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Abstract

Background Hybridization is considered as an important model of speciation, but the evolutionary process of natu-
ral hybridization is still poorly characterized in Lycoris. To reveal the phylogenetic relationship of two new putative

natural hybrids in Lycoris, morphological, karyotypic and chloroplast genomic data of four Lycoris species were ana-
lyzed in this study.

Results Two putative natural hybrids (2n=18=4 m+5t+6st+3T) possessed obvious heterozygosity features of L.
radiata (2n=22=10t+12st) and L. aurea 2n=14=8 m+6T) in morphology (e.g. leaf shape and flower color), karyo-
type (e.g. chromosome numbers, CPD/DAPI bands, 455 rDNA-FISH signals etc.) and chloroplast genomes. Among four
Lycoris species, the composition and structure features of chloroplast genomes between L. radiata and the putative
natural hybrid 1 (L. hunanensis), while L. aurea and the hybrid 2, were completely the same or highly similar, respec-
tively. However, the features of the cp genomes between L. radiata and the hybrid 2, while L. aurea and the hybrid

1, including IR-LSC/SSC boundaries, SSRs, SNPs, and SNVs etc., were significantly different, respectively. Combining

the karyotypes and cp genomes analysis, we affirmed that the natural hybrid 1 originated from the natural hybridiza-
tion of L. radiata (Q) X L. aurea (&), while the natural hybrid 2 from the hybridization of L. radiata (8) X L. aurea (Q).

Conclusion The strong evidences for natural hybridization between L. radiata (2n=22) and L. aurea 2n=14) were
found based on morphological, karyotypic and chloroplast genomic data. Their reciprocal hybridization gave rise
to two new taxa (2n=18) of Lycoris. This study revealed the origin of two new species of Lycoris and strongly sup-
ported the role of natural hybridization that facilitated lineage diversification in this genus.
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Background

Lycoris Herb. (Amaryllidaceae) is a herbaceous peren-
nial plant. The genus consists of more than twenty spe-
cies and mainly distributes in eastern Asia, particularly in
China, among which L. aurea and L. radiata are the most
widespread species [1-3]. Its bulb is rich in alkaloids,
which is of important medicinal value such as tumor-
suppressing and anti-malarial etc. [4]. At the same time,
flowers of this genus are diverse in shape and colour such
as pink, red, white, yellow and multicolor etc., it has been
used as an ornamental plant for centuries [5].

Lycoris species are considered to have high genetic
diversity [3]. To date, a satisfactory consensus classifica-
tion for Lycoris remains elusive due to frequent hybridi-
zation and wide morphological variation [5]. In the past
years, interspecific relationships, karyotype and hybridi-
zation of Lycoris species have been widely performed [6—
9]. The basic chromosome number of the genus was n=6,
7, 8 or 11, with the ploidy ranging from euploid (dip-
loid, triploid, tetraploid) to aneuploid [7, 10], e.g. Lyco-
ris aurea possessing 12, 13, 14, 15, 16, 18 chromosomes
with karyotypes of median centromeric point (M-type),
median region (m-type), terminal point (T-type), termi-
nal region (t-type) and subterminal region (st-type) etc.
[11-13]. Lycoris radiata has great variation in karyotype
and chromosome numbers throughout its geographi-
cal range, including diploid (2n=22), triploid (2n=33),
tetraploid (2n=44) and aneuploid (2n=21,32) etc. [9].
The chloroplast (cp) genome basically follows maternal
inheritance and is commonly used to reveal the maternal
parent of hybrids [14, 15]. Some species of Lycoris have
been recently confirmed to be of hybrid origin by the
cp genome and karyotype etc. For example, L. haywar-
dii originated from the interspecific hybridization of L.
sprengeri and L. radiata var. Pumila [11, 16]. L. flavescens
may be originated from a hybridization of L. sanguinea
and L. chinensis [17]. At the same time, some new hybrid
taxa were successively reported, such as L. houdyshelii
and L. hubeiensis etc. [7, 18]. However, phylogenetic
relationship of Lycoris has been an open question due to
frequent hybridization and continuous variation of mor-
phological and physiological characteristics in this genus
[8, 10, 19]. This evolutionary process of natural hybridi-
zation is still poorly characterized in Lycoris.

During field investigations of germplasm resources
of Lycoris in Hunan and Hubei Province etc., China, we
found two new natural variant populations of Lycoris
with cream or chalky yellow flower in the distribution
area of L. radiata and L. aurea, which have never been
reported in these regions, and speculated that the two
variations might represent undescribed taxa based on
the observation of flower shape and colour. In this study,
the living bulbs of the two new variant populations, L.
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radiata and L. aurea distributed in the same region
(Yuanling County) were collected and studied on the
karyotypes by CPD staining (combined PI and DAPI),
fluorescence in situ hybridization (FISH) and chloroplast
genomes by high-throughput sequencing etc. in order
to reveal the interspecific relationships of the four Lyco-
ris species, which could provide a scientific basis for the
phylogenetic relationships and karyotype evolution of
Lycoris.

Results

Morphology comparison

The mainly morphological characteristics of L. radiata
(Fig. 1a), L. aurea (Fig. 1b), putative natural hybrid 1
(Fig. 1c-e) and putative natural hybrid 2 (Fig. 1f-h) were
shown in Fig. 1 and Table 1. As shown in Table 1, leaf
widths of L. radiata, L. aurea, natural hybrid 1 (L. hunan-
ensis) and hybrid 2 were 0.9, 3.2, 1.5, and 1.8 cm respec-
tively. The flower colors of the hybrid 1 and hybrid 2 were
gradually changing from pink or pale yellow in bud to
cream or chalky yellow with few scattered red stripes in
mid-anthesis respectively, and also the mature fruits and
seeds have not been observed etc., suggesting that the
two new natural variant taxa might be hybrid generations
of L. radiata and L. aurea.

Karyotype analysis

CPD staining patterns and 45S rDNA-FISH signals in
four Lycoris species were shown in Fig. 2, and their kar-
yotype features including chromosome morphology,
karyotype, CPD staining bands, DAPI bands, and 45S
rDNA-FISH bands were shown in Fig. 3 and Table 2.

The karyotype parameters of L. radiata were shown in
Supplementary Table S1. Its chromosomes were 2n=22,
including 12 st-type and 10 t-type chromosomes (Fig. 3a),
and the ratio of the lengest/shortest chromosome(L/S)
was 1.73. The average haploid total chromosome length
(TCL) was 115.61 pm. The values of intrachromosomal
asymmetry index (A,;) and interchomosomal asymmetry
index (A,) were 0.811 and 0.063, respectively. Its karyo-
type formula was 2n=2x=22=10t+ 12st, with 4A Steb-
bins’ karyotype asymmetry type. As shown in Fig. 2a,
four red CPD bands in the terminal regions of short arms
of chromosome 3, 4, 9 and 10 were detected respectively,
but positive DAPI signals were absent in the chromo-
somes of L. radiata. Similarly, four red 45S rDNA-FISH
signals (Fig. 2b) in the same regions of the four chro-
mosomes were detected respectively, indicating that the
CPD staining regions were also 45S rDNA-FISH signal
sites in L. radiata.

The karyotype parameters of L. aurea were shown in
Supplementary Table S2. Its chromosomes were 2n=14,
including 8 m-type and 6 T-type chromosomes (Fig. 3b),
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Fig. 1 The flowers of four taxa of Lycoris investigated in this study. a Lycoris radiata; b Lycoris aurea; c-e putative natural hybrid 1 (L. hunanensis),
including bud (c), flower in early anthesis (d) and in mid-anthesis (e); f-h putative natural hybrid 2, including bud (f), flower in early anthesis (g)

and in mid-anthesis (h)

Table 1 Morphological characteristics of the four samples in Lycoris

Species Leaf Flower color Abilities of
developing
Length (cm) Width (cm) Apex Bud Early anthesis Mid-anthesis mature fruit
L. radiata 458+53 09+0.2 obtuse red red red can
L. aurea 556+75 32+04 acuminate  yellow yellow yellow can
Natural hybrid 1 485+6.2 1.5+0.2 acuminate  pink lightly yellowish pink  cream, with scattered red stripes Cannot®
Natural hybrid 2 523+54 1.8+03 acuminate pale yellow light yellow chalky yellow, with scattered red cannot

stripes

2 Fruit and seed of the putative natural hybrid 1 (L. hunanensis) have not been observed during cultivation. The traits of fruit and seed described in L. hunanensis [20]
were inaccurate, which were made correction and amended in this study. Five plants (three leaves each plant) each sample were selected to determine morphological

traits

with the L/S ratio 2.45. The TCL was 145.95 um. The val-
ues of A; and A, were 0.438 and 0.041, respectively. Its
karyotype formula was 2n=2x=14=8 m+6 T, 2B type.
As shown in Fig. 2¢, each of six T-type chromosomes
had a red CPD band in the terminal centromeric point of
chromosome 9, 10, 11, 12, 13 and 14, and also possessed
a positive DAPI band in every pericentromeric regions of
the six chromosomes respectively. At the same time, six
red 45S rDNA-FISH signals stained in the same points
of the six T-type chromosomes were detected respec-
tively (Fig. 2d). Besides, four red 45S rDNA-FISH signals

were also found in the median centromeric regions of a
pair of m-type homologous chromosome 7, 8, and in the
pericentromeric regions of a pair of T-type homologous
chromosome 13, 14, respectively.

The karyotype parameters of natural hybrid 1(L.
hunanensis) were shown in Supplementary Table S3. Its
chromosomes were 2n=18, including 4 m-, 3 T-, 6 st-,
and 5 t-type chromosomes (Fig. 3c), with the L/S ratio
3.50. The TCL was 128.88 pum. The values of A, and A,
were 0.719 and 0.052, respectively. Its karyotype formula
was 2n=2x=18=4 m+6st+5t+3 T, 3B type. As shown
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Fig. 2 Chromosomes of four Lycoris species stained with CPD and 45S rDNA-FISH. a, b are CPD staining pattern (red signals) and 455 rDNA-FISH
signals (red) of chromosomes in L. radiata, respectively. ¢, d are CPD pattern and 45S rDNA-FISH signals (red) of L. aurea. e, f and g, h are the hybrid 1
and 2, respectively. Scale bars: 10 um. Five cells in five different individuals of each sample were detected
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Fig. 3 The chromosome morphology and karyotypes of L. radiata (a), L. aurea (b), the hybrid 1 (c) and the hybrid 2 (d). T Terminal centromeric
point. t terminal centromeric region. st subterminal centromeric region. m median centromeric region. Scale bars: 10 um. Five cells in five different

individuals of each sample were detected

in Fig. 2e, each of chromosome 5, 6, 7, 8 and 9 had a red
CPD band in the centromeric points/regions of them
respectively, in which each of T-type chromosome 5,
6 and 8 possessed a positive DAPI band in the pericen-
tromeric region respectively. As was known from Fig. 2f,
each of the five chromosomes from 5 to 9 had a red 45S
rDNA-FISH signal in the centromeric point/region
respectively, and also the FISH signals were also detected
in the pericentromeric region of the chromosome 5
(T-type), as well as in the median centromeric region of
the chromosome 1 (m-type), respectively.

The karyotype parameters of natural hybrid 2 were
shown in Supplementary Table S4. Its chromosomes
were also 2n=18, including 4 m-, 3 T-, 6 st-, and 5
t-type chromosomes (Fig. 3d), with the L/S ratio 4.31.
The TCL was 129.69 um. The values of A; and A, were
0.723 and 0.030, respectively. Likewise, its karyotype
was also formulated as 2n=18=4 m+6st+5t+3 T, 3C
type. As shown in Fig. 2g and h, the karyotype features
of the hybrid 2, including CPD bands, DAPI bands and
45S rDNA-FISH signals etc., were as same as those of the
hybrid 1 respectively. For example, each of the five chro-
mosomes from 5 to 9 had a red CPD band in the cen-
tromeric points/regions respectively, in which the three
T-type chromosomes also possessed a positive DAPI
band in the pericentromeric regions respectively, etc. The

other karyotype features of the hybrid 2 were displayed in
Table 2 and would not be described here.

Chloroplast genomes sequencing and analysis

Basic feature of the four chloroplast genomes in Lycoris

The circular chloroplast genomes of the four Lycoris spe-
cies were 158,405-158415 bp in size (Fig. 4), consisting
of a pair of inverted repeat (IR, 26,733 bp), separated by
large single copy (LSC, 86,596—86,598 bp) and small sin-
gle copy (SSC, 18,342-18,351 bp) regions. Of these, the
size of L. radiata and natural hybrid 1 (L. hunanensis),
including LSC, SSC, IR and protein coding gene (PCG)
regions, was the same, but they were slightly differ-
ent from L. aurea and natural hybrid 2 in these regions
(Table 3). Their cp genomes all contained 137 genes,
including 87 PCGs, 42 tRNA genes and 8 rRNA genes.
These genes of the four samples were completely con-
sistent in functional classification, including 44 photo-
synthesis related genes (e.g. rbcL, ndhA, atpA, etc.), 80
transcription and translation related genes (e.g. rpl2,
rps2, rpoA, rru5, trnA-UGC, etc.), 6 others genes (e.g.
matK, accD, ccsA, etc.), and 7 unknown function gene
such as ycfl, ycf2, etc. Of these genes, 26 genes (e.g. petB,
atpE, ndhA, etc.) and 2 genes (ycf3, clpP) contained 1
and 2 introns respectively in the four Lycoris cp genomes
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Fig.4 Chloroplast genome map of the four samples in Lycoris

Table 3 Comparison of the genome characters of the four Lycoris chloroplasts

Species Size Genome size(bp) Number of genes GC (%)
LSC SSC IR PCG PCG tRNA rRNA Total

L. aurea 158405 86597 18342 26733 79344 87 42 8 137 37.81

Natural hybrid 1 158415 86598 18351 26733 79422 87 42 8 137 37.80

Natural hybrid 2 158412 86596 18350 26733 79428 87 42 8 137 37.80

L. radiata 158415 86598 18351 26733 79422 87 42 8 137 37.80

Five plants of each sample were selected to analyse chloroplast genomes
LSC large single copy, SSC small single copy. IR inverted repeat. PCG protein coding gene
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(Table 4), suggesting the high conservation of chloroplast
genes in the genus.

Comparisons of IR-LSC/SSC boundaries in the four Lycoris
taxa

The circular structures of the cpDNA genomes of the
four Lycoris taxa made four boundaries among LSC, SSC
and IR, which were LSC-IRB, IRB-SSC, SSC-IRA, and
IRA-LSC (Fig. 5). As shown in Fig. 5, among the four
cp genomes, the genes and shrinkages or expansions of
the IR boundaries were the same at the LSC-IRB, SSC-
IRA and IRA-LSC borders. For example, the LSC-IRB
borders of the four Lycoris samples were within the
rps19, where the gene was 34 bp and 176 bp in the IRB
and LSC regions respectively, and the IRA-LSC borders
of them were all between the rps19 and psbA, their dis-
tances from the borders being 3 bp and 86 bp respec-
tively. The IRB-SSC boundaries of the four samples were
on the ndhF and ycfl, 107 bp ndhF spanned the IRB-SSC
regions duplicated at the IRB regions in the four species,
but there were minor differences at the ycfl gene of the
IRB-SSC regions of the four genomes, namely, 41 bp ycf1
of the IRB regions duplicated at the SSC regions in L.
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aurea and natural hybrid 2, 35 bp of the gene duplicated
in L. radiata and natural hybrid 1 respectively. Therefore,
among the four Lycoris taxa, the genes and features of
the IR boundaries were the completely same between L.
aurea and natural hybrid 2, L. radiata and natural hybrid
1 respectively, suggesting that the putative natural hybrid
1 and hybrid 2 were more recently related to L. radiata
and L. aurea, respectively.

SSR analysis

The chloroplast simple sequence repeats (cp SSRs) of
the four Lycoris taxa were analyzed in this study. The
numbers and types of the cp SSRs in these samples were
shown in Supplementary Table S5. There were 58, 58, 63,
and 63 SSRs in the L. radiata, natural hybrid 1, L. aurea,
and natural hybrid 2 cp genomes, respectively. Six types
of nucleotide repeats, including mononucleotide, di-
nucleotide, tri-nucleotide, tetra-nucleotide, penta-nucle-
otide and compound sequence, were detected in the four
Lycoris taxa. Among the different unit sizes, the mono-
nucleotide was the most frequent, accounting more than
55% of all types in the samples, in which base T and A
were the primary elements, only one C motif in L. aurea

Table 4 Functional classification of chloroplast genes of four samples in Lycoris

Classification Gene family Gene name
Photosynthesis related genes (44) Photosystem | psaA, psaB, psaC, psal, psal
Photosystem I psbA, psbB, psbC, psbD, psbE, psbF, psbH,psbl, psbl, psbK, psbL, psoN,psbT,

Cytochrome b/f complex

ATP synthase

NADH plastoquinone oxidoreductase
ribulose-1,5-bisphosphate carboxylase

Transcription and translation
related genes (80)

rRNA gene
tRNA gene

Small subunit of ribosome

Large subunit of ribosome

DNA dependent RNA polymerase
Others genes (6) Maturase

Acetyl-CoAcarboxylase

Cytochrome C heme attachment protein

Chloroplast envelop membrane protein
Clp protease
Translational initiation factor

Unknown function genes (7) Hypothetical chloroplast conserved

open reading frames

psbZ

petA, petB¥, petD*, petG, petl, petN

atpA, atpB, atpE,atpF*, atpH, atpl

ndhA¥*, ndhB* * ndhC, ndhD, ndhE, ndhF*, ndhG, ndhH, ndhl, ndhJ, ndhK
rbcl

mn4.5° 5%, 162, rr232

trnA-UGC*, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnG-UCC*, trnG-
GCC,trnH-GUG?, trnl-GAUS,trnl-CAU?, trnK-UUUX, trnl-CAA?, trnl-UAA

X trnl-UAG, trnM-CAU, trnfM-CAU,trnN-GUU?, trnP-UGG, trnQ-UUG,
trnR-ACG?, trnR-UCU, trnS-GGA, trnS-GCU, trnS-UGA, trnT-GGU, trnT-UGU,
trnV-UAC* trnV-GAC?, trnW-CCA, trnY-GUA

1ps2,1ps3,rps4, 1ps7°, rps8, rps11, rps12%%, rps14,rps15, rps16*, 1ps18, rps19°

pI22* o4, rp 6%, 1pl20, rpl22,rpI232, 1pl32, rpl33, rpl36
poA, rpoB, rpoC1%*, rpoC2

matK

accD

ccsA

cemA

clpP**

infA

YCf1®, ycf2?, ycf3**, ycfa

The number of genes in parentheses

ab,c

selected to analyse chloroplast genomes

represent the gene has two, three and four, respectively. ¥, ** represents the gene contains one, two introns, respectively. Five plants of each sample were
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Fig. 5 Comparison of the borders of large single copy (LSC), small single copy (SSC), and inverted repeat (IR) regions among 4 Lycoris germplasm
chloroplast genomes. € means distance cross over IR border. d means distance from IR border in this picture

and natural hybrid 2, and two C in L. radiata and natu-
ral hybrid 1, but no G in the four samples. The numbers
and types of the cp SSRs in L. radiata and the hybrid 1
were almost the same except for one different mononu-
cleotide repetition, i.e. the former "(A) 10" and the latter
"(A) 11" in the start site 30,544 bp, while only two rep-
etitions differed in these SSR characteristics of L. aurea
and the hybrid 2, including the mononucleotide repeti-
tion "(T) 14" and "(T) 13" in the start site 23,149 bp, the
penta-nucleotide "(GGAAA)3" and "(CGAAA)3" in the
start site 111,168 bp, respectively. However, these SSR
characteristics of the hybrid 2 were significantly different
compared with L. radiata. and the hybrid 1. For exam-
ple, nine mononucleotide repetitions of cp SSRs in L.
aurea and the hybrid 2, including “(T)11” (3701 bp) and
“(A)10” (8381 bp) etc., were missing in L. radiata and the
hybrid 1, respectively. At the same time, six mononucleo-
tide repetitions of L. radiata and the hybrid 1, including “
(A) 117 (14,137 bp) and “(A)10”(33,464 or 33,465 bp) etc.,
were missing in L. aurea and the hybrid 2, respectively.

Table 5 Chloroplast genome variation sites of four samples in Lycoris

Therefore, the results suggested that the putative natural
hybrid 1 and hybrid 2 were more recently related to L.
radiata and L. aurea, respectively.

SNV analysis

To reveal the differences of cp genomes in the four Lyco-
ris species, interspecific comparisons were performed
using Lycoris radiata (MN158120) plastome previously
reported as the reference sequence (Table 5). As shown
in Table 5, there were 150, 115, 151, and 138 SNPs in L.
aurea, natural hybrid 1, hybrid 2, and L. radiata respec-
tively, a total of 190 SNPs in the four samples. Of these
SNPs, there were 36 and 120 same SNP sites between L.
aurea and the hybrid 1, L. aurea and the hybrid 2 respec-
tively, 103 and 30 same SNP sites between L. radiata and
the hybrid 1, L. radiata and the hybrid 2 respectively.
There were significant differences in the variation sites
of the four cp genomes, including 50-82 SNPs located in
26-29 genes, 69 short insertions and 11-22 short miss-
ing fragments. Compared to the control (MN158120),

Variation L.aurea Natural Natural L.radiata Total sites Number of same SNP sites

types hybrid 1 hybrid 2
L. aurea L.aureaand L.radiata L. radiata and
and hybrid 1 hybrid 2 and hybrid 1 hybrid 2

SNP 150 115 151 138 190 36 120 103 30

SNP located 75(27) 50(27) 82(26) 72(29) 112(32)

genes

Insert 6(1) 8(0) 9(2) (1) 10(2)

Missing 20(6) 1112) 22(6) 11(3) 20(6)

Numbers in parentheses mean variation number of genes
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the bases CA (113,368-113,369 bp) and GT (58,741-
58,742 bp) were inserted in the ycf1 gene of L. aurea and
rbcL gene of L. radiata respectively, but not changed in
these genes of the hybrid 1; the base G was mutated to A
(78,820 bp) in the gene petB of L. radiata and the hybrid
1. Hence, these results showed that sequence variations
between L. radiata and the hybrid 1 (L. hunanensis), L.
aurea and the hybrid 2 were minor respectively, indicat-
ing the affinities and distances among the four Lycoris
species.

Phylogenetic analysis
The UPGMA dendrogram of the four Lycoris species
was generated based on average Euclidean distances in
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this study (Fig. 6). As shown in Fig. 6, dissimilarity val-
ues between taxa ranged from 0.014 to 0.039. Of these
Lycoris species, L. radiata and putative natural hybrid 1
(L. hunanensis) were clustered into a clade while L. aurea
and natural hybrid 2 were clustered into the other clade,
indicating that their relationships between L. radiata
and natural hybrid 1, L. aurea and natural hybrid 2 were
much closer, respectively.

In order to explore the interspecific relationships of
the four samples and phylogenetic relationships of Lyco-
ris species, the phylongenetic tree was constructed by
maximum likelihood analysis based on complete cp
genomes of 18 Lycoris species (Fig. 7). Narcissus poeti-
cus (NC_039825) was selected as outgroup in this study.

Lycoris radiata

Natural hybird 1

Lycoris aurea

Natural hybird 2

0.04 0.03 0.02

0.l01 0.00

Fig. 6 UPGMA dendrogram based on average Euclidean distances among the four Lycoris species

100 — L. shaanxiensis =~ MWA477440 -]
98 L— . uydoensis MW?760154
97 L. koreana NC_063563
99 L. straminea MW477441 I
100 — L. anhuiensis MT700550
89 &: L. longituba NC_047452
L. houdyshelii MW477442
L. chinensis NC_047451 -
90 99 [ L.incarnata NC_061744
100 L. radiata OR069402
83 _|: Natural hybrid 1 OR069401 | II
[ | 100 L. qurea OR069400
100 _|: Natural hybrid 2 OR069403
L. radiata MK353219
_ 100 L. flavescens NC_063555 -
94 —1_ L. sanguinea NC_047453 |1y
100 L. sprengeri MN158986
— L. haywardii NC_069836 —

Narcissus poeticus NC_039825

Fig. 7 Phylongenetic tree by maximum likelihood analysis based on complete cp genomes
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As shown in Fig. 7, 18 Lycoris species were clustered
into three clades, Narcissus poeticus (outgroup) formed
an alone branch. Among these samples, L. aurea, L.
radiata (OR069402), L. radiata (MK353219), two natural
hybrids, L. incarnate and L. chinensis were clustered into
the second clade, indicating that the seven Lycoris species
had a closer relationships in Lycoris. Especially between
L. radiata and natural hybrid 1 (L. hunanensis), L. aurea
and natural hybrid 2 could be divided into a minor
branch in the second clade respectively, suggesting that
interspecific relationships between L. radiata and natu-
ral hybrid 1 (L. hunanensis), L. aurea and natural hybrid
2 were much closer respectively. Obviously, the clusters
of the four Lycoris species derived from the phenetic and
chloroplast genomic data respectively were completely
consistent, sufficiently indicating that the result of their
interspecific relationships was correct and reliable.

Discussion

The karyotype evolution and phylogenetic relationship of
species were complex and ambiguou, but some mecha-
nisms, including Robertsonian fusion and fission, as
well as hybridization etc., were well accepted [7, 21-23].
Hybridization and polyploidization were considered as
important models of speciation in this genus [6, 17, 24,
25]. In the phylogenetic tree, L. flavescens (NC_063555),
L. sanguine (NC_047453), L. sprengeri (MN158986) and
L. haywardii (NC_069836) were clustered into the third
clade, furthermore, the first two and the latter two could
be divided into a minor branch respectively, indicat-
ing that they had a closer relationships in Lycoris. Thus,
hybrid origins about L. haywardii and L. flavescens etc.
[16, 17] were supported by chloroplast genome evidence.
Of 18 Lycoris species, L. aurea, natural hybrid 2 and L.
radiata (MK353219) could be divided into a minor
branch in the second clade, suggesting that interspecific
relationships of the three taxa were much closer in Lyco-
ris. L. straminea was considered a descendant of Lycoris
chinensis and Lycoris radiata var. pumila [1, 26, 27]. L.
straminea (2n=19) and L. hunanensis (2n=18) were of
similar species based on morphological features such as
leaf shape and flower colour etc. [20], however, they were
clustered into different clades in Lycoris, indicating that
there was obvious differences between morphology and
cp genomes classification.

Theoretically, L. radiata (2n=22=10t+12st) and
L. aurea 2n=14=8 m+6 T) could produce gametes
with the karyotype compositions (n=11=>5t+6st) and
(n=7=4 m+3 T) by the meiosis respectively, and the F,
progeny with the karyotype (2n=18=4 m+6st+5t+3
T) was produced by the fertilization uniting the male and
female gametes. In our study, the two hybrid progenies
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with the karyotype composition (2n=18=4 m+6st+5t
+3 T) were found in natural habitats (Table 2) and the
representative heterozygosity features of karyotype were
detected and affirmed, including four karyotypes (m, st,
t, and T), 18 chromosomes etc., indicating that the two
variant taxa of Lycoris originated from their hybridization
of L. radiata and L. aurea in terms of karyotype. Judg-
ing from the absence of mature fruits and seeds, the two
hybrid generations were sterile, which might be related to
their compound karyotype compositions with m-, st-, t-,
and T-type chromosomes, causing the failure of chromo-
somes pairing properly at meiosis [28].

This study showed that the corresponding chromo-
some features in the two hybrids, including special CPD
bands and 45S rDNA-FISH signals etc., were all found
in the chromosomes of their diploid parents (L. radiata
and L. aurea). For example, 2 t/st-type chromosomes
labeled by red CPD staining bands (one per chromo-
some) and especially only one m-type chromosome
(number 1 in Fig. 2f and number 4 in Fig. 2h) labeled by
a 45S rDNA-FISH signal (red) at the same sites in the
two hybrids respectively, separated from a pair of m-type
chromosomes (number 7 or 8 in Fig. 2d) of diploid par-
ent (L. aurea), were detected in our study. And also three
T-type chromosomes from their parent (L. aurea), with
the positive DAPI signals in the two hybrids, were all
detected at the same points (Table 2), suggesting that the
putative natural hybrid 1 and the hybrid 2 possessed the
heterozygosity features of the diploid parents (L. radiata
and L. aurea), which were completely supported by the
cp genome sequence analysis in this study (Figs. 4, 5,
6; Tables 3, 4, 5). In general, these results in this study
strongly supported that natural hybridization was an
important model of species origin and karyotype evolu-
tion in Lycoris.

The chloroplast genome was relatively stable and
genetically conserved because it possessed an independ-
ent genome from the mother, and played an indispen-
sable role in elucidating interspecific relationship etc.
[29-31]. In this study, the results showed that a total
of 137 genes were all annotated, including 87 PCGs, 42
tRNAs, and eight rRNAs, with 158,405-158415 bp sizes
of the complete cp genomes in L. aurea, L. radiata, the
putative natural hybrid 1 and the hybrid 2 (Table 3).
These were consistent with the previous studies about cp
genomes (137 genes) of L. chinensis, L. anhuiensis, and L.
aurea reported by zhang et al. [8], suggesting that the cp
genomes of Lycoris were highly conserved in structure.
However, there was a significant difference from the 127
genes of the L. aurea chloroplast genome reported by
Peng et al. [32], explaining that there was obvious vari-
ations of cp genomes among different populations in L.
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aurea. Of the four samples, compositions and structures
of the chloroplast genomes in L. radiata and the putative
natural hybrid 1, including their basic features, bound-
ary genes, SSRs, and SNPs etc. (Table 5), were almost the
same, suggesting that genetic relationship between the
two species was closely related. Combining the karyotype
analysis results in this study, we affirmed that the puta-
tive natural hybrid 1 (L. hunanensis) originated from the
natural hybridization of L. radiata (R)XL. aurea (3).
Similarly, the composition and structure features of the
chloroplast genomes in L. aurea and the putative natu-
ral hybrid 2 were almost the same (Table 5, Fig. 5), sug-
gesting their closer genetic relationship. Similarly, we
also affirmed that the putative natural hybrid 2 originated
from the hybridization of L. radiata (3) X L. aurea ().

Conclusion

We found strong evidences for reciprocal natural
hybridization between L. radiata (2n=22) and L. aurea
(2n=14) by fluorescence in situ hybridization (FISH) and
high-throughput sequencing etc., which gave rise to two
new taxa (2n=18) of Lycoris including the putative natu-
ral hybrid 1 (L. hunanensis) and hybrid 2, possessing their
parental heterozygosity features in morphology, karyo-
type and chloroplast genome. This study revealed the ori-
gin of two new species of Lycoris and strongly supported
the role of natural hybridization that facilitated lineage
diversification in this genus.

Materials and methods

Plant material

Lycoris radiata (LHer.) Herb. (Fig. 1a, voucher number
HHULOO04), Lycoris aurea (L'Her.) Herb. (Fig. 1b, voucher
number HHULO001), putative natural hybrid 1 (L. hunan-
ensis) (Fig. 1c-e, voucher number HHUL007) and hybrid
2 (Fig. 1f-h, voucher number HHULO010) were collected
from the same distribution area in Yuanling County,
Hunan Provence, China. These plant materials were cul-
tivated in the botanical garden of Huaihua University for
follow-up studies.

Measurement of major morphological traits

The measurements of the morphological traits were
conducted in different growth and development periods
because the special feature of Lycoris is the absence of
leaves while flowering. The morphological parameters of
these samples, including flower colors in different anthe-
sis and leaves (e.g. length, width) etc., were measured
in August and December of the same year, respectively.
Flower colors were quantified according to the stand-
ard of international color card. Five healthy and strong
plants (three leaves each plant) from each sample were
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randomly selected to determine morphological traits,
averaged and standard deviations were calculated in this
study.

Karyotype analysis

CPD staining and fluorescence in situ hybridization (FISH)

of the chromosomes

The chromosome preparations of the four Lycoris spe-
cies and CPD staining were performed as previously
described [12] with minor modification in this study. In
brief, the root tips were fixed in methanol: acetic acid
(3:1) for 3 h after treatment with the a-bremnaphthalene
at 28 C for 4 h, and macerated with an enzyme mixture
at 28 °C for 3 h. The well-spread chromosome prepara-
tions were used to perform CPD staining and FISH [33].
The chromosome preparations were stained with 4,
6-diamidno-2-phenylindole (DAPI) etc.. The chromo-
somes and hybridization signals were observed by Olym-
pus BX60 fluorescence microscope etc.

Measurements of karyotype parameters

The karyotype parameters of the four samples, includ-
ing the relative length of short arm (SL) and long arm
(LL), total relative length (TL), arm ratio (LL/SL),
Stebbins’karyotype asymmetry type (AT), total chroma-
tin length (TCL) and karyotype assymetry indices (A,
A,) etc. were obtained according to the methods [22,
34-38]. For each sample analyzed in this study, measure-
ments were taken from at least five metaphase cells in
five different individuals. The karyotypes included T-type
(terminal centromeric point, arm ratio o), t-type (ter-
minal centromeric region, arm ratio >7.00), st-type (sub-
terminal centromeric region, arm ratio 3.01-7.00), and
m-type (median centromeric region, arm ratio 1.01-1.70)
(12, 13].

Chloroplast genome sequencing and ananlysis

Sample collection, DNA extraction, and sequencing

Five healthy and strong plants from each sample were
randomly selected to analyse chloroplast genomes
in this study.The fresh leaves of the four samples in
Lycoris were collected, flash frozen in liquid nitrogen,
and stored at—80 C for DNA extraction. Genomic
DNA was isolated using the Plant Genomic DNA
Kit (Shanghai, China) according to the instruc-
tions, and its quality was examined using NanoDrop
2000 (Thermo Fisher Scientific, USA) etc. High-
quality DNA was used for libraries’ construction and
sequencing, which was sequenced at Illumina Hiseq
2500 (Illumina, USA) using 2 X 150 two-end sequenc-
ing strategy with an insert size of 300 bp for high-
throughput sequencing etc.
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cpDNA genome sequences assembly, annotation

and structure analysis

The chloroplast DNA (cpDNA) genome sequences of the
four samples were assembled and annotated using the
softwares such as metaSPAdes 3.13.0, ogdraw 1.1.1 etc.
The cp genome sequences of L. aurea, L. radiata, puta-
tive natural hybrid 1 (L. hunanensis), and natural hybrid 2
were deposited into GenBank for the first time with acces-
sion numbers OR069400, OR069402, OR069401, and
OR069403, respectively. The complete cpDNA sequence
of Lycoris radiata (MN158120) was selected as a reference
[39] in order to obtain the complete annotation results.
The physical maps of the cpDNA genomes of the Lycoris
samples were drawn using software OGDRAW ([8].

Interspecific genome comparison

The cpDNA genome sequences of the four Lycoris samples
were analyzed using Mummer 3.0 in order to identify large
single-copy region (LSC), small single-copy region (SSC)
etc. The chloroplast simple sequence repeats (cpSSR) of
the genomes were identified using MISA. The inverted
repeats (IR) on the boundary of junction sites and single
nucleotide variants (SNV) etc. were identified or analyzed
using bwa (0.7.17) and gatk (4.0.8.1) etc. [8, 40, 41].

Phylogenetic analysis

In the four Lycoris species, a phenetic analysis was per-
formed by using the eight variables per species: leaf
(length and width), flower color (bud, early anthesis and
mid-anthesis) and chromosome length (A;, A, and TCL).
The data matrix of the variables was standardized and
average Euclidean distance was calculated using INFOS-
TAT version 1.1. The UPGMA dendrogram of these taxa
was generated based on the morphometric and karyolog-
ical data [37, 38].

The four complete cpDNA sequences of Lycoris were
obtained in this study, and fourteen cp sequences of Lyco-
ris, including L. shaanxiensis (MW477440), L. uydoen-
sis (MW760154), L. koreana (NC_063563), L. straminea
(MW477441), L. anhuiensis (MT700550), L. longituba
(NC_047452), L. houdyshelii (MW477442), L. chinen-
sis (NC_047451), L. incarnate (NC_061744), L. radiata
(MK353219), L. flavescens (NC_063555), L. sanguine
(NC_047453), L. sprengeri (MN158986) and L. haywar-
dii (NC_069836), were downloaded from NCBI. Narcis-
sus poeticus (NC_039825) was selected as the outgroup.
Both the complete cp genome sequences and genes were
used for tree construction. Maximum likelihood phylog-
enies based on the best-fit model was conducted using
orthofinder (2.2.7) and ggtree (1.14.6). The best-fit model
was estimated using 1000 bootstrap replicates [8, 42].

Page 13 of 14

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-023-04681-2.

Additional file 1: Supplementary Table S1. Measurements of somatic
chromosomes of L. radiata. Supplementary Table S2. Measurements of
somatic chromosomes of L. aurea. Supplementary Table S3. Measure-
ments of somatic chromosomes of natural hybrid 1. Supplementary
Table S4. Measurements of somatic chromosomes of natural hybrid 2.
Supplementary Table S5. The chloroplast genome SSR loci distributions
of four samples in Lycoris.

Acknowledgements
Not applicable.

Authors’ contributions

>MH.Q designed the study and wrote the main manuscript. X.H.J, LQX.and J.LL.
performed experiments and analyzed the data. JL. and G.H.L. wrote and revised
the manuscript. All authors have read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(32070367; 31470403), Hunan Natural Science Foundation (2021JJ30542), Sci-
ence and Technology Plan Project of Huaihua (2021R3131), and Foundation of
Hunan Double First-rate Discipline Construction Projects (YYZW2019-25).

Availability of data and materials

The data that support the results are included in this article and its sup-
plementary materials. The raw sequencing data of the chloroplast genome
sequences have been deposited in NCBI (https://www.ncbi.nlm.nih.gov/) with
accession number: OR069400, OR069401, OR069402 and OR069403.

Declarations

Ethics approval and consent to participate

The authors declared that the plant materials of Lycoris in this study were
collected from public land in accordance with local legislation and get
permissions from Huaihua forestry bureau. The study complied with relevant
institutional, national and international guidelines. M.H.Q. and GH.L. under-
took the formal identification of the plant material used in this study. Voucher
specimens were deposited in the Key Laboratory of Hunan Province for Study
and Utilization of Ethnic Medicinal Plant Resources under the voucher num-
bers HHULOO1 (Lycoris aurea), HHULO04 (Lycoris radiata), HHULOO7 (putative
natural hybrid 1 of Lycoris) and HHULO10 (putative natural hybrid 2 of Lycoris).

Consent for publication
Applicable.

Competing interests
The authors declare no competing interests.

Author details

' College of Biological and Food Engineering, Huaihua University,

Huaihua 418008, China. 2Key Laboratory of Hunan Province for Study

and Utilization of Ethnic Medicinal Plant Resources, Huaihua University,
Huaihua 418008, China. >Key Laboratory of Hunan Higher Education

for Hunan Western-Medicinal Plant and Ethnobotany for Western Hunan
Medicinal Plant and Ethnobotany, Huaihua University, Huaihua 418008, China.

Received: 11 June 2023 Accepted: 11 December 2023
Published online: 02 January 2024

References

1. Kurita S. Variation and evolution on the karyotype of Lycoris, Amarylli-
daceae II. Karyotype analysis of ten taxa among which seven are native in
China. Cytologia. 1987;52:19-40.


https://doi.org/10.1186/s12870-023-04681-2
https://doi.org/10.1186/s12870-023-04681-2
https://www.ncbi.nlm.nih.gov/

Quan et al. BMC Plant Biology (2024) 24:14

20.

21.

22.

23.

24.

25.

26.

27.

Hayashi A, Saito T, Mukai Y, Kurita S, Hori T. Genetic variations in Lycoris
radiata var. radiata in Japan. Genes Genet Syst. 2005;80:199-212.

Jiang Y, Xu S, Wang R, Zhou J, Dou J, Yin Q, Wang R. Characterization,
validation, and cross-species transferability of EST-SSR markers developed
from Lycoris aurea and their application in genetic evaluation of Lycoris
species. BMC Plant Biol. 2020;20:522.

Lucie C, Kateina B, Opletal L. Chemistry and biological activity of alkaloids
from the genus Lycoris (Amaryllidaceae). Molecules. 2020;25:4797.

Shi'S, SunY, Wei L, Lei X, Cameron KM, Fu C. Plastid DNA sequence data
help to clarify phylogenetic relationships and reticulate evolution in
Lycoris (Amaryllidaceae). Bot J Linn Soc. 2014;176:115-26.

Kurita S. Variation and evolution in the karyotype of Lycoris, Amaryl-
lidaceae V. intrapopulational and/or intraspecific variation in the
karyotype of L. sanguinea Max. var. kiushiana and L. sanguinea Max. var.
koreana (Nakai) Koyama. Cytologia. 1988;53(2):307-21.

Jones K. Robertsonian fusion and centric fission in karyotype evolution of
higher plants. Bot Rev. 1998;64:273-89.

Zhang F,Wang T, Shu X, Wang N, Zhuang W, Wang Z. Complete chloro-
plast genomes and comparative analyses of L. chinensis, L. anhuiensis,
and L. aurea (Amaryllidaceae). Int J Mol Sci. 2020;21(16):5729.

Liu K, Meng W, Zheng L, Wang L, Zhou S. Cytogeography and chromo-
somal variation of the endemic East Asian herb Lycoris radiata. Ecol Evol.
2019;9:6849-59.

Kurita S. Variation and evolution in karyotype of Lycoris, Amaryllidaceae
VII. Modes of karyotype alteration within species and probable trend of
karyotype evolution in the genus. Cytologia. 1988;53:323-35.

. Kurita S. Variation and evolution in the karyotype of Lycoris, Amaryl-

lidaceae I. general karyomorphological characteristics of the genus.
Cytologia. 1986;51(4):803-15.

She CW, Liu JY, Song YC. CPD banding patterns and identification of 45S
rDNA sites in Tomato. Acta Genet Sin. 2005;32(10):1101-7.

Levan A, Fredga K, Sandberg AA. Nomenclature for centromeric position
on chromosomes. Hereditas. 1964;52:201-20.

Yan LJ, Burgess KS, Milne R, Fu CN, Li DZ, Gao LM. Asymmetrical natural
hybridization varies among hybrid swarms between two diploid Rhodo-
dendron species. Ann Bot. 2017;120:51-61.

Wang X, Bai S, Zhang Z, Zheng F, Song L, Wen L, et al. Comparative
analysis of chloroplast genomes of 29 tomato germplasms: genome
structures, phylogenetic relationships, and adaptive evolution. Front Plant
Sci. 2023;14:1179009.

Hsu PS, Kurita S, Yu ZZ, Lin JZ. Synopsis of the genus Lycoris (Amarylli-
daceae). Sida. 1994:16(2):301-31.

Kurita S, Hsu PS. Hybrid complexes in Lycoris Amaryllidaceae. Am J Bot.
1996,89:207.

Meng WQ, Zhang L, Shao JW, Zhou SB, Liu K. A new natural allotriploid,
Lycoris x hubeiensis hybr. nov. (Amaryllidaceae), identified by morpho-
logical, karyologial and molecular data. Nord J Bot. 2018;36:e01780.

Hori T, Hayashi A, Sasanuma T, Kurita S. Genetic variations in the chlo-
roplast genome and phylogenetic clustering of Lycoris species. Genes
Genet Syst. 2006;81(4):243-53.

Quan MH, Ou LJ, She CW. A new species of Lycoris (Amaryllidaceae) from
Hunan. China Novon. 2013;22(3):307-10.

Jones K. Aspects of chromosome evolution in higher plants. Adv Bot Res.
1979;6:119-94.

Stebbins GL. Chromosomal evolution in high plants. Edward Arnold LTD,
London. 1971:87-89. https://discoverlibraryhub.jisc.ac.uk/search?ti=
Chromosomal%20Evolution9%20in%20Higher%20Plants&rn=1

Schubert |, Lysak MA. Interpretation of karyotype evolution should
consider chromosome structural constraints. Trends in Genet.
2011,;27(6):207-16.

Shi'S, QiuY, Li E,Wu L, Fu C. Phylogenetic relationships and pos-

sible hybrid origin of Lycoris species (Amaryllidaceae) revealed by ITS
sequences. Biochem Genet. 2006;44:198-208.

Wang JX, Gao YJ, Han YC, Zhou SB, Liu K. Karyotype analysis of a natural
Lycoris double-flowered hybrid. Caryologia. 2019;72(2):3-7.

Shi'S, QiuY,Wu L, Fu C. Interspecific relationships of Lycoris (Amaryl-
lidaceae) inferred from inter-simple sequence repeat data. Sci Hortic.
2006;110(3):285-91.

Wang Z, Shu X, Wang N, Cheng G, Zhang F.'E Huang Xiao Ran": A New
Ornamental Lycoris straminea Cultivar. HortScience. 2023;58(1):105-6.

Page 14 of 14

28. Chang YC, Shii CT, Lee YC, Chung MC. Diverse chromosome comple-
ments in the functional gametes of interspecific hybrids of MT- and A-
karyotype Lycoris spp. Plant Syst Evol. 2013;299:1141-55.

29. Daniell H, Lin CS, Yu M, Chang WJ. Chloroplast genomes: diversity, evolu-
tion, and applications in genetic engineering. Genome Biol. 2016;17:134.

30. LuQ,YeW,LuR, XuW, QiuY. Phylogenomic and comparative analyses of
complete plastomes of Croomia and Stemona (Stemonaceae). Int J Mol
Sci. 2018;19(8):2383.

31. Yang JP, Zhu ZL, FanYJ, Zhu F, Chen YJ, Niu ZT, et al. Comparative plas-
tomic analysis of three Bulbophyllum medicinal plants and its significance
in species identification. Acta Pharm Sin. 2020;55(12):2736-45.

32 PengY, WeiJ,Yang L. The complete chloroplast genome of Lycoris aurea
(L'Hér) Herb. Mitochondrial DNA Part B. 2020;5(1):788-9.

33, Chang YC, Shii CT, Chung MC. Variations in ribosomal RNA gene loci in
spider lily (Lycoris spp.). J Amer Soc Hort Sci. 2009;134(5):567-73.

34. Paesold S, Borchardt D, Schmidt T, Dechyeva D. A sugar beet (Beta vulgaris
L) reference FISH karyotype for chromosome and chromosome-arm
identification, integration of genetic linkage groups and analysis of major
repeat family distribution. Plant J. 2012;72(4).600-11.

35. Zarco CR. A new method for estimating karyotype asymmetry. Taxon.
1986;35(3):526-30.

36. Paszko B. A critical review and a new proposal of karyotype asymmetry
indices. Plant Syst Evol. 2006;258:39-48.

37. Acosta MC, Bernardello G, Guerra M, Moscone EA. Karyotype analysis
in several South American species of Solanum and Lycianthes rantonnei
(Solanaceae). Taxon. 2005;54(3):713-23.

38. Nath S, JhaTB, Mallick SK, Jha S. Karyological relationships in Indian spe-
cies of Drimia based on fluorescent chromosome banding and nuclear
DNA amount. Protoplasma. 2015;252:283-99.

39. Zhang FJ, Shu XC, Wang T, Zhuang WB, Wang Z. The complete chloro-
plast genome sequence of Lycoris radiata. Mitochondrial DNA Part B.
2019/4(2):2886-7.

40. Frazer KA, Pachter L, Poliakov A, Rubin EM, Dubchak I. VISTA: computa-
tional tools for comparative genomics. Nucleic Acids Res. 2004;32:273-9.

41. Ali A, Jaakko H, Peter P. IRscope: an online program to visualize the junc-
tion sites of chloroplast genomes. Bioinformatics. 2018;34(17):3030-1.

42. Kalyaanamoorthy S, Minh B, Wong T, Haeseler A, Jermiin L. ModelFinder:
fast model selection for accurate phylogenetic estimates. Nat Methods.
2017;14:587-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://discover.libraryhub.jisc.ac.uk/search?ti=Chromosomal%20Evolution%20in%20Higher%20Plants&rn=1
https://discover.libraryhub.jisc.ac.uk/search?ti=Chromosomal%20Evolution%20in%20Higher%20Plants&rn=1

	Reciprocal natural hybridization between Lycoris aurea and Lycoris radiata (Amaryllidaceae) identified by morphological, karyotypic and chloroplast genomic data
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Morphology comparison
	Karyotype analysis
	Chloroplast genomes sequencing and analysis
	Basic feature of the four chloroplast genomes in Lycoris

	Comparisons of IR-LSCSSC boundaries in the four Lycoris taxa
	SSR analysis
	SNV analysis
	Phylogenetic analysis

	Discussion
	Conclusion
	Materials and methods
	Plant material
	Measurement of major morphological traits
	Karyotype analysis
	CPD staining and fluorescence in situ hybridization (FISH) of the chromosomes

	Measurements of karyotype parameters
	Chloroplast genome sequencing and ananlysis
	Sample collection, DNA extraction, and sequencing

	cpDNA genome sequences assembly, annotation and structure analysis
	Interspecific genome comparison
	Phylogenetic analysis

	Anchor 29
	Acknowledgements
	References


