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Abstract — Organelle genomes are an important tool to
investigate domestication, distribution and microevolution of
plant species. However, they have found limited use in cereal
intraspecific studies so far. In the present study, organelle
genomes of wild (Hordeum vulgare subsp. spontaneum) and
cultivated (H. vulgare subsp. vulgare) barley samples were
sequenced. We conducted the NGS of isolated chloroplast and
mitochondrial DNA mixtures. This non-trivial approach
allowed to obtain both genomes for each sample but required
some specific steps in the data processing. Comparative analysis
of obtained sequences revealed more than 100 polymorphic sites
in the chloroplast genome, including new intraspecific SSR-
markers, and more than 20 polymorphisms in the mitochondrial
genome. We also carry out the phylogenetic analysis of these
genomes. Chloroplast and mitochondrial DNA trees were
consistent with each other, indicating the presence of two large
clades containing both wild and cultivated samples. Our results
conform with a hypothesis of several domestication centres of
barley. They also provide direct evidence of a higher rate of
nucleotide substitutions in the chloroplast genomes as compared
to that of mitochondria on a microevolution scale. The revealed
high level of variability of chloroplast genomes makes it possible
to use them for intraspecific barley differentiation.
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Motivation and Aim

The barley substituted lines collection was created to study
nuclear-cytoplasmic interactions. It is a suitable object for
investigating the diversity of organelle genomes within
Hordeum vulgare species, due to the presence of samples
bearing the cytoplasmic genomes from a wide range of wild
and cultivated barley.

In the present study, we performed the NGS of chloroplast
(cp) and mitochondrial (mt) DNA of 10 wild barley samples
(substituted lines with organelle genomes from Hordeum
vulgare subsp. spontaneum) and 7 cultivar barley samples (5
cultivar varieties and 2 substituted lines with organelle
genomes from H. vulgare subsp. vulgare).

The study aimed:

e Evaluate the diversity of organellar genomes within

the Hordeum vulgare species;

Estimate the prospects of using cp and mt genome
sequences for intraspecific barley identification;

e  Re-evaluate the phylogenetic structure of H. vulgare
species using complete cp and mt genome sequences of the

presented set of wild and cultivar barley samples.
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Methods

The study sample contained 5 barley cultivar varieties
(Vezha, Roland, Vizit, Sobolyok, Maresi) and 12 substituted
lines whith cp and mt genomes from H. vulgare subsp. vulgare
(varieties Atlas and Himalaya) and H. vulgare subsp.
spontaneum (wild samples W1, W3, W4, W8, W9 from
Israel). All the substituted barley lines were obtained by seven
backcrossings (BC7).

Organelle DNA of 3-days barley seedlings was extracted
by phenol-chloroform method from the cp fraction, obtained
by differential centrifugation method [1]. Such fraction
usually contains an admixture of mt DNA. This fact allows
simultaneous sequencing both cp and mt genomes from one
sample but requires to consider areas of homology between
these genomes during NGS data processing.

NGS of obtained DNA samples was performed with
MiSeq System (Illumina Inc., SanDiego, CA, USA), using
NexteraXT library preparation kit and MiSeq Reagent Kits v.3
and v.2. The NGS data processing algorithm was specially
optimized for cpDNA and mtDNA mixtures with taking into
account the presence of wide homology areas within the
genomes and between them. Complete cp (NC008590) and mt
(AP017301) genome sequences of H. vulgare subsp. vulgare
were used as references. The algorithm was tested on artificial
[llumina reads synthesized with ART set of simulation tools.
The processing included following steps: the raw reads
trimming (Trimmomatic); aligning the reads to the "double"
reference, containing full sequences of cp and mt barley
genomes (Bowtie2); obtaining mapping statistics (bash
scripts, BCFtools); visualization of the alignment (Tablet);
generating the VCF (Variant Call Format ) files (Samtools);
filtering of the VCF files (VCFIib)[2]. The resulted VCF files
contained all the polymorphic loci of the cp and mt genomes
of each sample. Complete FASTA sequences of these
genomes were generated on the base of these files.

The phylogenetic analyses of the complete cp and mt
genomes was carried out with Bayesian statistics methods
(MrBayes) using the GTR (General Time-Reversible) model.
The analyses involved sequences obtained in the study (17 cp
and 17 mt sequences), as well as accessible in NCBI complete
sequences of barley cp (NC008590, KC912688) and mt
(AP017300, AP017301) genomes. Complete cp genome
sequences of H. jubatum (KM974741) and H. bulbosum
(KY636105) were used as outgroups for the cp tree. There
were no accessible complete mt genome sequences of other
barley species. So we used Roland(W9) as an outgroup for the
mt genome phylogeny because this sample extremely differed
from the others both in cp and mt genomes.



Results

We obtained and published in the NCBI GenBank
database complete sequences of 17 c¢p and 17 mt genomes of:
10 samples of Hordeum vulgare subsp. spontaneum
(substituted lines Roland(W1), Roland(W3), Roland(W4),
Roland(W8), Roland(W9), Vezha(W3), Vezha(W8),
Vizit(W3), Vizit(W4), Vizit(W8)) — NCBI accession numbers
MN171376 — MN171392; 7 samples of Hordeum vulgare
subsp. vulgare (cultivars: Vezha, Roland, Vizit, Sobolyok,
Maresi; substituted lines: Roland(Atlas), Roland(Himalaya))
— NCBI accession numbers MN127966 — MN127982.

The comparative analysis of 22 complete cp genome
sequences of barley (17 obtained and 5 previously published)
revealed significant variability of this genomes within H.
vulgare species. There were detected 107 polymorphic loci: 9
INDELS, 79 SNPs and 19 polymorphisms of SSR regions. The
vast majority of cp genome polymorphisms lied outside the
coding sequences, but there were 20 SNPs detected in
genes.Among them, there were 6 amino acid substitution-
causing mutations in genes of maturase K protein, translation
initiation factor 1 protein, RNA polymerase beta' subunit and
NADH dehydrogenase subunits K and 6. Synonymous SNPs
were located in genes of RNA polymerase alpha and beta’’
subunits, ATP synthase CF1 alpha subunit, photosystem I
P700 chlorophyll apoprotein A1 and NADH dehydrogenase
subunits 1, 4 and 7.

The analysis of mt genomes included 19 complete mt
genome sequences of barley (17 obtained and 2 early
published). The variability of mt genomes was noticeably
lower than that in cp: we detected only 22 SNPs and 1 INDEL.
There were 4 acid substitution-causing mutations: 2 SNPs in
the ribosomal protein small subunit 4 gene and 2 SNPs in
ribosomal protein S3A pseudogene.

The phylogenetic analysis involved 21 complete cp
genome sequences (8 H. vulgare subsp. vulgare, 11 H.
vulgare subsp. spontaneum and 2 outgroups) and 19 complete
mt genome sequences (8 H. vulgare subsp. vulgare, 11 H.
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vulgare subsp. spontaneum). Roland(W9) showed the
maximum number of differences from the other samples in the
comparative analysis: 20 unique polymorphisms of cp
genome and 10 of mt genome. So, this sample formed a
separate clade on the cp phylogenetic tree and also was used
as an outgroup in the mt genomes phylogeny.

The phylogenetic trees for both cp and mitochondrial
genomes subdivided on two big clades (Fig. 1). Both clades
contained as wild (H. vulgare subsp. spontaneum), as
cultivated (H. vulgare subsp. vulgare) barley samples. These
results indicated the presence of at least two centres of H.
vulgare subsp. vulgare origin and conformed with the
prevailing hypothesis of several domestication centres of
barley. [3].

These results became the starting point for a broader study
of the intraspecific diversity of chloroplast and mitochondrial
genomes of H. vulgare. At the present moment, we are
conducting NGS of other substituted lines from our collection
and also for some cultivars and wild samples of barley from
different countries. We hope to present the new results at the
conference.
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Fig. 1 — The phylogenetic trees of the complete chloroplast (a) and mitochondrial (b) genome sequences of the studied barley samples
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