table 1). In accordance with the diversifica-
tion patterns, high frequent migrations of the Millettiod legumes did not occur until the
Miocene after its origin with the exception of some dispersal events into Central America
and South America (clade Clitoriinae). Multiple colonization events seem to have occurred
within a 10-million-year time window (c. 18–8 Ma, Figure 1). The ancestor of the Diocleinae
experienced dispersal events into Central America, South America and the Pacific. There
were at least three dispersal events into Central America and South America for the core
Millettieae, and two such movements into the Indian Ocean area (Figures 1 and S4). Addi-
tionally, the Phaseoloids clade experienced multiple dispersal events from Africa to Central
America. In the Miocene, the Qinghai–Tibetan Plateau experienced multiple stages of uplift
with a rapid uplift at 10–7 Ma [40–44]. The African plate collided with the Eurasian at
ca. 18–17 Ma [45]. In the southern hemisphere, the thrust of the South American plate
against the Pacific plate led to the rise of the Andes mountains [46]. These geological events
fragmented the ecosystems and subsequently opened many new niches [47,48], and forced
the rapid diversification of many plant lineages [16,49–53]. Thus, our finding suggests that
the rapid diversification of the Millettiod legumes in the Miocene was driven by ecological
opportunities created by the emergence of new niches and range expansion.

In the Miocene, the global climate tended to be cooler, drier and more seasonal [54–56].
Both Asia and America experienced an arid period of marked aridity due to orogenetic
changes [57–60]. The African plate also experienced an analogous arid period of aridity
due to the closure of the Tethys Sea [45,61]. Our trait evolution analyses showed that a
larger number of lineages in the 10-million-year time window (c. 18–8 Ma) were herba-
ceous and inhabited a grass biome. The grass biome generally has a unimodal rainfall
pattern, which comprises a fire-adapted, succulent-poor and grass-rich, seasonally dry
tropical forest, woodland and savanna [9,11]. The extensive aridity could have promoted
the diversification of some groups inhabiting dry regions, such as Bursera [62] and the
Potentilla [63]. Herbs could have produced higher per-year mutation rates on the basis of
a shorter generation time, consequentially contributing to the adaptation of herbaceous
lineages to dry climates [64–66]. Additionally, multiple shifts from the grass biome to other
biomes, especially the rainforest biome, were found in the Miocene. The interdigitation of
the grass and the rainforest biome favors a “refuge” interpretation of allopatric divergence,
which was caused by the contraction and expansion of dry-adapted and wet vegetation [67].
Taxa adapted to different biomes are always pioneer species, which can take advantage
most effectively of post-disturbance conditions [9]. Thus, the expansion of arid lands due
to orogenetic and climatic changes increased the arid niche space, and the switch between
biomes might have facilitated the rapid diversification of the Millettiod legumes during the
Miocene.
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Table S2. Calibrations used in this study. Node number followed Lavin et al., 2005.

https://www.mdpi.com/article/10.3390/genes13122220/s1
https://www.mdpi.com/article/10.3390/genes13122220/s1


Genes 2022, 13, 2220 12 of 14

Author Contributions: H.-L.L. conceived the study. D.J., L.L., H.X., Z.C. and X.L. performed the
experiments. H.-L.L., D.J. and L.L. analyzed the data. H.-L.L., D.J., L.L. and Z.C. contributed
reagents/materials/analysis tools. H.-L.L., D.J. and L.L. wrote the paper. H.-L.L. and D.J. edited the
paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by National Natural Science Foundation of China
(No. 31500175 and 32270237), and the Foundation for High-level Talents of Chongqing University
of Arts and Science (2017RTZ21, P2018TZ05).

Informed Consent Statement: Not applicable.

Acknowledgments: We would like to thank Miaoqin Xia, Xavier-ravi Baskaran and Zhiduan Chen
for helping to read and revise the manuscript; Min Gong modified the Figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lu, L.M.; Mao, L.F.; Yang, T.; Ye, J.F.; Liu, B.; Li, H.L.; Sun, M.; Miller, J.T.; Mathews, S.; Hu, H.H. Evolutionary history of the

angiosperm flora of China. Nature 2018, 554, 234–238. [CrossRef]
2. Huang, W.; Zhang, L.; Columbus, J.T.; Hu, Y.; Zhao, Y.; Tang, L.; Guo, Z.; Chen, W.; McKain, M.; Bartlett, M. A well-supported

nuclear phylogeny of Poaceae and implications for the evolution of C4 photosynthesis. Mol. Plant 2022, 15, 755–777. [CrossRef]
3. Zhao, Y.; Zhang, R.; Jiang, K.W.; Qi, J.; Hu, Y.; Guo, J.; Zhu, R.; Zhang, T.; Egan, A.N.; Yi, T.S. Nuclear phylotranscriptomics

and phylogenomics support numerous polyploidization events and hypotheses for the evolution of rhizobial nitrogen-fixing
symbiosis in Fabaceae. Mol. Plant 2021, 14, 748–773. [CrossRef] [PubMed]

4. Givnish, T.J.; Spalink, D.; Ames, M.; Lyon, S.P.; Hunter, S.J.; Zuluaga, A.; Iles, W.J.; Clements, M.A.; Arroyo, M.T.; Leebens-Mack, J.
Orchid phylogenomics and multiple drivers of their extraordinary diversification. Proc. R. Soc. B 2015, 282, 20151553. [CrossRef]

5. Bouchena-Khelladi, Y.; Onstein, R.E.; Xing, Y.; Schwery, O.; Linder, H.P. On the complexity of triggering evolutionary radiations.
N. Phytol. 2015, 207, 313–326. [CrossRef] [PubMed]

6. Hughes, C.E.; Atchison, G.W. The ubiquity of alpine plant radiations: From the Andes to the Hengduan Mountains. N. Phytol.
2015, 207, 275–282. [CrossRef] [PubMed]

7. Simões, M.; Breitkreuz, L.; Alvarado, M.; Baca, S.; Cooper, J.; Heins, L.; Herzog, K.; Lieberman, B. The evolving theory of
evolutionary radiations. Trends Ecol. Evol. 2016, 31, 27–34. [CrossRef]

8. Schrire, B.D.; Lavin, M.; Barker, N.P.; Forest, F. Phylogeny of the tribe Indigofereae (Leguminosae Papilionoideae): Geographically
structured more in succulent-rich and temperate settings than in grass-rich environments. Am. J. Bot. 2009, 96, 816–852. [CrossRef]

9. Lewis, G.; Schrire, B.; MacKinder, B.; Lock, M. Legumes of the World; Royal Botanic Gardens: Kew, UK, 2005.
10. Graham, P.H.; Vance, C.P. Legumes: Importance and constraints to greater use. Plant Physiol. 2003, 131, 872–877. [CrossRef]
11. Breckle, S.W. Walter’s Vegetation of the Earth: The Ecological Systems of the Geo Biosphere; Springer: Berlin/Heidelberg, Germany, 2002.
12. Wade, B.; Pälike, H. Oligocene climate dynamics. Paleoceanography 2004, 19, PA4019. [CrossRef]
13. Palike, H.; Norris, R.D.; Herrle, J.O.; Wilson, P.A.; Coxall, H.K.; Lear, C.H.; Shackleton, N.J.; Tripati, A.K.; Wade, B.S. The heartbeat

of the Oligocene climate system. Science 2006, 314, 1894–1898. [CrossRef]
14. Lu, H.; Guo, Z. Evolution of the monsoon and dry climate in East Asia during late Cenozoic: A review. Sci. China Earth Sci. 2014,

57, 70–79. [CrossRef]
15. Tada, R.; Zheng, H.; Clift, P.D. Evolution and variability of the Asian monsoon and its potential linkage with uplift of the

Himalaya and Tibetan Plateau. Prog. Earth Planet. Sci. 2016, 3, 4. [CrossRef]
16. Zhao, J.L.; Gugger, P.F.; Xia, Y.M.; Li, Q.J. Ecological divergence of two closely related Roscoea species associated with late

Quaternary climate change. J. Biogeogr. 2016, 43, 1990–2001. [CrossRef]
17. Egan, A.N.; Crandall, K.A. Divergence and diversification in North American Psoraleeae (Fabaceae) due to climate change. BMC

Biol. 2008, 6, 55. [CrossRef]
18. Li, H.; Wang, W.; Lin, L.; Zhu, X.; Li, J.; Zhu, X.; Chen, Z. Diversification of the phaseoloid legumes: Effects of climate change,

range expansion and habit shift. Front. Plant Sci. 2013, 4, 386. [CrossRef]
19. Kajita, T.; Ohashi, H.; Tateishi, Y.; Bailey, C.D.; Doyle, J.J. RbcL and legume phylogeny, with particular reference to Phaseoleae,

Millettieae, and allies. Syst. Bot. 2001, 26, 515–536.
20. Cardoso, D.; de Queiroz, L.P.; Pennington, R.T.; de Lima, H.C.; Fonty, É.; Wojciechowski, M.F.; Lavin, M. Revisiting the phylogeny

of papilionoid legumes: New insights from comprehensively sampled early branching lineages. Am. J. Bot. 2012, 99, 1991–2013.
[CrossRef] [PubMed]

21. Azani, N.; Babineau, M.; Bailey, C.D.; Banks, H.; Barbosa, A.R.; Pinto, R.B.; Boatwright, J.S.; Borges, L.M.; Brown, G.K.;
Bruneau, A.; et al. A new subfamily classification of the Leguminosae based on a taxonomically comprehensive phylogeny. Taxon
2017, 66, 44–77. [CrossRef]

22. Wojciechowski, M.F.; Lavin, M.; Sanderson, M.J. A phylogeny of legumes (Leguminosae) based on analysis of the plastid matK
gene resolves many well-supported subclades within the family. Am. J. Bot. 2004, 91, 1846–1862. [CrossRef]

http://doi.org/10.1038/nature25485
http://doi.org/10.1016/j.molp.2022.01.015
http://doi.org/10.1016/j.molp.2021.02.006
http://www.ncbi.nlm.nih.gov/pubmed/33631421
http://doi.org/10.1098/rspb.2015.1553
http://doi.org/10.1111/nph.13331
http://www.ncbi.nlm.nih.gov/pubmed/25690582
http://doi.org/10.1111/nph.13230
http://www.ncbi.nlm.nih.gov/pubmed/25605002
http://doi.org/10.1016/j.tree.2015.10.007
http://doi.org/10.3732/ajb.0800185
http://doi.org/10.1104/pp.017004
http://doi.org/10.1029/2004PA001042
http://doi.org/10.1126/science.1133822
http://doi.org/10.1007/s11430-013-4790-3
http://doi.org/10.1186/s40645-016-0080-y
http://doi.org/10.1111/jbi.12809
http://doi.org/10.1186/1741-7007-6-55
http://doi.org/10.3389/fpls.2013.00386
http://doi.org/10.3732/ajb.1200380
http://www.ncbi.nlm.nih.gov/pubmed/23221500
http://doi.org/10.12705/661.3
http://doi.org/10.3732/ajb.91.11.1846


Genes 2022, 13, 2220 13 of 14

23. Oyebanji, O.; Zhang, R.; Chen, S.Y.; Yi, T.S. New insights into the plastome evolution of the Millettioid/Phaseoloid clade
(Papilionoideae, Leguminosae). Front. Plant Sci. 2020, 11, 151. [CrossRef] [PubMed]

24. Vatanparast, M.; Powell, A.; Doyle, J.J.; Egan, A.N. Targeting legume loci: A comparison of three methods for target enrichment
bait design in Leguminosae phylogenomics. Appl. Plant Sci. 2018, 6, e1036. [CrossRef] [PubMed]

25. Egan, A.N.; Vatanparast, M.; Cagle, W. Parsing polyphyletic Pueraria: Delimiting distinct evolutionary lineages through phylogeny.
Mol. Phylogenet. Evol. 2016, 104, 44–59. [CrossRef] [PubMed]
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