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ABSTRACT

Eremurus was described at the beginning of the 19th century. However, due to limited sampling and the
small number of gene markers to date, its phylogeny and evolution are largely unknown. In this study,
we analyzed plastomes from 27 species belonging to 2 subgenera and 3 sections of Eremurus, which are
found in Central Asia (its center of diversity) and China. We also analyzed nuclear DNA ITS of 33 species,
encompassing all subgenera and sections of the genus in Central Asia, southwest Asia and China. Our
findings revealed that the genus was monophyletic, although both subgenera Eremurus and Henningia
were found to be paraphyletic. Both plastome and nrDNA-based phylogenetic trees had three clades that
did not reflect the current taxonomy of the genus. Our biogeographical and time-calibrated trees suggest
that Eremurus originated in the ancient Tethyan area in the second half of the Eocene. Diversification of
Eremurus occurred from the early Oligocene to the late Miocene. Paratethys Sea retreat and several
orogenetic events, such as the progressive uplift of the Qinghai-Tibet Plateau and surrounding mountain
belts (Altai, Pamir, Tian Shan), caused serious topographic and climate (aridification) changes in Central
Asia that may have triggered a split of clades and speciation. In this transformed Central Asia, speciation
proceeded rapidly driven mainly by vicariance caused by numerous mountain chains and specialization

to a variety of climatic, topographic and soil conditions that exist in this region.
Copyright © 2023 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

M.W. Chase, Reveal & M.F. Fay, and Asphodeloideae Burnett. The
last subfamily encompasses a total of 14 genera worldwide,

The Asphodelaceae Juss. (Asparagales) (APG 1V, 2016) is divided including Eremurus M. Bieb (Chase et al., 2000). Eremurus was first
into the subfamilies Hemerocallidoideae Lindl., Xanthorrhoeoideae described by Friedrich August Marschall von Bieberstein as having a

distinct set of traits, including a leafless flowering stem with more
than 50 flowers per inflorescence and a rhizomatous rootstock
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Baker (1877), who divided the genus into three subgenera based on
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Eremurus were based on the perianth structure, the number of
nerves in the tepals, the surface of the capsule, and the filament
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Khokhryakov, 1965). Using perianth structure, filament length and
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teristics for the taxonomy of the genus, Wendelbo (1982) produced

2468-2659/Copyright © 2023 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ktojibaev@mail.ru
mailto:dengtao@mail.kib.ac.cn
mailto:sunhang@mail.kib.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pld.2023.08.004&domain=pdf
www.sciencedirect.com/science/journal/24682659
http://www.keaipublishing.com/en/journals/plant-diversity/
http://journal.kib.ac.cn
https://doi.org/10.1016/j.pld.2023.08.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.pld.2023.08.004
https://doi.org/10.1016/j.pld.2023.08.004

D. Makhmudjanov, S. Volis, Z. Yusupov et al.

the most recent revised classification and divided the genus into
two subgenera, Eremurus Baker and Henningia (Kar. & Kir.) Baker,
and three sections Eremurus (Baker) Wendelbo, Ammolirion (Kar. &
Kir.) Boiss. and Henningia (Kar. & Kir.) Baker. Table 1 provides
additional details on the historical background of the infrageneric
classification of Eremurus. Based on Wendelbo's classification,
Naderi et al. (2009) carried out the first morphological cladistic
analysis of Eremurus and concluded that the genus, as well as
subgenus Eremurus, was monophyletic, but subgenus Henningia
was paraphyletic.

Molecular studies utilizing plastid (trnL-F) and nuclear DNA
(ITS) data affirmed that Eremurus was monophyletic (Chase et al.,
2000; Devey et al., 2006; Safar et al., 2014), but also that both
subgenera were paraphyletic (Safar et al., 2014). Despite some
progress in understanding the phylogeny of the genus (Naderi et al.,
2009; Safar et al., 2014; Makhmudjanov et al., 2019), the limited
sampling and small number of gene markers used in these studies
precluded the phylogeny of the genus being fully resolved. Com-
plete plastome sequencing, since becoming a relatively inexpensive
procedure, has been widely used for phylogenetic reconstructions
(Jansen et al., 2007; Moore et al., 2010; Malé et al., 2014; Yusupov
et al,, 2021; Lee et al,, 2022; Liu et al., 2022; Su et al., 2023).

Eremurus comprises 59 species (Eker, 2020) distributed in
Central Asia, the Caucasus region, Afghanistan, Iran, Pakistan, Iraq,
Turkey, Lebanon, India and China (Wendelbo and Furse, 1969).
Although southwest Asia harbors a large number of species (more
than 24), Central Asia, where > 45 species occur, is considered to be
the main center for Eremurus (Fedtschenko, 1935; Hedge and
Wendelbo, 1963). In eastern Asia, however, the distribution of the
endemic Eremurus chinensis O. Fedtsch. along the Hengduan
Mountains exhibits an interesting biogeographical disjunction
within this genus. This disjunction was attributed by Khokhryakov
(1965) to the fact that Central Asia was once part of the ancient
Mediterranean area with the dominance of a typical Mediterranean
climate characterized by dry, hot summers and cool and humid
winters (Popov, 1927, 1963). During that time, the xerophytic
ancient Mediterranean flora extended much farther to the east than
it does now, reaching even Japan. Popov (1941) attributed Eremurus
to this flora. Khokhryakov (1965) hypothesized that subg. Ammo-
lirion and Henningia originated from an ancient species of Aloe L. in
what is present-day western and south central Asia in the late
Paleogene to the early Neogene, most likely in the Oligocene. Those
views have never been put to the test using molecular data or a
formal biogeographical analysis. The first molecular estimates of
divergence times carried out by McLay and Bayly (2016) for
E. chinensis estimated its time of origin to be the early Oligocene.
However, the divergence time of Eremurus lineages is not known
yet, making it difficult to identify the most probable geological
events responsible for the emergence and evolution of Eremurus.

In this study, we present the first analysis of Eremurus phylogeny
and evolution based on both nuclear DNA (nrDNA) and complete

Table 1
Infrageneric classification history of Eremurus.
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chloroplast genomes (cp), covering ca. 60% of the described species.
For these analyses, we sequenced, assemblad and analyzed the
plastomes of 27 species (16 of which are new sequences), and nu-
clear data of 33 species (39 taxa) of Eremurus, and combined them
with an additional 15 plastomes and 29 nuclear loci of the species
from other genera of Asphodelaceae, Asparagaceae and Amar-
yllidaceae families. Specifically, we attempted to address the
following issues: (1) resolve the infra-generic phylogeny and re-
evaluate the taxonomic significance of the morphological charac-
ters that were used for systematic considerations in Eremurus; (2)
estimate the divergence time and reconstruct the evolution of the
genus. We hope that these findings will serve as a basis for future
evolutionary reconstructions utilizing deeper and more compre-
hensive within-genus sampling.

2. Materials and methods
2.1. Taxon sampling and DNA extraction

Forty-two species representing three monocot families
(Asphodelaceae, Asparagaceae and Amaryllidaceae), of which 27
species were from Eremurus, were studied using complete plas-
tome data. Additionally, 61 species and 71 accessions (of which 33
species and 39 accessions belonged to Eremurus) were studied
using nrDNA ITS. Information regarding sampling locations and
voucher specimens of 27 (16 pt and 27 ITS) newly sequenced spe-
cies of Eremurus is in Table S1. NCBI accessions of newly sequenced
species and the species downloaded from NCBI are presented in
Tables S2a and b. Leaf samples were dried in silica-gel upon col-
lecting. Total genomic DNA was extracted from 1 g of silica-dried
leaves using a modified CTAB protocol (Doyle and Doyle, 1987).

2.2. Sequence assembly and annotation

DNA was sheared to construct a 350-bp (insert size) sequence
library using the Genomic DNA Sample Prep Kit (Illumina) ac-
cording to the manufacturer's protocol and then sequenced using
150 paired-end reads on the Illumina HiSeq 4000 at Beijing
Novogene Bioinformatics Technology Co., Ltd, Beijing, China. For
raw data processing, we used the Next Generation Sequencing
(NGS) QC Tool Kit with default settings (Patel and Jain, 2012). The
resulting clean reads were assembled in NovoPlasty v.3.8.3
(Dierckxsens et al., 2017) using Eremurus robustus NC_046772
(Makhmudjanov et al., 2019) as the reference genome. Contigs
generated by NovoPlasty were sorted and joined into a single draft
sequence with E. robustus as the reference in the software Geneious
v.10.0.2. (Kearse et al., 2012). Gene annotation was performed in
Geneious v.10.0.2. Start and stop codons and intron/exon bound-
aries for protein-coding genes were checked manually (Kearse
et al, 2012). The nrDNA sequencing reads were assembled using
GetOrganelle v.1.7.4.1 (Jin et al., 2020). Partial ntDNA sequences

Baker (1877) Boissier (1884) Vvedensky (1941)

Wendelbo (1958)

Khokhryakov (1965)  Wendelbo (1982) and current

classification

subg. Eremurus sect. Eremurus sect. Eremurus subg. Eremurus, sect. Eremurus subg. Eremurus, sect. Eremurus
Eremurus (including genus Selonia)

subg. Ammolirion  sect. Ammolirion  sect. Ammolirion subg. Eremurus, sect. Ammolirion subg. Eremurus, sect. Ammolirion
Ammolirion

subg. Henningia sect. Henningia sect. Henningia subg. Henningia, sect. Henningia subg. Henningia, sect. Henningia

(including sect. Trochantus)  Henningia

_ sect. Trochantus — subg. Henningia, sect. - —

Trochantus

Selonia -




D. Makhmudjanov, S. Volis, Z. Yusupov et al.

included the 18S ribosomal RNA gene, internal transcribed spacer 1,
5.8S ribosomal RNA gene and the internal transcribed spacer 2.

2.3. Phylogenetic analysis

For phylogenetic reconstruction, plastomes of three species
representing two genera of Asphodeloideae (Aloe and Aloidendron
(A. Berger) Klopper & Gideon F.Sm.), and one species of each of
Hemerocallis L. (Hemerocallidoideae) and Xanthorrhoea Sm. (Xan-
thorrhoeoideae) and ITS sequences for 16 species (19 taxa) from
nine genera of all three subfamilies (Aloe, Aloidendron, Bulbine,
Bulbinella, Kniphofia, Asphodelus, Asphodeline, Xanthorrhoea and
Hemerocallis) were chosen as outgroups. Their respective data were
downloaded from NCBI (Tables S2a and b). In total, three data sets
were produced: (1) 68 protein-coding sequences (CDS), (2) com-
plete plastome sequences with the removal of inverted repeat A
(IRA) and (3) nrDNA. The 68 plastid CDS genes were extracted from
the annotated plastomes using the software Geneious v.10.0.2
(Kearse et al., 2012). All datasets were first aligned using MAFFT
v.7.311 (Katoh and Standley, 2013) and then manually aligned with
MEGA v.7.0.14 (Kumar et al., 2016). The 68 CDS were concatenated
using Sequence Matrix software (Vaidya et al., 2011). Poorly aligned
regions were removed. Maximum parsimony (MP) was performed
using PAUP* v.4.10 (Swofford, 2002). All characters were equally
weighted, gaps were treated as missing and character states were
treated as unordered. A heuristic search was performed with TBR
branch swapping and the Multrees option, and random stepwise
addition with 1000 replications. All analyses used the best-fitting
models of nucleotide substitutions selected in jModelTest v.2.1.4
(Darriba et al., 2012) under the Akaike information criterion (AIC).
Maximum likelihood (ML) analyses were conducted using RAXML
v.8.0 (Stamatakis, 2014) based on the best-fit (GTR + G for the CP
data sets and GTR + I + G for the nrDNA data set) models and 1000
bootstrap replicates. Bayesian inference (BI) analyses were per-
formed with MrBayes v.3.2 (Ronquist and Huelsenbeck, 2003). The
Markov chain Monte Carlo (MCMC) algorithm was run for
10,000,000 generations with four incrementally heated chains,
starting from random trees and sampling every 1000 generations.
The first 25% of the trees were discarded as burn-in and the
remaining trees were used to construct a 50% majority rule
consensus tree. Internodes with posterior probabilities >95% were
considered statistically significant.

2.4. Ancestral state reconstruction of key morphological characters

We traced the evolution of the following most informative
taxonomic characters of Eremurus: 1, flower shape (campanulate,
tubular or subrotate); 2, number of veins per tepal (3 or 5 veins, or 1
vein); and 3, stamen length (longer than perianth or shorter than
perianth). The morphological data were obtained by examining
fresh material and herbarium specimens at TASH, LE and MW and
from the literature (Vvedensky, 1932, 1941, 1963; Kashenko, 1951;
Goloskokov, 1958; Wendelbo, 1982; Xinqi and Turland, 2000;
Naderi et al., 2009). Analyses were performed using an Mk1
evolutionary model in the software Mesquite v.2.0 (Maddison,
2007). The corresponding characteristics were mapped onto the
species trees constructed from the CDS and nrDNA datasets (Fig. 1).

2.5. Divergence time estimates

For divergence time estimation based on the CDS dataset, we
included seven species from the Asparagaceae (Hosta yingeri, Yucca
filamentosa, Aphyllanthes monspeliensis, Bernardia japonica, Aspar-
agus officinalis, Convallaria keiskei, Cordyline indivisa) and three
species from the Amaryllidaceae (Allium galanthum, Lycoris aurea,

335
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Agapanthus coddii) (Fig. 2) as outgroups, in addition to five species
used in the phylogenetic analysis (Fig. 11). For the nrDNA data set, in
addition to the species of Asphodeloideae, Hemerocallidoideae and
Xanthorrhoeoideae subfamilies used in the phylogenetic analysis
(Fig. 11I), we used the following outgroups: eight species from the
Asparagaceae (Yucca mixtecana, Y. filifera, Y. lacandonica, Hosta
plantaginea, Convallaria majalis, Cordyline cannifolia, C. indivisa,
A. officinalis) and five species from the Amaryllidaceae
(A. galanthum, Agapanthus campanulatus, A. caulescens, Lycoris
squamigera, Lycoris radiata) (see Fig. 3 and Table S2a).

We estimated divergence times using BEAST v.1.8.4 (Drummond
and Rambaut, 2007; Suchard and Rambaut, 2009) on XSEDE, with
run parameters set using BEAUti v.1.8.4 (bundled with BEAST v.1.8.4).
The best fit models GTR + G and GTR + I + G were selected for the
CDS and the nrDNA sequence data respectively with a Yule specia-
tion tree prior and an uncorrelated lognormal relaxed molecular
clock model. Two independent analyses were run for 400,000,000
generations each using four Markov chains and sampling every 1000
generations. The first 10% generations were discarded as burn-in. The
convergence of the MCMC log file was checked to ensure parameter
effective sample size (ESS) values above 200 using Tracer 1.5
(Drummond and Rambaut, 2007). A maximum clade credibility
(MCC) tree with mean and 95% HPD node ages was calculated using
TreeAnnotator v.1.8.4 (Drummond and Rambaut, 2007) with 10%
burn-in and a 0.5 posterior probability limit. The dating analysis
utilized three age calibration points. Following McLay and Bayly
(2016), a normal distribution with the mean of 71.36 Mya and a
standard deviation of 1.0 was set to calibrate the crown group of
Asphodelaceae, and a normal distribution with the mean of
67.37 Mya and a standard deviation of 2.3 was set to calibrate the
crown group of Xanthorrhoeoidcae and Hemerocallidoideae. In
addition, a normal distribution with the mean of 27.92 Mya and a
standard deviation of 4.3 was set to calibrate the crown group of
Yucca—Hosta according to McKain et al. (2016). The final tree was
checked and edited in FigTree v.1.4.1 (Rambaut, 2018).

2.6. Ancestral area reconstruction

Analysis of potential ancestral distribution areas at internal
nodes was conducted using RASP v.4.2 (Yu et al., 2020), which
implements a dispersal-extinction-cladogenesis model (DEC) and a
statistical dispersal—vicariance analysis (S-DIVA). Both analyses
were performed using the 40,000 post-burn-in trees of the BEAST
analysis based on the nrDNA dataset. To represent the biogeo-
graphic range of the Eremurus alone, we removed all outgroups
from the BEAST MCMC trees. Biogeographical data of all Eremurus
species included in the study were compiled from natural distri-
bution information described in regional floras (Vvedensky, 1932,
1941, 1963; Fedtschenko, 1935; Kashenko, 1951; Goloskokov, 1958;
Vvedensky and Kovalevskaya, 1971; Wendelbo, 1982; Xinqi and
Turland, 2000) and the GBIF database corresponding to these
floras. We coded three biogeographical areas based on the natural
distribution of the species of Eremurus: A—southwest Asia (SWA),
B—central Asia (CA) and C—east Asia (SJ). We combined the
outgroup-removed chronograms with the biogeographical data.
The maximum number of areas occupied by each node was set to 3.
The MCMC chains were run for 40,000 generations with sampling
every 1000 generations.

3. Results
3.1. Phylogenetic analyses and character evolution

Complete plastomes were recovered for all 27 species of Erem-
urus. The genome size ranged from 153,763 (Eremurus hilariae) to
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155,759 bp (Eremurus tianschanicus), and the GC content varied
from 37.3 to 37.5%. The alignment included 160,171 characters, of
which 1359 characters (0.85%) were parsimony informative. The
length of the coding regions ranged from 67,503 bp to 79,377 bp,
with the minimum and maximum lengths being 73,955 bp and
76,576 bp in the non-coding regions. Information on the LSC, SSC
and IR regions is given in Table S3. The CDS data matrix comprised
56,034 characters, of which 246 characters (0.44%) were parsimony
informative. The nrDNA data matrix comprised 649 characters, of
which 311 characters (47.9%) were parsimony informative. As
mentioned above, two plastome and one nrDNA data sets were
used for phylogenetic inference. The 50% majority-rule consensus
tree obtained from Bayesian analysis based on the CDS (I) and
nrDNA (II) data sets is presented in Fig. 1 and the IRA data set
analysis can be found in Fig. S1B.

The Maximum Likelihood, Maximum Parsimony and Bayesian
analyses based on the CDS and the IRA data sets produced highly
similar topologies and all nodes were recovered as strongly sup-
ported (Figs. 11 and S1A, B). Eremurus was found to be monophyletic
based on all data sets (Figs. 2 and S1A, B). Within Eremurus, all
phylogenetic reconstructions revealed the same three major clades
(A, B, C) with maximum support (except Maximum Parsimony
analysis based on nrDNA data sets) (Fig. 11), and clade C contained
species representing all three sections. In the tree produced from
the CDS data set, clade A was resolved as the earliest diverged clade
of Eremurus. It contained only E. chinensis (subgenus Henningia).
Clade B contained E. anisopterus, E. aitchisonii, E. kaufmannii,
E. korolkowii, E. luteus, E. suworowii, E. roseolus, E. stenophyllus
subsp. stenophyllus, E. saprjagajevii, E. robustus, E. olgae and
E. stenophyllus subsp. ambigens (subgenus Henningia). Clade C
contained species of both subgenera Henningia (E. lachnostegius,
E. alberti, E. cristatus, E. hilariae and E. lactiflorus) and Eremurus
(E. inderiensis, E. soogdianus, E. regelii, E. turkestanicus, E. iae,
E. fuscus, E. altaicus and E. hissaricus) (Fig. 11). In the tree produced

Character 1: Flower shape Eremurus altaicus
o OW o Eremurus fuscus
Campanulate %: I 0.51/- i
= 36 Ere
' Tubular — OW o Eremurns iae
&7 O S Eremurus turkestanicus
Subrotate = 0.74/70 i
o OW® Eremurus regelii
° =4 . :

OB Erenurus soogdianus
Character 2: Number of veins

Three or five  ERE_—_Tou;G>

. One

OW @ Eremurus inderiensis

®m e Eremurus hilariae

= @m e Erenurus lactiflorus
+

Eremurus cristatus

Ere alberti

Ere

Eremurus stenophyllus subsp. ambigens
remurus olgae
remurus robustus *

®m e Eremurus saprjagajevii

subsp.

® W@ Eremuras roseolus

suworowii
W@ Eremuras aitchisonii
W @ Eremurus kaufmannii
@om e Eremurus korolkowii

o m e Eremurus luteus
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Aloe maculata *

Aloe vera *

Aloidendron pillansii *

Hemerocallis fulva *

Xanthorrhoea preissii %

20

sect. Eremurus
- } subg. Eremurus
sect. Ammolirion

sect. Henningia subg. Henningia

Eremurus spectabilis sub.

Eremurus spectabilis subsp. s

Eremurus

Eremurus
Eremurus

Kniphofia
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from the nrDNA data set, Bl and ML analyses indicated that clade A
(subgenus Henningia), with E. chinensis and E. persicus, was sister to
clade B (the same subgenus Henningia) and clade C (both subgenera
Henningia and Eremurus) (Fig. 11I). MP analysis showed that all
clades (A, B and C) diverged from a single node (not shown). The
topology of the nrDNA-based tree differed from the CDS and IRA-
based trees in the position of E. saprjagajevii, which was a part of
clade B in the latter, but was a member of clade C in the former
(Fig. 1).

Ancestral character state reconstructions (Fig. 1) indicated that
the most probable ancestral state of Eremurus flower shape was
subrotate, with an evolutionary trend within the genus towards the
campanulate type. The tubular type emerged in Eremurus after-
wards and only in one species (E. inderiensis). For number of veins
per tepal (Fig. 1), a single vein was identified as the ancestral state,
while 3 or 5 veins evolved in the genus only recently. Similarly,
stamens exceeding the perianth in length evolved in several clades
only recently (Fig. 1).

3.2. Divergence time estimates

In the plastome dating analysis (Fig. 2), the most recent common
ancestor (MRCA) of Aloe, Aloidendron, and Eremurus diverged in the
Eocene (37 Mya, 95% highest posterior density (HPD) 25—50 Mya,
Node 0 in Fig. 2). Clades B and C diverged from Clade A approxi-
mately 14.5 Mya in the Miocene (95% HPD = 8—22 Mya, Node 1 in
Fig. 2); the separation of Clades B and C occurred approximately
10 Mya (95% HPD = 5.5—14.5 Mya, Node 2 in Fig. 2), again in the
Miocene. The crown ages of the clades B and C were estimated to be
6.4 Mya (95% HPD = 3.5-9.8 Mya, Node 3 in Fig. 2) and 5.4 Mya
(95% HPD = 3.0—8.5 Mya, Node 4), respectively.

In the nrDNA dating analysis (Fig. 3), the MRCA of Aloe, Aloi-
dendron, Bulbine, Bulbinella, Kniphofia and Eremurus diverged also
in the Eocene (47.72 Mya, 95% HPD = 35.55—59.95 Mya, Node 0 in

Eremurus hissaric
Eremurus turkestanic
Eremurus suprjagaje

Character 3: Stamens length

X

Eremurus soogdian

I

2884
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Eremurus fuse
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Eremurus x albocitri
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Eremurus f i
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subsp.
Eremurus olge
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Eremurus robustus®
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Eremuras luter . :}_0_2%313
Eremurus luteu: 13 */92
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Fig. 1. Majority rule consensus tree from the CDS (I) and nrDNA (II) data sets showing relationships among species of Eremurus and outgroups. Bayesian inference posterior
probability (BI) and Maximum parsimony (MP) values are indicated above and maximum likelihood bootstrap (ML) values are indicated below the branches, respectively. Asterisks
(*) indicate maximum support values (1.00 or 100%). The shapes refer to taxonomically important characters: 1-flower shape (pentagon), 2-number of veins per tepal (rectangle)

and 3-stamen length (circle).
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Fig. 2. BEAST-derived chronogram of Eremurus based on the plastome data set. Red circles refer to calibration points. Bars on nodes indicate 95% posterior credibility intervals. On

the timescale, Pli = Pliocene, P = Pleistocene.

Fig. 3). Clade B/C diverged from Clade A approximately 33 Mya in
the Oligocene (95% HPD = 21.25—45.49 Mya, Node 1 in Fig. 3); the
separation of Clades B and C occurred approximately 30.24 Mya
(95% HPD = 19.34—42 Mya, Node 2 in Fig. 3) again in the Oligocene.
The crown age of clades B and C was estimated to be 13.12 Mya (95%
HPD = 5.4—22.6 Mya, Node 3 in Fig. 3) and 19.1 Mya (95%
HPD = 6.3—32.7 Mya, Node 4 in Fig. 3), respectively.

3.3. Biogeographical analyses

S-DIVA and DEC analyses produced different results regarding
the MRCA of Eremurus and its major clades (Fig. 4). S-DIVA analysis
indicated that the current representatives of the genus descended
from a widespread ancestral species that was distributed over large
parts of what today we know as southwest Asia, central Asia and
eastern Asia (area ABC, Node 1 in Fig. 4). DEC analysis indicated the
probability of the above scenario to be 26.41%, while other sce-
narios are also possible. Eremurus could have emerged in areas AB
(29.53), BC(19.3), B(10.71), A (7.8) or AC (6.25). S-DIVA located the
MRCA of Clades A and B in central Asia (100, Node 2 in Fig. 4),
whereas DEC analysis identified the area to be either in central Asia
(74.42) or in central Asia and adjacent southwest Asia (25.58). S-
DIVA located the MRCA of Clade B also in central Asia (63) or in
central Asia and adjacent southwest Asia (37, Node 4 in Fig. 4),
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whereas DEC analysis gave the following probabilistic scenarios:
55.05%, 38.3% and 6.65% for AB, B and A, respectively. Both analyses
identified the location of MRCA of Clade C to be in central Asia
(Node 3 in Fig. 4).

4. Discussion
4.1. Taxonomy, phylogeny and character evolution

Since the description of Eremurus in 1819, its circumscription
has never been questioned. Our results based on plastome and
nuclear datasets strongly support the monophyly of the genus,
which has previously been supported by both morphological
(Naderi et al., 2009) and molecular (nrITS and trnL-F) data (Safar
et al., 2014). In our study, Eremurus was sister to Aloe and Aloi-
dendron in the plastome analysis and to Aloe, Aloidendron, Bulbine,
Bulbinella, Kniphofia, Asphodelus, Asphodeline, Xanthorrhoea and
Hemerocallis in the nrDNA datasets. It must be noted, however, that
our study did not include some genera close to Eremurus, such as
Trachyandra, Kniphofia and Bulbinella, which were found to be
closer to Eremurus than even Asphodelus and Asphodeline (Devey
et al., 2006).

Traditional taxonomy (Wendelbo, 1982) recognized two sub-
genera and three sections of Eremurus. Subgenus Henningia differs
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from subgenus Eremurus in having (sub)rotate flowers with a single
vein per tepal, mostly non-exserted filaments and long pedicels.
Members of subgenus Eremurus, in turn, have tubular/campanulate
incurved flowers with 3 or 5 veins and exserted filaments, long
stamens and short pedicels. Within subgenus Eremurus, species
with campanulate flowers comprise sect. Eremurus and those
having tubular flowers belong to sect. Ammolirion. This taxonomy
was not supported by either the plastome or nuclear data in our
study. Both subgenera and the two sections were found to be par-
aphyletic, while sect. Ammolirion did not form a distinct clade but
was embedded into a clade comprising species from the two other
sections. Similar problems were detected earlier in one molecular
(Safar et al., 2014) and two cladistic phylogenetic studies (Naderi
et al,, 2009; Makhmudjanov et al., 2022). These results cast doubt
on the current subgeneric classification and validity of the sub-
genera and sections recognized. It is too early to propose a revised
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taxonomy of the genus based on molecular data because we do not
have chloroplast sequence data for about 30% of the extant species
of Eremurus. However, we can make some preliminary assertions.
The length of the pedicels and stamens should not be used for
infrageneric classifications beyond the species level. Instead, some
previously overlooked morphological characters have taxonomic
utility, e.g., seed shape and testa structure (Raza et al., 2022; Song
et al,, 2022; Yusupov et al., 2022).

The nuclear and plastome-based phylogenetic trees recovered
three clades that are not reflected in current infra-generic classifi-
cations of Eremurus. The most basal line (clade A) is represented in the
plastome-based tree by only the Chinese endemic, E. chinensis, which
was separate from Clade B, which includes the currently recognized
subg. Henningia species and in the ITS-based tree by E. chinensis and
the southwest Asian endemic, E. persicus (also from subg. Henningia).
These two species have racemes with lax flowers in which they
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resemble the closely related genera Trachyandra, Bulbinella, and
Kniphofia. The second evolutionary line (clade B) also comprised
species from subg. Henningia (13 taxa/species in the CDS data set and
18 taxa/15 species in the nrDNA data set) mainly distributed in
southwestern and central Asia. The morphology of those species
agrees well with the treatment by Wendelbo (1982) (i.e. (sub)rotate
flowers with a single vein per tepal and mostly non-exserted fila-
ments). The third evolutionary line (clade C) comprises mostly spe-
cies from subg. Eremurus (9 out of 13 in the CDS data set; 10 out of 15
in the nrDNA data set) but includes also four and five species (plas-
tome and nrDNA tree, respectively) from E. subg. Henningia.

The chloroplast and nuclear phylogenetic analyses produced
conflicting results with respect to infrageneric relationships in
clades B and C (Fig. 1). The difference between the two topologies is
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in the position of E. saprjagajevii (subg. Henningia). In the CDS data
set tree, E. saprjagajevii was embedded within the strongly-
supported Clade B and sister to E. stenophyllus subsp. stenophyllus
with maximum possible support. In contrast, the nuclear topology
of E. saprjagajevii located in the equally strongly supported clade C
together with species from sect. Eremurus. Discordance between
nuclear and cytoplasmic information is common in plants
(Rieseberg and Soltis, 1991; Fehrer et al., 2007) due to the intro-
gression of the cytoplasmic genome from one species into the nu-
clear background of another (or vice versa) through interspecific
hybridization (Soltis and Kuzoff, 1995; Wendel and Doyle, 1998). As
a result, such incongruent trees represent different histories of the
cp- and nrDNA (Deng et al., 2015).
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Our ancestral state reconstructions inferred that the most likely
ancestral states of Eremurus were campanulate flower shape, one
vein per tepal and stamens shorter than the perianth. Most of the
members of clades A and B exhibit these character states. The third
evolutionary lineage is more diverse (Clade C). Within this lineage,
transitions from the conservative states to new ones occurred more
often. Overall, the phylogenetic trees based on plastome and nu-
clear data suggest that evolution within Eremurus did not proceed
as suggested by the current classification because transitions in the
states of flower shape, number of veins per tepal and stamen length
occurred more than once.

4.2. Evolutionary history and biogeography

To understand the biogeographical history of Eremurus, we need
to go back to as early as the Paleocene, or even Cretaceous. During
those periods the climate was tropical or subtropical. The ancestor
of all Asphodelaceae apparently was widely distributed in Africa
and Eurasia. Since there are no extant species of Xanthorrhoeoideae
in tropical regions, but numerous species in subtropical regions
(e.g. Hemerocallis, Hemerocallidoideae), the ancestor was most
probably a subtropical species. At the end of the Cretaceous and
beginning of the Paleocene, the first lineages started to diverge
from the common ancestor, representatives of which probably
survive till today in eastern Asia (Hemerocallis) and which have
cymes with only a few large flowers. One of the early diverging
lineages somehow migrated to Australia in the Paleocene (appar-
ently via long-distance seed dispersal), and gave rise to numerous
species of Xanthorrhoea. Other lineages diverged later, apparently
as a result of climate cooling. One of these events happened in the
late Eocene when the African and Eurasian clades became sepa-
rated. Unfortunately, we do not have cp genome data for such Eu-
ropean genera as Asphodelus and Asphodeline, so we can only
hypothesize that divergence of the Eremurus ancestor from the
ancestor of those two genera happened at some time during the
Oligocene—early Eocene. The separation of the European lineage
occurred before separation of the African and Asian lineages as the
latter two are closer to each other as suggested by evidence from
this study as well as molecular (Devey et al., 2006) and karyological
evidence. The chromosome number of 2n = 14 is shared by Erem-
urus (Cheng and Zhang, 1993; Ling et al., 2004), Aloe, Aloidendron,
Trachyandra and Bulbinella (Zonneveld, 2002; Brandham, 1971;
Thorsen et al., 2009; Naderi et al., 2009), while Asphodelus and
Asphodeline have 2n = 28 (Lifante, 1996; Tuzlaci, 1986). The chro-
mosome numbers of Asphodelus and Asphodeline suggest that their
origin was associated with a polyploidization/hybridization event.
So where did this happen? We will be better able to infer such
origins when data on Asphodelus, Asphodeline, and Eremurus from
the Crimea, Caucasus and the eastern Mediterranean become
available.

In the context of interpreting the divergence time estimation
and biogeography of Eremurus, for which we have two sets of re-
sults, we will use the nrDNA data set, as it provides enhanced taxon
sampling compared to the CDS data set. Eremurus has been pro-
posed to be an ancient Mediterranean element that originated in
the southern part of present central Asia (Popov, 1941) at the end of
the Paleogene or beginning of the Neogene (Khokhryakov, 1965).
However, our results suggest that Eremurus originated earlier, in
the Eocene (37 Mya according to the CDS data set and 47.7 Mya
according to the ITS data set), while the distribution range of its
ancestor was not limited to present-day central Asia, but included
other regions too. Although we do not have molecular data for the
species of Eremurus in the Caucasus, Crimea and eastern Mediter-
ranean (with the exception of the wide-ranging E. spectabilis subsp.
spectabilis), it is unlikely that areas west of Iran are the place of
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origin for Eremurus, because while large territories of the Irano-
Turanian and Central Asian regions at that time were already
terrestrial (Manafzadeh et al., 2014), the western part of Eurasia
was covered by the Tethys Ocean (Zhang et al., 2012). In contrast, to
the east the xerophytic proto-Mediterranean flora extended much
farther than it does now, reaching even Japan (Popov, 1941). The
first-diverging species in our phylogenetic trees, Clade A,
E. chinensis, occurs in dry valleys of the Hengduan Mountains and
apparently is a descendant or relict of the ancient Tethyan flora
(Sun et al., 2017). Similar to some other genera (e.g., Kelloggia; Deng
et al., 2017), the Tethyan origin of Eremurus was influenced by the
uplift of the Qinghai-Tibet Plateau (QTP), which was a major cause
of the aridification in Central Asia. The uplift blocked northward
flow of moist, subtropical air and produced subsiding air over
Central Asia, suppressing large-scale convective systems (Sato and
Kimura, 2005; Molnar et al., 2010). The resulting climatic differ-
ences effectively separated Central Asia from other areas and
caused disjunctions in the distribution of many phylogenetically
related taxa.

As we have already acknowledged, our reconstruction of the
early stages of the evolution of Eremurus is limited by the absence
of some species from regions outside of central and southwest Asia
that would be important for a more accurate reconstruction of the
genus. Clade A likely diverged from the ancestral area (which we
could not identify with certainty) in the early Miocene. One of its
representatives, E. persicus is distributed in Iran, Afghanistan and
Pakistan, while E. chinensis, already discussed above, is in the
Hengduan Mountains of China. Apparently, the distribution range
of their common ancestor included the territory of southwestern
Asia and the ancient QTP during the Oligocene and early Miocene.
The disjunct distribution of these two species can be explained by
the formation and uplift of the QTP since the early Miocene
(Harrison et al., 1992; Molnar et al., 1993; Copeland et al., 1995),
which created a barrier for gene exchange. In general, the uplift of
the QTP may have split Eremurus into two clades: one which
evolved in central Asia and adjacent territories and the second,
represented by the single species, that survived of the outskirts of
the QTP in the Hengduan mountains under a milder climate.

In comparison with the reconstruction of the early stages of
Eremurus evolution, the evolution of Eremurus in Central Asia can
be inferred from our results with more certainty, although precise
dating of the events is still problematic due to a difference between
the plastome- and nrDNA-based estimates. Because nuclear genes
generally have much faster substitution rates than plastid genes,
nrDNA-based dating analyses often produce more ancient age es-
timates for nodes than do plastome-based analyses. According to
the plastome-based dating, in central Asia the first split occurred in
the mid Miocene; in contrast, according to the nrDNA-based dating,
it happened much earlier, in the early Oligocene. From the early
Oligocene to the late Miocene, serious topographic and climate
changes occurred in central Asia. Aridification coincided with the
retreat of the Paratethys (Ramstein et al., 1997), gradual global
cooling (Lu et al., 2010) and the progressive uplift of the QTP
(Molnar et al., 2010; Liu et al., 2015) and surrounding mountain
belts (e.g., Altai, Pamir, Tian-Shan; Wang et al., 2019; Richter et al.,
2022). Development of complex terrain including a great range of
altitudes across many mountain chains, effectively isolated large
areas from each other. Starting from the Miocene, speciation has
proceeded rapidly in the transformed central Asia, which stands
out for its geological heterogeneity and relatively stable continental
climate. The primary evolutionary driver was apparently vicariance
caused by numerous mountain chains preventing gene flow be-
tween populations, and localized specialization to a variety of cli-
matic, topographic and soil conditions that exist in this region.
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The majority of the members of the clade C (Eremurus lachnos-
tegius, E. lactiflorus, E. hilareae, E. saprjagajevii, E. iae, E. hissaricus, E.
cristatus, E. turkestanicus) are endemic to the Pamir-Alay, Tian Shan
or both and are distributed only in mountainous central Asia.
Therefore it is highly probable that the diversification of Clade C
started in central Asia. In addition to the species diversification
within this region, speciation occurred to the south (Iran,
Afghanistan and Pakistan) (E. alberti, E. regelii, E. fuscus, E. soog-
dianus), to the west (Turkey) (E. spectabilis subsp. spectabilis) and to
the north (Altai region) (E. altaicus). Among the species of Eremurus
in our studies, the only species with a wide distribution covering
most of central Asia, Afghanistan, Pakistan, Iran and the Xinjiang
region of China is E. inderiensis from clade C. This is the only species
that occupies sandy deserts, semi-deserts, and sandy hills and has
specific adaptations to a desert climate and sandy soils (short
vegetation period, narrow and long roots and few leaves).

In clade B, most of the species are endemic to (Eremurus
robustus, E. tianschanicus and E. korolkowii), or have their major
distribution in, central Asia (E. aitchisonii, E. kaufmannii, E. luteus, E.
olgae, E. stenophyllus subsp. stenophyllus, E. stenophyllus subsp.
ambigens, E. roseolus, E. suworowii), but the ranges of several species
are outside of central Asia. E. himalaicus grows in northern Pakistan,
and E. x albocitrinus and E. stenophyllus subsp. auranticus are found
in Iran, Afghanistan and Pakistan. The most likely explanation for
this pattern is an expansion of Eremurus in the Miocene from the
southern part of central Asia (probably including the area north of
Afghanistan) into adjacent areas after the uplift of the Iranian
plateau and Himalayan orogeny (Clift et al., 2008; Mouthereau,
2011; McQuarrie and van Hinsbergen, 2013; Gupta et al., 2015;
Ding et al., 2016; Ballato et al., 2017; Zhuang et al., 2017; Bialik et al.,
2019).

Ecologically, the vast majority of the species of Eremurus grows
in mountainous areas with a relatively humid climate, but with a
few notable exceptions. Two species occur in steppes (Eremurus
anisopterus and E. korolkowii) and one species occupies deserts and
semi-deserts (E. inderiensis). Those species are specifically adapted
to a xeric climate and sandy soils (a short growing period, long and
narrow roots and few, thin leaves). The wider distribution of these
species, compared to other montane Eremurus species, can be
attributed to their specific habitat. Eremurus anisopterus occupies
not only on the sandy steppes of central Asia (Kazakhstan, Uzbe-
kistan, Turkmenistan) but also the steppes of western China (Xin-
jiang). Eremurus inderiensis grows in sandy deserts and semi-
deserts, and on sandy hills throughout most of central Asia, in
Afghanistan, Pakistan, Iran and the Xinjiang region of China. As for
E. korolkowii, which is limited to bedrock outcrops of the Kizilkum
desert, it is considered by a majority of taxonomist to be a sub-
species or a form of E. anisopterus.

5. Conclusions

Our study shows that Central Asia played a key role in the origin
and evolution of Eremurus. Most species of Eremurus originated in
the Eocene in situ in this area, which served as the source area for
migration and colonization of adjacent areas. Future studies will
allow reconstruction of the routes and timing of migrations from
central Asia toward the southwest (Iran, Afghanistan, Pakistan), and
west (Turkey, the Caucasus, the Crimea and the eastern
Mediterranean).
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