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Abstract: Chloroplasts (cp) are important organelles in plant cells that have been widely used in
phylogenetic, molecular evolution, and gene expression studies due to their conserved molecular
structure. In this study, we obtained the complete cp genome of Trivalvaria costata (Annonaceae) and
analyzed its structural characteristics. Additionally, we analyzed the rps12 gene in the phylogenetic
framework of magnoliids. The T. costata cp genome comprises 1,662,002 bp and contains 132 genes.
We detected 48 simple sequence repeats (SSRs) and identified 29 high-frequency codons as well as
8 optimal codons. Our multiple analyses show that codon usage bias is mainly influenced by natural
selection. For the first time, we found the rps12 gene to be entirely located in the IR region (in Annona).
In groups with exon 1 located in the single-copy (SC) region and exons 2–3 located in the inverted
repeat (IR) region, the transition rate and synonymous substitution rate of exon 1 were higher than
those of exons 2–3. Adaptive evolution identified a positive selection site (116) located in the 310-helix
region, suggesting that the rps12 gene may undergo adaptive changes during the evolutionary history
of magnoliids. This study enhances our knowledge regarding genetic information on T. costata and
provides support for reduced substitution rates in the IR region.

Keywords: Trivalvaria costata; SSRs; codon usage bias; rps12; molecular evolution

1. Introduction

Chloroplast (cp) genomes in land plants range in size from 120 kb to 160 kb and
usually contain about 80 protein-coding genes, with 30 tRNA genes and 4 rRNA genes
having a conserved tetrad structure: a pair of inverted repeat (IRs) regions separates a large
single-copy (LSC) region from a small single-copy (SSC) division [1–3]. Due to their small
genome size, high copy number, evolutionary conservation, and relative ease to obtain, cp
genomes are often used for structural comparison, phylogenetic, and molecular evolution
studies [4–7]. Simple sequence repeats (SSRs), as a characteristic of the cp genome, contain
abundant genetic information and are widely used for species identification and phylo-
genetic studies [8,9]. Codons play an essential role in genetic information transmission.
After long-term development and evolution, organisms develop a certain preference for
codons. The primary goals of codon usage preferences are to optimize translation yield and
accuracy, protect protein structure and function, and manage resources to optimize cellular
adaptation [10]. Studying codon usage patterns is an excellent way to understand biological
evolution and phylogeny, as well as predict the expression and functional dynamics of
unknown genes more accurately [11].

On the cp genome, the presence of the IR region plays a crucial role in maintaining
its stability, particularly by reducing the evolutionary rates of sequence when compared
with the SC region. Several studies have reported a significant reduction in substitution
rates within the IR region [12–14]. However, the rate of evolution may be influenced
by gene function, and hence, to study the characteristics of the IR region, we identified
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a more suitable gene (rps12). The rps12 gene encodes the S12 protein in the 30S small
subunit of the ribosome and is composed of two parts: the 5′ end of rps12 contains only
exon 1, while the 3′ end usually contains exon 2, an intron, and exon 3 [15]. In ferns and
gymnosperms [16,17], the 5′-rps12 is situated within the LSC region, while the 3′-rps12
partially or completely enters or leaves the IR region during IR expansion, contraction, or
even loss. Additionally, the evolutionary rates of the rps12 gene sequences are different in
different locations. Moreover, Liu et al. found variations in the substitution rates of rps12
coding sequences after the loss of introns in some ferns [18].

Angiosperms, commonly known as flowering plants, consist of five major clades:
eudicots, monocots, magnoliids, Chloranthales, and Ceratophyllales. Among these, magno-
liids are considered a core branch of angiosperms and include approximately 9000 species
belonging to four orders: Canellales, Laurales, Magnoliales, and Piperales [19,20]. An-
nonaceae is a relatively advanced family in Magnoliales and has the largest number of
species (around 2000 species and over 110 genera). Widely distributed in tropical and
subtropical regions worldwide, it plays a vital role in lowland tropical rainforest ecosys-
tems [21] and has considerable economic significance owing to its production of high-
quality fruit, wood, aromatic essential oils, and precious Chinese medicinal materials. At
present, studies on the Annonaceae cp genome are relatively scarce. As of December 2022,
only 20 sequences have been published in the NCBI database.

The expansion of the IR region in Annona has been noted [22], but is unknown for
other genera. Trivalvaria costata (Annonaceae) is a shrub or small tree mainly distributed in
Hainan, China, and Southeast Asia [23]. In order to complement the genetic information
in the cp genome database of Annonaceae, we obtained the cp genome of Trivalvaria
(T. costata) for the first time and analyzed its SSR characteristics and codon usage bias. In
addition, the unique structure of the rps12 gene and its distribution on the genome provide
a natural opportunity to study the evolutionary rate changes in the IR region. Therefore,
we selected 65 magnoliid species for molecular evolutionary analysis of the rps12 based on
a phylogenetic framework constructed from shared gene datasets.

2. Materials and Methods
2.1. Sequencing and Sequence Preparation

Fresh leaves of T. costata were collected from the South China Botanical Garden,
Chinese Academy of Sciences (E 113◦36′, N 23◦18′). The E.Z.N.A.® Plant DNA Kit (OMEGA,
Shanghai) was used to extract total DNA, and the Illumina NovaSeq6000 platform was
utilized for carrying out pair-end sequencing with a 150 bp reading length. For raw data,
quality control and evaluation were conducted using Cutadapt v1.16 [24] and FastQC
v0.11.4 [25] software, respectively. The sequences were spliced using NOVOPlasty V4.2
software [26] followed by GetOrganelle V1.7.0 + [27] for optimal assembly results. The
assembled cp genome was annotated using PGA [28] and Geseq (https://chlorobox.mpim
p-golm.mpg.de/geseq.html, (accessed on 5 December 2022)) [29] software. The complete
cp genomes were deposited in the NCBI GenBank under the accession number OM914484.

The complete cp genome sequences of 67 other species were downloaded from the
NCBI database (https://www.ncbi.nlm.nih.gov/nuccore/?term=, (accessed on 20 Decem-
ber 2022)), including 66 magnoliidae species covering 4 orders, 9 families, and 62 genera, while
the remaining 2 belonged to the Chloranthales species and served as the outgroup (Table 1).

2.2. SSR Analysis

The prediction of SSRs was carried out using the Microsatellite Identification Tool v2.1
(MISA) website (https://webblast.ipk-gatersleben.de/misa/index.php?action=1, (accessed
on 15 January 2023)), and the minimum repeats corresponding to the motif length were
1–10, 2–6, 3–5, 4–5, 5–5, and 6–5, respectively. Additionally, the composite microsatellite
consisted of two microsatellites with distances less than 100 bp [30].

https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
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Table 1. Information about the sample species.

Order Familly Species Name Genbank
Accession No.

Cp Genome
Size/bp GC Content/%

Magnoliales
Annonaceae Annona cherimola KU563738 201,723 39.60

Annona reticulata MT742547 196,038 39.90
Annona muricata MT742546 201,906 39.60

Fissistigma oldhamii MW136266 187,782 38.90
Fissistigma polyanthum MW829282 189,920 38.70

Uvaria macrophylla MH992130 192,782 38.70
Artabotrys hexapetalus MZ936420 178,457 38.80

Artabotrys pilosus OK216144 178,195 38.80
Polyalthiopsis verrucipes MW018366 159,965 39.00

Miliusa glochidioides OM047203 159,789 39.20
Trivalvaria costata OM914484 162,002 39.00

Greenwayodendron suaveolens MH924590 159,031 39.00
Chieniodendron hainanense MK035708 160,497 39.00

Cananga odorata MN016933 167,946 39.00
Magnoliaceae Liriodendron chinense NC_030504 159,429 39.57

Magnolia grandiflora NC_020318 159,623 39.30
Michelia × alba NC_037005 160,060 39.25

Houpoea officinalis NC_020317 160,050 39.25
Yulania denudata NC_056770 160,090 39.24

Manglietia fordiana NC_058549 160,074 39.27
Parakmeria yunnanensis NC_024545 160,085 39.27

Pachylarnax sinica NC_023241 160,044 39.26
Woonyoungia septentrionalis NC_015892 159,667 39.26

Lirianthe delavayi NC_053643 159,478 39.28
Alcimandra cathcartii NC_023234 159,950 39.22

Oyama sieboldii NC_041435 160,770 39.25
Myristicaceae Magnolia alba NC_060714 155,775 39.21

Endocomia macrocoma subsp. prainii NC_042225 155,695 39.21
Horsfieldia amygdalina NC_060835 155,682 39.24

Laurales
Lauraceae Actinodaphne lecomtei NC_058827 152,863 39.38

Lindera glauca NC_035953 152,780 39.73
Cinnamomum camphora NC_035882 152,570 39.39

Laurus nobilis NC_034700 152,750 39.23
Litsea pungens NC_050368 152,655 39.58

Iteadaphne caudata NC_050361 152,863 39.40
Machilus gamblei NC_058716 152,589 39.63

Neocinnamomum delavayi NC_036003 150,850 38.84
Neolitsea pallens NC_050370 152,699 39.33

Ocotea guianensis NC_061545 152,656 39.74
Phoebe zhennan NC_036143 152,831 39.48

Beilschmiedia purpurascens NC_051917 158,416 38.99
Alseodaphnopsis hainanensis NC_057082 152,829 39.18

Alseodaphne gracilis NC_037489 153,099 39.05
Caryodaphnopsis tonkinensis NC_050345 149,016 39.05

Cassytha filiformis NC_036001 114,622 36.93
Cryptocarya chinensis NC_036002 157,718 39.07
Endiandra microneura NC_051910 158,598 39.05
Nothaphoebe cavaleriei NC_058724 152,728 39.43

Parasassafras confertiflorum NC_042696 152,555 39.48
Persea americana NC_031189 152,723 39.04

Potameia microphylla NC_051913 158,597 39.04
Sassafras tzumu NC_045268 151,797 39.93

Sinopora hongkongensis NC_051914 158,598 39.01
Syndiclis anlungensis NC_052917 158,573 39.01
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Table 1. Cont.

Order Familly Species Name Genbank
Accession No.

Cp Genome
Size/bp GC Content/%

Calycanthaceae Idiospermum australiense NC_042743 154,767 39.23
Chimonanthus praecox NC_042744 153,252 39.25

Calycanthus floridus var. glaucus NC_004993 153,337 39.27

Piperales
Aristolochiaceae Aristolochia contorta NC_036152 160,576 38.27

Asarum sieboldii NC_037190 193,356 36.20
Saururaceae Gymnotheca chinensis NC_056145 161,621 38.30

Saururus chinensis NC_050853 161,489 38.47
Houttuynia cordata NC_047437 160,228 38.36

Piperaceae Piper auritum NC_034697 159,909 38.31

Canellales
Winteraceae Drimys granadensis NC_008456 160,604 38.79

Pseudowintera colorata NC_050985 161,675 38.81
Tasmannia lanceolata NC_050986 160,424 38.86

Chloranthales
Chloranthaceae Chloranthus spicatus NC_009598 157,772 38.89

Sarcandra glabra NC_039621 158,900 39.23

2.3. Codon Usage Analysis

The protein-coding genes (PCGs) of T. costata were extracted using Geneious prime
2020.0.1 software [31]. After filtering sequences with a length less than 300 bp, 53 PCGs were
selected. We used CodonW 1.4.2 software (http://codonw.sourceforge.net/, (accessed on
25 January 2023)) to compute the number of codons (N), effective number of codons (ENC),
and relative synonymous codon usage (RSCU) for the 53 genes. Additionally, MEGA X
software [32] was employed to calculate the GC content of every sequence (GCall) and each
codon position (GC1, GC2, and GC3).

To establish high- and low-expression gene banks, we selected codons with RSCU
values greater than 1 and arranged the ENC values of 53 PCGs in descending order. We
then chose 10% of the total genes on each end and computed their respective RSCU values
(RSCUhigh-expression and RSCUlow-expression). The optimal codon was determined based on
RSCU values greater than 1 and ∆RSCU (RSCUhigh-expression − RSCUlow-expression) ≥ 0.08.
We drew a neutral diagram with GC3 as the x-axis and GC12 (the average of GC1 and GC2)
as the y-axis, and an ENC plot with GC3 as the x-axis and ENC as the y-axis to evaluate the
impact of base composition on codon usage bias.

To measure the variance between ENCactual and ENCexpectation, we calculated the
ENC ratio [(ENCexpectation − ENCactual)/ENCexpectation], where ENCexpectation = 2 + GC3 +
29/[GC3

2 + (1 − GC3)2]. Additionally, we drew a PR2 plot with the horizontal coordinate
representing the ratio of G content at the third codon base (G3) to the sum of G and C
contents at the third codon base (G3 + C3), and the vertical coordinate representing the
ratio of A content at the third codon base (A3) to the sum of A and T contents at the third
codon base (A3 + T3).

2.4. Phylogenetic Analysis of Magnoliids

The 60 common PCGs (listed in Table S1) were extracted from the sampled species
using Geneious Prime 2020.0.1 software to construct the dataset. Neighbor joining (NJ) and
maximum parsimony (MP) trees were built using MEGAX and PAUP 4.0 software [33],
respectively. The maximum likelihood (ML) tree was constructed using RaxML 8.0.20
software with a GTRGAMMAI nucleotide substitution model and performed 1000 boot-
straps [34]. A Bayesian inference (BI) tree was constructed using Mrbayes v3.2.0 [35]
software with invgamma rates and 1,000,000 mcmc ngen.

http://codonw.sourceforge.net/
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2.5. Molecule Evolution Analysis of rps12

Based on the maximum likelihood method and within the framework of phylogeny, we
used HyPhy 2.2.4 software [36] to calculate the evolutionary rates of rps12. We computed the
transition rate (trst) and the transversion rate (trsv), as well as the ratio of transversion rate to
transition rate (ratio) in both nucleotide and HKY85 substitution models. Furthermore, we
selected codon and MG94×HKY85× 3_4 substitution models to estimate the synonymous
substitution rate (dS) and the non-synonymous substitution rate (dN), along with the ratio
of non-synonymous substitution rate to synonymous substitution rate (dN/dS,ω). Rank
sum test analyses were conducted using IBM SPSS v22.0 [37] software. Moreover, we
predicted the rps12 protein using the online site (https://www.swissmodel.expasy.org/,
(accessed on 25 January 2023)).

We carried out selection pressure and adaptive evolution analyses using the codeml
program within PAML 4.9 [38]. In the branch model, M0 (one ratio) and F (free ratio) were
utilized to detect whether the branches experienced positive selection. Additionally, M0
and model2 (two ratio) were employed to determine whether there is a difference in the
selection pressure between the foreground branch and the background branch. The site
model uses mainly the M1a (near neutral) and M2a (positive selection) models to identify
sites with positive selection [39].

3. Results
3.1. Structure Characteristics of T. costata cp Genome

The complete cp genome of T. costata is 1,662,002 bp in size with a GC content of 39%.
It has a typical quadripartite structure, with the large single-copy region, small single-
copy region, and reverse repeat region measuring 87,143 bp, 18,817 bp, and 28,021 bp,
respectively. Additionally, the GC content in these regions is 37.7%, 34.3%, and 42.8%,
respectively. A total of 132 genes were encoded, consisting of 87 protein-coding genes,
37 trna genes, and 8 rrna genes (Figure 1).
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A total of 48 SSRs, including two types (mononucleotide repeats and dinucleotide
repeats), were detected in the cp genome of T. costata (Table S2). These repeats are composed
of a/t bases (A/T and AT/AT, as shown in Figure 2a). The majority of SSRs consisted of
10–14 repetitions (39, 81.3%, as shown in Figure 2b). Most SSRs are located in the intergenic
spacer (IGS) region (33, 68.8%), followed by the introns of PCGs (rpl16, atpF, and ndhA; see
Table S2 and Figure 2c) in the cp genome.
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3.2. Codon Usage Bias Analysis of T. costata

The 53 PCGs contain 2128 codons, with an average GC content of 39.35%. The first,
second, and third positions of the codon have average GC contents of 46.95%, 39.14%, and
31.98%, respectively. ENC values ranged from 36.12 (rps14) to 58.08 (rps8), with a mean
of 49.12 (Table S3). Using an ENC value of 45 as the criterion for evaluating codon usage
bias, 44 genes (83.02%) had ENC values that were greater than 45, while only 9 genes had
ENC values less than 45 (16.98%). The Pearson correlation test analysis results indicate that
the correlation coefficients between GCall and GC1, GC2, and GC3 were 0.775, 0.698, and
0.42, respectively, which demonstrates extremely significant correlations (p < 0.01). The
correlation coefficients between GC1 and GC2 and GC3 and ENC were 0.282 (p < 0.05) and
0.421 (p < 0.01), respectively (Table S4).

Furthermore, in the RSCU calculation results of the 53 PCGs, 30 codons had RSCU
values greater than 1, of which 16 ended in U and 13 ended in A (Figure 3, Table S5). We
also established high-expression gene banks (clpP, ccsA, rpl2, rpl22, and rps8) and low-
expression gene banks (rps14, rpl16, petD, psbA, and ndhE) according to their ENC values.
Using RSCU > 1 and ∆RSCU ≥ 0.08 as the criteria, we identified a total of 11 optimal
codons: UUU(F), UUA(L), CAA(Q), AAU(N), GAU(D), UCA(S), CCA(P), CGA(R), AGU(S),
AGA(R), and GGA(G) (Table S3).

The analysis results of the neutral plot showed (Figure 4a, Table S3) that the majority
of genes were distributed far away from the diagonal, with GC12 ranging from 0.359 to
0.536 and GC3 ranging from 0.224 to 0.413. The Pearson correlation test results showed that
the correlation coefficient between GC12 and GC3 was 0.033 and this was not a statistically
significant correlation (p = 0.812).

The results of the ENC plot analysis showed that most genes deviated from the
standard curve (Figure 4b). The statistical results of ENC ratios showed that 25 genes
(47.2%) had ENC ratios ranging from 0.05 to −0.05, while the remaining 28 genes (52.8%)
had enc ratios ranging from −0.15 to −0.05 and 0.05 to 0.35 (Table S6).
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As shown in the PR2 plot results (Figure 4c, Table S3), the central point was represented
as A = T and C = G, and the vector sent from the central point to the remaining points
indicated the degree and direction of the bias of each gene. The analysis showed that
A3/(A3 + T3) ranged from 0.30 to 0.59, with 40 (75.47%) genes having a value less than 0.5,
and G3/(G3 + C3) ranged from 0.37 to 0.71, with 39 genes (73.58%) having a value greater
than 0.5.

3.3. Information on cp Genome and rps12 in Sample Species

There were differences in the size of the magnolia cp genome among different groups,
as shown in Table 1. In contrast to the outgroup, several species in Annonaceae (Annona,
Fissistigma, Uvaria, Artabotrys, Trivalvaria, and Cananga) experienced a large expansion in
their IR region. The IR region of three Annona species was dramatically expanded, leading
to the entry of rps12 into the IR region and, thus, these three species had the largest genome
size among those sampled. Asarum sieboldii, which had the largest genome of all other
species (193,356 bp), also enlarged its IR region and “annexed” the SSC region, but the
5′-rps12 did not enter the IR region. Therefore, only three species had rps12 fully enter the IR
region, which divided the 66 magnolia species into two groups: IR-3 and SC-63 (Figure 5).
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Annona’s IR region was expanded the most, as the 5′-rps12 entered the IR region.

The size of rps12 ranges from 900 bp to 914 bp, and the coding sequences are all 372 bp
in length, consisting of exon 1 (114 bp), exon 2 (232 bp), and exon 3 (26 bp). The lengths of
introns range from 528 bp to 542 bp (as shown in Table S7). rps12 encodes 123 amino acids,
with 122 (99.2%) and 113 (91.9%) consistent sites in IR-3 and SC-63, respectively. Exon 1
encodes 38 amino acids, with 38 (100%) and 33 (86.8%) consistent sites in IR-3 and SC-63,
respectively. Exon 2 and exon 3 (exons 2–3) encode a total of 85 amino acids, and there
are 84 (98.8%) and 80 (94.1%) consistent sites in IR-3 and SC-63, respectively (shown in
Figure 6). The consistent sites across the 66 magnolia species were the same as SC-63, with
the variation sites being 5 (K/R), 11 (T/I), 16 (R/I), 18 (V/I), 21 (S/A/T), 74 (S/L), 98 (V/I),
105 (A/V), 109 (D/N), and 116 (K/Q).

3.4. Evolutionary Rates and Selection Pressure of rps12

Chloranthus spicatus and Sarcandra glabra were taken as outgroups. Four phylogenetic
trees based on shared genes showed that the cladistic relationships of both ML and BI
trees are essentially the same. All groups can form monophyletic groups at the family
and order level, and most branches of both trees are highly supported. The only dif-
ference is that Lindera glauca, Laurus nobilis, and Parasassafras confertiflorum are parallel
cladistic in BI trees. In the NJ and MP trees, two species of Aristolochiaceae are nested in
turn outside of the clade consisting of Piperaceae and Saururaceae, meaning they do not
form monophyletic groups. Additionally, the phylogenetic position of Cassytha filiformis
is different from that of ML and BI trees. In addition, the phylogenetic positions of
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Alcimandra cathcartii, Laurus nobilis, and Neolitsea palens in NJ trees are different from those
of other trees (Figure S1). Overall, the four trees show that Magnoliales + Laurales and
Piperales + Canellale are sister groups, and the phylogenetic relationship of ML tree con-
struction is the most clear. Therefore, ML trees are used as a phylogenetic framework for
molecular evolutionary analysis (Figure 7).
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In the branch model, the likelihood ratio test results of the M0 and F models showed
that all branches have the same ω value (0.2). To detect the difference in selection pressure
between the IR-3 group and other species clades, we used IR-3 as the foreground clade
and other clades as the background clade in the M2 model. The likelihood ratio test results
of M0 and M2 showed that the coding sequence of rps12 (rps12-CDS) and exon 1 had no
significant difference between the foreground and background branches (p > 0.05), while
exons 2–3 showed a significant difference between them (p = 0); ωforeground branch = 999,
ωbackground branch = 0.413. The site model was based on the likelihood ratio test results of
M1a and M2a, and we detected one positive selection site (116 K) (Tables 2 and 3). The rps12
protein model shows that site 116 (k) is located in a 310-helix secondary structure (Figure 8).

Table 2. Parameter estimates and log-likelihood values for different models.

Model df ` Parameters Positive Selection Site

Branch model None
rps12-CDS

M0 136 −1138.323 ω = 0.200
F 269 −1110.448 ω1 = 2.263, ω2 =2.381, ω3.......

Model2 137 −1138.466 ω1 = 0.198, ω2 = 0.314
Exon 1

M0 136 −411.148 ω = 0.083
Model2 137 −413.675 ω1 = 0.085, ω2 = 0

Exons 2–3
M0 136 −663.025 ω = 0.405

Model2 137 −653.180 ω1 = 0.413, ω2 = 999
Site model

M1a 137 −1084.387 P0 = 0.922, ω0 = 0.009 Note allowed
(Nearly Neutral) P1 = 0.078, ω1 = 1

M2a 139 −1058.347 P0 = 0.910, ω0 = 0.009, 116 K **
(Positive Selection) P1 = 0.082, ω1 = 1,

P2 = 0.008, ω2 = 12.760
M3 (Discrete) 140 −1059.785 P0 = 0.929, ω0 = 0.015, 16 R **, 18 V **

P1 = 0.063, ω1 = 1.417, 21 S **, 74 S **,
P2 = 0.008, ω2 = 12.571 109 D *, 116 K **

M7 (β) 137 −1084.303 P = 0.011, q = 0.077 Note allowed
M8 (β and ω >1) 139 −1058.470 P0 = 0.992, p = 0.012, 116 K **

q = 0.089
P1 = 0.008, ω = 13.023

M8a (β and ω = 1) 138 −1084.391 P0 = 0.922, p = 1.007, None
q = 99

P1 = 0.078, ω = 1

Note: * Posterior probability p > 95%. ** Posterior probability p > 99%.

Table 3. Likelihood ratio tests for different models.

Model Comparison of Model 2∆` df p-Value

Branch model
rps12-CDS M0-F 55.751 133 1

M0-Model2 0.286 1 0.593
Exon 1 M0-Model2 0.996 1 0.318

Exons 2–3 M0-Model2 18.973 1 0
Site model

M0-M3 157.077 4 0
M1a-M2a 52.079 2 0

M7-M8 51.667 2 0
M8-M8a 51.842 1 0
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revealed that site 116 K is located within the 310-helix region.

For the evolutionary rates of the exon 1, exons 2–3, and rps12 sequences, the rank
sum test results of the SC-63 and IR-3 groups were both greater than 0.05. For the SC-63
group, trst, dS, and ω of exon 1 were 4.9, 6.6, and 0.17 times that of exons 2–3, respectively
(Ptrst = 0.03, PdS = 0.06, Pω = 0.21). For the IR-3 group, the rank sum test results between
exon 1 and exon 2 were both greater than 0.05 (Tables 4 and S8).

Table 4. Comparison of the evolutionary rates of rps12.

trsv trst ratio dN dS ω

rps12 SC-63 0.003 0.004 0.031 0.002 0.011 0.027
IR-3 0.002 0.004 0 0.003 0.007 0
P1 0.931 0.794 0.839 0.727 1.000 0.794

Exon 1 SC-63 0.002 0.009 0.019 0.003 0.029 0.006
IR-3 00 0.012 0 0 0.032 0
P1 0.839 0.794 0.908 0.862 0.794 0.931

Exons 2–3 SC-63 0.003 0.002 0.020 0.002 0.004 0.035
IR-3 0.003 0 0 0.002 0 0
P1 0.839 0.839 0.908 1.000 0.662 0.727

SC-63 Exon 1 0.002 0.009 0.019 0.003 0.029 0.006
Exons 2–3 0.003 0.002 0.020 0.002 0.004 0.035

P2 0.390 0.003 0.715 0.190 0.006 0.021

IR-3 Exon 1 0 0.012 0 0 0.032 0
Exons 2–3 0.003 0 0 0.002 0 0

P2 0.317 0.317 1.000 0.317 0.317 1.000

P1: Mann–Whitney rank sum test. P2: Wilcoxon rank sum test.

4. Discussion
4.1. Distribution Pattern of SSRs in T. costata

SSRs have been widely used in species identification, genetic diversity, and phylo-
genetic studies due to their rich genetic variation information [9,40,41]. Consistent with
most studies [7,42,43], the SSRs of T. costata are mainly composed of A/T bases and are
located in gene spacer regions. However, with some exceptions, the SSRs in Polypodiaceae
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are mainly comprised of GC bases, which may be related to adaptive evolution in differ-
ent environments [41,44,45]. Recent studies have shown that the distribution pattern of
SSRs is lineage-specific in different taxa [46,47]. Moreover, the size of the IR region may
affect the number and distribution of SSRs. In our study, we observed that the extent of
IR region expansion varied among different groups in Annonaceae. This variation may
influence the lineage-specific distribution pattern of SSRs among different groups and
requires further investigation.

4.2. Codon Usage Bias in T. costata cp Genome

Codon usage bias in angiosperms is relatively weak, as indicated by Nair et al. [48],
Zeng et al. [49], and Zhang et al. [50]. Of the genes in the T. costata cp genome, 83.02%
had values greater than 45, suggesting a weak bias. In total, 28 out of the 29 high-
frequency codons and 8 of the optimal codons end in A/T, indicating that codons pre-
fer to use those ending in A/U. This result is consistent with studies on Gynogyra [50],
Hemiptelea davidii [51], and Porphyra umbilicalis [52]. A significant correlation was found
between GC1 and GC2, but no significant correlation was found between GC3 and GC1,
suggesting that the composition of the first and second codon bases is different from that
of the third codon. There was an extremely significant correlation between ENC and GC3,
suggesting that the composition of the third codon base has the greatest influence on codon
usage bias [53,54].

In the neutral map, most genes are distant from the diagonal line, indicating that GC12
and GC3 significantly differ, and the base composition at different positions is significantly
varied. No significant correlation was observed between GC12 and GC3, indicating that the
codon is mainly affected by selection pressure. The results of the ENC plot showed that
most genes deviated from the standard curve, meaning codon usage bias was significantly
influenced by natural selection pressure compared to mutation pressure [49]. ENC values
for 25 genes were close to the expected value, indicating that the codons of these genes were
mainly affected by mutations. The other genes showed significant differences between the
two values, suggesting that natural selection was the main factor influencing codon usage
bias. In the PR2 plot analysis, most of the genetic codons are located on the right and side
of the midline, indicating a bias in the use of the third base of the codon, which is primarily
T and G.

In general, natural selection is the main factor affecting codon usage bias in the cp genes
of T. costata. It has been detected as a major factor influencing the codon usage bias in the cp
genomes of several groups and species, for instance, in Mesona chinensis [55], Elaeagnus [56],
Gynostemma [50], Juglandaceae [49], and Euphorbiaceae [53]. It has been reported that
codon preference affects gene expression by regulating the accuracy and efficiency of
gene translation [57]. Moreover, the higher the gene expression level, the stronger the
codon preference [58–60]. The study of codon usage patterns can determine the best
codon to design gene expression vectors for increasing the expression of target genes [61].
Furthermore, in Gynostemma, it was found that the phylogenetic tree constructed using
the RSCU clustering method was more suitable for analyzing evolutionary relationships
than sequence data [56]. Detecting the codon usage pattern and optimal codon in the
T. costata cp genome may be crucial in exploring species evolution and enhancing exogenous
gene expression.

4.3. Expansion and Reduced Substitution Rates of IR Region

Based on a tandem dataset of common protein-coding genes and four methods, the
phylogenetic relationships among Magnoliales, Laurales, Piperales, and Canellales reveal
that Magnoliales is sister to Laurales, while Piperales is sister to Canellales. These findings
are consistent with previous research by Cai et al. [62]. The accuracy of constructing
phylogenetic trees using Bayesian methods was shown to be higher than that of maximum
likelihood methods in previous studies [63]. In the BI tree of this study, only nine branches
had posterior probabilities ranging from 0.63 to 0.98, while the remaining branches all had a
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probability of 1, indicating that the BI method is more reliable for constructing phylogenetic
relationships. However, there was a parallel branching pattern observed in the BI tree
among P. conferiflorum, L. pungens, and L. glauca, which was not strongly supported by other
trees. The high sequence similarity of the protein-coding genes among these three species
may be the main reason for this lack of support in the trees. Additionally, research based
on the complete cp genome sequence showed that P. conferiflorum and L. glauca are located
within Lindera [64], which is not monophyletic, indicating the complex classification of
these three genera.

This study is the first to observe the entire rps12 gene (exon 1 and exons 2–3) entering
the IR region in Annona, which is remarkable. The shortest genomic distance between
the two was 30 kb, apparently due to the rapid expansion of the IR region of Annona. At
the same time, IR region expansion was observed in several species of Annonaceae. The
extent of IR region expansion varied among different genera, which is very interesting and
seems to be a tool for phylogenetic studies. Additionally, the rps12 gene provides another
natural condition for studying the difference in evolutionary rate between the IR and SC
regions [16,17]. However, no significant difference in substitution rates was found between
sequences (exon 1, exon 2–3, and rps12-CDS) in the IR region and those in the SC region,
mainly due to the quantitative difference between the two groups. Nonetheless, in taxa
where exon 1 is located in the SC region, the transition rate of exon 1 is higher than that of
exons 2–3 in the IR region. To some extent, this indicates that sequences in the IR region
have reduced substitution rates.

The current database of Annonaceae sequences is very limited, and more species of
Annonaceae (especially Annona) need to be sequenced to obtain more effective information.
Ping et al. found that rps12 in ferns showed reduced substitution rates as it left the IR
region [16]. Specifically, within the same group, the substitution rates of exon 1 in the
SC region were higher than those of exons 2–3 in the IR region. In different groups, the
substitution rates of exons 2–3 in the SC region were higher than those in the IR region.
In gymnosperms, due to the loss of the IR region in conifer species, exons 2–3 enter the
SC region, and the substitution rates of exons 2–3 are significantly increased compared to
those in the IR region [17].

4.4. rps12 May Be Undergoing Adaptive Changes in Magnoliids

For the adaptive evolution of rps12, three positive selection sites (14, 16, and 74) have
been detected in the evolution of ferns, which are located in the loop or irregular region, and
most sites were shown to experience strong negative selection [16]. However, no positive
selection sites were detected in gymnosperms [17]. In this study, one positive selection
site was detected during the evolution of magnoliids, which formed the 310-helix region
with sites 114 and 115. The 310-helix plays a crucial role in protein secondary structure. It
can serve as a cap for one end of an α-helix and introduce bending into composite helices.
Despite being a minor secondary structural element, its complex structure with α-helices
and β-chains may play an essential role in different protein folding, based on the conserved
nature of homologous proteins [65]. When a site experiences positive selection, this implies
that it may have undergone adaptive changes during evolution.

5. Conclusions

Overall, this study provides valuable insights into the genetic features and evolution-
ary history of T. costata and Annonaceae. The identification of unique SSRs and codon usage
bias in the cp genome can serve as molecular markers for future phylogenetic and popu-
lation genetic studies. The discovery of the rps12 gene entirely located in the IR region in
Annona represents a noteworthy evolutionary event, highlighting the potential importance
of IR expansion in plant evolutionary history. The findings of higher substitution rates in
the SC region compared to the IR region and positive selection in the rps12 gene emphasize
the importance of adaptive evolution in plant evolution. Moreover, this structural change
in the IR region may have phylogenetic significance, which necessitates further research.
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Overall, this study enhances our understanding of the genetic diversity and evolution of
plant cp genomes, contributing to the broader field of plant biology and evolution.
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