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Abstract. Quercus ningangensis is an economically and ecologically important tree species
belonging to the family Fagaceae. In this study, the complete chloroplast (cp) genome of
Q. ningangensis was sequenced and assembled, and 18 published cp genomes of Quercus
were retrieved for genomic analyses (including sequence divergence, repeat elements, and
structure) and phylogenetic inference. With this study, we found that complete cp genomes
in Quercus are conserved, and we discovered a codon composition bias, which may be
related to genomic content and genetic characteristics. In addition, we detected consider-
able structural variations in the expansion and contraction of inverted repeat regions. Six
regions with relatively high variable (matK-rps16, psbC, ycf3 intron, rbcL, petA-psbJ, and
vefl) were detected by conducting a sliding window analysis, which has a high potential
for developing effective genetic markers. Phylogenetic analysis based on Bayesian infer-
ence and maximum likelihood methods resulted in a robust phylogenetic tree of Quercus
with high resolution for nearly all identified nodes. The phylogenetic relationships showed
that the phylogenetic position of Q. ningangensis was located between Q. sichourensis
and Q. acuta. The results of this study contribute to future research into the phylogenetic
evolution of Quercus section Cyclobalanopsis (Fagaceae).

Key words: chloroplast genome, Cyclobalanopsis ningangensis, phylogeny, Quercus, repeat

regions, structural variation

Introduction

Woody species have received much scientific and media
attention over the past decade due to their very significant
economic value, as well as their importance with respect
to ecology and biodiversity (Héggstrom 2019; Carrero
et al. 2020; Fazan et al. 2020). The genus Quercus (oaks,
Fagaceae) is among the most widespread and species-rich
tree genera in the Northern Hemisphere and has diversi-
fied in rainforests, montane cloud forests, and temperate
broad-leaved forests (Nixon 1997; Huang et al. 1999;
Song et al. 2019; Fazan et al. 2020; Kremer & Hipp 2020).
Oaks arose an estimated 56 million years ago (Ma) and
subsequently radiated and expanded across the Northern
Hemisphere (Manos & Stanford 2001; Hipp et al. 2020).
Today, there are estimated to be at least 435 species, which
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are assigned to eight different sections (Denk et al. 2017).
The genus extends from the equator to the boreal regions
at a latitude of 60°N in Europe, and from sea level to
4,500 m above sea level in the Tibetan Plateau (Huang
et al. 1999; Kremer & Hipp 2020).

Quercus ningangensis belongs to the Quercus section
Cyclobalanopsis, which diverged at the transition of the
Oligocene and Miocene (~26 Ma) (Deng et al. 2018). The
distribution of this species is very narrow in Guangxi,
Hunan, and Jiangxi provinces, and its conservation status
is uncertain due to data deficiency (Huang et al. 1999;
Carrero et al. 2020). Morphologically, the single-celled
trichome base supported Q. ningangensis as a member
of the single-celled trichome bases (STB) lineage in the
section Cyclobalanopsis (Deng et al. 2014). It has four
trichome types, including fasciculate, simple stellate,
appressed lateral attached, and uniseriate, which is one
of the most diversified in this section (Deng et al. 2014).
However, recent phylogenetic and phylogenomic studies
have not included samples of this species (Deng et al.
2018; Hipp et al. 2020; Yang et al. 2020).

Chloroplast (cp) genomes have been widely used to
infer plant phylogenetic relationships at all taxonomic
levels in angiosperms because of their conserved structure,
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uniparental inheritance, general lack of recombination,
and small effective population size (Cosner et al. 2004;
Wicke et al. 2011). With the rapid development of
next-generation sequencing, cp genomes are increasingly
being used for phylogenetic relationship reconstruction
(Li et al. 2020a; Mu et al. 2020; Zhao et al. 2020; Uckele
et al. 2021). Since the first oak cp genome for Q. rubra
was published in 2014, up to 30 species have been
sequenced (Alexander & Woeste 2014; Li et al. 2020b;
Zhang et al. 2020). Although angiosperm cp genomes
exhibit a remarkably conserved gene content and order
(Jansen & Ruhlman 2012), complete cp genome data will
provide more valuable information for understanding the
phylogenetic relationships and intraspecific diversity of
Quercus (Li et al. 2018).

There are seven complete cp genomes in the Quercus
section Cyclobalanopsis that were also included in the
phylogenetic reconstruction based on the data of restric-
tion-site associated DNA sequencing. Q. acuta, Q. ciliaris,
Q. arbutifolia, Q. myrsinifolia, and Q. stewardiana belong
to the STB lineage, and Q. gilva and Q. sichourensis
belong to the compound trichome base (CTB) lincage
(Deng et al. 2018). In addition to the other two complete
cp genomes of Q. edithiae and Q. glauca, we sought to
provide a relatively stable systematic position for Q. nin-
gangensis.

We first sequenced and described the complete cp
genome of Q. ningangensis and performed a comparative
analysis of the cp genomes of multiple Quercus species
to (1) investigate the structural patterns of the whole
cp genome of Quercus section Cyclobalanopsis species
including the genome structure, gene order and gene
content; (2) examine abundant simple sequence repeats
(SSRs) and repeat structure in the whole cp genome of
Q. ningangensis to provide markers for phylogenetic
and genetic studies; and (3) construct a cp phylogeny

for Quercus, especially section Cyclobalanopsis species
to illuminate the phylogenetic position of Q. ningangensis.

Material and methods

Plant material and DNA extraction

In total, 19 complete cp genomes belonging to the key
genera of Quercus were analyzed in this study, including
one newly generated complete cp genome (Q. ningangen-
sis) and 18 published complete cp genomes in Quercus.
The collection and GenBank accession information for
the analyzed taxa are listed in Table 1. A single Q. nin-
gangensis individual was sampled from Da-Long town
(114.084°E, 26.603°N; 750 m), Jing-Gang-Shan City,
Jiangxi Province, China, in September 2019. The voucher
specimen (accession no. SYGO00053) was deposited at
the Shanghai Chenshan Botanical Garden. Total genomic
DNA was extracted from fresh leaves using the modified
CTAB method (Doyle 1987).

lllumina sequencing, assembly, and annotation

Total genomic DNA was sequenced using an Illumina
NovaSeq6000 platform (Illumina, San Diego, CA, USA)
with PE150 based on the whole-genome shotgun strategy.
Raw reads were cleaned using SOAPnuke Toolkit v.1.3.0
(Chen et al. 2018) with the default parameters set to remove
low-quality reads (Patel & Jain 2012), and approximately
4 Gb of clean data were generated. Reference-guided
assembly was then used to construct the plastid genomes
using SPAdes v.3.13.0 (Bankevich et al. 2012). Princi-
pal contigs representing the cp genome were obtained
after a BLAST search (NCBI BLAST v.2.2.30). In this
process, the complete cp genome sequence of Q. glauca
(GenBank accession number: NC_036930) was used as
the reference genome. Gapcloser (v.1.12) was used to

Table 1. Information of the Quercus chloroplast genome used in this study.

Species Family/Genus/Section Genbank No. | Size (bp)
Q. myrsinifolia Fagaceae, Quercus, Cyclobalanopsis MN199025 160, 803
Q. ciliaris Fagaceae, Quercus, Cyclobalanopsis MN199024 160, 842
Q. stewardiana Fagaceae, Quercus, Cyclobalanopsis MN199023 160, 842
Q. ningangensis Fagaceae, Quercus, Cyclobalanopsis MW628880 160, 736
0. acuta Fagaceae, Quercus, Cyclobalanopsis MT742291 160, 533
Q. glauca Fagaceae, Quercus, Cyclobalanopsis NC 036930 160, 798
Q. arbutifolia Fagaceae, Quercus, Cyclobalanopsis NC 039972 160, 817
Q. edithiae Fagaceae, Quercus, Cyclobalanopsis KU382355 160, 988
Q. sichourensis Fagaceae, Quercus, Cyclobalanopsis NC_036941 160, 681
Q. gilva Fagaceae, Quercus, Cyclobalanopsis NC 049876 160, 742
0. acutissima Fagaceae, Quercus, Cerris NC_039429 161, 127
Q. variabilis Fagaceae, Quercus, Cerris NC 031356 161, 077
Q. phillyraeoides Fagaceae, Quercus, Ilex MK105462 161, 132
Q. tarokoensis Fagaceae, Quercus, Ilex NC 036370 161, 355
Q. aliena Fagaceae, Quercus, Quercus NC_026790 160, 921
Q. fabri Fagaceae, Quercus, Quercus MK922346 161, 227
0. mongolica Fagaceae, Quercus, Quercus NC 043858 161, 194
Q. robur Fagaceae, Quercus, Quercus NC 046388 161, 172
Q. rubra Fagaceae, Quercus, Quercus NC_020152 161, 304
Trigonobalanus doichangensis Fagaceae NC 023959 159, 938
Juglans mandshurica Juglandaceae NC 033892 159, 729
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fill in the gaps (Luo et al. 2012), and the final average
assembly coverage was 394x. The complete cp genome
was annotated using the program CPGAVAS?2 (Liu et al.
2012; http://47.96.249.172:16019/analyzer/annotate). Cir-
cular plastid genome maps were drawn using the online
program Organellar GenomeDRAW (Lohse et al. 2013;
http://ogdraw.mpimp-golm.mpg.de/). The final annotated
cp genome of Q. ningangensis was deposited in GenBank
with the accession number MW628880.

Intraspecific sequence divergence hotspot
identification

The alignment of ten complete cp genome sequences
of section Cyclobalanopsis was conducted using the
Mauve Tool of HomBlocks software (Bi et al. 2018). To
determine the nucleotide diversity of the ten complete
cp genomes of section Cyclobalanopsis, sliding window
analysis was conducted to generate nucleotide diversity
(Pi) of the cp genomes using DnaSP (DNA Sequence Pol-
ymorphism v.5.10.01) software (Librado & Rozas 2009).
The step size was set to 200 bp with an 800 bp window
length (Zhang et al. 2020).

Simple sequence repeats elements and structure
analysis

Simple sequence repeats (SSR) within the 21 complete
cp genomes were detected using MISA (MIcroSAtellite;
http://pgrc.ipk-gatersleben.de/misa) with a motif size of
one to six nucleotides (Thiel et al. 2003). Thresholds for
a minimum number of repeat units were established as
follows: >10 for mono-nucleotide, >5 for di-nucleotide,
>4 for tri-nucleotide, and >3 for tetra-nucleotide, pen-
ta-nucleotide, or hexa-nucleotide SSRs, respectively. All
identified SSRs were manually verified to compare the
variation type. To discover and visualize the interspecific
variation among the ten complete cp genome sequences of
section Cyclobalanopsis, we constructed multiple align-
ments of ten cp genome sequences using the mVISTA
comparative genomics tool (Frazer et al. 2004) with the
annotation of Q. ningangensis as a reference. The bor-
ders and gene rearrangement of IR regions among ten
species (section Cyclobalanopsis) were ascertained using
the IRscope Online tool (Amiryousefi et al. 2018; https://
irscope.shinyapps.io/irapp/) to analyze the expansions and
contractions, as well as the variation in junction regions.

Phylogenetic analysis

To reconstruct the phylogenetic relationship and verify
the phylogenetic position of Q. ningangensis in the Quer-
cus section Cyclobalanopsis, phylogenetic analysis was
conducted based on 21 taxa, including one species in the
current study, 18 other Quercus species, and two species
(Trigonobalanus doichangensis and Juglans mandshu-
rica) that were used as outgroups. Homologous sequences
of 21 complete cp genomes, including conserved coding
region genes and non-coding region sequences, were
screened using Homblocks software (Bi et al. 2018).
The phylogenetic tree was constructed using the aligned
homologous sequences by the Mauve alignment tool in

the Homblocks software (Bi et al. 2018). Modeltest v.3.7
(Brigham Young University, Provo, UT, USA; Posada
& Crandall 1998) was used to determine the best-fitting
model for homologous sequences based on the Akaike
information criterion (AIC).

The maximum likelihood method and Bayesian infer-
ence were implemented using the [Qtree (Nguyen et al.
2014) and MrBayes v.3.1.2 (Swedish Museum of Natural
History, Stockholm, Sweden; Ronquist & Huelsenbeck
2003), respectively. The ML tree was constructed with
1,000 bootstrap replicates. Bayesian inference (BI) was
performed using the following settings: Markov chain
Monte Carlo (MCMC) algorithm for 2 million generations
with two incrementally heated chains, starting from ran-
dom trees, and sampling one out of every 100 generations.
Convergence was determined by examining the average
standard deviation of split frequencies (<0.01). The first
25% of the trees were discarded as burn-in (Meng et al.
2008; Ma et al. 2014) and the remaining trees were used
to build a majority-rule consensus tree.

Results

General feature of the complete chloroplast genome
in Q. ningangensis

The complete assembled cp genome of Q. ningangensis
was 160,736 bp in length with a typical quadripartite
structure. Gene content and order were similar to those
of other published cp genomes in Fagaceae (Dane et al.
2015; Yang et al. 2018; Zhang et al. 2020). The base
composition of the cp genome was asymmetric (31.15%
A, 18.78 C, 18.11% G, 31.96% T) with an overall gua-
nine-cytosine (GC) content of 36.89% and the corre-
sponding values of the inverted repeat (IR), large single
copy (LSC), and small single copy (SSC) regions were
42.76%, 34.74%, and 31.09%, respectively. In particu-
lar, the cp genome consists of a pair of IR regions of
25,825 bp, a LSC region of 90,182 bp, and a SSC region
of 18,904 bp (Fig. 1, Table 2). In total, this cp genome
contains 127 genes including 86 protein-coding genes,
37 transfer RNA (tRNA) genes and four ribosomal RNA
(rRNA) genes. Most of the genes occurred as single copies
in the LSC and SSC, but 18 genes were duplicated in the
IR regions, including seven protein-coding genes (ndhB,
rpl2, rpl23, rpsi2, rps7, ycfl, and ycf2), seven tRNA
genes (trnA-UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-
GUU, trnR-ACG, and trnV-GAC), and four rRNA genes
(168, 238, 4.5S, and 5S5). Among these genes, 15 genes
(atpF, ndhA, ndhB, petB, petD, rpl2, rpl16, rpoC1, rpsi6,
trnA-UGC, trnG-GCC, trnK-UUU, trnL-UAA, trnl-GAU,

Table 2. General features of Q. ningangensis chloroplast genomes
compared in this study.

Region | Length A T C G AT GC
LSC 90182 | 31.92 | 33.34 | 17.79 | 16.94 | 65.26 | 34.74
SsC 18904 | 34.36 | 34.55 | 16.37 | 14.72 | 68.91 | 31.09
IR 51650 | 28.62 | 28.62 | 21.38 | 21.38 | 57.24 | 42.76
Total 160736 | 31.15 | 31.96 | 18.78 | 18.11 | 63.11 | 36.89
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The IR regions exhibited lower variability than the LSC
and SSC regions.
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junction regions. The length of the LSC regions varied
from 90,154 bp to 90,342 bp, and the IR regions of ten
cp genomes ranged from 25,809 bp (Q. arbutifolia) to
25,840 bp (Q. myrsinifolia) in size, of which rps19, ycfl,
ndhF, rpl2, and trnH genes were present at the junctions
of the LSC/IR and SSC/IR borders (Fig. 4). Considerable
variation was observed in the expansion and contraction
of the IR regions. Although the genomic structure and
size were highly conserved in the ten cp genomes, the
IR/SC boundary regions still showed slight differences.
For the LSC/IR borders, the gene rps19 in the LSC of
section Cyclobalanopsis species extended 1-11 bp into
the IRDb region. The gene #rnH in the LSC region con-
tracted 14-16 bp from the junction region of IRa/LSC.
In contrast, the SSC/IR boundary regions are relatively
stable. The gene ycf7 in the SSC region exhibited an inter-
esting astride at the border of SSC/IRa. Q. ningangensis
extended 1,045 bp into the IRa region, whereas other
species of section Cyclobalanopsis extended 1,060 bp.
The sequence identity of the section Cyclobalan-
opsis cp genomes was performed using mVISTA with
Q. ningangensis as a reference (Fig. 5). Overall, sequence
divergence was highly conserved and similar across the
ten cp genomes. Most of the significant divergence was
found in conserved non-coding sequences (CNS), such

as the high degree of divergence was found in pshbK-trnQ
(UUG), trnD (GUC)-trnY (GUA), and psbD-trnT (GGU).
As expected, the IR and coding regions exhibited higher
conservation than the SC and noncoding regions.

Phylogenetic analysis

Aligned homologous sequences of 21 complete cp genomes
were used to construct the phylogenetic trees using maxi-
mum likelihood and Bayesian inference analyses (Fig. 6).
The best-fit models used in the ML and BI analyses were
General Time Reversible (GTR) with gamma distribu-
tion and invariable (GTR+G+1) (Table S1). All nodes
of the phylogenetic trees were strongly supported by
0.90-1.00 Bayesian posterior probabilities in BI anal-
ysis and 57%—-100% bootstrap values in ML analysis
(Fig. 7). ML tree reconstructions using the complete cp
genomes showed identical topologies and well-resolved
nodes for the BI tree generated by MrBayes (Fig. 7).
Three clades were recognized as section Quercus, section
Cerris/section Ilex, and section Cyclobalanopsis. Within
the section Cyclobalanopsis, three lineages were inferred
based on the taxa we used: (1) Q. myrsinifolia was sister
to the other species; (2) Q. ciliaris and Q. stewardiana
were sister to the other seven species in this lineage; and
(3) the last seven species comprised the core lineage of
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section Cyclobalanopsis and was significantly favored by
the BI tree. Q. ningangensis was nested in this lineage,
confirming its placement (Fig. 7).

Discussion

Chloroplast sequence variation and evolution

Understanding nucleotide diversity is of fundamental
importance in molecular evolution (Muse & Gaut 1994).
Sliding window analysis identified that the most variable
region was petA-psbJ (1GS) with a Pi value of 0.00826
(Fig. 2). The variation region of petA-psbJ has been found
in previous studies to be highly variable (Timme et al.
2007; Yu et al. 2020) and the mutation hotspots identified
with matK are recommended regions for DNA barcoding
in plants (CBOL Plant Working Group 2009; Holling-
sworth et al. 2011). Furthermore, most divergent hotspot

loci are located in the LSC region, which allows for the
proper design of genetic markers for classification and
revealing the genetic divergence of the Quercus taxa. The
IR regions exhibited lower variability than the LSC and
SSC regions. This result was similar to other cp genomes
(Han et al. 2016; He et al. 2017; Zhang et al. 2020).
Previous research has shown that repeated sequences
may play an important role in the rearrangement of cp
genome sequence divergences (Timme et al. 2007; Weng
etal. 2013) and GC content is significant in shaping codon
usage bias and evolution of genomic structure (Sueoka
& Kawanishi 2000; Bellgard et al. 2001). Therefore, we
investigated the numbers and distributions of all repeat
elements across these 21 species. We found a high ade-
nine-thymine (AT) content level in Quercus and there
was a strong bias toward AT content among these species
(Fig. 3), which is consistent with studies of previous cp
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Figure 7. The phylogenetic relationships among 21 complete chloroplast genome homologous sequences based on Maximum likelihood (ML) and
Bayesian Inference (BI) phylogenetic tree. Values besides the branch represented ML bootstrap and Bayesian posterior probabilities (BSP). Gen-
Bank accession numbers were listed following species name. Trigonobalanus doichangensis and Juglans mandshurica were used as the outgroups.

genomes (Morton & Clegg 1995; Morton et al. 1997).
This bias may also be related to the genomic content
and genetic characteristics of the codons (Yang & Yoder
1999; Morton 2003).

Although cp genomes are highly conserved in terms
of genomic structure and order (Terakami et al. 2012;
Wang et al. 2018), contraction and expansion of the IR
regions are a common evolutionary phenomenon (Kim
& Lee 2004; Huang et al. 2014), which may change the
junction position of these regions. We found that the IR
and coding regions exhibited higher conservation than SC
and noncoding regions. In addition, the SSC/IR boundary
regions were relatively stable instead of differences in
the IR/SC boundary regions. For the conservation of IR
regions, the substitution rates in SC regions have been
found to be several times higher than those in IR regions
among diverse plants (Zhu et al. 2015). A copy-dependent
repair mechanism has been proposed to explain the lower
substitution rate in IR regions (Perry & Wolfe 2002),
which may be important for the evolution of cp genomes
(Huang et al. 2014; Curci et al. 2015; Guo et al. 2017).

Phylogenetic relationship and taxonomy of
Q. ningangensis and its close relatives

Chloroplast genomes have been proven effective for
resolving different phylogenetic relationships in various
land plants (Ma et al. 2014; Carbonell-Caballero et al.
2015). Previous phylogenetic studies have shown that
there are two subgenera (Cerris and Quercus) in Quercus

(Hipp et al. 2020). The phylogenetic tree of the cp genomes
in this study supports the previous conclusion. Within the
subgenus Cerris, it was also well resolved that section
Cyclobalanopsis was sister to section Cerris/section Ilex,
as in a previous study (Hipp et al. 2020). However, due to
limited sampling, the relationship between section Cerris
and section /lex was not supported in this study.

Within the section Cyclobalanopsis, Q. gilva and
Q. sichourensis did not form a CTB lineage sister to the
STB lineage, as demonstrated in previous studies (Deng
et al. 2018; Hipp et al. 2020; Yang et al. 2020). Our results
showed that the phylogenetic position of Q. ningangensis
was located between Q. sichourensis and Q. acuta. Based
on the current study, it was difficult to provide an accurate
relationship between Q. ningangensis and its close taxa.
Thus, in order to explore the relationship among taxa in
the section Cyclobalanopsis, cp genomes covering more
taxa in this section need to be sequenced in the future.
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