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Abstract: Cordiaceae is a family comprising more than 400 species in the order Boraginales. The
classification of this family has undergone changes over time, transitioning between family and
subfamily status. In the present study, the complete chloroplast (cp) genomes of Cordia monoica
and Cordia sinensis were sequenced, and their cp genomes were then characterized, analyzed, and
compared to those of closely related taxa. The lengths of the cp genomes of C. monoica and C. sinensis
were 151,813 bp and 152,050 bp, respectively. Both genomes consisted of 114 genes, divided into
4 ribosomal RNA genes, 30 transfer RNA genes, and 80 protein-coding genes. We observed a unique
gene inversion in the trnM-rbcL region of both Cordia species. The long repeats analysis revealed
that both species’ chloroplast genomes contained forward and palindromic repeats. The simple
sequence repeats (SSRs) analysis detected 155 microsatellites in each genome, with the majority being
mononucleotide repeats (A/T). Phylogenetic analysis based on maximum likelihood and Bayesian
analyses confirmed two major clades in the order Boraginales: clade I comprised Boraginaceae, while
clade II included Cordiaceae, Ehretiaceae, and Heliotropiaceae. This study expands our knowledge
of the evolutionary relationships across the order Boraginales and offers useful genetic resources.

Keywords: Cordia monoica; Cordia sinensis; Cordiaceae; Boraginales; plastomes; chloroplast; phylogenetic
tree; inversion

1. Introduction

Cordiaceae (Cordioideae) is a family within the flowering plant order Boraginales. The
Cordiaceae family is split into two genera, Cordia and Varronia, and has over 400 species [1].
The species of the Cordiaceae family are shrubs or trees; the leaves are arranged in a spiral,
simple and entire; the flowers are mostly 5-merous, actinomorphic; the petals are white;
and the fruit is a drupe, thinly fleshy or dry and hard [2].

Initially, members of the Cordiaceae were included within the Boraginaceae family as
subfamilies of the Cordioideae [3—6]. This taxonomic treatment is still recognized by the
Angiosperm Phylogeny Group (APG) and some phylogenetic studies [7-9]. On the other
hand, a number of phylogenetic studies have identified Cordiaceae as a distinct family
in the order Boraginales [10-13]. Previous studies on the phylogenetic relationships of
the Cordiaceae family have totally relied on a small number of nuclear DNA, chloroplast,
and mitochondrial genes [14]. To date, only one member of the Cordiaceae family (Cordia
dichotoma) has a chloroplast (cp) genome sequence that is available in GenBank.

Scientists have increasingly relied on genetic data as robust evidence for understanding
the evolutionary relationships among different organisms. The plastome offers valuable
genetic data for comparative studies of species diversification [15]. The chloroplast is a cell
organelle inside plant cells and performs the photosynthesis process [16]. The cp genomes
of flowering plants are extremely stable regarding the content, structure, and arrangement
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of genes [17]. In most angiosperms, the cp genome has circular and quadripartite structures.
However, recent studies on chloroplast genomes have identified multibranched linear
structures in some species of flowering plants [18]. The cp genome is characterized by
two identical copies of the inverted repeat (IR) separated by a small single-copy region
(SSC) and a large single-copy region (LSC) [19]. The significance of the plastome in plant
science studies is evidenced by the existence of over 5998 stored plastomes in the National
Center for Biotechnology Information (NCBI) [20]. Utilizing cp genomes, as opposed to a
limited number of genes, can provide more accurate results with regard to evolutionary
relationships, gene transfer, and cloning procedures [21].

The cp genome structure, gene number, and arrangement are conserved in angiosperms
and normally have slow rates of nucleotide substitution [22,23]. However, numerous
species of plants have sequence rearrangements in the chloroplast genomes [24-27]. A gene
inversion in the LSC region is an example of these rearrangements [28,29]. Large inversions
in cp genomes may be caused by intramolecular recombination [30,31]. The tRNA activity,
or intragenomic recombination, in GC-rich regions is likely the cause of the inversion
phenomenon [32-34]. Because they are rare, inversion events and gene relocations in
chloroplast genomes are considered valuable for phylogenetic analysis [35].

In this study, the complete chloroplast (cp) genome of Cordia monoica and Cordia
sinensis were sequenced to explore the phylogenetic relationships between Cordiaceae and
other families within Boraginales. The authors have selected C. monoica and C. sinensis
as representatives of the Cordiaceae family because their samples can be easily found
and collected in the place of the study (Saudi Arabia), while the other genus (Varronia) in
the Cordiaceae family is native to South America, and it was difficult to obtain samples
from this genus to use in this study. The comparative analysis was carried out utilizing
the plastome sequences of three Cordia taxa, along with eight taxa from three Boraginales
families, and two outgroup taxa from Solanales and Gentianales. Comparing complete
cp genomes offers the opportunity to observe sequence variation. Such comparisons
also make it possible to explore the evolutionary molecular features related to structural
rearrangement and clarify their genetic mechanisms. The ultimate purposes of this research
were to (i) obtain complete plastome genomes of C. monoica and C. sinensis, (i) analyze
and identify the gene characteristics, GC content, gene inversions, codon use, IR junctions,
RNA editing and sequence repeats, and (iii) shed light on the evolutionary relationships of
Cordiaceae and other families in Boraginales.

2. Materials and Methods
2.1. Plant Specimens, DNA Extraction, and Sequencing

On 18 March 2021, plant samples of C. monoica (19°44'34.2" N 41°27'34.9" E) and
C. sinensis (19°44/33.4" N 41°27'33.3" E) were collected from the Al-Baha region, Saudi Arabia.

Both species were identified using their morphological traits. C. monoica and C. sinensis
A DNeasy Plant Mini Kit was used to extract DNA from the plant specimens. Qualified
DNA samples were sent to BGI Genomics Company in Hong Kong for library construction
and sequencing. The raw data were filtered using SOAPnuke v.2.1.7 software [36].

2.2. Assembly, Annotation, Codon Usage, and RNA Editing Sites

Genome assembly was carried out using NOVOPlasty 4.3.1 [37]. The C. dichotoma cp
sequence (ON872368) was selected as a reference to assemble the C. monoica and C. sinensis
cp sequences. The annotation and gene prediction were performed using GeSeq [38]. The
circular chloroplast genomes were visualized using OGDRAW 1.3.1 [39]. The annotated
plastome sequences were uploaded to GenBank and assigned accession numbers: C. monoica
(OP793888) and C. sinensis (OP850801). MEGA v.11 [40] was employed to assess the codon
usage. The PREPACT Tool [41] was utilized to determine the RNA editing sites in the cp
sequences of C. monoica and C. sinensis using BLASTX mode analysis and a cutoff E-value
of 0.8.



Forests 2023, 14,1778

30f16

2.3. Repeat Analysis and Characterization of Substitution Rate

The REPuter program [42] was used to recognize the long repeats in C. monoica and
C. sinensis. The minimal repeat sizes were set at 10 bp and the similarity among the repeat
sequences was higher than 85%. The Microsatellite Identification Tool (MISA) [43] was
used for identifying simple sequence repeats (SSRs) with the following parameters: 8, 5, 4,
3, 3, and 3, indicating microsatellite repeats. Geneious Prime v 2023.0.4 [44] was used to
extract the coding sequences (CDS) from C. monoica and C. sinensis cp sequences, and then
DNAsp v6.12.03 [45] was used to determine which genes are under selective pressure and
to compute the synonymous (dS) and nonsynonymous (dN) substitution rates.

2.4. Divergence Sequences and IR Junctions Analyses

The mVISTA v.1 software [46] under Shuffle-LAGAN mode was used to compare and
analyze the plastomes of C. dichotoma, C. monoica, and C. sinensis. The plastome of C. monoica
was used as a reference. Then, the borders of the IR, LSC, and SSC junction positions among
the Cordia plastome sequences were visualized using the IRscope v.1 software [47].

2.5. Phylogenetic Analysis

The Phylogenetic analysis was performed based on three Cordia plastome sequences
(C. dichotoma, C. monoica, and C. sinensis), eight taxa representing three families (Borag-
inaceae, Ehretiaceae, and Heliotropiaceae) belonging to the order Boragianles, and two
taxa belonging to the Solanales and Gentianales orders used as outgroups. All sequences
were aligned using MAFFT v.7.520 software [48]. The phylogenetic trees were generated
using two analyses: maximum likelihood (ML) using IQ-TREE v.2.2.2.6 [49] and Bayesian
inference (BI) using MrBayes v.3.2.7 [50]. The ML analysis was conducted using 5000 ultra-
fast bootstrap replicates, and Modelfinder [51] was utilized to determine the substitution
model (TVM + F + I + G4). The BI analysis was performed with the following settings:
500,000 generations sampling and printing each 250 generations, and jModelTest [52] was
utilized to determine the substitution model (GTR + G).

3. Results
3.1. Characteristics of C. monoica and C. sinensis

The plastomes were circular with a quadripartite structure, and their sizes ranged
from 151,813 bp in C. monoica to 152,050 bp in C. sinensis (Table 1 and Figure 1). The
plastomes of C. monoica and C. sinensis contain four regions: the SSC region (17,847 bp and
17,840 bp), the LSC region (83,812 bp and 84,124 bp), and two IR regions (25,077 bp and
25,043 bp), respectively (Table 1). The overall GC content is 38.16% in C. monoica and 38.17%
in C. sinensis. The IR regions occupied most of the GC contents, ranging from 43.41% in
C. monoica to 43.48% in C. sinensis. The SSC and LSC regions have GC contents of 36.23%
and 32.49% in C. monoica and 36.23% and 32.49% in C. sinensis, respectively (Table 1).

The plastomes of C. monoica and C. sinensis showed unique structural changes, re-
vealing an inversion in the trnM-rbcL region (Figure 1). These inversions or transpositions
caused the gene rearrangements observed in the LSC region. The plastomes of C. monoica
and C. sinensis comprised 134 genes. Table S1 displays the 114 unique genes that were
found in both Cordia plastomes, which included 19 genes duplicated in IR regions, and
rps12 gene was duplicated in IR regions as well as in the LSC region. Each genome included
4 rRNA genes, 30 tRNA genes, and 80 protein-coding genes. The SSC region comprised
1 tRNA gene and 12 protein-coding genes; the LSC region comprised 22 tRNA genes and
60 protein-coding genes; and the IR regions comprised 4 rRNA genes, 7 tRNA genes, and
8 protein-coding genes. In each genome, a total of 6 tRNA genes and 11 protein-coding
genes comprised one intron, whereas one gene (ycf3) comprised two introns (Table S2). The
trnK-UUU gene has the longest intron, with 2460 bp in C. monoica and 2463 bp in C. sinensis.
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Table 1. The characteristics of C. sinensis and C. monoica plastomes.

Species C. monoica C. sinensis
Cp genome size (bp) 151,813 152,050
IR (bp) 25,077 25,043
LSC (bp) 83,812 84,124
SSC (bp) 17,847 17,840
Total number of genes 134 134
rRNA 4 4
tRNA 30 30
Protein-coding genes 80 80
T (U) % 31.17 31.15
C% 19.42 19.42
A% 30.65 30.66
G % 18.74 18.75
Overall GC content % 38,16 38,17
GCin LSC % 36.23 36.23
GC in SSC % 3249 32.49
GCinlIR % 43.41 43.48
RS

[ hypothetical chloroplast reading frames (ycf)

Chloroplast genome

Cordia monoica
151,813 bp
Cordlia sinensis

152,050 bp

pi2g
ni.cy, v

Figure 1. Gene map of C. monoica and C. sinensis plastomes. The LSC and SSC indicate the large and
small single-copy regions. The IR indicates inverted repeat regions. The INV refers to inversion.
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3.2. Codon Usage

The codon usage frequency in chloroplast genomes was computed based on the
sequences of the tRNA and protein-coding genes. The involved sequence lengths were
80,250 bp in C. monoica and 79,779 bp in C. sinensis. Tables S3 and S4 show the relative
synonymous codon usage of the genes in these plastomes. The analysis showed that
the genes in the plastomes of C. monoica and C. sinensis were encoded by 26,750 and
26,593 codons, respectively. Codons coding for leucine were the most common, with 2699
(10.09%) in C. monoica and 3106 (11.68%) in C. sinensis, whereas coding for methionine was
less frequent, with 484 (1.81%) in C. monoica, while the tryptophan with 494 (1.86%) was in
C. sinensis (Figure 2). The analysis (Tables 53 and S4) also showed that 31/64 of the codons
in each plastome had an RSCU value greater than 1(the majority ended with A /U), while
33/64 codons had an RSCU value less than 1 (the majority ended with C/G). Moreover,
the majority of amino acids had a codon usage bias, with the exception of tryptophan and
methionine, which had RSCU values equal to 1.

Proportion (%)

14

12

10

Ala Cys Asp Glu Phe Gly His Ile Lys Leu Met Asn Pro GIn Arg Ser Thr Val Trp Tyr

B Cordia monoica W Cordia sinensis

Figure 2. Codon content in C. monoica and C. sinensis plastomes.

3.3. RNA Editing Sites

Using the PREPACT Tool, the C-to-U RNA editing sites in C. monoica and C. sinensis
have been predicted. The analysis identified 33 RNA editing sites in C. monoica and 32 RNA
editing sites in C. sinensis. In both genomes, the ndhB gene possessed the highest number of
editing sites with eight sites, followed by ndhD with six editing sites in C. monoica and five
editing sites in C. sinensis. The rest of the genes ranged from three to one editing sites (afpA,
atpF, rps2, rpoC2, rpoB, rps14, petB, psbL, rpl23, rpoA, ndhA, and ndhF) (Figure 3 and Table S5).
In C. monoica and C. sinensis, 93.93% and 93.75% of the editing sites were present in the
next nucleotide of the codon, respectively, and 6.07% and 6.25% of the editing sites were
present in the start nucleotide of the codon. The result also revealed that most amino acid
conversions were from serine to leucine, proline to leucine, and serine to phenylalanine
(Table S5).
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Figure 3. The C-to-U RNA editing sites in C. monoica and C. sinensis plastomes.

3.4. Long Repeats

The long repeat sequences of C. monoica and C. sinensis plastomes were detected by the
REPuter program. Only forward and palindromic repeats were recognized in C. monoica
and C. sinensis as follows: 28 and 27 forward repeats and 21 and 22 palindromic repeats,
respectively (Figure 4, Tables S6 and S7). In total, both chloroplast genomes contained
49 repeats. Most of the repeat sizes in C. monoica were between 28 and 39 bp (55.10%), 44
and 55 bp (18.36%), 73 and 99 bp (16.32%), and 109 and 131 bp (10.20%). In C. sinensis, most
of the repeat sizes were between 28 and 39 bp (51.02%), 44 and 65 bp (22.40%), 73 and 91 bp
(18.36%), and 100 and 109 bp (8.16%). In C. monoica and C. sinensis, the protein-coding
genes harbored 85.72% and 89.80% of the repeats, respectively; the intergenic spacer region
comprised 13.26% of the repeats in C. monoica and 9.18% in C. sinensis; and the tRNA genes
contained the same percentage of repeats (1.02%) in both taxa (Tables S6 and S7).

30

25 4
20 A
mp
15 =F
ER
10 A C
5 -
0 n T T T 1

Cordia monoica Cordia sinensis

Type and Number of repeats

Figure 4. The number and type of repeats in the plastomes of C. monoica and C. sinensis. C—complement;
R—reverse; P—palindromic; F—forward.
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3.5. Simple Sequence Repeats (SSRs)

Microsatellites, also known as simple sequence repeats (SSRs), are spread across both
genomes. The plastomes of C. monoica and C. sinensis comprised 155 microsatellites in each
genome (Tables S8 and S9). In the plastome of C. monoica, mononucleotides harbored the ma-
jority of SSRs (84.51%), and the A /T motif had the most frequency (92.9%), followed by C/G
(7.1%) (Table 2). Moreover, one dinucleotide (AT/AT), five tetranucleotides (AAAC/GTTT,
AAAT/ATTT, AAAG/CTTT, AATT/AATT, and AATC/ATTG), and one pentanucleotide
(AAAAT/ATTTT) were discovered in the plastome. In C. sinensis, mononucleotides har-
bored the majority of SSRs (86.45%), and the A /T motif had the most frequency (94.35%),
followed by C/G (5.65%) (Table 2). Moreover, one dinucleotide (AT/AT) and five tetranu-
cleotides (AAAG/CTTT, AAAC/GTTT, AATT/AATT, AAAT/ATTT, and AGGC/CCTG)
were discovered in the plastome.

Table 2. The microsatellites in C. monoica and C. sinensis cp genomes.

Species
SSR Type Repeat Unit
C. monoica C. sinensis

M. A/T 131 134
ono C/G 10 8
Di AT/AT 2
AAAC/GTTT 2 2
AAAG/CTIT 2 2
T AAAT/ATTT 5 5
etra AATC/ATTG 1 0
AATT/AATT 1 1
AGGC/CCTG 0 1
Penta AAAAT/ATTTT 1 0

3.6. Comparative Analysis

The IR-SSC and IR-LSC boundaries among three Cordia plastomes (C. dichotoma,
C. monoica, and C. sinensis) were compared. The analysis showed similarities among
the cp plastomes of Cordia taxa (Figure 5). C. sinensis harbored the largest plastomes
(152,050 bp), followed by C. dichotoma (151,990 bp) and C. monoica (151,813 bp). The size
of the SSC region was 17,834 bp in C. dichotoma, 17,847 bp in C. monoica, and 17,840 bp in
C. sinensis. The size of the LSC region was 83,992 bp in C. dichotoma, 83,812 bp in C. monoica,
and 84,124 bp in C. sinensis. The sizes of the IR regions were 25,082 bp in C. dichotoma,
25,077 bp in C. monoica, and 25,043 bp in C. sinensis.

In addition, the analysis indicated that the psl9 gene was located within the LSC and
IRb boundaries in all genomes. The ycf] gene was found within the IRb/SSC boundaries
(IRb 755 bp/SSC 3 bp) in C. dichotoma and (IRb 749 bp/SSC 3 bp) in C. monoica and
C. sinensis. It was also present at the boundary of the SSC/IRa regions (SSC 4447 bp /IRa
755 bp) in C. dichotoma and (SSC 4450 bp/IRa 749 bp) in C. monoica and C. sinensis. The
ndhF is located within IRb/SSC boundaries in C. dichotoma, with 2223 bp in the SSC region
and 60 bp in the IRb region, while in C. monoica and C. sinensis, it is only found in the SSC
region with 2282 bp. No genes were found at the boundaries of IRa/LSC. The psbA and
trnH genes were located totally in the LSC region of all plastomes (Figure 5).
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Cordfa dichotoma
151,990 bp

Cordia sinensis
152,050 bp

Cordia monoica
151,813 bp

Figure 5. A comparison between the LSC, SSC, and IRs boundaries of three Cordia plastomes.

3.7. Divergence of Protein-Coding Gene Sequence

Three Cordia plastomes were compared using the C. monoica plastome as a reference.
This was carried out in order to observe the sequence divergence regions (Figure 6). The
analysis revealed that the plastomes were extremely conserved, with few variable regions.
Most of the divergences occurred in the LSC region, and more variables were detected in
the noncoding region than in the coding region. The ycfl, ycf2, psaB, and psbN genes had
the highest divergence in the coding regions. The evolutionary relationships within the
Cordiaceae can be clarified using these divergence markers.
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Figure 6. Three Cordia plastomes were visually aligned using C. monoica as a reference. The plastome
coordinate is shown by the x-axis, while the identity percentage (between 50% and 100%) is repre-
sented by the y-axis. The direction of each gene is indicated by the upper arrows. CNS stands for
conserved non-coding regions; UTR stands for untranslated regions. The mVISTA program was used
for the sequence alignment.
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3.8. Characterization of Substitution Rate

To identify the selective pressure within 80 protein-coding genes of two Cordia plas-
tomes, the rates of synonymous (dS) as well as the dN/dS ratio were computed. The
analysis shows that the dN/dS ratios were lower than 1 in all genes of C. monoica vs.
C. sinensis, except for the rpl23 gene, which had a dN/dS ratio of 1.03 (Figure 7). In all
genes, the ratio of synonymous (dS) substitutions was between 0 and 0.6.

dN/dS

ds

Figure 7. The ratios of dN/dS and dS subsituation of protein-coding genes from C. monoica and
C. sinensis plastomes.

3.9. Phylogenetic Analysis

Both the ML and Bl analyses produced phylogenetic trees that were virtually identical.
The results are represented as one tree in Figure 8, with support results on branches, which
represent the bootstrap (BS) and posterior probability (PP) values. The order Boraginales
fell into two clades. The first clade (Boraginales I) comprises Boraginaceae (s. str.) with two
subfamilies, namely Boraginoideae and Cynoglossoideae, forming a well-supported clade
(BS = 100/PP = 1). Boraginoideae comprise two genera: Arnebia and Borago, whereas
Cynoglossoideae contain two genera: Bothriospermum and Cynoglossum. The second
clade (Boraginales II) comprises the Cordiaceae, Ehretiaceae, and Heliotropiaceae families,
with strong support (BS = 100/PP = 1). Cordiaceae and Ehretiaceae were recovered as
sisters, with BS = 96/PP = 1 support values. Heliotropiaceae was a sister to both Cordiaceae
+ Ehretiaceae.
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Figure 8. A phylogenetic tree showing the relationships between four families of the order Boraginales
was produced by ML and BI analyses using 13 plastomes. The branch nodes’ numbers represent the
(BS)/(PP) values.

4. Discussion

The cp genome produced an abundance of genetic data to enable scientists to un-
derstand the complex phylogenetic relationships between plants [53]. In this research,
we presented the plastomes of two taxa belonging to the Cordiaceae. The plastomes
of C. monoica and C. sinensis structurally resembled the plastomes of other Boraginales
species [54,55]. The plastome sizes of C. monoica and C. sinensis ranged from 151,813 bp
to 152,050 bp, respectively (Figure 1). The GC contents of C. monoica and C. sinensis cp
genomes were 38.16% and 38.17%, respectively (Table 1). The GC contents are close to
those observed in C. dichotoma (37.7%) [56]. The fact that different taxa possess different
codon usage biases might be responsible for the variation in GC content across different
species within the same genus. The highest GC contents were found within IR regions,
with 43.41% in C. monoica and 43.48% in C. sinensis, possibly because all rRNA genes are
located within these regions [57]. Since the IR regions have more GC than the LSC and SSC
regions, they are highly stable [58]. Each plastome comprised 114 genes, split into 4 rRNA
genes, 30 tRNA genes, and 80 protein-coding genes (Table S1). Introns were present in
18 genes of both cp genomes, with 12 protein-coding genes and 6 tRNA genes (Table S2). The
introns in cp genomes are considered to be significant for controlling gene expression [59].

The trnM-rbcL region in the C. monoica and C. sinensis cp genomes showed an inversion.
Inversion is a form of genomic variant related to adaptation and phenotype variation in
organisms [60]. The same inversions have been reported in C. dichotoma [56]. Inversion
events in the genome are possibly caused by tRNA activity or intragenomic recombination
in GC-rich regions [31-34]. After all analyses had been conducted, we became aware
of a published paper that covered one species (C. monoica) that was analyzed in our
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paper [61], but the findings were different from those reported here, especially the absence
of inversions that were found in the trnM-rbcL region of the C. monoica plastome. The
difference in chloroplast genome sequences of individuals from the same species has been
reported in some plant taxa [62—-64]. The nature of the intraspecific cp genome is mostly
limited to deletion/insertion and alterations in restriction sites, but in a few cases, it has
been linked to inversion [65]. It would be interesting to characterize more of the Cordia
taxa to determine if inversion and intraspecific cp genome variation are common in the
members of this genus.

The codon usage analysis showed that the genes in the plastome of C. monoica were
encoded by 26,750 codons, while in the plastome of C. sinensis they were encoded by
26,593 codons. The use of codons is critical in the expression of genes [66], resulting in a
connection with the conservation of amino acids, gene expression level, transcriptional
preference, and GC content [67]. Most of the codons in each plastome had an RSCU value of
less than 1, and codons coding for leucine were the most common (Figure 2), similar to those
found in C. dichotoma [56]. The C-to-U RNA editing sites analysis revealed 33 editing sites
in C. monoica and 32 in C. sinensis, and they were dispersed across 14 protein-coding genes
of both species (Figure 3). RNA editing is a crucial aspect of the alteration of nucleotides in
the mRNA of genes with functions within the cp genome [68]. The RNA editing process
affects the expression of functional proteins [69]. Most amino acid conversions were found
to be serine to leucine, which matches the characteristic of RNA editing in a number of
angiosperm plants [70].

The analysis of the long repeat sequence in C. monoica and C. sinensis cp genomes
recognized 21 and 22 palindromic repeats and 28 and 27 forward repeats, respectively,
and the absence of complement and reverse repeats (Figure 4). The number and regions
of repeat sequences might be the reason for the recombination and arrangement events
in the chloroplast genome [71]. The palindromic and forward repeats are the dominant
types of repeats in the angiosperm plastomes [72-74]. The SSRs analysis revealed that both
genomes contained 155 microsatellites (Table 2). It has been proven that the SSRs are an
important molecular marker in taxonomic studies [75]. Additionally, they have served in
many areas of research, including estimating sequence variation and analyzing gene flow
in plant plastomes [76,77]. The majority of SSRs were mononucleotides, with A /T repeats
representing the most frequent type. The majority of SSRs in angiosperm plastomes are
often poly(thymine) or poly(adenine) [78,79].

This study compared the IR-SSC and IR-LSC borders of three Cordia plastomes.
The shrinkage and extension of IR regions have been linked to differences in genome
length [80,81]. The differences in the IR/SSC and IR/LSC borders might be used as phy-
logenetic signals. The analysis revealed that most of the genes found in the junctions of
Cordia plastomes were well preserved, except for the ndhF gene, which was found at the
IRb/SSC regions in C. dichotoma and entirely in the SSC region in C. monoica and C. sinensis
(Figure 5). In the cp genomes of the Boraginales species, the location of the ndhF gene varies;
it has been found at IRb/SSC in Tournefortia montana, Nonea vesicaria, Trigonotis peduncularis,
and Arnebia euchroma, and entirely in the SSC region in Heliotropium arborescens, Lappula
myosotis, Ehretia dicksonii, and Cynoglossum amabile [56].

The sequence divergence region analysis showed that the plastomes were well pre-
served. Genetic regions were more preserved than intergenic regions, as noted in most
angiosperm plastomes [82,83]. However, a few variable regions were observed in ycfl, ycf2,
psaB, and psbN genes (Figure 6). A number of these divergence markers were used in the
past to understand the evolutionary relationship among plant species [84,85]. It would
be useful to use these high-diversity regions in the Cordia cp genomes as taxa-specific
DNA markers. The results of the selective pressure rate analysis within the two Cordia
plastomes showed that the dN/dS ratios were below 1 in all genes, with the exception of
the rpl23 gene, which was found under positive selection and had dN/dS ratios greater
than 1 (Figure 7). Further investigation into the functions of this gene is required because it
might have played an essential role in the adaptive evolution of Cordia taxa.
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According to the results of phylogenetic analysis, there are two main clades within
the order Boraginales (Figure 8). The first clade comprises Boraginaceae with two subfami-
lies (Boraginoideae and Cynoglossoideae), which is consistent with the recently revised
familial classification of Boraginaceae based on phylogenetic studies [86]. The second clade
consists of Cordiaceae, Ehretiaceae, and Heliotropiaceae; Cordiaceae resolved as sister to
Ehretiaceae, which is consistent with previous phylogenetic studies [56,87]. Our results
support treating the order Boraginales to include several distinct families, consistent with a
number of recent molecular studies [1,12,56,88] and contrary to what the APG IV system
suggested, which treated the Boraginales to include only one family, Boraginaceae [9].

5. Conclusions

In this study, the basic characteristics of two Cordia plastomes (C. monoica and C. sinen-
sis) were analyzed and compared. RNA editing, codon usage, IR boundaries, long repeats,
and SSRs were analyzed and identified in these plastomes. The results of the phylogenetic
analysis confirmed that there are two main clades within the order Boraginales, the first
clade containing Boraginaceae and the second clade containing Cordiaceae, Ehretiaceae,
and Heliotropiaceae. These results provide clarity regarding the phylogenetic relation-
ships within the Boraginales. We recommend that more sequences from other families
in Boraginales, such as Codonaceae, Coldeniaceae, Hoplestigmataceae, Hydrophyllaceae,
Lennoaceae, Namaceae, and Wellstediaceae, are needed to develop a better understanding
of the intrafamilial classification of Boraginales.
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