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Abstract: Wasabi (Eutrema japonicum) is a vegetable of Brassicaceae family, currently cultivated in
East Asia. It is rich in nutritional and has a spicy flavour. It is regarded as a rare condiment world-
wide. Its genetic profile for yield improvement and the development of E. japonicum germplasm
resources remains unknown. Cognizant of this, this study sequenced and assembled the chloroplast
(cp) genome of E. japonicum to enrich our genomic information of wasabi and further understand
genetic relationships within the Eutrema species. The structural characteristics, phylogeny, and evolu-
tionary relationship of cp genomes among other Brassicaceae plants were analyzed and compared
to those of Eutrema species. The cp genome of E. japonicum has 153,851 bp with a typical quadripar-
tite structure, including 37 tRNA genes, 8 rRNA genes, and 87 protein-coding genes. It contains
290 simple sequence repeats and prefers to end their codons with an A or T, which is the same as
other Brassicaceae species. Moreover, the cp genomes of the Eutrema species had a high degree of
collinearity and conservation during the evolution process. Nucleotide diversity analysis revealed
that genes in the IR regions had higher Pi values than those in LSC (Large single copy) and SSC
(Small single copy) regions, making them potential molecular markers for wasabi diversity studies.
The analysis of genetic distance between Eutrema plants and other Brassicacea plants showed that
intraspecies variation was found to be low, while large differences were found between genera and
species. Phylogenetic analysis based on 29 cp genomes revealed the existence of a close relationship
amongst the Eutrema species. Overall, this study provides baseline information for cp genome-based
molecular breeding and genetic transformation studies of Eutrema plants.
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1. Introduction

Wasabi (Eutrema japonicum (Miq.) Koidz., syn. Wasabi japonica (Miq.) Mastum.,) is a
perennial herbaceous species of the Brassicaceae family. It is currently cultivated in East
Asia, contain China and Japan [1]. All parts of wasabi are edible, and it contains many
nutrients such as proteins, fats, vitamin C, and natural active ingredients in its rhizomes.
Wasabi’s unique isothiocyanate has a bactericidal anti-cancer effect [2-4] and is the source
of both its spicy taste and aroma [5]. Cognizant of this, wasabi has been widely used
as an invaluable condiment worldwide. Wasabi thrives in unique growing conditions.
Its suitable growth and development areas are high-cold mountains with an altitude of
2000-3500 m and an optimum temperature of 12-18 °C. Temperatures below 8 °C affect
its growth, while above 18 °C affect its rhizome development [6]. As such, wasabi has a
limited growing area in contrast to its great market demand worldwide.

The chloroplast (cp) is the photosynthetic site of plants characterized by a unique ge-
netic material [7]. Generally, the cp genome has a typical quadripartite structure consisting
of four distinct regions: a large single-copy region (LSC), a small single-copy region (SSC),
and a pair of reverse repeats (IRa and IRb) [8]. It has a relatively unique sequence that is
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widely used in comparative genomics and phylogenetic analysis. Evolutionary studies
postulate that closely related plants have more similar cp genomes. Different species have
varying lengths of the cp genome because of the differential contraction and expansion of
their IR regions [9]. Use of DNA barcodes alone to distinguish closely related species is very
difficult because of the short gene segments and small number of phylogenetic information
sites [10]. Cognizant of this, cp genomes have been used to reveal speciation origin and
phylogenetic relationships between species [11]. To date, the cp genome sequences of cash
crops such as Cannabis sativa [12], Citrus limon [13], and Momordica charantia L. [14] have
been assembled, thus providing abundant idioplasmatic data for deeper evaluation and
molecular breeding of these species. In recent years, studies of wasabi have primarily
focused on its nutritional components and cultivation techniques [15,16]. A previous
study sequenced the cp genome of E. japonicum, revealing that E. tenue (Gifu) had a close
relationship with E. yunnanense, and asserted that they should be considered as a different
species from other E. tenue species [17]. However, it only studied the phylogenetic rela-
tionships of Eutrema species. The evolution of and comparison between wasabi and other
related species remain unknown. As such, studying the genetic diversity of E. japonicum
germplasm resources provides baseline information required for breeding high-yielding
wasabi varieties of standard quality. Herein, we sequenced and assembled the cp genome
of a new wasabi variety, ‘Chuankui No. 1’. The sequence provides information regarding
the genome structure, gene content, and functional annotation of the chloroplast. This
study also includes a comparative analysis of the cp genome sequences of seven cultivated
wasabi varieties of Eutrema species. In addition, a phylogenetic tree was constructed based
on the cp genomes of 29 plants belonging to the family Brassicaceae. Our results show the
genetic relationship between E. japonicum and its related species and provide a theoretical
basis for improving the yield and development of E. japonicum germplasm resources.

2. Materials and Methods
2.1. Plant Material

The wasabi material ‘Chuankui No. 1’ used herein was an excellent line selected
from a high-yielding local wasabi cultivar with edible stem and leaves grown in Gudui
township, Leibo City, Sichuan province, China (28°36' N, 103°10" E, 2300 m altitude). The
growth area is cold and humid, with a relative humidity of 80% to 90% suitable for wasabi
growth. Fresh tender leaves from three biological replicates of six-month-old plants were
collected and frozen in liquid nitrogen, and stored at —80 °C until further use.

2.2. DNA Extraction and Sequencing

Total genomic DNA was extracted from the frozen leaves following a modified CTAB
protocol [18]. The DNA samples were then subjected to quality and quantity checks using
1% agarose gel electrophoresis and spectrophotometric methods measured by a Nanodrop
ND1000 spectrophotometer [19]. High-quality cp DNA was used to prepare a library with
an insert size of 350 bp, which was then sequenced on an Illumina Novaseq platform [20]
at Nanjing Genepioneer Biotechnologies Inc. (Nanjing, China).

2.3. Genome Assembly and Gene Annotation

The raw data obtained from the sequenced library were filtered using Fastp software
(version 0.20.0, https://github.com/OpenGene/fastp, accessed on 27 August 2020) to
remove adapter and primer sequences and reads with an average quality value less than
Q5 and more than five Ns. Clean reads were assembled into the cp genome using SPAdes
software (v3.10.1, http:/ /cab.spbu.ru/software/spades/, accessed on 27 August 2020).
The k-mer values set were 55, 87, and 121. Gapfiller (v2.1.1, https://sourceforge.net/
projects/gapfiller/, accessed on 27 August 2020) was used to fill in the gaps to obtain the
complete circular cp genome.

Two annotation methods were used to improve the accuracy of annotation results. The
Prodigal (v2.6.3, https:/ /www.gitub.com/hyattpd /Prodigal, accessed on 27 August 2020),


https://github.com/OpenGene/fastp
http://cab.spbu.ru/software/spades/
https://sourceforge.net/projects/gapfiller/
https://sourceforge.net/projects/gapfiller/
https://www.gitub.com/hyattpd/Prodigal

Agronomy 2021, 11, 2546

30f16

Hmmer (v3.1b2, http:/ /www.hmmer.org/, accessed on 27 August 2020), and Aragorn soft-
ware packages (v1.2.38, http://130.235.244.92 / ARAGORN/, accessed on 27 August 2020)
were first used to annotate the CDS, rRNA, and tRNA, respectively. A BLASTn search
was then performed using the reference cp genomes published on NCBI to obtain the
annotation results. Both annotation results were analyzed to remove incorrect and redun-
dant annotations and to determine the boundaries of multiple exons [21,22]. Subsequently,
OrganellarGenomeDRAW (OGDRAW) software was employed to draw the circular cp
genome map with annotations [23]. The complete E. japonicum cp genome data were de-
posited in GenBank of NCBI at (https:/ /www.ncbi.nlm.nih.gov/, accessed on 24 May 2021)
under accession No. MZ328719.

2.4. Analysis of the Chloroplast Genome

The size and location of dispersed repeats in the cp genome, including the forward, re-
verse, complement, and palindromic repeats, were detected using REPuter
(https:/ /bibiserv.cebitec.uni-bielefeld.de/reputer?id=reputer_view_submission, accessed
on 28 August 2020). A hamming distance of 3 and a minimum repeat size of 30 bp
were set as the search parameters [24]. In the same line, MISA software (v1.0, http:
/ /pgrc.ipk-gatersleben.de/misa/misa.html, accessed on 28 August 2020) was employed
to identify the simple sequence repeats (SSRs). The parameters set for identifying the
repeat units were 8, 5, 3, 3, 3, and 3 for mono-, di-, tri-, tetra-, pen-, and hexa-nucleotide,
respectively. The codon usage of the protein-coding genes was analyzed using Perl scripts,
followed by a calculation of the relative synonymous codon usage (RSCU) values to deter-
mine usage bias.

2.5. Comparative Analysis of the Chloroplast Genome
2.5.1. Analysis of Non-Synonymous Mutation Rate (Ka), Synonymous Mutation Rates (Ks)
and Ka/Ks, and Nucleotide Diversity (Pi) Value

Sequences of seven Eutrema plants, including Eutrema tenue (LC500907.1), Eutrema
tenue (LC500908.1), and Eutrema japonicum (LC500903.1), Eutrema japonicum (LC500902.1),
Eutrema yunnanense (KT270357.1), Eutrema heterophyllum (KT270358.1), and Eutrema japon-
icum (LC500900.1) with published chloroplast data, were selected for calculating the Ka,
Ks, Ka/Ks, and Pi value using the cp genome data obtained herein. The Ka and Ks
of each pair of homologous genes were calculated using v2.0 KaKs calculator software
(https://sourceforge.net/projects/kakscalculator2/, accessed on 29 August 2020) to ob-
tain the Ka/Ks ratio which reflected the gene selection pressure. Ka/Ks > 1, Ka/Ks =1,
and Ka/Ks < 1 indicated that the genes were under purifying, neutral, and positive
selection pressure, respectively [25]. The eight cp genome sequences were aligned us-
ing MAFFT (v7.310, https:/ /mafft.cbrcjp/alignment/software/, accessed on 29 August
2020), and the slide window analysis was subsequently carried out using DnaSP (http:
//www.ub.edu/dnasp, accessed on 29 August 2020) to determine the Pi value [26].

2.5.2. Comparative Analysis of the Chloroplast Genome Structure

The IR border regions of the eight Eutrema species were compared and visualized
using the SVG module in Perl. Subsequent comparisons and analyses of the cp genome
structure for the eight species were then performed using the CGVIEW software [27]
(http:/ /stothard.afns.ualberta.ca/cgview_server/, accessed on 30 August 2020). The
whole-genome architecture rearrangement and comparison were generated using the
default algorithm settings of Mauve software (http://darlinglab.org/mauve, accessed on
30 August 2020) [28].

2.5.3. Genetic Distance Analysis

The protein-coding genes were extracted from 30 cp genome of Brassicaceae species
(Table S1), and were aligned separately using MAFFT (v7.427) [29]. Then the genetic
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distances were calculated using the ape package default parameters of the R language.
Indels were deleted to evaluate genetic distance.

2.5.4. Phylogenetic Analysis

Phylogenetic analysis was performed based on the genetic distance analysis. The
common CDS sequences were subjected to multi-sequence alignment using the default
parameters of MAFFT software. The aligned data were then connected and trimmed using
the trimAI software (v1.4.rev15). The maximum likelihood (ML) phylogenetic trees of
the 30 sequences were estimated using RAXML v8.2.10 (https://cme.hits.org/exelixis/
software.html, accessed on 30 August 2020) under the GTRGAMMA model, with 1000
rapid bootstrap replicates [30].

3. Results
3.1. Annotation and Features of the Chloroplast Genome

The cp genome of wasabi exhibited a typical quadripartite structure, consisting of
a large single copy (LSC), a small single copy (SSC), and a pair of inverted repeats (IR)
(Figure 1). A total of 26,343,729 clean reads were assembled. The complete cp genome
length was 153,851 bp, in which the lengths of the LSC, SSC, and IR regions were 84,006 bp,
17,811 bp, and 52,034 bp, respectively.

[ photosystem |
[l photosystem Il
[ cytochrome bif complex

@ ATP synthase

[C] NADH dehydrogenase

[l RubisCO large subunit

[l RNA polymerase

[ ribosomal proteins (SSU)

[ ribosomal proteins (LSU)

[ clpP, matk

[ other genes

[ hypothetical chloroplast reading frames (ycf)
M transfer RNAs
[l ribosomal RNAs

Eutrema japonicum
chloroplast genome
153,851 bp

Figure 1. Plastid genome map of Eutrema japonicum. Genes shown outside the circle are forward encoded, while genes

inside are reverse encoded. The grey area in the inner circle refers to the GC content.

The cp genome of wasabi contained 132 functional genes, including 37 tRNA genes,
8 rRNA genes, and 87 protein-coding genes (Table 1). Among them, 17 genes, including
8 protein-coding genes (ndhB, rpl2, rpl23, rps12, rps7, ycfl, ycfl5, and ycf2), 5 tRNA genes
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(trnA-UGC, trnL-CAA, truN-GUU, trnR-ACG, and trnV-GAU), and 4 rRNA genes (rrn16,
rrn23, rrn4.5, and rrnb), had two copies. One tRNA gene (trnl-GAU) had three copies, while
another (trnM-CAU) had four copies. The GC content of the IR, LSC, and SSC regions were
42.48%, 34.06%, and 29.38%, respectively, with an overall GC content of 36.37%. The four
rRNA genes were distributed in the IR regions, thus contributing to the higher GC content
than the other regions.

Previous studies have postulated that introns play an important regulatory role in
gene expression, primarily by enhancing the expression of foreign genes which control the
related traits [31]. Herein, 18 genes had introns. Among them, 10 protein-coding genes
and 6 tRNA genes had one intron each, while 2 protein-coding genes (cIpP and ycf3) had
two introns each. The introns ranged between 321 bp and 2550 bp in length, with the
trnK-UUU gene having the longest intron. Notably, the number and types of genes and
introns were consistent with those of the reference sequences, indicating that the cp genome
of Eutrema species is highly conserved.

Table 1. List of genes in the Eutrema japonicum chloroplast genome.

Category Gene Group Gene Name
. Subunits of
Photosynthesis photosystem I psaA, psaB, psaC, psal, psa]
Subunits of psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb],
photosystem II psbK, psbL, psbM, psbN, psbT, psbZ

Subunits of NADH dehydrogenase

ndhA *, ndhB * (2), ndhC, ndhD, ndhE, ndhF, ndhG,
ndhH, ndhl, ndh], ndhK

Self-replication

Subunits of cytochrome b/f complex
Subunits of ATP synthase

Large subunit of rubisco

Subunits photochlorophyllide reductase

Proteins of large ribosomal subunit

Proteins of small ribosomal subunit

Subunits of RNA polymerase

petA, petB ¥, petD *, petG, petL, petN
atpA, atpB, atpE, atpF *, atpH, atpl
rbcL

rpll4, rpll6 *, rpl2 * (2), rpI20, rpl22, rpl23(2), pl32,
rpl33, rpl36

rps1l, rps12 * (2), rps14, rpsl5, rpsl6 *, rps18, rps19,
rps2, rps3, rps4, rps7(2), rps8

rpoA, rpoB, rpoC1 *, rpoC2

Ribosomal RNAs rrm16(2), rrn23(2), rrn4.5(2), rrn5(2)
trnA-UGC * (2), trnC-GCA, trnD-GUC, trnF-GAA,
trnG-GCC, trnG-UCC *, trnH-GUG, trnl-GAU,
trnl-GAU * (3), trnK-UUU *, trnL-CAA(2), trnL-UAA

Transfer RNAs * trnL-UAG, trnM-CAU(4), trnN-GUU(2), trnP-UGG,
trnQ-UUG, trnR-ACG(2), trnR-UCU, trnS-GCU,
trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU,
trnV-GAC(2), trnV-UAC *, trnW-CCA, trnY-GUA

Other genes Maturase matK

Protease clpP **

Envelope membrane protein cemA

Acetyl-CoA carboxylase accD

C-type cytochrome synthesis gene ccsA

Translation initiation factor -

other -

Genes of

unknown function

Conserved hypothetical chloroplast ORF

yef1(2), yef15(2), yef2(2), yef3 **, yef4

* means a gene with one intron; ** means a gene with two introns. The number in parentheses means the number of gene copies.

3.2. Analysis of Repeat Sequences

Differences in the repeat sequences amongst cp genomes can provide analytical
markers for genetic diversity studies because the chloroplast has relatively unique genetic
sequences whose evolution rate is much lower than that of nuclear DNA [32]. Herein,
290 SSR sites were detected, including 126 mono-, 14 di-, 59 tri-, 9 tetra-, and 2 penta-
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nucleotides with lengths of between 8 and 20 bp. Amongst the mono-nucleotide repeat
type, there were 217 sites composed of A/T, and 9 sites composed of G/C. The repeat of
eight mono-nucleotide of T appeared 57 times (Figure 2), revealing the base composition
preference of the SSRs. In the same line, most SSRs were located in the intergenic region,
with 19.7%, 14.5%, and 65.9% of the SSRs located in the SSC, IR, and LSC region. Previous
studies also postulate that dispersed repeats may promote rearrangements and increase
the population’s genetic diversity [33]. Herein, 46 dispersed repeats, including 19 forward
repeats (F), 24 palindrome repeats (P), 1 reverse repeat (R), and 2 complimentary repeats
(C), were detected in the cp genome. Most repeats ranged between 30 and 49 bp in length,
and the longest repeat was 26,017 bp in length (Figure 3).

60

48
42+
36
30

24—

Number of repeats

89101113148 108108 9101112131415165 6 5 7

A C G T

Length of repeat(bp) and repeated sequences

Figure 2. Number of SSRs identified in the cp genome of Eutrema japonicum. The X-axis represents the repeat units of SSRs,
while the Y-axis represents the number of SSRs.

64

Number of Repeats
i

0
32 33 34 36 37 39 41

30 31 42 43 44 45 46 49 26017
Length of Repeat(bp)

Figure 3. Number of dispersed repeats in the cp genome of Eutrema japonicum. The X-axis repre-
sents the types of dispersed repeats, while the Y-axis represents the number of dispersed repeats.
F: forward repeat; P: palindrome repeat; R: reverse repeat; C: complementary repeat.
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3.3. Codon Usage Analysis

The RSCU impacts gene function because it reflects the origin and evolution of genes
or even species, thereby providing a basis for studying species evolution at the molecular
level [34]. Herein, the protein-coding genes comprised 26,643 codons. Leucine, isoleucine,
and serine were the highest encoded amino acids with 2839, 2300, and 2037 codons,
respectively, while cysteine was the least encoded, with 324 codons. Amongst the codons,
18,930 codons had an RSCU value greater than 1.00. Amongst them, 1138 codons ended
with a G (AUG and UUG), while 17,792 codons ended with an A or U, indicating that
the protein-coding genes in the cp genome preferred using an A or U at the end of the
codon (Table 2).

Table 2. RSCU analysis of protein coding regions in Eutrema japonicum.

Amino Acid Codon Number RSCU Amino Acid Condon Number RSCU
GCA 388 1.128 CCA 305 1.1348
| GCC 205 0.596 . CcCC 198 0.7368
Ala GCG 156 0.4536 ro CCG 147 0.5468
GCU 627 1.8228 CCU 425 1.5812
Cus UGC 85 0.5246 al CAA 748 1.5682
y UGU 239 1.4754 n CAG 206 0.4318
As GAC 189 0.361 AGA 476 1.8078
P GAU 858 1.639 AGG 165 0.6264
al GAA 1054 1.5122 A CGA 366 1.3896
u GAG 340 0.4878 8 CGC 110 0.4176
- UuC 528 0.6588 CGG 122 0.4632
€ 181619} 1075 1.3412 CGU 341 1.2948
GGA 738 1.6696 AGC 124 0.3654
al GGC 163 0.3688 AGU 409 1.2048
y GGG 282 0.638 c UCA 411 1.2108
GGU 585 1.3236 €t uccC 308 0.9072
- CAC 150 0.4816 UCG 202 0.5952
1 CAU 473 1.5184 UCU 583 1.7172
AUA 738 0.9627 ACA 418 1.2268
Tle AUC 424 0.5529 Thr ACC 247 0.7248
AUU 1138 1.4844 ACG 146 0.4284
Lvs AAA 1160 1.5354 ACU 552 1.62
Y AAG 351 0.4646 GUA 505 1.4296
CUA 395 0.8346 Val GUC 184 0.5208
. CuC 184 0.3888 GUG 206 0.5832
el CUG 173 0.3654 GUU 518 1.4664
CuU 601 1.2702 Trp UGG 458 1
UUA 954 2.016 Tor UAC 181 0.3706
UUG 532 1.1244 y UAU 796 1.6294
M AUG 606 1.9868 UAA 49 1.6896
et GUG 4 0.0132 . UAG 24 0.8277
er*
A AAC 304 0.4662 UGA 14 0.4827
sn AAU 1000 1.5338

* means the gene with one intron.

3.4. Analysis of Synonymous and Non-Synonymous Substitution Rates

The gene selection pressure among the eight Eutrema plants was calculated using
87 protein-coding genes having some degree of mutation (Tables 3 and S2). Notably, the
Ka/Ks values of all gene pairs were <0.5, suggesting that most protein-coding genes
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were facing intense purifying selection pressure. For instance, all the tested genes in the
comparison of E. japonicum vs. E. heterophyllum (KT270358.1) had Ka/Ks values < 1 except
for ccsA and rpoA. Similarly, the only two genes, ndhF and rpoC2, that could be calculated in
E. japonicum vs. E. japonicum (LC500900.1), had Ka/Ks values < 1. These findings suggested
that the cp genes of different plants were subject to different selection pressures. In contrast
to the cp genome of E. japonicum, the Ka/Ks values of the rpoC2 gene in the comparison
of E. japonicum with other species were <1, indicating that the rpoC2 gene was purified in
different Eutrema species (Table S2).

Table 3. KaKs statistics of Eutrema japonicum.

Each Gene All Genes
Groups
Ka/Ks > 1 Ka/Ks =1 Ka/Ks <1 Ka Ks Ka/Ks
Eutrema japonicum vs. KT270357.1 0 0 10 0.024612019  0.07334597 0.34
Eutrema japonicum vs. KT270358.1 2 0 28 0.235550101  0.63714708 0.37
Eutrema japonicum vs. LC500900.1 0 0 2 0.874397058  1.931823137 0.45
Eutrema japonicum vs. LC500902.1 1 0 5 0.886763704  1.96469381 0.45
Eutrema japonicum vs. LC500903.1 0 0 3 0.877017651  1.95558473 0.45
Eutrema japonicum vs. LC500907.1 0 0 11 0.895988246  2.02793639 0.44
Eutrema japonicum vs. LC500908.1 0 0 6 0.882924966  1.96288091 0.45

0.30 —

0.25 —

020 —

0.15 —

Nucleotide diversity (Pi ) values

0.10 —

0.05 —

0.00

3.5. Nucleotide Diversity Analysis

The cp genomes contain highly variable and clustered regions called hotspots [35].
Herein, the Pi values of 113 genes were calculated to identify the hotspots in the cp genomes
of Eutrema plants. Among them, 73 genes had Pi values ranging between 0.00047 and
0.254999. A higher mutation level was detected in the IR region, followed by the SSC and
LSC regions, respectively. The rrn16 gene had the highest Pi value (Pi = 0.25499), followed
by rrn4.5 (Pi = 0.21805) and rrn23 (Pi = 0.12611), respectively (Figure 4). These findings
further indicated that there exists moderate differentiation in the cp genome sequences of
the Eutrema species.

LSC SSC IR

Figure 4. Nucleotide diversity (Pi) values among Eutrema plants. The X-axis represents the gene name, while the Y-axis

represents the Pi value.

3.6. Expansion and Contraction Analysis of the IR Regions

The eight Eutrema plants had a similar gene structure, with the difference in the cp
genome length primarily occurring in the LSC region (Figure 5). Notably, Eutrema japonicum
had the most similar chloroplast genome to E. japonicum (LC500900.1), with only a 1 bp
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difference in the SSC region. IR boundary analysis revealed that the LSC/IRb boundary of
these species was in the rps19 gene box. Similarly, the ycfl gene was in both the IRb/SSC
and the SSC/IRa boundary. In the same line, the segment length in the SSC region was
4253 bp in all the eight species except for KT270358.1, which had a length of 4239 bp.
Notably, the genes across the SSC/IRa and SSC/IRb were identical because of the inverted
duplication of the IR regions, suggesting that the IR boundary region of the eight Eutrema
species was relatively conserved.

LB JSB
188 bp
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Figure 5. Comparison of IR-SC border position across cp genomes of seven Eutrema species. Thin lines between each colored

boxes represent the connection points. Number above the gene features indicates the length of each gene and the distance

between the ends of genes and the border sites.

3.7. Genome Comparison and Collinearity Analysis

The annotated cp genome sequence of E. japonicum was used as a reference to analyze
the sequence similarity between E. japonicum and other Eutrema species using CGview.
There was a high similarity in the protein-coding regions of the cp genomes amongst the
species. The coding regions of their rRNA were also greatly identical and had a high
GC content. The four rRNA genes in the IR regions caused them to have a higher GC
content than LSC and SSC contents (Figure 6). The collinearity analysis further revealed
no large-scale gene rearrangements in the cp genome sequences of the eight species. In
contrast, the sequences exhibited a high degree of collinearity, with differences only in the
genome size, intron deletion, and IR expansion and contraction (Figure 7). These findings
suggested that the cp genome of Eutrema species maintains a high degree of collinearity
and conservation during the evolution process.
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Figure 6. Comparison analysis between Eutrema japonicum and six Eutrema species.
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3.8. Genetic Divergence Analysis

The genetic differentiation of Eutrema plants can be measured by genetic distance.
The genetic distance between Eutrema plants and other Brassicacea plants is from 0.0207
to 0.0086, showing that the genetic distance is small, but the difference between species is
large. Eutrema species have the smallest genetic distance with Schrenkiella species, while
have the largest with Capsella species. Among all the eight Eutrema plants, the genetic
distance was between 0 (Eutrema japonicum MZ328719 vs. Eutrema japonicum LC500900.1)
to 0.0042 (Eutrema tenue LC500908.1 vs. Eutrema heterophyllum KT270358.1). The results
indicate that the differentiation degree in species is low, and the relationships in Eutrema
species are close. Among which, wasabi has the closest relationship with Eutrema japonicum
LC500900.1 with a genetic distance of 0, and it has the more distant relationship with
Eutrema heterophyllum KT270358.1 with a genetic distance of 0.0041 (Figure 8).
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Figure 8. Genetic distances of cp genomes of 30 Brassicaceae plants. The numbers in boxes refer to the genetic distance

between Eutrema japonicum and other 29 Brassicaceae plants. The shades of different colors represent the distance between

Eutrema japonicum and other plants. Lighter color means a close relationship, while darker color means a distant relationship.

3.9. Phylogenetic Analysis

Based on the calculation of genetic distance, E. japonicum maintained a high genetic
similarity with the Brassicaceae plants (Figure 9). In the same line, Eutrema plants had a
close relationship with Sinapis and Brassica plants. E. japonicum had a very close relation-
ship with E. japonicum (LC500900.1) and formed a monophyletic branch, while E. tenue
(LC500907.1) and E. yunnanense (KT270357.1) grouped separately. All Eutrema plants are
clustered in the same branch with high support rates between the nodes. The evolutionary
tree further revealed the significant differences between E. japonicum and E. heterophyllum
(KT270358.1), despite the highly similar cp genomes of Eutrema species. These results were
consistent with those of IR boundary analysis, suggesting that our analysis was accurate.
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Figure 9. The maximum likelihood (ML) phylogenetic tree based on 30 species. Numbers beside
nodes indicate bootstrap support values.

4. Discussion
4.1. Evolution of the Chloroplast Genome

To reconstruct plant phylogenies for interspecific classification, cp genomes have been
widely used because of their highly conserved organizations and sequences [36]. Herein,
the cp genome of E. japonicum exhibits a typical quadripartite structure, with 87 protein-
coding genes, 37 tRNA genes, and 8 rRNA genes. The IR regions have the richest GC
content (42.48%), followed by the LSC (34.06%) and SSC (29.38%) regions. The difference
is attributed to the distribution of the 4 rRNA genes in the IR regions. These results are
consistent with those of other studies of Brassicaceae species [37]. Compared to nuclear
DNA, the types and number of chloroplast genes are certainly the same, proving the slow
evolution rate and highly conserved feature of cp genomes. Cognizant of this, differences
in the repeat sequences of the cp genome can be used as molecular markers for genetic
diversity studies. The generation of forward repeats is usually related to the activity of
transposons. These activities lead to genome structure changes that can be used as genetic
markers for phylogenetic relationship studies [38]. In the same line, SSRs constitute an
important part of the cp genome of higher plants and are powerful molecular markers
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for phylogenetic studies [39]. Herein, 290 SSRs primarily located in the LSC region were
identified in the cp genome of E. japonicum. A large proportion of the mono-nucleotides
were A and T. Their distribution in the genome was uneven, and their diversity was highly
attributed to genome rearrangements. This finding was consistent with those obtained in
Raphanus sativus L. [40] and Sinapis alba [37] implying that polyA and polyT repeats are
common features of the cp genomes, while two pentanucleotides SSRs (ATCAA /TATCT)
were only detected in the cp genome of E. japonicum but not in those of related species.
The repeat sequences play an important role in genome rearrangement [41]. Herein, most
repeats were forward repeats (F) and palindrome repeats (P). A large palindrome repeat,
26,017 bp in length, was found in the cp genome of E. japonicum, while other species
like Nasturtium officinale R. Br. did not have such long repeats [42]. Cognizant of this,
these repeat motifs will prove to be an informative source for developing markers for
phylogenetic analysis, and can be used to identify different species.

The relative synonymous codon usage reflects the species’ gene expression and protein
synthesis features to some extent [43]. As such, they provide a basis for studying species
evolution at the molecular level. Herein, codons encoding leucine, isoleucine, and serine
accounted for 26.93% of all codons, while those encoding cysteine accounted for only 1.22%
of the total. This finding was consistent with the results observed in the cp genomes of
other species like Psoralea corylifolium (L.) Medik [43] and menyanthaceae species [44].
E. japonicum was also similar to its related species, Sinapis alba, which prefers to end the
protein-coding codons with A or U [37]. This phenomenon suggests that codon usage arises
from the adaptive evolution of cp genomes and strongly implies that the gene composition
of the cp genome in most higher plants is highly conserved.

4.2. Comparison Analysis of the Chloroplast Genome

The expansion and contraction of the IR regions are the primary reasons for changes
in the length of the angiosperm cp genomes [45]. A comparison of the IR boundary of E.
japonicum with that of seven Eutrema species revealed differences in 248 bases in the LSC
region between the cp genomes. These differences were attributed to insertions or deletions
of intergenic segments in the genes. For instance, the rps19 gene is located at the LSC/IRb
boundary, with 113-119 bp located in the IRb region. This result is consistent with that of
other Brassicaceae plants [37], suggesting that it is a common feature in the cp genome of
plant species in the Brassicaceae family. Despite the cp genome length of E. heterophyllum
(KT270358.1) and E. japonicum having a difference of only 24 bp, the position change of the
rpl2, ycfl, ndhF, and trnN genes ranged between 1-14 bp. This difference was the largest
amongst the Eutrema species compared to E. japonicum. This result was consistent with
that of phylogenetic tree analysis, suggesting that E. heterophyllum (KT270358.1) is the most
different Eutrema species.

Nucleotide diversity analysis helps to detect the hotspots containing evolutionary
information for use as potential molecular markers [46]. Herein, higher Pi values were
mainly detected in the IR regions of the cp genome of Eutrema species. This finding was
inconsistent with those of other studies which report higher Pi values in the LSC and SSC
regions than in the IR regions [35,47,48]. Notably, there were three genes: rrn4.5, rrn23,
and rrnl6, with extremely high Pi values in the IR region. The three were associated
with high mutation rates and were thus deemed hotspots of the Eutrema species’ cp
genome. As such, they could be used as potential molecular evolutionary markers for
Eutrema species and provide a theoretical basis for further development of Eutrema species
germplasm resources.

In contrast to E. japonicum, the Ka/Ks values of all genes of the seven Eutrema species
were less than 0.5, suggesting that most protein-coding genes were undergoing intense
purification selection pressure. There were 30 genes detected in the E. japonicum vs.
E. heterophyllum (KT270358.1) comparison, but only 2 in the E. japonicum vs. E. japonicum
(LC500900.1) comparison. This result was consistent with those of IR boundary and phylo-
genetic tree analysis. Amongst the genes compared, rpoC2 was different in seven species,
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while ndhF was mutated in six species. Previous studies postulated that rpoC2 is related to
the self-replication of plants, while ndhF is closely related to plant photosynthesis. Both
genes play an important role in improving the energy conversion efficiency of plants [49].
High mutation frequencies of genes between different species are deemed to occur as plants
adapt to the environment. Cognizant of this, these genes can be used as molecular markers
to distinguish the species closely related to Eutrema species.

4.3. Phylogenetic Analysis

The cp genomes of Eutrema species were highly conserved, but there were still dif-
ferences. The genetic divergence analysis showed that the differentiation degree within
Brassicaceae species was low, but it could be efficiently distinguished through genetic
distance. The genetic distance of Schrenkiella parvula was the smallest, and a previous study
showed that Schrenkiella parvula used to be classified as Eutrema parvula [50]. However, the
genetic distance of Schrenkiella parvula is far larger than that within Eutrema species. To some
extent, the genetic distance proved that Schrenkiella parvula did not belong to the Eutrema
genus. Despite the genetic distance in Eutrema species being small, differences within
species still existed, indicating that the cp sequences of Eutrema species were undergoing
different evolution directions.

The results of phylogenetic analysis are consistent with those of genetic divergence
analysis, and they further revealed that E. japonicum has a close genetic relationship with
Eutrema species. Despite numerous results herein suggesting that the cp genomes of
E. japonicum and seven Eutrema species are relatively conserved, some differences exist
between species. Herein, the phylogenetic and genome structure analysis of the wasabi cp
genome enriched the plant DNA information and laid a foundation for cp genome-based
molecular breeding and genetic transformation studies of Eutrema plants.

5. Conclusions

The present study describes the comparative nucleotide sequences of E. japonicum
chloroplasts. The wasabi chloroplast genome (153,851 bp) was fully sequenced and com-
pared to seven Eutrema species. Herein, 37 rRNA genes, 8 rRNA genes and 87 protein-
coding genes were detected. Phylogenetic analysis showed that E. japonicum has a close
genetic relationship with Eutrema species. Three potential hotspots (rrn16, rrn4.5 and
rrn23) were identified in the IR region, and were developed as molecular markers. These
molecular markers could distinguish the related wasabi species, providing a theoretical
basis for further studying and breeding of Eutrema species’ germplasm resources.
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