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Abstract: Plastid DNA holds a substantial amount of plant genetic information, including maternal
ancestry information. It helps to uncover interrelations between a wide variety of tuberous species
of the genus Solanum to search for promising sources of high-yielding potato varieties resistant to
bio- and abiotic stressors. This paper demonstrated the opportunities of de novo assembly of potato
plastid DNA and its phylogenetic and genome type identification based only on Oxford Nanopore
Technologies (ONT) long reads. According to our results, of 28 potato varieties developed at the
Ural Research Institute of Agriculture, 16 varieties had one of the most primitive W-type plastomes.
Ten varieties’ plastomes belonged to the T-type of cultivated Solanum tuberosum subsp. tuberosum.
The varieties Legenda and 15-27-1 were the closest to the wild species Solanum chacoense plastome.
Using long-sequencing reads, we confirmed the presence of two isoforms of the plastid genome
differing in the orientation of SSC region. We should note that irrespective of sequencing depth and
improvements in software for working with ONT reads, a correct de novo plastome assembly and its
annotation using only long-reads is impossible. The most problematic regions are homopolymers
longer than 5 bp—they account for all detected indels, leading to a change in the reading frame or
the deletion of entire genes.
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1. Introduction

Plastid DNA or plastome is an essential part of the genetic information of all pho-
tosynthetic plants. In most terrestrial plants, plastome is a circular DNA molecule from
115 to 165 kb long, contains an average of 110–130 genes, and is divided into four parts: a
large single-copy region, a small single-copy region, and two inverted repeats [1]. Com-
pared with nuclear and mitochondrial genomes, plastid DNA remains the most conserva-
tive in terms of gene structure and location [2]. However, single nucleotide polymorphisms
(SNP), changes in microsatellite composition (SSR), insertions and deletions, including
species-specific ones, are found in the plastome [3–5]. Solanum plastomes range from 154 to
156 kb, including four segments: a large single-copy (LSC) region ~86 kb, a small single-
copy (SSC) region ~18 kb, and two inverted repeats between them (IRa and IRb) ~25 kb [3,4].
The plastome of S. tuberosum contains 81 protein coding, 30 tRNAs, and 4 rRNAs genes [6].

As a group of tuber-forming plants of the genus Solanum, the potato has four cul-
tivated and 107 wild species [7]. The use of the plastome to establish phylogenetic rela-
tionships within the potato has its own difficulties. Even though large clades obtained
from plastome and nuclear genome data coincide, their topology can differ significantly;
the reason for this lies in introgression and hybridization [8]. However, this discrepancy
between the nuclear genome and the plastome may provide important information about
evolutionary relationships.

The plastid genome of potatoes is usually divided into five main types W, T, C, A, and
S, depending on the restriction fragments [9]. The W-type is the earliest and is considered
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the ancestor of the rest, more common in wild types [10]. A single nucleotide substitution
in the rps11 gene in LSC, which causes a change in PvuII restriction site [6], defines the
W2-type. A large deletion of 241 nucleotides distinguishes the T-type from W-type. The
T-type is most characteristic of the cultivated Chilean potato Solamun tuberosum subsp.
tuberosum [6,9]. SNP between the cemA and petA genes leading to a change in the BamHI
restriction site is characteristic of types C, S, and A. At the same time, two latter types
derived from the C-type: the S-type appears by a deletion of 48 nucleotides, while the
A-type appears by a nucleotide change in the ccsA gene and as a result of a change in
another BamHI restriction site. These three types are found in Solanum tuberosum subsp.
andigena [6,9]. A phylogenetic analysis demonstrated that Solanum plastomes clustered
according to the types [6].

In this paper, we (1) assembled plastomes of 28 potato varieties bred at Ural Research
Institute of Agriculture using ONT long-reads, (2) considered their phylogenetic diversity,
and (3) showed a cost-efficient way to confirm the variety origin.

2. Materials and Methods
2.1. DNA Extraction and Sequencing

DNA was isolated from the leaves and stems of sterilized young potato shoots grown
on an MSO [11] with the addition of gibberellin A1 at a concentration of 0.2 mg/L. Using an
MP-24 homogenizer, we homogenized about 100 mg of leaves with 1 mm zirconium beads
in 2-mL tubes. Extraction from homogenized leaves was performed using the innuPREP
Plant DNA Extraction Kit (Analytik Jena, Jena, Germany) following Protocol #3. At the
stage of nucleic acid binding to the column membrane, RNase Cocktail™ Enzyme Mix
(Invitrogen, Carlsbad, CA, USA) was used to degrade RNA. The eluate was further purified
by AMPure XP magnetic particles (Beckman Coulter, Bray, CA, USA). Sequencing was
performed following with the ONT 1D (SQK-LSK109) protocol and Native Barcoding
Expansion (EXP-NBD104, EXP-NBD114) onto the FLO-MIN106 cell (Oxford Nanopore
Technologies, Oxford, UK) on the sequencer MinION Mk1C.

2.2. Quality Control of Reads

Basecalling was performed using Guppy v6.0.1 [12]. We trimmed 80 bp from the
start and end of the reads and filtered them using Nanofilt v2.7.1 [13]. We kept only
reads >5000 bp long and with quality >7 on the Phred quality score for further analysis.

2.3. Plastid Genome Assembly and Quality Assessment

The sequences related to the Solanum tuberosum plastome were extracted by alignment
to the MT120865 reference plastome using the NGMLR v0.2.7 [14], Samtools v1.9 [15], and
bedtools v2.30.0 [16].

For de novo assembly of the draft genome, Flye v2.9 [17], Unicycler v0.4.8 [18], and
Raven v1.7.0 [19] were used in the Trycycler v0.5.3 [20] pipeline, which is capable of
combining the results of several sequence-assembly algorithms into one consensus assembly.
Regions of the resulting draft contigs were manually trimmed for the contig matching stage
inside the Trycycler pipline. De novo assembly polishing of draft plastomes was performed
using medaka v1.5.0 [21]. The final assembly was evaluated by the quality of the read
mapping to the corresponding genome by the program Qualimap v2.2.1 [22]. The call of
structural variants for determining the number of SNPs and indels was carried out using
the programs msa2vcf [23] and RTG Tools v3.9.1 [24].

2.4. Alignment and Phylogenetic Identification

Alignment of the resulting plastome assemblies with reference-based sequences was
performed using FMAlign [25]. For phylogenetic tree construction and visualization, we
used fasttree v2.1.10 [26] and iTOL v5 [27], respectively.
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2.5. Genome Annotation

Assembled de novo plastomes were annotated using an online tool GESEQ [28] with
default settings.

3. Results
3.1. Sequencing Results

For Alaska, Argo, and Shah potato varieties, more than 30 Gb of whole-genome
sequencing data were available as these varieties had been sequenced for our earlier
study [29]. The Legenda variety was also sequenced separately, and ~7 Gb of whole-
genome data were available for this study. The other 24 varieties were simultaneously
sequenced in multiplex using a single flowcell, resulting in 12 Gb of data. After filtering by
the quality and read length, the reads were used to assemble the plastome. In addition to
filtering, the reads related to the plastome of Solanum tuberosum (MT120865) were extracted
before the assembly of the varieties Alaska, Argo, Shah, and Legenda. Additional details
are presented in Table S1. A large amount of data might hamper the assembly. However,
plastome assembly from whole-genome data was possible using even modest computing
capacities for the other varieties. For the barcoded samples, the proportion of reads
belonging to the plastome was 8.8–22%, which provided 50–386x sequencing coverage of
individual sequencing samples with 86.2–94.2% belonging to the plastome reads, with more
than 2000× coverage. At the same time, the average mapping quality was ~46 according to
the mapping quality score, and the average error rate was ~0.0025.

3.2. Phylogenetic Identification

One of the earlier studies on the type of plastid genome type showed that the T-
type dominates among the Russian potato varieties and is present in 40 of those, while
23 varieties belong to the W-type [30]. This study notes that more than 1000 breeding
varieties descend from Rough Purple Chili, which has a T-type plastome.

For phylogenetic identification and plastome classification, the resolution of nanopore
sequencing is sufficient. Despite a higher error rate of ONT long-reads than Illumina short-
reads [31], a wide range bacterial genome studies based only on ONT long-reads demon-
strated the accuracy of ONT technology for the phylogenetic tree construction [32–34], and
applicability for in situ surveillance protocols [35]. Even the variety Otrada, whose sequenc-
ing depth was only 50, showed 99.97% identity to MT120865 (S. tuberosum). Therefore, we
used all de novo plastome assemblies for phylogenetic identification. Plastomes with a
confirmed type were taken as reference-based sequences of the potato plastid genome [6]:
W-type—Solanum tuberosum (MT120865) and S. commersonii (NC_028069); W2-type—S.
bukasovii (MT120867); T-type—S. tuberosum (DQ231562); C-type—S. tuberosum ssp. andi-
genum (MT120861), S. ahanhuiri (MT120857) and S. juzepczukii (MT120863); A-type—S.
chaucha (MT120864) and S. tuberosum ssp. andigenum (MT120862); S-type—S. curtilobum
(MT120866), S. bukasovii (MT120860), S. stenotomum subsp. stenotomum (MT120859), and
S. stenotomum subsp. goniocalyx (MT120855 и MT120856). Other known sequences were
also added to the analysis: S. tuberosum (KM489056), S. chacoense (MH021455, MK398247),
S. aucale (NC_041551, MK036506), S. demissium (NC_041552, MK036508), S. stoloniferum
(MF471373), and S. bulbocastanum (NC_007943, MH021439). To avoid the false clades, we
manually flipped SSC regions in those assembled genomes, where required, in accordance
with the reference sequences.

In the resulting cladogram (Figure 1) and phylogram (Figure S1), two types charac-
teristic of our collection could be distinguished. The W-type clade included 16 plastomes
from our collection, where the variety 15-22-4 was closer to S. stoloniferum, and varieties
Baron, Start, 14-4-1, and 16-4-3 were closer to S. demissium. The T-type clade was com-
prised of 10 plastomes. No plastomes belonging to the other types mentioned above were
found. However, two of our varieties, Legenda and 15-27-1, formed a common clade with
sequences belonging to the wild species S. chacoense.
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Figure 1. Cladogram of reference plastid genomes and de novo assemblies of plastomes of breeding
varieties developed at the Ural Research Institute of Agriculture. Low support is defined as bootstrap
<60. STU—Solanum tuberosum, SCO—S. commersonii, SST—S. stoloniferum, SDE—S. demissium, SCH–
S. chacoense, SSTE—S. stenotomum subsp. stenotomum, SBU—S. bukasovii, SGO—S. stenotomum subsp.
goniocalyx, SCU—S. curtilobum, SAN—S. tuberosum ssp. andigenum, SCHA—S. chaucha, SAC—S. aucale,
SAH—S. ahanhuiri, SJU—S. juzepczukii, SBUL—S. bulbocastanum.

3.3. Long-Reads Confirm the Presence of Two Isoforms of the Plastid Genome in Potatoes

It has long been known that the plastid genome is present in two isoforms differing in
the orientation of SSC region [36], which has been confirmed for a wide range of terrestrial
plants [37]. For varieties Alaska, Argo, and Shah, a sufficient number of long-reads were
available, covering the LSC, SSC, and IR regions in unambiguous orientation. We estimated
plastome isoforms using the Cp-hap [37]. The results are presented in Table 1.

Table 1. Variability of the plastid genome in three Ural Research Institute of Agriculture
potato varieties.

Variety Plastome Isoform Number of Copies

Alaska
LSC_IR_SSC_IRrc 18

LSC_IR_SSCrc_IRrc 21

Argo LSC_IR_SSC_IRrc 14
LSC_IR_SSCrc_IRrc 19

Shah
LSC_IR_SSC_IRrc 19

LSC_IR_SSCrc_IRrc 14

3.4. Nanopore Sequencing Cannot Cope with Homopolymer Repeats

We compared our plastome assemblies with the closest reference-based sequences
obtained at the stage of phylogenetic identification. The detected structural variations are
presented in Table 2. The proportion of SNPs in the detected variants was insignificant,
while indels were more abundant, with a higher number of deletions than insertions.
Additionally, in our study, all indels were located in the region of homopolymer repeats



Agronomy 2022, 12, 846 5 of 9

with a length of more than 5 nucleotides. The examples of Alaska, Argo, and Shah showed
that the highest read depth does not guarantee correct assembly. Although the number of
deletions in these varieties was 2–4 times lower than the average, the number of insertions
was 2–20 times higher than in other assemblies relative to the reference. Numerous errors
in homopolymeric regions led to changes in the reading frames of genes or nonsense
mutations, which in turn made it impossible to annotate the plastome obtained by de novo
assembly from long-reads (Figure 2).

Table 2. The number of SNPs and indels in plastomes of potato varieties developed at the Ural
Research Institute of Agriculture.

Reference Sequence Varieties SNP/Insertions/Deletions Total Number of
Discovered Variants

S. tuberosum W-type
MT120865

12-22-134 1/2/36

110

Alaska 1/20/10
Amur 1/1/39
Argo 3/6/15
Bravo 0/1/40

Gornyak 1/1/40
Irbitskiy 1/1/38

Kamenskiy 1/0/44
Mishka 1/1/32
Otrada 1/3/44

Utro ranneye 1/1/32

S. tuberosum T-type
KM489056

14-6-3 1/1/31

104

16-1-2 2/0/37
16-35-5 2/0/40
Bagira 3/0/42
Bankir 1/0/38
Iskra 2/1/35
Luks 2/2/36
Shah 3/10/16
Terra 3/0/34

Zdraven 3/0/39

S. demissum
NC_041552

14-4-1 9/2/34

74
16-4-3 11/1/36
Baron 9/2/33
Start 10/1/36

S. stoloniferum
MF471373 15-22-4 8/0/39 47

S. chacoense
MK398247

15-27-1 22/2/49
86Legenda 23/3/43

It was previously reported that homopolymer sequences longer than five nucleotides
contain up to 80% deletions and up to 62% insertions [38]. The lack of indels in other sites
of our de novo assemblies can be explained by the software updates: basecalling—Guppy
(with the release of new versions, accuracy increases [39]), genome polishing—Medaka, as
well as the use of the Trycycler, which combined the results of Flye, Unicycler, and Raven
in our study.

Due to the high error rate in nanopore sequencing, it is better to use hybrid assembly
based on combining ONT long-reads with Illumina short-reads [38]. For example, a
combination of 20× long-read coverage and 20× short-read coverage can be sufficient for a
de novo assembly with few or no errors [40].
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Figure 2. Annotated plastome sequences Solanum tuberosum (MT120865) and our variety Gornyak.
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4. Discussion

Illumina technology provides a good solution for phylogeny inference and annotation
of the potato plastome [41]. However, its higher costs and excessive performance can be
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redundant for the plastome type identification. In the present study, we demonstrated that
nanopore sequencing is suitable for the phylogenetic identification of the plastomes. Com-
bining de novo assemblies using Trycycler and polishing the resulting consensus assembly
with Medaka allowed obtaining plastomes suitable for the construction of the phylogenetic
tree and determination of the plastome type. By multiplexing up to 24 samples per run,
enough data could be obtained for 150× plastome coverage from whole-genome sequenc-
ing libraries. Therefore, ONT provides the cheapest sequencing method for subsequent
phylogenetic identification, which can be used to determine the plastome type and identify
the potato species rapidly.

In potatoes, as in many other plants, the plastome comes in two variants with a
non-inverted and inverted SSC region.

Despite the annual technological improvements of the sequencing depth and nanopore
read quality and the software used in the analysis, genome assembly based on long-read
data alone cannot replace hybrid genome assembly (ONT + Illumina). Numerous indels
in the homopolymer-rich regions prevent correct annotation, leading to the appearance
of nonsense mutations in assemblies and gene loss. Thus, the short-read technology or
the Sanger sequencing are more suitable for the development of new markers [42,43],
k-mers analysis [44], or gene annotation [45,46] of the plastome. In the same way, short-
reads are more accurate and more applicable in studies of evolutionary relations [47]
than ONT technology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12040846/s1, Table S1: Sequencing results. Figure S1:
Phylogram of reference plastid genomes and de novo assemblies of plastomes of breeding varieties
developed at the Ural Research Institute of Agriculture. Low support is defined as bootstrap < 60.
STU—Solanum tuberosum, SCO—S. commersonii, SST—S. stoloniferum, SDE—S. demissium, SCH–S.
chacoense, SSTE—S. stenotomum subsp. stenotomum, SBU—S. bukasovii, SGO—S. stenotomum subsp.
goniocalyx, SCU—S. curtilobum, SAN—S. tuberosum ssp. andigenum, SCHA—S. chaucha, SAC—S. aucale,
SAH—S. ahanhuiri, SJU—S. juzepczukii, SBUL—S. bulbocastanum.
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