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Abstract: Sinojackia Hu. comprises five to eight Chinese endemic species with high ornamental and medicinal
value. However, the generic limits, interspecific relationships and evolutionary history of the genus remain
unresolved. In this study, we newly sequenced and assembled three plastomes of S. oblongicarpa and compared
them with those of the other congeneric species to explore the taxonomic delimitation of the species and the
evolutionary history of the genus. Plastomes structure of Sinojackia species were extremely conserved in terms
of number of genes, sequence length and GC content. Codon usage patterns revealed that natural selection
may be the main factor shaping codon usage bias. Our phylogenetic tree shows that Sinojackia is monophyletic
and can be divided into two clades. Sinojackia oblongicarpa as a distinct species is supported for it is distantly
related to S. sarcocarpa. The evolutionary analysis of morphological features indicates that woody mesocarp is
an ancestral feature, while mesocarp undeveloped, spongy and fleshy are the later derived. Sinojackia
originated in Central-Southeast China during the early Miocene. In this period, it experienced elevated
diversification and migrated from the Central-Southeast China to Hunan Province and Sichuan Province with
the development of the Asian monsoon and East Asian flora. Sinojackia experienced elevated diversification at
intraspecies levels that mainly occurred in the Quaternary. Glacial-interglacial interactions with the monsoon
climate may provide favorable expansion conditions for Sinojackia on a small-scale.

Keywords: Sinojackia; plastome; species delimitation; evolutionary history

1. Introduction

The data for phylogenetic datasets have historically utilized single or a few DNA fragments (i.e.
cpDNA fragments and nrDNA), limiting the information that available in a complete genomic
dataset [1-5]. However, many nuclear loci as well as plastid loci have undergone random noise (i.e.
positive selection) [6], thus using these positively selected sites may greatly impact phylogenetic
signals and produce discordant phylogenetic trees. Plastomes possess large numbers of loci and are
less subject to selective effects, generally resulting in improved resolution compared to traditional
multi-locus plastid phylogenies [7,8]. For this reason, plastomes have been widely utilized for
phylogenetic reconstruction, ancestral state reconstruction, species delimitation, divergence time
estimation, and inferred biogeographic origins of angiosperms [9-12]. Beyond utilizing for
phylogenetic and biogeographic analysis, comparing the content and structure of plastomes can help
further understand species evolution.

Sinojackia Hu is a Chinese endemic genus in Styracaceae. It comprises approximately five to eight
species of shrubs and trees distributed in Central, Southern and Southwest China [13-17]. Species of
Sinojackia are valued as ornamental garden plants for their white fragrant flowers and unique
weighing hammer-like fruits [18], also valued for the medicinal properties[19]. Most of the species in
Sinojackia are endangered or threatened because of the small population size, deforestation and other
man-made activities [20-23].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The genus was established by Hu with one species Sinojackia xylocarpa [24]. Since then, seven
new names have been described (S. dolichocarpa [25], S. huangmeiensis [16], S. microcarpa [26], S.
oblongicarpa [27], S. rehderiana [28], S. sarcocarpa [29], S. xylocarpa var. Leshanensis [30], and one species,
Pterostyrax henryi Dimmer., was transferred to the genus [31]. Nevertheless, the generic limits and
the circumscriptions of Sinojackia species remain unclear, as fruits of these species are
morphologically variable across their geographical ranges [14,15,32]. The monotypic genus
Changiostyrax was split from Sinojackia to accommodate C. dolichocarpus based on the fact that the
trunk without spines, buds with scales and flowers are 4-merous [33]. The taxonomic independence
of Changiostyrax from Sinojackia is supported by both morphological [33,34] and molecular studies
[32,35,36]. However, Hwang and Grimes (1996) recognized five species of Sinojackia in the ‘Flora of
China’ and retained S. dolichocarpa in the genus [13]. Sinojackia oblongicarpa C. T. Chen & T. R. Cao
was reduced to a synonym of sarcocarpa by Luo (2005) [14]. Subsequently, S. rehderiana and S.
huangmeiensis were reduced to synonyms of S. xylocarpa by Luo & Luo (2011) [15]. Furthermore,
Sinojackia henryi (Dummer) Merr. has disappeared for nearly 70 years without collection records.

Previous molecular phylogenetic analyses showed that Sinojackia is monophyletic and resolved
into two major clades with generally weak bootstrap support in interspecific relationships [32,37].
However, the phylogenetic relationship of species are inconsistent in different studies, for example,
S. microcarpa, S. oblongicarpa, S. sarcocarpa, and S. huangmeiensis formed a monophyletic clade, and S.
xylocarpa and S. rehderiana formed another clade by Yao (2008) based on the combined ITS and psbA-
trnH analysis [32]. However, S. xylocarpa formed a sister group with the S. sarcocarpa and S.
oblongicarpa, while S. huangmeiensis and S. rehderiana clustered with S. microcarpa in the results of Fan
(2015) [37]. The two clades resolved by Yao (2008) were strongly supported by genome-based studies
[20,36,38,39]. However, the taxonomic position and phylogenetic relationship of S. oblongicarpa is still
unclear for it is not sampled in previous genome-based studies.

To improve our understanding of the evolution of Sinojackia, benefit taxonomic and applied
research, and support conservation efforts, a robust phylogenetic framework of the genus was
reconstructed based on plastomes of three newly sequenced individuals of S. oblongicarpa and 14
plastomes previously published. The aims of this study are to (1) characterize and compare the
plastid genome of Sinojackia, (2) resolve evolutionary relationships among species in the genus, and
(3) infer timings of diversification and trace the biogeographical history.

2. Materials and Methods

2.1. Sample Collection, DNA Extraction, Sequencing, And Assembly

Since S. oblongicarpa have restricted areas of distribution in the Huaihua, Hunan provence,
China. In this study, fresh leaf material of three wild individuals of S. oblongicarpa was collected from
a wild population located in Huaihua City, Hunan Province (27.6563 E, 109.8705 N) (Figure 1), and
preserved in silica gel and stored in a refrigerator at -80 C. Total DNA was extracted using the
modified cetyl trimethyl ammonium bromide (CTAB) method following the manufacturer’s
instructions [40]. Illumina sequencing libraries were performed on the Illumina NovaSeq platform at
Personalbio (Shanghai, China), with a 150 bp paired -end (insert size of 400 bp) strategy. High quality
reads were obtained from the raw data after filtering by using fastP v0.15.0 (-n 10 and —q 15) [41].
Then, de novo assembly of the clean data were performed by using the GetOrganelle v1.7.5.0 pipeline
[42] with kemers 21, 45, 65, 85, and 105. Bandage was used to confirm whether plastomes were a
closed loop [43].
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Figure 1. Distribution and sampling of Sinojackia.

2.2. Plastome Annotation

The annotation of three plastomes of S. oblongicarpa was performed on the online program
CPGAVAS2 (http://47.96.249.172:16019/analyzer/home) [44] and GeSeq tool
(https://chlorobox.mpimp-golm.mpg.de/geseq.html), with the published plastomes of the other five
species of Sinojackia as a reference [45]. Assembly errors were identified and manually resolved using
Sequin software. Fully annotated plastomes of circular diagram were drawn by
OrganellarGenomeDRAW (OGDRAW) [46]

2.3. Comparative Analyses of Plastomes

Comparative genomics analyses were carried out among 17 accessions of Sinojackia plastomes.
Multiple sequences alignment were performed on the online tool MAFFT [47] with the default
parameters. To identify sequence divergence hotspot regions, the nucleotide diversity (pi) was
calculated using DnaSP v6 [48]. Plastomes were compared using the online tool mVISTA
(https://genome.lbl.gov/vista/mvista/submit.shtml), with a shuffleeLAGAN model, and S.
oblongicarpa as a reference.

2.4. Codon Usage Pattern Analyses

Protein-coding sequences (CDSs) of the compared plant species for subsequent analysis
followed the following principles: (1) excluding sequence lengths less than 300 bp; and (2) deleting
one of the multicopy genes.

Generally, the value of ENC (effective number of codon) ranges from 20 to 61. The ENC value
was less than 35, indicating that significant bias occurred in the codon usage pattern [49]. The R
software package CodonW 1.4.2 were applied to calculate the ENC value. The frequency of GC
content, including GC1 (at the first position), GC2 (at the second position), and GC3 (at the third
position) was calculated in the online program CUSP (http://emboss.toulouse.inra.fr/cgi-
bin/emboss/cusp).

Codon usage bias is shaped by the correlation between GC12 (average of GC1 and GC2) and
GC3. When the correlation between the two is high, mutations are the main factor affecting codon
bias. In contrast, when the two are not significantly correlated, natural selection dominates codon
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usage bias. Furthermore, the slope of the regression curve is close to 0, indicating that natural
selection dominates codon usage [50].

ENC plot was used to measure the value of ENC against GC3. When all genes were on the
standard curve, there was no codon usage bias. When the gene is above the curve, mutation pressure
dominates codon bias; otherwise, natural selection dominates [51].

PR2 (Parity rule 2) is an effective method to evaluate the degree to which codons are affected
by natural selection and mutation pressure. AU bias [A3/ (A3+ U3)] and GC bias [G3 / (G3+C3)] as
coordinate axes. When the frequency is A =T and G = C, all the genes will be located in the center of
the coordinate axis and the effect of mutation pressure and natural selection are equal. When the site
deviates from the center, mutation, selection, or both affect codon usage patterns [52].

2.5. Phylogenetic Analyses

To determine the phylogenetic relationship within Sinojackia, 14 published plastome sequences
of Sinojackia, seven plastome sequences of Styracaceae, and one outgroup (Symplocos tanakana
NC_058289) were downloaded from the NCBI database. A total of 25 accessions were used for
phylogenetic analyses. Multiple sequence alignment was performed on the online program MAFFT.
PhyloSuit [53] was used to move the gap with the default set. The maximum likelihood (ML) method
was used to construct phylogenetic tree in IQTREE 2 [54], with 1000 bootstrap replications. The best-
fitting model was the K3Pu+F+R6 finding by ModelFinder.

2.6. Divergence Time Estimate

The divergence time within Sinojackia was estimated in the program BEAST v2.6.3 [55], with an
uncorrelated lognormal relaxed molecular clock model. The aligned plastomes were used as an input
file in BEAUti, in which the GTR model and Yule speciation tree prior was applied. The Bayesian
analysis had a chain length of 100 million generations with sampling every 10,000 generations. Trace
was used to assess the effective sample size of each parameter (ESS > 200). After discarding 25% of
trees as burn-in, the samples were summarized in a maximum clade tree in TreeAnnotator with the
mean node heights.

Two fossils and one secondary calibration were applied to time-calibrated the phylogenetic tree
of Sinojackia. The fossil record of Styrax elegans (56 - 47.8 Ma) [56] was used as the stem age of Styrax
(A) and was set to 56.0 Ma (95% highest posterior density (HPD) 65.1 — 48.7 Ma). The fossil record of
Halesia reticulata (37.2 - 33.9 Ma) were set as the second calibration (B): mean 35.0 Ma, 95% HPD =37.5
—32.5Ma) [57]. One secondary calibration point derived from previous work was used to set the stem
age of Sinojackia [58][59]. The third calibration point (C) with following parameters: mean = 23.0 Ma;
95% HPD =27.9 - 18.1 Ma.

2.7. Biogeographic Analyses

The geographical distribution of Sinojackin was obtained from the National Plant Specimen
Resource Center (http://www.nsii.org.cn/2017/home.php) and literature records [60] (Figure 1).
Southwest China is one of the hotspots of biodiversity in China, and we mainly tested whether the
genus Sinojackia has spread from Southwest to Southeast China. Therefore, three major geographic
areas were defined: (A) Sichuan Province; (B) Hunan Province; and (C) Central-Southeast China
region (Hubei, Anhui, Jiangsu, Zhejiang, Jiangxi, Guangdong). Considering that there may be
multiple origins, the Bayesian Binary MCMC method (BBM), which was implemented in the software
RASP v4.3, was applied to reconstruct the biogeographic history of Sinojackia [61].

2.8. Ancestor State Analyses

To understand character evolution within Sinojackia, four traits were selected based on the type
of mesocarp: mesocarp wood, mesocarp undeveloped, mesocarp fleshy, and mesocarp spongy. The
topological structure of the tree is derived from the results of IQTREE. The ancestral characters of
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Sinojackia were inferred using the online program PastML [62] with the MAP (maximum a posteriori)
method and F81 evolution models.

3. Results

3.1. Characterization of the Complete Plastome of S. Oblongicarpa and Comparison with Its Congeneric
Species

Approximately 8.63 GB (S. oblongicarpa OQ985173) to 10.6 GB (S. oblongicarpa OQ985171) of the
NGS clean data were generated for each sample. Three S. oblongicarpa plastomes were newly
generated during the current study. All the three plastomes exhibit quadripartite structures with a
large single-copy (LSC) region (87,995 bp), a small single-copy (SSC) region (18,562 bp), and two
inverted repeat IR (IRa and IRb) regions (26,090 bp). The plastomes was 158,737 bp in length. The GC
content of plastome accounted for 37.3%. All plastomes had the same 79 protein-coding genes, 30
transfer RNA (tRNA) genes, and 4 ribosomal RNA (rRNA) genes for a total of 113 unique genes
(Figure 2). Furthermore, two copies of ndhB, rpl2, rpl23, rps7, ycf2, and ycfl5 were detected in the

plastomes.
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Figure 2. Plastome map of S. oblongicarpa.
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Plastome sizes of S. oblongicarpa, S. xylocarpa, S. sarcocarpa, S. rehderiana, S. microcarpa, and S.
huangmeiensis were 158,737 bp, 158,725 bp, 158,737 bp, 158,760 bp, 158,739 bp, and 158,758 bp,
respectively. The total length of Sinojackia plastomes possessed only 35 bp variation and revealed a
high extent of similarity. The highest LSC region was found in S. oblongicarpa (87,955 bp) and the
smallest LSC in S. huangmeiensis (88,023 bp). SSC region ranged from 18,551 bp (S. xylocarpa) to 18,586
bp (S. rehderiana). The IR regions were found in a similar range between 26,090 bp (S. oblongicarpa, S.
xylocarpa, S. sarcocarpa, and S. huangmeiensis) to 26,100 bp (S. rehderiana). All the plastomes had the
same gene content and gene number. All plastomes possess equal GC contents, accounting for 37.3%
(Table 1).

Table 1. Comparative analysis of general characteristics of the plastomes.

Length LSC  SSC IR GC content Number of

Species CDS tRNA rRNA
P (bp) (bp)  (bp) (bp) (%) Gene

S'. 158,737 87,955 18,562 26,090 37.3 113 79 30 4
oblongicarpa
S. xylocarpa 158,725 87,994 18,551 26,090 37.3 113 79 30 4
S. sarcocarpa 158,737 88,002 18,555 26,090 373 113 79 30 4
S. rehderiana 158,760 87,974 18,586 26,100 37.3 113 79 30 4
S. microcarpa 158,739 88,002 18,553 26,092 373 113 79 30 4

S .. 158,758 88,023 15,555 26,090 373 113 79 30 4
huangmeiensis

3.2. Comparative Genomic Analysis and Divergence Hotspot Regions

Pairwise comparison of plastomes divergent regions within the Sinojackia plastome sequences
revealed highly conserved across the plastome sequences (Figure 3). Slight variation was still
detected in Sinojackia plastome , and most of the variation present in non-coding regions. Among
these variation regions, non-conserved regions were detected in rpl32 and ycf1 genes. Non-conserved
regions in non-coding regions all were intergenic spacers: atpA-atpF, trnT-GUU-psbD, and ycf15-trnL-
CAA.
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Figure 3. Comparison of Sinojackia plastome genomes using mVISTA. Blue represents coding regions,
Green represents RNA regions, and red represents non-coding regions.

Nucleotide diversity (Pi) values were calculated within 400-bp windows to identify sequence
divergence hotspots (Figure 4). The nucleotide diversity of the aligned plastomes were compared
across all taxa varied from 0 to 0.01. The SSC region possesses relatively high variation compared
with the LSC and IR regions. Nucleotide diversity values of rpl32 and rpl32-trnL were the highest,
which was 0.01 and 0.009, respectively.

LSC IRb SSC IRa
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132
0.011 &
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Figure 4. Nucleotide diversity (pi) of 17 Sinojackia plastomes.
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3.3. Codon Usage Pattern Analyses

Neutral-Plot, ENC-Plot, and PR2-Plot analyses were applied in Sinojackia species. All the species
show similar codon usage pattern. In Figure 5, the codon preference pattern of S. oblongicarpa is
illustrated.

Generally, the value of ENC ranges from 20 to 61. Our results show that the majority of genes
possess ENC values greater than 35, indicating that a relatively weak codon bias exists in Sinojackia.
The vast majority of points were distributed below the standard curve, which indicated that natural
selection and other factors may dominate the codon usage pattern in the genus Sinojackia. The ENC
ratios of the majority of chloroplast genes were distributed in the range of 0.05~0.15. These results
indicated that natural selection dominated codon usage bias in Sinojackia plastomes.

The correlation between GC12 and GC3 was calculated, and our results showed that the adjusted
R? was -0.058. There was no significant correlation between GC12 and GC3; therefore, codon usage
was mainly affected by nature selection. The slope of the regression line was 0.156, indicating that
mutation pressure accounted for 15.6%. Therefore, mutation and natural selection are both factors
affecting codon bias, but natural selection is the main one.

The frequency of A, T, C, and G used in GC3 were calculated. When all points are distributed at
the center, indicating that A=T and G=C, and the codon is unbiased. In our present results, all genes
appear in the lower right corner of the graph. This phenomenon indicates that the frequency of use
of A and C is lower than that of G and T. Extremely few genes appear at the center, indicating that
natural selection interacting with mutation pressure plays a crucial role in shaping codon usage
patterns.

a o S. oblongicarpa
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o — | —
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Figure 5. codon usage bias analyses of S. oblongicarpa. (a) ENC plot analyses show the relationship
between ENC and GC3; (b) Frequency distributions of the ENC ratio; (c) PR2-bias plot; (d) Neutrality
plot.
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3.4. Phylogenetic Analyses

The reconstructed phylogeny from the complete plastome received high bootstrap support
values (vast majority of the nodes more than 90%) (Figure 6). Sinojackia was well-supported as a
monophyletic group, and sister to Pterostyrax. Sinojackia clustered into two main clades (Clade A and
Clade B) with high bootstrap values (100%). Clade A contained three species, including S. microcarpa,
S. sarocarpa, and S. huangmeiensis. Clade B comprised S. xylocarpa, S. rehderiana, and S. oblongicarpa.
Three individuals of S. sarocarpa were clustered into one clade sister to S. huangmeiensis , with a
bootstrap value of 100%. Individuals of S. xylocarpa and S. rehderiana were mixed together. S.
oblongicarpa was a sister to (S. xylocarpa + S. rehderiana) with strong support (100%).

Sinojackia sarcocarpa NC042148
Sinojackia sarcocarpa MT700476

Sinojackia sarcocarpa MT700477
Sinojackia huangmeiensis NC047297

79
100
100
100 - Sinojackia microcarpa NC041131
It £ Sinojackia microcarpa MG719835.1
A 87 Sinojackia microcarpa MW421726 .
\————————————— Sinojackia microcarpa MW026412.1 S. microcarpa
97
48
#“
100

Sinojackia rehderiana NC035711

100 Sinojackia xylocarpa MH782178

Sinojackia xylocarpa MT700481

Sinojackia xylocarpa NC035418 S. oblongicarpa
Sinojackia xylocarpa MG719827
Sinojackia rehderiana MT700475

Sinojackia oblongicarpa 0Q985173

57

90

100

Sinojackia oblongicarpa OQ985172

54 Sinojackia oblongicarpa OQ985171

Moo Pterostyrax psilophyllus NC041133
— Pterostyrax hispidus NC041135

e Changiostyrax dolichocarpus MT700471
L— Melliodendron xylocarpum MZ153072

98

100

| Halesia dipteraNC041128 S. xylocarpa

Styrax chinensis NC057967
Symplocos tanakana NC058289

20

Figure 6. Maximum-likelihood (ML) phylogram (a) and cladogram (b) of Sinojackia based on whole
plastome sequence.

3.5. Evolutionary History Analyses

The phylogenetic tree inferred by IQTREE was used to analyze the evolution of fruit type in the
genus Sinojackia (Figure 7). Our results show that the ancestral state of fruit type in this genus is
probably mesocarp woody (S. xylocarpa, S. rehderiana) with mesocarp undeveloped and fleshy
possibly deriving from it. Mesocarp spongy may be derived from fleshy. The multiple occurrences of
mesocarp fleshy may be the result of parallel evolution.
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Figure 7. Inference of Ancestral State of Fruit in Sinojackia. The colors of topological structure lines
represent possible traits of ancestors.

Divergence time estimates for the genus Sinojackia were performed based on the complete
plastid genome (Figure 8); the effective sample size was above 200 for all parameters. Sinojackia and
its sister diverged in the early Miocene (20.89 Ma, 95% highest posterior density (HPD), 16.04 — 25.88
Ma). The split between clade A and clade B was dated to 14.50 Ma (95% HPD, 7.01 - 21.33 Ma). The
time of S. microcarpa and (S. sarocarpa + S. huangmeiensis) split at 9.44 Ma (05% HPD, 3.01 - 16.25 Ma).
Diversification of S. microcarpa was approximately 5.04 Ma (95% HPD, 0.50 - 10.76 Ma). S. oblongicarpa

occurred at 5.57 Ma (0.19 - 12.86 Ma).
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Figure 8. Divergence time of Sinojackia estimated by BEAST based on whole plastome. A, B, and C
indicated fossil calibration points.

The ancestral area reconstruction implied that Central-Southeast China (C) was the most
probable ancestral area for Sinojackia. Subsequently, a dispersal event occurred from Central-
Southeast China (C) to Hunan Province (B) and Sichuan Province (A) (Figure 9A). We also calculated
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the trend of dispersal, variation, and extinction events over time. The results show that no extinction
events have occurred, and the rates of dispersal and variation are the same (Figure 9B).

Legend
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Figure 9. Biogeographic results of Sinojackia. (a) display the possible origins of ancestors; (b) display
the rates of dispersal and variation.

4. Discussion

4.1. Plastome Structure and Sequence Variation

Comparative plastome analysis among species of Sinojackia has been carried out in previous
studies [20,36]. However, these previous studies included only 3-5 species, limiting a comprehensive
understanding of the plastome evolution of this genus. Our study includes all known extant species
(except S. henryi which may be extinct or a synonym) and compares the structure and content of the
plastome, which will greatly enrich our understanding of the evolution of the Chinese endemic genus
Sinojackia. In the present study, plastomes of Sinojackia were highly conserved in overall structure,
gene numbers, content and order. It possessed similar in size and gene content to previously reported
plastomes of Styracaceae species [36]. The total size of plastomes ranged from 158,725 bp to 158,760
bp. Such a slight variation was more conservative than previous studies of other angiosperm plant
lineages [63,64], and even smaller than the difference in plastome at the intraspecific level of some
taxa, such as Toxicodendron vernicifluum (1322 bp) [65] and Primula obconica subsp. obconica (444 bp)
[66]. The LSC region has a relatively higher length variation than the SSC and IR regions. In
congruence with Previous results [67], it demonstrated that variation in the LSC region is primarily
responsible for triggering genomic size variations. Sequences with higher GC content are more stable
and have lower mutation rates. Plastome possess GC contents ranging from 20.46% to 57.66%, and
the average GC content is 36.82% [68]. The GC content of Sinojackia accounted for 37.3%, exceeding
the average level of GC content.

Almost no sequence variation was detected between S. oblongicarpa and its congeneric species.
This may result from that Sinojackia were distributed in low-elevation mountains, and were less
affected by climate fluctuations. Therefore, the interspecific genetic diversification have been
maintained at a relatively low level. Generally, high variation regions are used as potential molecular
markers for interpreting phylogenetic relationships in taxonomically problematic plant taxa [69].
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However, the pi value of all regions was less than or equal to 0.01, indicating chloroplast fragments
may not be suitable as molecular markers in this genus. In fact, a previous phylogenetic tree based
on chloroplast markers received lower bootstrap values in this genus [32]. Therefore, we suggest
reconstructing the phylogenetic tree of land plants based on whole chloroplast genome data,
especially in the groups with very similar morphological characteristics.

4.2. Analysis of Factors Influencing Codon Bias

Codon usage bias is a widespread phenomenon across species and among functionally related
genes and within a single gene [70,71]. Extensive researches have been performed on codon usage
bias in many plant groups, such as Rosales species [72] and Epimedium [73]. Natural selection and
mutation pressure are two main biological factors in shaping codon usage bias [74,75]. In addition to
being affected by these two biological factors, codon usage bias is affected by many other factors,
such as translation (selection for optimized translation), gene expression, rate of evolution, secondary
structure of DNA, nucleotide composition, protein length, and environmental conditions [70,76,77].
In the present study, the Neutral-Plot, ENC-Plot, and PR2-Plot analyses were performed to
investigate codon usage pattern in Sinojackia. All species show similar results in codon usage pattern.
Codon bias in some plastomes of species was mainly affected by mutation pressure, such as in the
genus Quercus [78] and Coffea arabica [79]. In other species, such as the genus Gynostemma, natural
selection plays a major role in shaping codon usage bias [80]. In Sinojackia plastomes, natural selection
interacted with mutation pressure played a crucial role in shaping codon usage pattern, but natural
selection is the primary driver of the codon usage in the Sinojackia plastomes.

4.3. Interspecific Phylogenetic Relationships

A robust phylogenetic framework is important for resolving the circumscription of the genus
Sinojackia and for investigating evolutionary patterns and processes. Our ML phylogeny received
strong support at most nodes of the tree. Sinojackia was well-supported as a monophyletic group and
sister to Pterostyrax in the current study, in agreement with previous phylogenetic analyses [35,36].
Two main clades were strongly supported in our results, but the systematic placement of S.
oblongicarpa leads to the contradictions between our results and previous research [32]. Yao et al.
(2008) utilized several barcodes, including ITS, psbA-trnH, and seven microsatellite loci, to assess the
phylogenetic relationship within Sinojackia, supported S. oblongicarpa were sister to S. microcarpa and
formed one clade with S. sarocarpa and S. huangmeiensis. However, all branch nodes received
extremely low bootstrap rate within Sinojackia (< 50%). The topological structure of our phylogenetic
tree is consistent with previous studies based on plastomes [20,35,36,38,39], and result in well-
resolved and highly-supported phylogenies. We are convinced that our results have better
interpretation ability.

S. oblongicarpa differs from S. sarcocarpa in its shrubby habit, smaller flowers (1.2-1.5cm long)
and oblong fruits [27]. S. huangmeiensis can be distinguished from S. xylocarpa by its smaller flowers,
broad ovate petals, smaller and grey-brown fruits with a papillate short beak [23]. Previous research
implied that the weight of S. oblongicarpa is related to environmental competition, and the size of the
flowers and the shape of the fruits are within the variation range of S. sarcocarpa; therefore, S.
oblongicarpa was retreated as a synonymy of S. sarcocarpa [14]. Subsequently, S. rehderiana and S.
huangmeiensis were retreated as a synonym of S. xylocarpa based on morphological characters [15].
This was inconsistent with our phylogenetic tree, in which S. oblongicarpa was close to (S. xylocarpa +
S. rehderiana), and formed distant phylogenetic relationships with S. sarcocarpa. Evidence from rDNA-
ITS phylogenetic tree also demonstrated that S. oblongicarpa and S. sarcocarpa were not sister species
[37]. Therefore, we suggest that S. oblongicarpa should be treated as an independent species. In terms
of the taxonomy of S. huangmeiensis, both our results and previous molecular phylogenetic analyses
reveal that S. huangmeiensis form a distant phylogenetic relationship with S. xylocarpa [20]. The
taxonomic relationship between S. rehderiana and S. xylocarpa remains a challenge. Hybridization tests
were successful in ex situ collections between S. rehderiana and S. xylocarpa [81], providing that gene
flow may weaken the boundary between these two species. In general, geographical isolation may
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hinder the occurrence of interspecific hybridization events. The distribution of Sinojackia is highly
fragmented, enhancing the difficulty of gene flow. Therefore, some scholars have speculated that
Sinojackia may have a wide distribution range in the past, habitat destruction and self-propagation
constraints may result in fragmented distribution pattern that seem as today [32]. Thus, extensive
taxon sampling and molecular characterization are essential in further taxonomic studies between S.
rehderiana and S. xylocarpa.

4.4. Evolutionary History Analysis

Narrow geographical distribution, habitat destruction and seed germination limitation pose
great challenges to the survival of the genus Sinojackia. The permeability of endosperm and the
mechanical barrier of pericarp play an important role in seed dormancy [82,83]. Our result results
demonstrated that mesocarp woody is probably an ancestral state in the genus Sinojackia. Actually,
mesocarp woody is the fruit type with variable shapes and the widest distributed fruit type compared
to the other three fruit types. Mesocarp woody may hinder the permeability of endosperm, thus
prolonging the germination time of seeds. The types of mesocarp fleshy and mesocarp free may be
more evolved, owing to it increased endosperm permeability and reduced mechanical hindrance in
seed germination.

In our chronogram, Symplocaceae and Styracaceae split around 63.45 Ma (95% HPD: 56.98-71.93
Ma). This is congruent with the result of Dexter et al. [84] and Li et al. [85]. The age of Styrax emerged
at 62.15 (95% HPD: 56.53-67.86 Ma), consist with the fossil record of Styrax [56,86]. We estimated that
Sinojackia originated in the early Miocene (20.89 Ma, 95% HPD: 16.04-25.88 Ma), which was slight
latter than the result of Rose et al. (22.1 Ma) [58] and Zhang et al. (24.0 Ma) [59]. The different selection
of fossil calibration points and the slower nucleotide substitution rate of plastome may produce
inconsistent results. The diversification of Sinojackia was dated to middle Miocene (14.50 Ma, 95%
HPD: 7.01-21.33 Ma). Interspecific diversification in genus Sinojackia were main occurred in the latter
Miocene (4.69-9.44 Ma). The intraspecific diversity of Sinojackia mainly appeared in the Quaternary.

Some scholars believe that southwest China may be a primitive differentiation center of the
Styracaceae species, and Sinojackia might originate locally (Nanling Mountain Range, China) [87]. The
diversification of Styracaceae corresponds to the Paleocene-Eocene Thermal Maximum (PETM) (55.8
Ma). During this period, there was an abrupt global warming caused by a transient burst of carbon
dioxide [88,89]. This seems to indicate that the increase of temperature during the PETM causing the
species diversity of Styracaceae. Subsequently, Styracaceae may migrate from southwestern China to
central and southeastern China.

Sinojackia was initially differentiated after the Oligocene-Miocene (O-M) boundary (ca. 23 Ma)
in Central-Southwestern China, when the modern East Asian flora began to rise [90]. The
establishment and development of the Asian monsoon climate, accompanied by heavy rainfall, has
led to species diversity in East Asian flora [90,91]. This also triggers a shift in central and southeastern
China become more humid forest flora that seem today [90]. In this process, newly habitats may have
appeared, which may provide a suitable environment for the origin of Sinojackia. Furthermore, the
global climate become cooling since the middle Miocene, which has seriously affected the
geographical structure pattern of plant lineages in the subtropical region of China [92]. Our molecular
dating analyses indicate that Sinojackia initially diverged when a climatic cooling event occurred after
the middle Miocene. These indicates that the paleoclimatic events might play a crucial role in the
species differentiation and evolution of Sinojackia. In the development of the Asian monsoon,
progressive global cooling, and East Asian flora, ancestral Sinojackin may migrated from Hubei-
Southeast China (C) region to Hunan Provence and Sichuan Provence, evolving into S. oblongicarpa
and S. sarcocarpa, respectively.

In the Quaternary, glacial-interglacial interacted with monsoon climate play a crucial role in
shaping plant diversity. Many plants has experienced elevated diversification in intraspecies levels
since this period [93]. Our molecular dating also demonstrates that Sinojackia experienced elevated
diversification occurred after the Quaternary. The subtropical (Central/South/East) China belong to
the Sino-Japanese Floristic Region (SJFR), these region was not covered by extensive glacial sheets
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during the Quaternary [94], and the impact of the ice age was much smaller than that of the Qinghai
Tibet Plateau and its adjacent areas. Thus, the subtropical China has become a refuge for many plants
during the glacial period. There are three ways for plants in subtropical China to respond to
Quaternary climate fluctuations: glacial retreat and subsequent recolonization, in situ survival, and
glacial expansion and interglacial contraction [95-97]. The species of Sinojackia are mainly distributed
in low-altitude woodlands, so they are less affected by Quaternary climate shocks. Furthermore,
several warm and long interglacial periods after the middle Pleistocene (1.2-0.8 Ma) provided
favorable expansion conditions for plants in China [93]. Therefore, Sinojackia species may have
experienced small-scale population expansion in situ during this period, and no long-distance
migration occurred.

5. Conclusions

In this study, plastomes of S. oblongicarpa were assembled and compared with the other
Sinojackia species. Little plastome structure and sequence variation were detected among the six
Sinojackia species. Our phylogenetic tree indicated that S. oblongicarpa was close to (S. xylocarpa + S.
rehderiana) and should be treated as an independent species. The taxonomic relationship between S.
rehderiana and S. xylocarpa are still need to be reevaluated, and extensive taxon sampling and
molecular character is essential to decipher the taxonomic delimitation and explore the evolutionary
history of the two species. Our result demonstrated that mesocarp wood is probably an ancestral
state of Sinojackia, mesocarp undeveloped, spongy, and fleshy may be more evolved. Furthermore,
climatic oscillation in the Miocene trigger speciation and migration in this genus.
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