
Chloroplasts (plastids of photosynthetic plants) are

important components of a plant cell. Their genome

encodes genes required for implementation of the main

function – photosynthesis – while their enzymatic sys-

tems participate in synthesis of fatty acids, amino acids,

and pigments. The structure of plastid chromosome is the

most conserved among the three genomes of a plant cell,

it remains preserved for many millions of years. In photo-

synthetic flowering plants, in most cases the plastid

genome is a circular double-stranded DNA molecule of

about 140-150 kb in length. Comparative study of plastid

genomes revealed that their organization is similar in the

majority of analyzed plants [1] and is characterized by the

presence of two extended inverted repeats (IRa and IRb)

that divide the plastome into two unequal parts – the

large (LSC) and small (SSC) single-copy regions [2].

Variability of gene composition and order is obvious when

comparing evolutionarily distant plant species [3], how-

ever, the plastome architecture is preserved in the major-

ity of angiosperms except for some heterotrophic (para-

sitic and mycoheterotrophic) plants and several evolu-

tionary lineages of autotrophs. For instance, a number of

taxa of the large complex Fabaceae family lost one of the

inverted repeats (IR-lacking clade) [4]. Inverted repeat

boundaries are also variable, structural rearrangements

lead to changes in boundaries of the inverted repeats so

that they may differ even among closely related species of

angiosperms, though remaining within the same genome

regions [5-9]. In dicotyledons (basal angiosperms and

eudicots), typically, the LSC/IRa (JLa) junction is locat-

ed near the trnH-GUG gene, the SSC/IRa (JSa) junction

is within the ycf1 gene, and the SSC/IRb (JSb) junction is
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Abstract—This work reports the complete plastid (pt) DNA sequence of Seseli montanum L. of the Apiaceae family, deter-

mined using next-generation sequencing technology. The complete genome sequence has been deposited in GenBank with

accession No. KM035851. The S. montanum plastome is 147,823 bp in length. The plastid genome has a typical structure

for angiosperms and contains a large single-copy region (LSC) of 92,620 bp and a small single-copy region (SSC) of

17,481 bp separated by a pair of 18,861 bp inverted repeats (IRa and IRb). The composition, gene order, and AT-content in

the S. montanum plastome are similar to that of a typical flowering plant pt DNA. One hundred fourteen unique genes have

been identified, including 30 tRNA genes, four rRNA genes, and 80 protein genes. Of 18 intron-containing genes found, 16

genes have one intron, and two genes (ycf3, clpP) have two introns. Comparative analysis of Apiaceae plastomes reveals in

the S. montanum plastome a LSC/IRb junction shift, so that the part of the ycf2 (4980 bp) gene is located in the LSC, but

the other part of ycf2 (1301 bp) is within the inverted repeat. Thus, structural rearrangements in the plastid genome of S.

montanum result in an enlargement of the LSC region by means of capture of a large part of ycf2, in contrast to eight

Apiaceae plastomes where the complete ycf2 gene sequence is located in the inverted repeat.
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situated upstream of the ndhF gene, while the LSC/IRb

(JLb) junction resides within or near the rps19 gene of the

S10 operon. Small (below 100 bp) shifts of inverted repeat

junctions are observed frequently, while large (over 1 kb)

shifts of the junctions in angiosperms occur much more

rarely [10] and in some cases may be considered as

synapomorphies.

Apiaceae is one of families where large shifts of the

inverted repeat junctions were observed. It was shown

earlier that in representatives of a large Apioid superclade

the inverted repeats may be both extended (∼1 kb) or

shortened (to 16 kb), while outside the superclade such

large-scale variations were not observed [11, 12]. This

superclade comprises over 10 tribes and several large

clades of unclear relationship [13, 14], data on complete

plastid genomes may help to resolve them. As an

increased variability of junctions of the inverted repeats is

often accompanied with structural rearrangements in

Fig. 1. Map of the Seseli montanum plastid genome. LSC, large single-copy region; SSC, small single-copy region; IRa, inverted repeat “a”;

IRb, inverted repeat “b”. Boxes outside the circle correspond to the genes expressed counter clockwise, genes shown inside the circle are

expressed clockwise.

Seseli montanum

plastid genome
147,823 bp
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other plastome regions [15], comprehensive study of gene

composition, their order, and mechanisms of plastid

genome evolution in Apiaceae is of special interest. At

present, the complete plastid genome sequences of 17

Apiaceae are known. Twelve of these belong to the super-

clade that does not depict the structural diversity of plas-

tomes with variable inverted repeat junctions, as the

superclade includes about 450 species.

This work aimed to determine and annotate the

complete sequence of the plastid genome of Seseli mon-

tanum L. (Selineae tribe, Apiaceae family) using a high-

throughput sequencing method, followed by its structural

analysis and comparison with the longest and shortest

plastomes of other Apiaceae.

MATERIALS AND METHODS

Total DNA of S. montanum was isolated from a

herbarium specimen (MW, 2013 collection, Russia) using

the CTAB-method [16] with modifications. One micro-

gram (1 µg) of total DNA was used for preparation of a

DNA library. Ultrasonic disintegration of DNA was car-

ried out with a Covaris S220 apparatus (Covaris, USA).

Terminus repair, adenylation, and adapter ligation with

subsequent PCR were performed using an Illumina

TruSeq DNA Sample Prep Kit (Illumina, USA). After

PCR, concentration of DNA fragments was determined

using a Qubit fluorometer (Invitrogen, USA) and a real-

time PCR thermal cycler (Agilent, USA). Libraries were

sequenced with HiSeq 2000 (Illumina) with read length

of 101 bp from the terminus of each fragment.

A plastome sequence was assembled de novo with the

Genomics Workbench v. 5.5 software. Contigs were joined

by PCR with primers for contig ends (Table S1 in

Supplement to this paper available on the site of the jour-

nal http://protein.bio.msu.ru/biokhimiya and Springer

site Link.springer.com) and subsequent sequencing with

the Sanger technology. CPGAVAS software was used for

automatic annotation [17] with further manual correc-

tion including alignment of certain sequenced regions

with sequences available in GenBank using BLAST, in sil-

ico translation of regions where presence of protein-

encoding genes was proposed, and search for tRNA genes

using the tRNAscan-SE [18] and ARAGORN [19] pro-

grams. The plastid genome map was visualized using the

OGDraw software [20]. The search for dispersed repeat-

ed sequenced of >20 bp in length was carried out with the

REPuter program [21].

RESULTS AND DISCUSSION

As a result of de novo assembly of the S. montanum

plastid genome, four contigs with 732× coverage were

obtained that were used to compose a complete genome

sequence. The sequence has been annotated and deposit-

ed in GenBank (accession number KM035851).

The S. montanum plastid genome is presented in Fig. 1

as a circular molecule 147,823 bp in length. The plastome

has a structure that is typical for land plants: a large single-

copy (LSC) region 92,620 bp in length and a small single-

copy (SSC) region 17,481 bp in length. These regions are

separated by two 18,861-bp inverted repeats (IRa and

IRb). After annotation, 114 unique genes were identified in

the plastome including 30 tRNA genes, 4 rRNA genes, and

80 protein genes. The composition and order of the genes

in the S. montanum plastome are also typical for dicotyle-

dons. Eighteen genes have introns: 16 have one intron, and

two genes (ycf3, clpP) contain two introns. Similarly to

other plastid genomes, the S. montanum plastome is AT-

rich (62.43%) (Table S2 in Supplement). The search for

dispersed repeated sequences revealed 12 direct repeats 29,

26, 25, and 24 bp in length, while in carrot (Daucus) the

largest repeat is 60 bp in length.

Comparison of genome lengths (table) shows that

smaller plastomes are typical for representatives of the

Selineae tribe (this tribe includes Seseli, Ostericum, and

Angelica), and the S. montanum plastome corresponds well

to this trait, it being 147,823 bp in length. Over 11-kb dif-

ference in plastome lengths in analyzed Apiaceae is large-

ly related to variable length of the inverted repeat IR. It is

believed that a positive role of inverted repeats is in an

increase of dosage of genes encoding ribosomal compo-

nents and possibility of correction of IR sequence using a

second IR as a reference, which reduces nucleotide substi-

tution rate and negative effect of deleterious mutations in

the IR. As the plastid genome is not a single-copy mole-

cule, any neighboring copy could be used for a sequence

correction. However, this way of gene conversion is not

utilized as it follows from an acceleration in the substitu-

tion rate of the formerly IR-genes in IR-lacking genomes

[22]. Regardless of the role and reasons for emergence of

an IR, the viability of plants whose plastomes lack invert-

ed repeats (for instance, Fabaceae) suggests that the pres-

ence of the IR is not vital. Nevertheless, inverted repeats

are preserved in the vast majority of photosynthetic plants.

Furthermore, while in Charophyceae and nonvascular

land plants the composition of inverted repeats is usually

restricted to rRNA and tRNA genes [10] (though, some

representatives possess extended repeats), inverted repeats

in angiosperms include several additional genes. Thus,

one may suppose a tendency for extension of inverted

repeats along with plastome evolution from ancestral

Charophyceae to modern angiosperms. Considering this

tendency, examples of repeat junction shifts and especial-

ly decrease in their lengths deserve special attention.

Angelica has the shortest inverted repeat and the

smallest plastome among the analyzed Apiaceae. At the

same time, it contains the largest LSC. Plastome lengths in

Apiaceae vary from 146,918 bp (Angelica) to 158,355 bp

(Crithmum), and these variations are largely caused by dif-
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ferent locations of one of the junctions of inverted repeat

IRb. The length of the small single-copy region of genomes

in Apiaceae varies from 17,139 (Crithmum) to 17,677 bp

(Angelica). This range is relatively small compared to the

difference in lengths of inverted repeats and LSC: the

length of inverted repeats varies from 17,818 (Angelica) to

27,993 bp (Crithmum), while the LSC length is between

84,242 (Daucus) and 93,605 bp (Angelica).

Comparison of Apiaceae plastomes revealed that the

JSa junction is located within the ycf1 gene, the JLa junc-

tion is situated next to the trnH-GUG gene, while the JSb

junction lies near the ndhF gene terminus, and only in

Crithmum it resides within the 3′-end of the ndhF gene. At

the same time, in plastomes of Anthriscus, Tiedemannia,

and Daucus the JLb junction lies within the rps19 gene,

while in Bupleurum the rps19 gene is not included already

into the inverted repeat, and the LSC/IRb junction

resides within the rpl2 gene in Petroselinum, Anethum, and

Foeniculum (Fig. 2). In these eight plastomes, the entire

ycf2 gene is included into the inverted repeat, in contrast

to plastomes of Seseli, Angelica, and Ostericum, where the

junction between the LSC and IRb divides the ycf2 gene

into two parts. A major portion of the ycf2 gene (4980,

5772, and 5109 bp in Seseli, Angelica, and Ostericum,

respectively) is located in the LSC, while part of the gene

(1301, 560, and 1235 bp in length, respectively) remains

within the inverted repeat IRb due to the JLb junction

shift. Shifts of JLb junctions led to an increase in length of

the large single-copy region and shortening the inverted

repeat and the genome size in general. Reduction of IR

Taxon

Seseli montanum

Angelica dahurica

Ostericum grosseserratum

Crithmum maritimum

Foeniculum vulgare

Anethum graveolens

Petroselinum crispum

Tiedemannia filiformis

Anthriscus cerefolium

Daucus carota

Bupleurum falcatum

A + T,
%

62.43

62.50

62.46

62.40

62.35

62.35

62.20

62.70

62.60

62.30

62.34

Comparison of structural features of 11 Apiaceae plastomes

IR,
bp

18,861

17,818

18,233

27,993

24,749

24,665

24,633

26,506

26,197

27,051

26,261

LSC,
bp

92,620

93,605

85,230

93,185

86,659

86,508

86,116

84,585

84,774

84,242

85,913

GenBank accession
number

KM035851

KT963037

KT852844

HM596072

KR011054

KR011055

HM596073

HM596071

GU456628

DQ898156

KM207676

Tribe

Selineae (superclade) 

Selineae (superclade)

Selineae (superclade)

Pyramidoptereae (superclade)

Apieae (superclade)

Apieae (superclade)

Apieae (superclade)

Oenantheae

Scandiceae

Scandiceae

Bupleureae

Plastome
length, bp

147,823

146,918

147,282

158,355

153,628

153,356

152,890

154,737

154,719

155,911

155,989

SSC,
bp

17,481

17,677

17,631

17,139

17,471

17,518

17,508

17,140

17,551

17,567

17,554

Fig. 2. Shift of junction between the large single-copy region (LSC) and the inverted repeat (IRb) in complete plastid genomes of Seseli,

Angelica, Ostericum, Crithmum, Foeniculum, Anethum, Petroselinum, Tiedemannia, Anthriscus, Daucus, and Bupleurum.
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length in Petroselinum, Anethum, and Foeniculum almost

by 1.5 kb is due to localization of the rps19 gene and a

major part of the rpl2 gene in the LSC. In contrast to plas-

tomes of other representatives of Apioideae, the inverted

repeat in Crithmum is 1.5 kb larger because of the rps19,

rpl22, and rps3 genes and their intergenic spacers, which

are now duplicated within the inverted repeats.

It is still unknown how exactly the described repeat

length changes occurred in the Apioideae. This process

could proceed either gradually by small steps according to

a proposed gene conversion mechanism [23] (in this case,

“intermediate” variants of repeat junction location must

exist), or independently in different lineages by a different

mechanism that allows acquisition or loss of inverted

repeat fragments of several kilobase pairs in length at once

[23]. Further accumulation of data on plastome sequences

of other Apioideae will provide new insights into the rules

of genome organization, rate, manner, and mechanisms of

structural rearrangements in plastid genomes.
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