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Abstract
The phylogenetic status of subgenus Cyclobalanopsis plants has long been con-
troversial, with interspecific relationships of some species remaining unclear. To
reveal the chloroplast genome characteristics and phylogenetic relationships of
Quercus ningangensis, Q. oxyodon, Q. gambleana, and Q. neglecta, this study
selected mature leaves of the above four Quercus species for next-generation se-
quencing, analyzed their chloroplast genome structure and characteristics, and
conducted phylogenetic studies in combination with related taxa. The results
showed that: (1) The chloroplast genome sequence lengths of Q. ningangen-
sis, Q. oxyodon, Q. gambleana, and Q. neglecta were 160,906 bp, 160,883 bp,
160,832 bp, and 160,784 bp, respectively, all encoding 133 genes, including 88
protein-coding genes, 37 tRNA genes, and 8 rRNA genes. (2) The four Quer-
cus species showed a preference for codons ending with A/T, and plastome
variation regions were mainly present in non-coding regions. (3) Through IR
boundary analysis, it was found that the four subgenus Cyclobalanopsis plants
contained a ycf1 pseudogene and underwent expansion in the IRb/SSC region.
(4) Phylogenetic analysis revealed that within Fagaceae, Fagus and Trigonobal-
anus diverged early, subgenus Quercus did not form a monophyletic group, and
chloroplast genome-based tree results were consistent with nuclear and plas-
tid markers, with intermingling observed between the Ilex and Cerris sections
within subgenus Quercus. (5) Flora of China and some local floras treat Q.
gambleana as a separate species, whereas Zhou Zhekun, Deng Min, and others,
based on leaf characteristics, treat it as a subspecies of Q. oxyodon; the phy-
logenetic status of Q. gambleana remains controversial. Based on chloroplast
genome information combined with previous morphological analysis results, this
study supports the view of Q. gambleana as an independent species. This study
provides fundamental data for exploring the phylogenetic status of subgenus
Cyclobalanopsis, the classification of sections within subgenus Cyclobalanopsis,
and resolving interspecific relationships of questionable species.
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Abstract
The phylogenetic status of Quercus subg. Cyclobalanopsis has long been con-
troversial, and the interspecific relationships of some species remain unclear. To
reveal the chloroplast genome characteristics and phylogenetic relationships of
Quercus ningangensis, Q. oxyodon, Q. gambleana, and Q. neglecta, this study
performed next-generation sequencing on mature leaves of these four species,
analyzed their chloroplast genome structure and characteristics, and conducted
phylogenetic analyses in combination with related taxa. The results showed:
(1) The chloroplast genome sequences of Q. ningangensis, Q. oxyodon, Q. gam-
bleana, and Q. neglecta were 160,906 bp, 160,883 bp, 160,832 bp, and 160,784
bp, respectively, all encoding 133 genes including 88 protein-coding genes, 37
tRNA genes, and 8 rRNA genes. (2) The four species preferred codons end-
ing in A/T, and plastome variation regions were mainly located in non-coding
regions. (3) IR boundary analysis revealed that the four Quercus subg. Cy-
clobalanopsis species contained a ycf1 pseudogene, with expansion occurring at
the IRb/SSC boundary. (4) Phylogenetic analysis indicated that Fagus and
Trigonobalanus diverged early in Fagaceae, while subg. Quercus did not form
a monophyletic group. Chloroplast genome-based phylogenies were consistent
with nuclear and plastid markers, showing interspersion between the Ilex and
Cerris groups within subg. Quercus. (5) While Flora of China and some local
floras treat Q. gambleana as a separate species, Zhou Zhekun and Deng Min
et al. considered it a subspecies of Q. oxyodon based on leaf characteristics,
leaving its phylogenetic status controversial. Based on chloroplast genome in-
formation combined with previous morphological analyses, this study supports
Q. gambleana as an independent species. This research provides fundamental
data for addressing the phylogenetic status of Quercus subg. Cyclobalanopsis,
the classification of its sections, and the resolution of questionable interspecific
relationships.

Keywords: Fagaceae, Quercus subg. Cyclobalanopsis, genome comparison,
chloroplast genome, phylogenetic analysis
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Introduction
Chloroplasts are widely present in higher plants and most algae, serving as the
site of photosynthesis in green plants. Chloroplasts possess independent ge-
netic material with a characteristic quadripartite genome structure consisting
of a large single-copy region (LSC), a small single-copy region (SSC), and two
inverted repeat regions (IRA and IRB). Both genome sequence and structure
are relatively conserved (Zhao et al., 2018). Compared with nuclear genomes,
chloroplast genomes feature simple structure, small molecular weight, low gene
substitution rates, and single-copy characteristics (Korpelainen, 2004; Kwak et
al., 2019). In recent years, with reduced time and cost for next-generation se-
quencing, increasing numbers of chloroplast genome sequencing analyses have
been applied to ambiguous species identification and phylogenetic studies. Cur-
rent research has utilized chloroplast genomes to resolve phylogenetic issues in
Quercus subg. Quercus and Castanea within Fagaceae (Yang, 2018; Gao, 2020),
but few studies have addressed phylogenetic problems in Quercus subg. Cyclob-
alanopsis using chloroplast genome information.

Quercus subg. Cyclobalanopsis (Fagaceae) comprises 122 species (Frodin &
Govaerts, 1998) or 150 species (Huang et al., 1999), primarily distributed in
tropical and subtropical regions of Asia. China represents an important distri-
bution area and diversity center for this subgenus (Luo & Zhou, 2001a), with 77
species and 3 varieties recorded. The primary distribution extends south of the
Qinling Mountains and Huai River, where these species serve as constructive
components of evergreen broad-leaved forests (Chen & Huang, 1998; Huang et
al., 1999). Cyclobalanopsis wood is valued for its hardness, corrosion resistance,
and wear resistance, making it excellent material for boat oars and tools. The
fruits are rich in starch (approximately 50-60% content) (Duan, 1995) and can
be used for wine production, feed, adhesives, and industrial starch. The bark
contains tannins suitable for tannin extraction.

The phylogenetic status of Cyclobalanopsis has long been controversial. Some
scholars have treated it as a separate genus based on cupule arrangement pat-
terns (Xu & Ren, 1976; Zheng, 1985; Chen & Huang, 1998; Huang et al., 1999).
However, most researchers support its treatment as a subgenus within Quercus
based on pollen anatomical morphology and ITS sequences (Institute of Botany,
Chinese Academy of Sciences, 1972; Liu & Fang, 1986; Duan, 1992; Luo & Zhou,
2001b). Due to substantial variation in reproductive structures, relatively uni-
form leaf characteristics, inter-group gene introgression, limited herbarium spec-
imens, and difficulty observing important taxonomic features such as fruits, no
clear infrageneric classification exists. Interspecific relationships remain unclear
for many species, and numerous controversies persist regarding species delimita-
tion. Current phylogenetic research on Quercus subg. Cyclobalanopsis remains
primarily morphological. Therefore, additional molecular systematic evidence
is needed to help resolve its phylogenetic status and interspecific relationships.

This study performed next-generation sequencing on mature leaves of four Cy-
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clobalanopsis species, aiming to: (1) investigate basic chloroplast genome char-
acteristics and differences among the four species; (2) analyze codon usage pref-
erences; and (3) clarify the phylogenetic relationship between Q. gambleana and
Q. oxyodon. We hope to provide new chloroplast genome-level data for resolv-
ing phylogenetic issues, interspecific relationships, species identification, and
superior timber selection in Cyclobalanopsis.

1.1 Experimental Materials
Fresh, pest-free mature leaves of Quercus ningangensis, Q. oxyodon, Q. gam-
bleana, and Q. neglecta were collected in the field (Table 1 ). After wiping with
moist gauze, leaves were stored in sealed bags with color-changing silica gel.
Once dried, samples were stored at -80°C. Voucher specimens are deposited in
the Herbarium of the College of Life Sciences, China West Normal University.

1.2 Genome DNA Extraction and Sequencing
Total DNA was extracted from leaves of the four Cyclobalanopsis species us-
ing a modified CTAB method. Paired-end sequencing of extracted DNA was
performed using Illumina HiSeq. Chloroplast genome DNA extraction and se-
quencing were completed by Nanjing Auwigene Technology Co., Ltd.

1.3 Assembly and Annotation
Data quality control was performed using FASTQ software. Clean data were as-
sembled using GetOrganelle software (Jin et al., 2020). Raw reads were mapped
to assembled sequences to check coverage, and gaps were filled using Gapcloser
software (Zuo et al., 2017). The chloroplast genome of Quercus stewardiana
(MN199023) was downloaded from NCBI as a reference genome for annotation
using CPGAVAS2 (Shi et al., 2019). Annotated data were manually adjusted
and modified using Geneious software (Kearse et al., 2012). Physical maps
of the four Cyclobalanopsis chloroplast genomes were drawn using OGDRAW
software. Annotated data were submitted to NCBI with accession numbers
ON303301, ON258628, ON258629, and ON258631 for Q. ningangensis, Q. oxy-
odon, Q. gambleana, and Q. neglecta, respectively.

1.4 Chloroplast Genome Comparative Analysis
Geneious and Editseq software were used to compile basic information including
lengths of SSC, LSC, and IR regions and GC content for the four Cyclobalanop-
sis chloroplast genomes. Chloroplast genomes of Q. tenuicupula (MN199025),
Q. stewardiana (MN199023), Q. sichouensis (NC_{036941}), and Q. glauca
(NC_{036930}) were downloaded from NCBI for comparative analysis.

Non-repetitive sequences longer than 300 bp with ATG start codons were se-
lected, yielding 52 CDS sequences for all species. CodonW software was used
to calculate relative synonymous codon usage (RSCU), codon adaptation index
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(CAI), effective number of codons (ENC), codon bias index (CBI), and frequency
of optimal codons (FOP) for the four Cyclobalanopsis species and related taxa.
EMBOSS online software was used to calculate GC1, GC2, and GC3 content for
each CDS sequence. Neutrality plot analysis used the average of GC1 and GC2
(GC12) as the vertical axis and GC3 as the horizontal axis, with a y=x function
line inserted. ENC-plot used GC3 and ENC values as horizontal and vertical
axes, respectively, with a theoretical ENC curve (ENC=2+GC3+29/[GC32+(1-
GC3)2]). PR2-plot used G3/(G3+C3) as the horizontal axis and A3/(A3+T3)
as the vertical axis to analyze base usage frequency and bias. All plots were
generated using Origin software.

mVISTA software was used for visual comparative analysis of chloroplast
genomes from the four Cyclobalanopsis species and related taxa. IRscope was
used to draw IR boundaries of the four species and related taxa.

1.5 Phylogenetic Analysis
Eight publicly available Fagaceae chloroplast genome sequences were
downloaded from NCBI: Q. obovatifolia (MG356785.1), Q. aquifolioides
(KX911971.1), Q. spinosa (MG678038.1), Q. engleriana (MZ196209.1), Q.
variabilis (NC031356.1), Trigonobalanus doichangensis (NC023959.1), Fagus
hayatae, and F. engleriana (as outgroups). These were combined with the
four newly assembled Cyclobalanopsis chloroplast genomes for phylogenetic
tree construction. All sequences were aligned using MAFFT, and unaligned
terminal regions were trimmed using MEGA 7. The best model (GTR+GI) for
ML tree construction was identified using MEGA 7’s Models function. Max-
imum likelihood (ML) trees were constructed with 1,000 bootstrap replicates.
Additionally, neighbor-joining (NJ) trees were constructed using the Maximum
Composite Likelihood model with 10,000 bootstrap replicates.

2.1 Basic Characteristics of Chloroplast Genomes
The chloroplast genomes of Q. ningangensis, Q. oxyodon, Q. gambleana, and Q.
neglecta all exhibited typical quadripartite structure comprising one LSC region,
two IR regions, and one SSC region [Figure 1: see original paper]. Genome
lengths ranged from 160,681 to 160,906 bp, with Q. oxyodon and Q. gambleana
differing by only 1 bp (160,883 bp vs. 160,882 bp). LSC regions ranged from
90,245 to 90,360 bp, SSC regions from 18,891 to 18,929 bp, and IR regions from
25,816 to 25,840 bp. Total GC content (36.9%), IR region GC content (42.8%),
and CDS region GC content (37.9%) were identical across the four species, with
minimal variation in LSC and SSC region GC content (Table 2 ).

Annotation revealed all four species possessed 133 genes, including 37 tRNA
genes, 8 rRNA genes, and 88 protein-coding genes (Table 2). Fifteen genes
contained one intron (rpoC1, ndhA, ndhB, rpl2, rpl16, atpF, rps16, trnL-UAA,
trnK-UUU, trnI-GAU, trnA-UGC, trnG-GCC, trnV-UAC, petB, petD), while
three genes contained two introns (rps12, clpP, ycf3*) (Table 3 ).
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2.2.1 Codon Composition Analysis
The four Cyclobalanopsis species contained 20,977-20,996 codons with effective
number of codons (ENC) values of 49.81-49.91. Codon adaptation index (CAI)
was 0.167 for all species. Codon bias index (CBI) was -0.099 for Q. ningangensis,
Q. gambleana, and Q. neglecta, and -0.097 for Q. oxyodon. Frequency of optimal
codons (FOP) was 0.355 for all four species, with GC content ranging from
37.93% to 37.95%. Similar codon preference indices across the four species
indicated comparable codon usage patterns (Table 4 ). GC3 content ranged
from 29.85% to 29.88%, demonstrating preference for A/T-ending codons.

Leucine (Leu), serine (Ser), and arginine (Arg) have six synonymous codons,
tryptophan (Trp) and methionine (Met) have single codons, and other amino
acids have two or more synonymous codons. The eight Cyclobalanopsis species
showed similar codon preferences, with higher usage frequencies for ACU, UCU,
UUA, GCU, UAU, GAU, and AGA, and lower frequencies for CUC, CUG, GCG,
UAC, CAC, CAG, AAC, AAG, GAC, GAG, CGC, CGG, AGC, and GGC. In
Castanopsis carlesii and Lithocarpus longinux, UAA showed lower usage fre-
quency compared to other listed plants.

2.2.2 Neutrality Plot Analysis
Neutrality plot analysis of non-repetitive sequences (>300 bp, ATG start codon)
from the four Cyclobalanopsis chloroplast genomes showed correlation coeffi-
cients between GC3 and GC12 of 0.00793, 0.05384, 0.005495, and 0.06, with
regression coefficients of 0.11633, 0.33692, 0.34267, and 0.35694, respectively
(all P<0.01). The weak correlation between GC12 and GC3 indicated signifi-
cant differences between the first/second and third codon positions, suggesting
natural selection has greater influence on codon usage preference than mutation
pressure.

2.2.3 ENC-plot Analysis
ENC-plot analysis revealed most genes had actual ENC values below the stan-
dard curve, indicating stronger natural selection effects on codon usage pref-
erence for these genes. Some genes had ENC values near or above the curve,
suggesting greater mutation influence. ENC ratio frequency distribution (Table
5 ) showed 18-19 genes (35-37%) in the -0.05 to 0.05 interval for each species,
indicating significant mutation effects. However, 33-34 genes showed large dif-
ferences between actual and theoretical ENC values, suggesting strong natural
selection effects. Combined results indicate codon preference in these chloroplast
genomes is influenced by both mutation and natural selection, with natural se-
lection playing the dominant role.

chinarxiv.org/items/chinaxiv-202208.00040 Machine Translation

https://chinarxiv.org/items/chinaxiv-202208.00040


2.2.4 PR2-plot Analysis
PR2-plot analysis [Figure 5: see original paper] showed uneven gene distribution,
with most genes located in the lower right quadrant, indicating A>T and G>C
usage at the third codon position. This demonstrates that codon preference in
the four Cyclobalanopsis species is jointly influenced by mutation and natural
selection.

2.3 Chloroplast Genome Comparative Analysis
Using Q. ningangensis as a reference, mVISTA analysis of Q. oxyodon, Q. gam-
bleana, Q. neglecta, Q. tenuicupula, Q. stewardiana, Q. sichouensis, and Q.
glauca chloroplast genomes revealed high conservation, with major variation in
non-coding regions and substantial variation in the ycf1 coding region [Figure
6: see original paper]. The LSC region showed greater variation than the more
conserved IR regions, while SSC variation was intermediate. rRNA genes were
highly conserved across all eight Cyclobalanopsis species.

2.4 IR Boundary Analysis
IRscope analysis of IR expansion/contraction and boundary positions [Figure 7:
see original paper] showed consistent gene distribution near boundaries across
eight Cyclobalanopsis species, though distances varied slightly. The rps19 gene
was consistently 11 bp from the SSC/IRb boundary. trnH distance from the
IRa/LSC boundary was 16 bp in Q. sichouensis and Q. glauca but 1 bp in
other species. In Q. gambleana and Q. neglecta, the ndhF gene had one base
in the IRb region with the remaining 2,255 bp in SSC, while other species had
the entire 2,255 bp ndhF gene in SSC. The ycf1 gene, the second longest in
higher plant chloroplast genomes, spanned the SSC/IRa boundary with 1,060
bp in IRa for Q. ningangensis, Q. tenuicupula, Q. stewardiana, Q. sichouensis,
and Q. glauca, and 1,056 bp, 1,054 bp, and 1,062 bp in IRa for Q. oxyodon, Q.
gambleana, and Q. neglecta, respectively. Corresponding ycf1 fragments in the
IRb region represent ycf1 pseudogenes (�ycf1) spanning the IRb/SSC boundary
with 56-58 bp located upstream of IRb/SSC.

2.5 Phylogenetic Analysis
Phylogenetic trees were constructed using ML and NJ methods with 12 Fagaceae
chloroplast genome sequences (including the four newly assembled Cyclobal-
anopsis genomes) and Fagus hayatae and F. engleriana as outgroups. Both
methods yielded high support values and consistent topologies [Figure 8: see
original paper]. The phylogeny showed Fagus and Trigonobalanus as early-
diverging lineages at the base of Fagaceae. Quercus spinosa, Q. engleriana,
and Q. variabilis clustered together, with interspersion between Ilex and Cerris
groups. Q. aquifolioides showed closer affinity to Cyclobalanopsis than to other
Quercus subg. Quercus species.
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3.1 Chloroplast Genome Comparison and Codon Prefer-
ence Analysis
Angiosperm chloroplast genomes typically range from 120,000 to 170,000 bp
(Tangphatsornruang et al., 2010). The four Cyclobalanopsis species in this
study (160,784-160,906 bp) showed highly conserved genome size, structure,
gene number, total GC content, and region lengths/GC content. These charac-
teristics are similar to other Fagaceae species, which exhibit greater gene den-
sity, stronger environmental adaptation, and higher stability compared to other
families (Gao, 2020). Comparative analysis revealed high conservation across
the four Cyclobalanopsis chloroplast genomes, with variation primarily in non-
coding regions. Since Cyclobalanopsis identification relies mainly on cupule
characteristics and many species are difficult to identify without fruits, highly
variable chloroplast regions could be developed as DNA barcodes. This study
identified trnH-GUGtrnQ-UUG, rpoC1petN, trnT-UGCtrnM-CAU, ycf4psbJ, and ycf1
as potential DNA barcodes for Cyclobalanopsis identification. IR region expan-
sion/contraction is common in plant evolution (Hansen et al., 2007; Davis &
Soreng, 2010; Huang et al., 2014). Consistent gene content in IR regions across
Cyclobalanopsis indicates conservative IR boundaries. All four species exhib-
ited ycf1 pseudogenes (�ycf1), a phenomenon also observed in some Quercus
subg. Quercus and Castanea species (Yang, 2018; Gao, 2020).

Codon usage bias is an important evolutionary phenomenon influenced by
genome size, base mutation, genetic drift, natural selection, gene expression
levels, tRNA abundance, GC content, and protein structure (Romero et al.,
2000; Duret, 2000; Angellotti et al., 2007). The low GC3 content in this
study’s Cyclobalanopsis species indicates preference for A/T-ending codons, a
widespread phenomenon in angiosperms (Clegg et al., 1994; Tangphatsornruang
et al., 2010; Delannoy et al., 2011). Similar RSCU patterns between Cyclobal-
anopsis and Quercus subg. Quercus suggest conserved codon preferences within
Fagaceae, though intergeneric differences exist. The three plotting analyses
demonstrated that codon preference in these four species is influenced by both
selection pressure and mutation, with selection pressure being the dominant
factor, consistent with findings in Castanopsis carlesii (Jiang et al., 2021),
Dalbergia odorifera (Yuan et al., 2021), and Erigeron breviscapus (Li et al.,
2021).

3.2 Phylogenetic and Interspecific Relationship Analysis
Phylogenetic results showing early divergence of Fagus and Trigonobalanus are
consistent with previous fossil and GIS-based studies on Fagaceae origin (Zhou,
1999). Previous classifications based on pollen morphology and nuclear genes
placed Q. aquifolioides, Q. spinosa, and Q. engleriana in the Ilex group and Q.
variabilis in the Cerris group (Hubert et al., 2014). However, nuclear and plastid
markers have shown Asian Ilex group species frequently interspersed within the
Cerris group (Simeone et al., 2013; Hubert et al., 2014). Our study similarly
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found that four Quercus subg. Quercus species did not form a monophyletic
group, with Q. spinosa clustering with Q. engleriana and Q. variabilis, demon-
strating interspersion between Ilex and Cerris groups consistent with previous
molecular studies.

Flora of China, Sylva Sinica, Flora Yunnanica, and Flora Guizhouensis treat
Q. gambleana and Q. oxyodon as separate species. However, Luo & Zhou
(2001a) and Deng (2007) considered Q. gambleana a variety of Q. oxyodon
based on stellate hairs on leaf abaxial surfaces, while Liu et al. (2008) sug-
gested it should be a variety of Q. longifolia based on cluster analysis. Our
phylogenetic analysis showed Q. oxyodon clustering with Q. neglecta, while Q.
gambleana and Q. oxyodon did not form sister groups. Although Q. gambleana
and Q. oxyodon share similar fruit and leaf morphology, they differ in stel-
late hair color and density on leaf abaxial surfaces, with substantial variation
observed across different collection regions (Deng, 2007). Scanning electron mi-
croscopy reveals differences in pollen exine ornamentation: Q. gambleana shows
granular-verrucate or aggregated-verrucate patterns, while Q. oxyodon exhibits
granular ornamentation (Wang & Pu, 2004). Our Q. gambleana samples had
dense yellow-brown stellate hairs, whereas Q. oxyodon had sparse white stellate
hairs. Based on these combined molecular and morphological data, we support
treating Q. gambleana and Q. oxyodon as separate species. The Q. gambleana
sample was collected from Chongqing and Q. oxyodon from Guangxi, represent-
ing geographically distant populations. We hypothesize that substantial envi-
ronmental differences and long-term restricted gene flow may have contributed
to their divergence as distinct species.
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