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Abstract

Liliales is a monocotyledonous order and contains both photosynthetic and
mycoheterotrophic species that distribute locally or worldwide. In this study, the
genetic diversity of chloroplast genomes in Liliales was explored regarding their
nucleotide diversity and repeated composition. The analysis of nucleotide diversity
revealed various hotspots in large and small single-copy regions whereas the IR regions
had low sequence divergence. Although each family has specific hotspots, the rps15-
ycfl region was commonly found as a highly variable area in the cpDNA of observed
taxa. In the cpDNA of Liliales, mononucleotide simple sequence repeat (SSR) is the
most common type. The majority of SSRs are located in non-coding regions. Similarly,
more long repeats were found in non-coding areas than in coding sequences.
Additionally, the complement repeat exceeds forward type in the cpDNA of Liliales.
The highest number of long repeats was found in Corsia dispar whereas that of SSRs
was detected in Smilax china. The results of nucleotide diversity and repeat analyses
provided fundamental information for further studies on population genetics, molecular
marker development and evolutionary history of Liliales.
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splitted  approximately 113 mya. In addition to
divergent time, the origin of Liliales was found in
Australia where the ancestors of Liliales would then
be widespread and evolved [3]. Beside order level, the
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1 Introduction

Liliales, a monocotyledonous order of angiosperms,
includes nine families of over 1500 species [1]. The

families of Liliales distribute worldwide or locally.
For example, Smilacaceae species are widespread
from Australia, Europe, to Africa and Asia whereas
the monotypic family, Petermanniaceae, can only be
found in Australia. Additionally, there are two types
of plants in Liliales, including mycoheterotrophic type
in Corsiaceae and photosynthetic type in the remained
families [2]. Because of their opposite patterns of
lifestyle and distribution, Liliales is a good model to
explore the evolutionary history of land plants.
Previously, biogeography and divergent time
estimation of Liliales were conducted [3]. The results
showed a divergent time of 124 million years ago
(mya) from other monocots and the families were

divergent time estimation and biogeography of each
family of Liliales were approached. Liliaceae
originated from temperate Asia in the late Cretaceous
(85 mya) to occupy the northern hemisphere [4].
Meanwhile, the members of Melanthiaceae used the
Bering Land Bridge to migrate from North America to
East Asia around 92.1 mya [5]. Colchicaceae arose in
Australia 67 mya and migrated to Africa and North
America [6]. Smilacaceae is an interesting family of
Liliales that has many fossil records for elucidating
the evolutionary history of Liliales [7-8]. These
findings suggested an interesting evolutionary history
of Liliales, especially at genomic level.
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Chloroplast genome (cpDNA) is one of three existing
genomes (including mitochondrial, nucleus and
chloroplast genomes) in most land plants. Typically,
cpDNA has a quadripartite structure which includes
one large single copy (LSC) and a small single copy
(SSC) separated by two inverted repeat (IR) regions
[9]. Also, cpDNA contains 80 protein-coding genes,
30 tRNAs and four rRNAs and some of the protein-
coding genes are related to photosynthesis. These
genomic data are crucial for elucidating the phylogeny
of land plants; therefore, the 1000 plant genomes
project was conducted, followed by another 10 000
plant genomes project [10-11]. As a result, a billion
years of evolutionary history of plants was explored
[12]. Additionally, cpDNA is a useful source for
mining molecular markers for population genetics and
plant identification [13-17]. In Liliales, the cpDNA
sequences from all families were reported [18-21].
These data provided essential information for
elucidating the evolution of Liliales [4-8,22].
Although the complete cpDNA of Liliales have been
reported, there has been no compilation of data for
nucleotide diversity and repeat composition among
Liliales families. Therefore, in this study, the available
cpDNA data of Liliales were combined to locate the
highly variable regions. Additionally, the simple
sequence repeat (SSR) and long repeat were screened
across cpDNA of Liliales. These new results will add
insights into the evolutionary history of Liliales.

2 Materials and methods

2.1 Sampling chloroplast genome data

Complete chloroplast genome (cpDNA) sequences of
Liliales were searched on NCBI (National Center for
Biotechnology Information
(https://www.ncbi.nIm.nih.gov/)) using the keywords
“Liliales, chloroplast, complete genome”. The search
results revealed all complete chloroplast genomes of
Liliales, especially duplicated data for a species.
Therefore, only one complete sequence (without
unknown nucleotide in the genome) of a species was
randomly selected as a presentative because the
similarity of the duplicated data is usually over 99.5 %
(data not shown). Then, the selected complete
genomes were downloaded under the GenBank (full)
format which includes various information of
chloroplast genomes such as gene content, gene
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location, length, GC content, etc. All the data were
imported to the Geneious Prime program for further
analysis.

2.2 Nucleotide diversity analysis

To calculate the nucleotide diversity (Pi values,
resulted from estimating the average number of
nucleotide differences per site among DNA
sequences) among chloroplast genomes of Liliales.
The higher nucleotide diversity is, the higher genetic
variation is detected in the genome. DnaSP 6 program
was employed. First, the Pi values were estimated at
familial level, making the complete cpDNA within
each family of Liliales aligned using the MAUVE
program embedded in Geneious Prime. The aligned
sequences were then imported to DnaSP6 for Pi value
calculation and sliding window analysis with the
window size of 2 000 and the step size of 100. Among
the families of Liliales, there is a monotypic family
labeled as Petermanniaceae. Additionally, only one
complete cpDNA was reported in Campynemataceae.
The Corsiaceae includes heterotrophic species (i.e.,
Corsia dispar and Arachnitis uniflora) which exhibit
extreme structural changes. Therefore, the nucleotide
diversity —analysis was not conducted for
Petemanniaceae, Campynemataceae and Corsiaceae in
this study.

2.3 Examination of repeat structure and
microsatellites

For screening repeat number and location in cpDNA
of Liliales, REPuter program was used with the
minimum length of 20 bp for forward, reverse, and
complement repeats. Meanwhile, Phobos program
embedded in Geneious Prime was used for identifying
microsatellites number and location with the
minimum lengths of 10 bp for mono-, 12 bp for di-,
15 bp for tri-, 16 bp for tetra-, 20 bp for penta-, and 24
bp hexanucleotide repeats. A representative species of
each genus in Liliales was selected randomly from
available data for examing the repeat content in this
study.

3 Results and discussion

3.1 Features of chloroplast genome in Liliales

On the NCBI database, 177 out of over 1500 species
of Liliales have records of complete chloroplast
genome (Table 1). Liliaceae family have the highest
number of complete chloroplast genomes (105
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species), followed by Melanthiaceae (49 species),
Colchicaceae (9 species), Smilacaceae (4 species),
Alstroemeriaceae (3 species), Philesiaceae (3 species),
Corsiaceae (2 species) and one species each for
Petermanniaceae and Campynemataceae. The lengths
of chloroplast genomes range from 24 846 bp
(Arachnitis uniflora, Corsiaceae) to 163 860 bp (Paris
lilana, Melanthiaceae). The GC content of Liliales is
37 % on average. Although Corsia dispar has a
reduced size of cpDNA as found in Arachnitis
uniflora, the GC content of the former is 30.8 %,
which is lower than the latter (37.1 %) and other
observed species (Table 1). Most of cpDNAs of
Liliales encode 80 proteins, 30 tRNAs and four
rRNAs (Table 1, Table 2). However, there are only 79
protein-coding genes in Amana species and
Chionographis japonica, of which infA and rpsl6
were lost, respectively. In contrast to other species,
two members of Corsiaceae exhibited an extreme loss
of protein-coding gene and tRNA (Table 2).
Specifically, Corsia dispar has 30 protein-coding
genes and 24 tRNAs whereas Arachnitis uniflora
includes 16 protein-coding genes and 5 tRNAs.

Notably, these two species still have four rRNAs that
are commonly found in other Liliales taxa (Table 2).
There are two groups of species in Liliales according
to cpDNA structure. The first group contains
photosynthetic species that has typical structure of
cpDNA including one large single copy (LSC), a
small single copy (SSC) and two inverted repeat (IR)
regions and contains approximately 80 protein-coding
genes, 30 tRNA-coding genes and four rRNA-coding
genes. The second group includes mycoheterotrophic
species that exhibited an extreme loss of genes and
significant changes of genome structure. Although
Arachnitis uniflora has fewer genes than Corsia
dispar, the former cpDNA has a typical quadripartite
structure that was not found in the latter. This
phenomenon suggested different stages of change in
chloroplast genomes of mycoheterotrophic species.
Previously, the plastid genomes of Ericaceae revealed
the loss of genes related to photosynthesis whereas the
other genes were remained [23]. Similarly, different
numbers of gene loss were found in orchids that
provided a scenario of 5 steps for the loss of plastid
genes [24-25].

Table 1 Comparison of the features of plastid genomes from ten families of Liliales

Gene content
. GC -
Family Species Accession Length content (Pro_tem
number (bp) (%) coding/
tRNA/rRNA)
Amana anhuiensis KY101423 | 150 842 36.7 79/30/4
Amana baohuaensis MT898423 | 150 757 36.7 79/30/4
Amana edulis KY401425 | 151136 36.7 79/30/4
Amana erytgronioides KY401421 | 150 858 36.7 79/30/4
Amana kuocangshanica KY401423 | 151 058 36.7 79/30/4
Amana wanzhensis KY401422 | 150913 36.7 79/30/4
Calochortus uniflorus MK673754 | 155794 37.4 80/30/4
Calochortus venustus MT261150 | 155 688 37.4 80/30/4
Liliaceae Cardiocrinum cathayanum KX575836 | 152 415 37.1 80/30/4
(105 species) Cardiocrinum cordatum KX575837 | 152 410 37.1 80/30/4
Cardiocrinum giganteum KX528334 | 152 653 37.1 80/30/4
Clintonia udensis MT261153 | 156 214 37 80/30/4
Erythronium japonicum MT261155 | 151 416 36.6 80/30/4
Erythronium sibiricum KX644899 | 151034 36.7 80/30/4
Fritillaria anhuiensis MH593363 | 152 119 37 80/30/4
Fritillaria cirrhosa KF769143 | 151991 36.9 80/30/4
Fritillaria crassicaulis MK258147 | 151 852 37 80/30/4
Fritillaria dajinensis MH244913 | 151991 36.9 80/30/4
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Fritillaria davidii MK158145 | 152 044 37 80/30/4
Fritillaria delavayi MN480806 | 151 938 37 80/30/4
Fritillaria eduardii MF947708 | 152224 37 80/30/4
Fritillaria hupehensis NC024736 | 152 145 37 80/30/4
Fritillaria karelinii KX354691 | 152118 36.9 80/30/4
Fritillaria maximowiczii MK258138 | 152 434 37.1 80/30/4
Fritillaria meleagroides MF947710 | 151 846 37 80/30/4
Fritillaria pallidiflora MG211822 | 152 078 37 80/30/4
Fritillaria persica MF947709 | 151 803 37 80/30/4
Fritillaria prewalskii MH244908 | 151983 36.9 80/30/4
Fritillaria sichuanica MH244907 | 151 958 37 80/30/4
Fritillaria sinica MH244912 | 152 064 36.9 80/30/4
Fritillaria taipaiensis KC543997 | 151693 37 80/30/4
Fritillaria tortifolia MG211819 | 152 005 37 80/30/4
Fritillaria thungergii MH244914 | 152 160 37 80/30/4
Fritillaria unibracteata MH244909 | 151 058 37 80/30/4
Fritillaria unibracteata var wabuensis KF769142 | 151 009 37 80/30/4
Fritillaria ussuriensis MT261156 | 152 156 37 80/30/4
Fritillaria verticillata MG211823 | 151 959 37 80/30/4
Fritillaria walujewii MG211820 | 151 920 36.9 80/30/4
Fritillaria yuminensis MG200070 | 151813 37 80/30/4
Fritillaria yuzhongensis MK258139 | 151 652 37 80/30/4
Gagea triflora MT261157 | 150 345 37 80/30/4
Lilium bulbiferum MW465412 | 152 690 37 80/30/4
Lilium amabile MT261159 | 152614 37 80/30/4
Lilium amoenum MT880912 | 152 280 37 80/30/4
Lilium bakerianum KY748301 | 151655 37.1 80/30/4
Lilium brownii KY748296 | 152677 37 80/30/4
Lilium callosum MT261160 | 152 630 37 80/30/4
Lilium candidum MK753244 | 152 101 37 80/30/4
Lilium cernuum MT261161 | 152 553 37 80/30/4
Lilium davidii var. uniclolor MK954110 | 152 659 37 80/30/4
Lilium distichum NC029937 | 152598 37.1 80/30/4
Lilium duchartei KY748300 | 152 287 37 80/30/4
Lilium fargesii KX592156 | 153235 36.0 80/30/4
Lilium formosanum MT261162 | 152610 37 80/30/4
Lilium gongshanense MK493297 | 151974 37 80/30/4
Lilium hansonii MT261163 | 152 168 37 80/30/4
Lilium henricii MH136807 | 152 784 37 80/30/4
Lilium henryi KY748302 | 153119 37 80/30/4
Lilium japonicum MT261164 | 152 613 37.1 80/30/4
Lilium lancifolium MH177880 | 152 479 37 80/30/4
Lilium lankongense MK757466 | 152611 37 80/30/4
Lilium leichtlinii var. maximowiczii MK753242 | 152 604 37 80/30/4
Lilium leucanthum KY748299 | 152935 37 80/30/4
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Lilium longiflorum KC968977 | 152793 | 37.02 80/30/4
Lilium lophophorum MK493298 | 152 382 37 80/30/4
Lilium martagon var. pilosiusculum MF964219 | 152 816 37 80/30/4
Lilium matagense MN745201 | 152 402 37 80/30/4
Lilium meleagrinum MK493299 | 152 197 37 80/30/4
Lilium nanum MK493300 | 152417 37 80/30/4
Lilium nepalense MK493301 | 152 316 37 80/30/4
Lilium pardalinum MHO029495 | 151 969 37 80/30/4
Lilium pardanthinum MG704135 | 152 718 37 80/30/4
Lilium pensylvanicum MK493295 | 152 058 37.1 80/30/4
Lilium primulinum var. ochraceum KY7482988 | 152 036 37 80/30/4
Lilium pumilum MK954109 | 152591 37 80/30/4
Lilium philadelphicum KY940847 | 152 175 37.1 80/30/4
Lilium regale MK493302 | 153 082 37 80/30/4
Lilium rosthornii MW136390 | 152 956 37 80/30/4
Lilium sargentiae MK493303 | 153 129 37 80/30/4
Lilium souliei MWO007720 | 152 326 37 80/30/4
Lilium speciosum var. gloriosoides MN509267 | 152912 | 37.02 80/30/4
Lilium sulphureum MK493304 | 153 107 37 80/30/4
Lilium superbum NC026787 | 152 069 37 80/30/4
Lilium taliense KY009938 | 153 055 36.9 80/30/4
Lilium tsingtauense KU230438 | 151983 37 80/30/4
Lilium washintonianum MH590100 | 151 967 37.1 80/30/4
Lilium xanthellum MN745202 | 151 967 37.1 80/30/4
Lloydia tibetica MK673752 | 150 379 36.9 80/30/4
Medeola virginiana MK673752 | 153914 37 80/30/4
Nomocharis aperta MK493293 | 152 042 37 80/30/4
Nomocharis pardanthina NC 038193 | 152 718 37 80/30/4
Notholirion bulbuliferum MN509268 | 153 019 37.1 80/30/4
Notholirion campanulatum MK673746 | 153 169 37 80/30/4
Notholirion macrophyllum MH011354 | 152 143 37.1 80/30/4
Prosartes lanuginosa MKG673749 | 158 265 37 80/30/4
Scoliopus bigelovii MK673747 | 154 698 37.2 80/30/4
Streptopus ovalis MT261171 | 157 359 37.1 80/30/4
Tulipa altaica MKG673755 | 146 887 37.1 80/30/4
Tulipa buhseana MT316022 | 152 062 36.6 80/30/4
Tulipa iliensis MWO077740 | 152 073 36.6 80/30/4
Tulipa patens MT327740 | 152 050 36.7 80/30/4
Tulipa sylvestris MT261172 | 151940 36.7 80/30/4
Tulipa thianschanica MT327741 | 152 122 36.6 80/30/4
Tricyrtis formosana MK673751 | 156 018 37.3 80/30/4
Tricyrtis macropoda MT261173 | 155453 37.4 80/30/4
Smilax china HM536959 | 157878 | 37.25 80/30/4
Smilacaceae Smilax glyciphylla MT261169 | 158 922 36.9 80/30/4
Smilax microphylla MW423607 | 158 246 37.1 80/30/4
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Smilax nipponica MT261170 | 158 178 37.1 80/30/4
Ripogonum scandens MT261167 | 160 287 37.6 80/30/4
Philesiaceae Philesia magellanica MT261166 | 158 786 37.6 80/30/4
Lapageria rosea MT261158 | 160 054 375 80/30/4
Chionographis japonica KF951065 | 154 646 37.7 79/30/4
Heloniopsis tubiflora KMO078036 | 157 940 37.5 80/30/4
Paris axialis MN125591 | 156 821 37.4 80/30/4
Paris bashanensis MN125580 | 157 320 37.7 80/30/4
Paris birmanica MN125580 | 157 857 37.3 80/30/4
Paris caobangensis MN125593 | 158 256 37.2 80/30/4
Paris caojianensis MZ147601 | 163 853 37 80/30/4
Paris cronquistii KX784041 | 157 710 37.3 80/30/4
Paris daliensis MN125574 | 158 118 37.3 80/30/4
Paris delavayi MN125581 | 158 575 37.2 80/30/4
Paris dulongensis MN125566 | 157 342 37.4 80/30/4
Paris dunniana KX784042 | 157 984 37.2 80/30/4
Paris fargesii KX784043 | 157 518 37.3 80/30/4
Paris forrestii KX784044 | 158 345 37.3 80/30/4
Paris incompleta MN125572 | 157 610 37.7 80/30/4
Paris japonica MH796668 | 155 957 37.6 80/30/4
Paris lilana MT857225 | 163 860 37 80/30/4
Paris luguanensis KX784045 | 158 451 37.3 80/30/4
Paris marei KX784046 | 157 891 37.3 80/30/4
Melanthiaceae Par?s marmorata . . KX784047 | 157 566 37.3 80/30/4
(49 species) Par!s polyphylla var chinensis _ KX784048 | 158 307 37.2 80/30/4
Paris polyphylla var yunnanensis KX784049 | 157 547 37.3 80/30/4
Paris giliangiana MN125576 | 158 354 37.2 80/30/4
Paris quadrifolia KX784051 | 157 097 37.7 80/30/4
Paris rugosa MN125570 | 157 239 37.4 80/30/4
Paris stigmatosa MN125570 | 157 239 36.8 80/30/4
Paris tengchongensis MN125584 | 157 150 37.4 80/30/4
Paris tetraphylla MN125596 | 156 567 375 80/30/4
Paris thibetica MN125596 | 157 389 374 80/30/4
Paris undulata MN125586 | 158 286 37.2 80/30/4
Paris vaniotii MN125567 | 156 846 374 80/30/4
Paris verticillata KJ433485 | 157 379 37.6 80/30/4
Paris vietnamensis KX784050 | 158 224 37.2 80/30/4
Paris xichouensis MN125585 | 158 225 37.3 80/30/4
Paris yanchii MN125582 | 157 918 37.3 80/30/4
Trillium camschatcense MN125568 | 156 139 37.5 80/30/4
Trillium cuneatum NC027185 | 156 610 375 80/30/4
Trillium decumbens NC027282 | 158 552 37.7 80/30/4
Trillium govanianum MH796670 | 157 379 37.7 80/30/4
Trillium maculatum KR780075 | 157 359 375 80/30/4
Trillium tschonoskii KR780076 | 156 852 37.5 80/30/4
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Veratrum japonicum MG940972 | 151791 37.7 80/30/4

Veratrum mengtzeanum MW147219 | 153 705 37.8 80/30/4

Veratrum oxysepalum MW147219 | 153 705 37.7 80/30/4

Veratrum patulum KF437397 | 153 699 37.7 80/30/4

Veratrum taliense MN125578 | 151 909 37.8 80/30/4

Xerophyllum tenax KMO078035 | 156 746 37.8 80/30/4

Ypsilandra thibetica MH796671 | 157 613 37.5 80/30/4

Ypsilandra yunnanensis MH796672 | 158 806 37.4 80/30/4

Alstroemeria aurea KC968976 | 155510 | 37.26 80/30/4

Alstroemeriaceae | Bomarea edulis KM233641 | 154 925 38.2 80/30/4

Luzuriaga radicans KM233640 | 157 885 38.1 80/30/4

Androcymbium greuterocymbium MT261148 | 154 804 37.6 80/30/4

Colchicum autumnale KP125337 | 156 462 37.6 80/30/4

Disporum cantoniense MW759302 | 156 688 37.6 80/30/4

. Disporum sessile MN332241 | 159 102 37.3 80/30/4

Colchicaceae _

(9 species) Glorlos_a §up§rba KP125338 | 157924 37.6 80/30/4

Iphgenia indica MTO012417 | 158 319 37.4 80/30/4

Tripladenia cunninghamii MT261174 | 155 652 37.6 80/30/4

Uvularia grandiflora MT261175 | 157 025 37.6 80/30/4

Wurmbea burtii MT261176 | 155297 37.7 80/30/4

Petermanniaceae | Petermannia cirrhosa MT261165 | 156 852 38 80/30/4

Campynemataceae | Campynema lineare MT261151 | 156 305 36.9 80/30/4

. Corsia dispar MT261154 63172 30.8 30/24/4
Corsiaceae —

Arachnitis uniflora MT261149 24 846 37.1 16/05/4

Table 2 Gene contents in the chloroplast genomes of Liliales taxa

Group of gene

Name of gene(common)

Ribosomal RNAs

rr4.5(x2) xz, rrn5(x2) xz, rrn16(x2) xz, rrm23(x2) xz

RNA genes

trnA-UGCa(x2) X, trnC-GCAXxz, trnD-GUCX, trnE-UUCXxz, trnF-
GAAX, trnfM-CAUxz, trnG-GCC, trnG-UCCa, trnH-GUGX, trnl-
CAU(x2) x, trnl-GAUa(x2), trnK-UUUax, trnL-CAA(x2) X, trnL-

Transfer RNAs UAAax, trnL-UAGX, trnM-CAUX, trnN-GUU(x2) X, trnP-UGGX,
trnQ-UUGxz, trnR-ACG(x2) X, trnR-UCU, trnS-GCUX, trnS-
GGAX, trnS-UGAX, trnT-GGUX, trnT-UGUX, trnV-GAC(x2) X,
trnV-UACa, trnW-CCAXxz, trnY-GUAX

Protein genes | Photosystem | psaAx, psaB, psaC, psal, psal

sbA, psbB, pshC, psbD, psbE, psbF, psbH, psbl, pshJ, psbK,

Photosystem Il gsbL, prM, st)bN, pEbT, psgz P i i P P

Cytochrome petA, petB, petD, petG, petL, petN

ATP synthase atpA, atpBx, atpEXx, atpFa, atpH, atpIx

Rubisco rbcL

NADH dehydrogenase

ndhAa,ndhBa(x2)x,ndhC,ndhD,ndhE, ndhF, ndhG, ndhH, ndhl,
ndhJ, ndhK

ATP-dependent
protease subunit P

clpPaxz
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Chloroplast envelope

. cemA
membrane protein

rpl2a(x2) xz, rplldxz, rplléxz, rpl20xz, rpl22x, rpl23 (x2), rpl32x,

Ribosomal large units rpl33x, rpl36x

proteins small units rps2xz, rps3xz, rpsdxz, rps7(x2) xz, rps8xz, rpslixz, rpsl2a(x2)
Xz, rpslaxz, rpsl5x, rpsl6x, rpsl8x, rpsl9(x2) xz

Transcription | RNA polymerase rpoA, rpoB, rpoCla,rpoC2

[translation Initiation factor infA

Miscellaneous proteins

accDxz, ccsA, matkKx

Hypothetical proteins &
Conserved reading frame

ycflx, ycf2 (x2) x, ycf3, ycfax, ycfl5

a: gene has intron; x2: gene has two copies; X : remained in Corsia dispar; z : remained in Arachnitis uniflora

In the first stage, the ndh genes were lost, followed by
the disappearance of photosynthetic genes. In the third
stage, the genes for RNA polymerase were not found.
In the fourth and fifth stages, genes for ATP synthase
and other functions were lost, respectively. In
Corsiaceae of Liliales, the cpDNA of Arachnitis
uniflora and Corsia dispar are in the third and the
fourth stages (Table 2). However, there are only two
out of 26 species of Corsiaceae that have available
cpDNA on NCBI data. Therefore, further studies that
cover all species of Corsiaceae should be conducted to
provide a better understanding of the evolutionary
history of mycoheterotrophic species in Liliales.

Among photosynthetic species of Liliales, there are
records of infA and rps16 loss in cpDNA sequences of
Amana and Chionographis species (Table 1).
Previously, the loss of infA in cpDNA was detected in
many angiosperms and the intact infA was found in
nucleus [26]. Similarly, the loss of rpsl6 was also
found in other angiosperms that was compensated by
a copy of rpsl6 in the nucleus genome [27-28]. In

¥ St -~ -_—
4 Alstroemeriaceae

Melanthicaceae

Liliales, the loss of gene was recorded but there is no
study on the effect of that loss in cpDNA. Therefore,
further studies on the impact of gene loss in
photosynthetic as well as mycoheterotrophic species
of Liliales should be conducted.

3.2 Nucleotide diversity patterns
genomes of Liliales

The nucleotide diversity analysis revealed different Pi
values among families of Liliales (Figure 1). The high Pi
values (> 0.1) were recorded in Alstroemeriaceae,
Colchicaceae and Liliaceae (Figure 1A, 1B, 1D) whereas
Philesiaceae and Smilacaceae have smaller Pi values (<
0.04) (Figure 1E, 1F). In Melanthiaceae, the high Pi
values range from 0.04 to 0.1 (Figure 1C). In
Alstroemeriaceae, the high Pi values were found in rps16-
psbl, rpoB-trnD, ndhF-ccsA and rps15-ycfl (Figure 1A).
In Colchicaceae, trnS-trnG, psbM-trT, trnT-trnL, accD-
ycf4, trnP-rps18, ndhF-ccsA and rps15-ycfl exhibit high
Pi values (Figure 1B). In Melanthiaceae, five regions
including matK, psbM-psbD, trnT-trnL, ndhF-ccsA and
ndhH-ycf1 have high Pi values.

in chloroplast

Colchicaceae

Lilicaceae

Sugheoside position
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Figure 1 Sliding window analysis of the whole chloroplast genomes of Liliales species. (window length: 2 000 bp,
step size: 100 bp). X-axis: position of nucleotide, Y-axis: Pi values of each window.
A. Alstroemeriaceae; B. Colchicaceae; C. Liliaceae; D. Melanthiaceae; E. Philesiaceae; F: Smilacaceae

In Liliaceae, trnK-trnG, rpoB-psbD, trnT-trnL, psbE-
trnW, ndhF-ccsA and rps15-ycfl regions showed high
Pi values. In Philesiaceae, high Pi values were found
in psbl-trnG, rpoB-psbD, trnL-ndhJ, rpl16-rps3, ndhF-
trnL and rps15-ycfl (Figure 1E). In Smilacaceae, five
regions have high Pi values including trnS-trnG, trnP-
rps18, ndhF-trnL, psaC-ndhl and rps15-ycfl (Figure
1F). Most of high Pi values were found in non-coding
regions but some coding regions such as matK and
ycfl also had high nucleotide diversity.

Similar to Liliales, nucleotide diversity has been
explored in cpDNA of various angiosperms. For
example, in Paris species (Melanthiaceae), divergent
hotspots were found in both coding regions (rpoC1
and ycf2) and non-coding regions (trnS-trnG, rpl32-
trnL, etc.) [21]. In other land plants such as species of
Symplocos, Avena and Senecioneae, various hotspots
with high Pi values were located in different regions
of cpDNA [29-31]. The information of hotspots is a
useful source for developing molecular markers in

A
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angiosperms [32]. In Liliales, highly variable regions
were identified for each family, except Corsiaceae,
Petermanniaceae and Campynemataceae due to the
lack of data and mycoheterotrophic lifestyle. Among
the hotspots, ycfl is the common region in observed
families. However, this region should be verified with
the lack of data from Campynemataceae and
Petermanniaceae in further studies.

3.3 Comparison of Repeat composition in chloroplast
genomes in Liliales

The analysis of SSRs in cpDNA of Liliales resulted in
different numbers of repeats among families (Figure
2A). The highest number of SSRs was found in
Smilax china (105 records) whereas Campynema
lineare and Arachnitis uniflora have 16 and 18 SSRs
in cpDNA, respectively. Among six types of SSR, the
mononucleotide repeat (A/T) is the most abundant
(2191  records)  followed by  dinucleotide
(AT/TA/GC/CG) type (339 records).

mpenta ®hexa
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Figure 2 Quantity of SSR in chloroplast genomes of Liliales. A. Types of SSR

C. Location of SSR.
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Figure 3 Quantity of long repeat in chloroplast genomes of Liliales.
A. Types of repeat; B. Length of repeat; C. Location of repeat.

The types of tri-, tetra-, penta- and hexanucleotide are  contains three SSRs of which the length is over 30 bp.
not common in Liliales, except Melanthiaceae The location of SSRs is mainly in non-coding regions;
members of which cpDNAs have a total of 59 records however, 13.6 % of SSR was found in coding regions
of these four types  (Figure 2C). In Liliales cpDNAs, the coding regions
(AAT/ACAT/ATATC/AAAAT/AAAGAG). containing SSRs are rpoC1, rpoC2, rpoB, ycfl, cemA,
Although Melanthiaceae members possessed a larger ~ psbD, psbC, psbF, accD, ndhF, ndhG, ndhl, rps2,
number of repeats compared to other Liliales’s rps7, rpsl4, rps19, rps3 and atpB.

families, the repeats in the chloroplast genome do not ~ Among surveyed species of Liliales, there are 597
affect the morphological characteristics of  records of forward repeats and 700 complement
Melanthiaceae, encoded by nuclear genes. The lengths  repeats in cpDNA (Figure 3A). The highest number of
of SSR varied across Liliales taxa (Figure 2B). Most ~ repeats was detected in Corsia dispar (73 repeats)
of SSRs (2 591 units) have the lengths of up to 20 bp  whereas Arachnitis uniflora only has 10 repeats
whereas only 64 SSRs have the lengths from 21 to 30  including eight forward and two complement units. In
bp. Although Campynema lineare has the smallest ~ most cpDNAs, the complement repeat exceeded;
number of SSRs in comparison to other taxa, it however, more forward repeats were recorded in
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cpDNAs of Corsia dispar, Arachnitis uniflora,
Calochortus uniflorus, Clintonia udensis, Medeola
virginiana, Prosartes lanuginosa, Scoliopus bigelovii,
Streptopus ovalis, Daiswa yunnanensis, Paris yanchii,
Trillium tschonoskii, Smilax glycophylla and Smilax
nipponica (Figure 3A). The lengths of repeats are
mostly shorter than 30 bp (Figure 3B). Only 13 % of
repeat has the length over 30 bp. Similar to SSRs, the
repeats are located mainly in non-coding regions
(Figure 3C). In coding areas, the forward and
complement repeats were found in psaA, psaB, rpoC2,
ycfl, ycf2, ndhF, ndhl, trnS, trnnfM, and trnG.

In chloroplast genomes, SSRs and repeats are useful
information for tracking the evolution of the plants.
The SSRs can be used to develop molecular markers
for population genetics and identification of plants
[17,33]. Additionally, SSR markers can be used for
testing the breeding of plants [34,35]. Beside SSRs,
the repeats are important factors affecting the
structure of cpDNA during the evolutionary history
[36,37]. Repeat is also the cause of new repeated
generations in cpDNA [38]. In Liliales, Corsia dispar,
a mycoheterotrophic species that is in the third stage
of cpDNA structural change, has the highest number
of repeats and does not have a typical quadripartite
structure, suggesting the high impact of repeats on the
plastid genome structure of Corsia species. The
mycoheterotrophic  lifestyle does not require
photosynthesis; therefore, genes related to performing
and controlling photosynthetic progress are not
necessary in the plastid genome of Corsia species.
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Consequently, various genes in plastid were lost
during evolutionary history. In the plastid genome,
repeats initiated the deletion of genes as well as non-
coding regions. At the present, only one complete
plastid genome of Corsia has been reported.
Therefore, more samples of Corsia should be sampled
to investigate the effectiveness of repeats in the
structural change of Corsiaseae of which Arachnitis
uniflora has smallest number of repeats and remains
the typical quadripartite structure.

4 Conclusions

Complete chloroplast genomes of Liliales were
surveyed and the analysis of nucleotide diversity
revealed various hotspots among the families of
Liliales in both coding and non-coding regions.
Additionally, various types of repeats were identified
in representative species of Liliales that are crucial
sources for further studies on population genetics and
development of molecular markers. Last but not least,
more samples of Corsiaceae, Campynemataceae and
Colchicaceae should be collected to cover the gaps
within those families for fulfilling the complete
evolutionary history of the chloroplast genome in
Liliales.
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Phén tich da dang di truyén bd gen luc lap & bd Loa kén
Db Hoang Piang Khoa

Vién Ki thuat Cong nghé cao, Pai hoc Nguyén Tt Thanh
dhdkhoa@ntt.edu.vn

Tém tit Bo Loa kén 1a mot bo thuc vat mot 14 mam va bao gdm ca loai thuc vat ty dudng va di dudng cong sinh
v6i nam; phan bd rong khap hodc cuc b tai mot sé ving nhét dinh. Trong nghién ctru nay, da dang di truyén caa
bo Loa kén dugc khao sat thong qua phan tich da dang nucleotide va thanh phan cac loai trinh tu lap trong bo gen
luc lap. Két qua phan tich da dang nucleotide cho thay rat nhiéu trinh tu c6 bién dong cao trong ving trinh ty don
Ié6n (LSC) va vung trinh tw don nhé (SSC) trong khi ving trinh tu lip ddo thi ¢6 muc bién dong thap. Mac du
tirng ho trong bo Loa kén ¢6 cac trinh ty bién dong dic trung nhung ving trinh ty rps15-ycfl c6 bién dong cao
dugc tim thiy hau hét trong cac bo gen luc lap. Trong bd gen luc lap cua bd Loa kén, céc trinh tu l3p don gian
(SSR) loai nucleotide don 1a loai phd bién va hau hét cac trinh tw SSR nam ¢ vung khong ma hoa. Tuong ty nhu
viy, céc trinh tu ldp dai cling chil yéu dugc tim thy & ving khong ma hoa. Ngoai ra, trinh tu lap dao 14 trinh tu
Iap phé bién hon so véi trinh tir lap lién tuc trong bo gen luc lap cua bd Loa kén. S6 lugng trinh tu ldp dai cao
nhat dugc tim thdy trong bd gen luc lap caa loai Corsia dispar trong khi trinh ty lip don gian dugc xac dinh
nhiéu nhét trong loai Smilax china. Cac két qua nghién ctru da dang nucleotide va trinh tu 13p s& cung cp cac
thong tin nén tang cho cac nghién curu tiép theo trong Iinh vuc di truyén quan thé, chi thi phan tir va lich st tién
hoa cua bd Loa kén.

Tiwr khoa bo Loa kén, bo gen luc lap, da dang nucleotide, gia tri Pi, trinh tu Iap.
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