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Abstract

Berberis diaphana Maxim (B. diaphana), an important medicinal deciduous shrub, is narrowly endemic to China. In the pres-
ent study, the complete chloroplast (cp) genome of B. diaphana was sequenced and analyzed. The complete cp genome of B.
diaphana is 166, 225 bp in length, presenting a quadripartite structure comprising a large single copy region (LSC 73, 596 bp),
a small single copy region (SSC 18, 656 bp), and a pair of inverted repeats regions (IRa/ IRb: 36, 954 bp each). The genome-
wide GC content was 38.07%, LSC made up 32.59%, SSC made up 32.59%, and IR made up 41.02%. The genome encodes 144
genes, including 99 protein-coding genes, 37 tRNA genes, and 8 rRNA genes. A total of 98 simple sequence repeats (SSRs) was
identified. Codon usage analysis showed that the genome tended to use codon ending in A/U. Phylogenetic relationships of
20 species inferred that B. diaphana is sister to Berberis weiningensis. The genome comparison revealed that there is a wide
variability of the junction sites, and there is higher divergence in the SSC and IRa/ IRb regions than in LSC regions. This study
identified the unique characteristics of the B. diaphana cp genome, which will provide valuable information for further studies
as well as molecular identification approaches for this important medicinal plant.

Keywords: Berberis diaphana; Chloroplast Genome and Characteristics Analysis

Abbreviations: RSCU: Relative Synonymous Codon
Usage; ML: Maximum Likelihood; SSC: Small Single-Copy; IR:
Inverted Repeat: LSC: Large Single-Copy.

Introduction

Chloroplasts are important organelles of green
plants that are responsible for photosynthesis [1]. The
chloroplast genome has independent nuclear genome, and
has the characteristics of haploid inheritance, relatively
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small genome, slow mutation rate, and sufficient plant
polymorphism, which makes it conducive to the study of
plant phylogeny. CP genome-based molecular barcoding
enables accurate identification of plants at the species
and population level [2]. In recent years, with the rapid
development of high-throughput sequencing technology, the
assembly of chloroplast genomes has become convenient
and cheap, and phylogenetic reconstruction based on
chloroplast genomes has led to a better understanding of the
evolutionary relationship of angiosperms.
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Berberis Linn. constitutes the largest genus in the family
Berberidaceae. The plants of this genus are distributed widely
across India, Pakistan, China, Japan, Europe, and South
America [3]. The Berberis L. genus comprises approximately
500 species of evergreen or deciduous simple-leaved shrubs
[4]. The Qinghai Province of China is considered an important
distribution region of Berberis plants as it is habitat to 13
species and one variant of this genus [5]. The stem, leaf, flower,
and fruit morphologies of Berberis species demonstrate high
diversity due to the diversity of species and distribution area
[3]. Barberry plants have fruits, flowers, leaves, stems and
roots. they are often used for medicinal purposes because
of their various bioactive ingredients, such as flavonoids
(quercetin, myricetin, and luteolin) Mustafa K, et al. [6], Nazir
N, etal. [7], phenolics (chlorogenic, caffeic, and vanillic acids)
Cakir O, et al. [8], Dong ZY, et al. [9], anthocyanin Sharif A,
et al. [10], Arena ME, et al. [11], alkaloids (berberine and
palmatine) Mustafa K, et al. [6], Bisht A, et al. [12], tannins,
carbohydrates, terpenoids, and steroids [13-15].

One of these species is B. diaphana, which is distributed
mainly in the Qinghai, Shaanxi and Gansu at an altitude of
1620-3600 m. B. diaphana has been used for the treatment
of diarrhea, frequent urination, diabetes, trachoma, and
nephritis for centuries in traditional Tibetan medicinal
system [16]. Berberine derived from the roots and stems of
B. diaphana is well recognized for its effective antineoplastic
activities and therapeutic effect in type 2 diabetes [17,18].
Recently, a few studies have been conducted to reveal the
phylogenetic relationships and the evolutionary history of
B. diaphana [19,20]. Nonetheless, the possible relationship
among the different species of Berberis genus remains
uncertain so far. In this context, investigations on the cp
genome would provide valuable information on the botanic
taxonomy of Berberidaceae, and would also contribute to
determining the evolutionary position and protecting the
germplasm resources of B. diaphana.

Material and Methods

Plant Material

In the present study, fresh leaves of B. diaphana were
collected from Xunhua County (102.6749°E, 35.7917°N,
Qinghai, China) and stored immediately at liquid nitrogen.
A specimen was deposited at the Tibetan medicine research
center at Qinghai University under the voucher number
TMSGS21003.

DNA Extraction, Sequencing, and Cp Genome
Assembly

DNA was extracted from the collected B. diaphana leaves
using the modified CTAB method [21]. The high-quality DNA
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obtained was used for library construction and sequencing
in Beijing Biomarker Technologies Co. Ltd. using Illumina
Hiseq X Ten, which was followed by de novo assembling of
the genome using SPAdes [22].

Annotation of the B. Diaphana Cp Genome

B. diaphana cp genome annotation was performed
via the Cp GAVAS pipeline [23]. The assembled complete
cp genome of B. diaphana was deposited to NCBI under
accession number MZ962404. The circular gene map and
cis- and trans- splicing genes were visualized in CPGview
in the B. diaphana cp genome [24]. The GC content was
showed using online tools proksee (https://proksee.ca/).
Relative synonymous codon usage (RSCU) was determined
by CodonW version 1.4.4. The online software Reputer Kurtz
S, et al. [25] was used to identify the repeat sequences (n
> 30 bp). The repeat matches were categorized as follows:
forward (direct) match (F), reverse match (R), complement
match (C) and palindromic match (P). SSRs in the cp
genome were identified using the online microsatellite
identification tool MISA (https://webblast.ipk-gatersleben.
de/misa/). The parameters were set to ten repeat units for
mononucleotide SSRs, five repeat units for dinucleotide
SSRs, four repeat units for trinucleotide SSRs, and three
repeat units each for tetranucleotides, pentanucleotide and
hexanucleotides SSRs.

Genomic Comparison with Related Species

The online tool Irscope Amiryousefifi A, et al. [26] was
employed to draw the genetic architecture of the IR/SSC and
IR/LSC junctions.

Phylogenetic Analysis

To determine the phylogenetic relationships among
Berberidaceae species, we downloaded 19 cp genome
sequences from the NCBI database for phylogenetic analysis.
The phylogenetic tree was constructed using the maximum-
likelihood (ML) method in the Mega7 program using 1000
bootstrap [27].

Results

Genome Features of B. diaphana

The phenotype of B. diaphana is shown in Figure 1.
Filtering of the raw sequencing data yielded a total of 11,
791, 180 clean paired-end reads in B. diaphana cp genome.
There were 3.5 G bases, of which 93.05% of bases had a
quality score higher than Q30, and 97.44% of bases had a
quality score higher than Q20.
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Figure 1: Phenotype diagram of B. diaphana.

Figure 2: Chloroplast genome overall features map of B. diaphana. From the center outward: the first track shows the small
single-copy (SSC), inverted repeat (IRa and IRb), and large single-copy (LSC) regions. The GC content along the genome
is plotted on the second track. The genes are shown on the third track. The optional codon usage bias is displayed in the
parenthesis after the gene name. Genes are color-coded by their functional classification. The transcription directions for the
inner and outer genes are clockwise and anticlockwise, respectively. The functional classification of the genes is shown in the
bottom left corner.
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of G < C.

Figure 3: GC content of the B. diaphana cp genome. GC skew+ represent the content of G > C, and GC skrepresent the content

Similar to the other angiosperm that have been
sequenced, B. diaphana also had a cp genome with a typical
quadripartite circular structure. The genome was 166, 225
bp in length, which included 73, 596 bp of a large single-
copy region (LSC), 18, 656 bp of a small single-copy region
(SSC), and two inverted repeat sequence regions (IRa/
IRb: 36, 954 bp each) (Figure 2). The overall GC content is

38.07%. The IR regions have a relatively higher GC content
(41.02%) compared with LSC and SSC (32.59%) regions
(Figure 3). The cp genome contained a total of 144 genes,
including 99 protein-coding genes, 37 tRNA genes, and 8
rRNA genes (Table 1). Among them 31 genes are duplicated
in IRs, including 6 tRNA genes, 4 rRNA genes, and 21 protein-
coding genes (Table 1).

Category for Group of genes Name of genes Number
genes of genes
trnY-GUA, trnW-CCA, trnV-UAC, trnV-GAC*?, trnT-UGU, trnT-
Transcriotion GGU, trnS-UGA, trnS-GGA, trnS-GCU, trnR-UCU, trnR-ACG*?,
and transll)ation Ribosomal RNA genes trnQ-UUG, trnP-UGG, trnN-GUU*?, trnM-CAU, trnL-UAG, 37
related senes 8 trnL-UAA, trnL-CAA, trnL-CAA, trnK-UUU, trnl-GAU*?, trnl-
8 CAU*, trnH-GUG, trnG-UCC, trnG-GCC, trnfM-CAU, trnF-GAA,
trnE-UUC, trnD-GUC, trnC-GCA, trnA-UGCx2
Transfer RNA genes rrn23*%, rrn16*?, rrn5*?, rrn4.5*? 8
Small subunit of ribosome rps2, rps3*%, rps4, rps7*%, rps8<2, rps11*%, rps12*%, rpsi4, 18
rps15, rps16, rps18, rps19+2
. . rpl272, rpl14%, rpl16>2, rpl20, rpl22-2, rpl23*%, rpl32, rpl33,
Large subunit of ribosome rpl36° 15
Photosynthesis- | DNA dependent RNA polymerase rpoA*?, rpoB, rpoC1, rpoC2
Subunits of photosystem I psad, psaB, psaC, psal, psa] 5
. psbA, psbB*?, psbC, psbD, psbE, psbF, psbH*?, psbl, psb],
Subunits of photosystem II psbK, psbL, psbM, psbN<2, psbT"2, psbZ, ycf3 19
Subunits of cytochrome peté, petB, petG, petL, petN
Subunits of ATP synthase atpA, atpB, atpE, atpF, atpH, atpl 6
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TP depondent s 1
related genes Large subunits of RuBisCO rbcL 1
Subunits of NADH dehydrogenase ndhA, ndhB*?, ndhC, ndlrllg,h;z’dnhfégth, ndhG, ndhH, ndhl, 12
Maturase matK 1
Envelope membrane protein cemA 1
Subunits of acetyl-CoA- aceD 1
Other genes carboxylase
C-type cytochrome synthesis ccsA 1
gene
Translation initiation factor 1 infA*? 2
L;SE?SZ\;H Conserved open reading frames ycfd, ycf2*2, ycf1? 6
2 two gene copies in the IRs
Table 1: Annotated genes in the B. diaphana cp genome.
Gene Exonl(bp) Intronl(bp) ExonlI(bp) IntronlI(bp) ExonllI(bp)
trnK-UUU 37 2505 35
rpsl6 40 905 197
trnG-UCC 23 723 48
atpF 145 725 410
rpoC1 453 760 1611
yef3 126 726 228 747 153
trnL-UAA 35 488 50
trnV-UAC 39 590 35
clpP 98 732 294 732 241
petB 6 725 6
rpll16* 9 830 399
rpl2* 400 659 434
ndhB* 775 691 761
ndhA 556 1048 539
trnA-UGC* 38 800 35
trnl-GAU* 37 944 35
rps12* 114 27575 232 794 26

* two gene copies in the IRs

Table 2: Genes with introns in the B. diaphana cp genome.
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Figure 4: The cis- and trans- splicing genes in the B. diaphana cp genome. A. The cis-splicing genes in the B. diaphana cp
genome. The gene names are shown on the left, and the gene structures are on the right. The exons are shown in black; the
introns are shown in white. The arrow indicates the sense direction of the gene. B. The trans- splicing gene rps12 in the B.
diaphana cp genome. Two of them are duplicated as they are located in the IR regions.
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In the B. diaphana cp genome, 23 intron-containing
genes were annotated, including 8 tRNA genes and 15
protein-coding genes (Table 2). All intron-containing genes
include 6 duplicated genes in the IR regions, with 2 tRNA
genes (trnA-UGC and trnl-GAU) and 4 protein-coding genes
(rpl16, rpl2, ndhB, rps12). Except for ycf3, clpP, and rps12
(duplicated) with 2 introns and the other 19 genes with 1

intron. The longest intron length is trnK-UUU (2505 bp),
and the shortest intron length is trnL-UAA (499 bp) (Table
2). Furthermore, 13 cis-splicing genes were predicted in the
B. diaphana cp genome, the structure of these genes were
showed in Figure 4A. The rps12 gene is a trans-splicing gene
with the 5’ end in the LSC region and the 3’ end in the IR
region (Figure 4B).

-

Figure 5: Codon usage frequency of the B. diaphana cp genome.
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The relative frequency of synonymous codons of the B.
diaphana cp coding sequence was estimated. The results
shows that all genes are encoded by 28, 308 codons, and
the 4 most frequently used codons were AAA (lysine), AUU
(isoleucine), GAA (glutamicacid), and UUU (Phe), pertaining
to 1, 165 (4.40%), 1, 142 (4.31%), 1, 097 (4.14%), and 1,
027 (3.88%) codons, respectively (Table 1 & Figure 4). The
most frequently used amino acids were leucine (2, 888),
whereas cysteine was the least abundant, with only 325
hits. Codons ending in A and U are very common. Except for
rnL-CAA and trnS-GGA, all codons (RSCU > 1) end in A or U.
And A- and U-ending codons accounted for 69.06% among
all codons (Table 1).

Open Access Journal of Agricultural Research

Long Repeats and Simple Sequence Repeats
(SSRS) Analysis

A total of 151 (230 bp) long repeats were identified
in the cp genome of B. diaphana, including 88 forward
repeat, 46 palindromic repeat and 17 reverse repeats, no
complementary repeats are present (Table 2). Most repeats
ranged from 30 to 73 bp in length (94.03%). Then we studied
the type and number of SSR in the B. diaphana cp genome
(Table 3). A total of 98 SSRs were found in B. diaphana,
including 70 mononucleotide SSRs (71.43%), 10 dinucleotide
SSRs (10.20%), 3 trinucleotide, 7 tetranucleotides, and 8
hexanucleotides repeats. The mononucleotide A and T repeat
units accounted for the largest portion, indicating that the
SSR sequence of B. diaphana cp genome prefers A/T base.

Repeat types SSR Motif

Length/bp

Number Total

A 9/10/11/12/13/15/16

9/6/4/4/3/1/3 30

Mononucleotide -71.43% T

9/10/12/13/15/16/17/25

A
o

15/7/5/6/1/3/1/1

AT

4/5 2/1

CT

1

Dinucleotide -10.2% TA

5

TG

1

CTT

9 1

Trinucleotide -3.06% TAT

3/4 1/1

AAAT

AATA

ATTA

CCAT

TTAA

Tetranucleotides -7.14%
TTTA

AGTGAT

ATAGAA

ATTTTT

CTCGTC

TATCAC

Hexanucleotides (8.16%) TCAATA

TTGATA

TTTCTA

RlRr|RrRRPR|R|IR|R[RIN|R|R|R|[R[NM|R [,V |wW

Wlwlwjlw|lwjlwlw|lw|lw|lw|w|lw|w|w
RlRr|Rr|Rr[RrRR|R[R|[R[N[R[R R |~

Table3: Types and number of SSR of B. diaphana cp genome.

Comparative Analysis of Genomic Structure

To further resolve the structural evolutionary history of
the cp genomes of the Berberidaceae, we compared the IR/
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SSC and IR/LSC junctions across six selected Berberidaceae
species, including Mahonia oiwakensis, Berberis weiningensis,
Mahonia bealei, Berberis koreana, Berberis amurensis and
B. diaphana. In this case, JLB symbolizes the joint LSC/IRDb,
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while JSB symbolizes the joint SSC/IRb, JSA represents the
joint SSC/IRa, and JLA symbolizes the joint LSC/IRa. The
results showed that these 6 species had similar genome
sequence lengths, and there were certain differences in the
location and type of boundary genes (Figure 6). We observed
that the B. diaphana exhibited same JLB and JLA junction
sites compared with Mahonia bealei and Mahonia oiwakensis,
and the genes on both sides of the boundary are the same.

Open Access Journal of Agricultural Research

Both JSB and JSA junction sites were within the ycf1 gene, but
the degree of gene expansion varies. At the JSB boundary, the
ycfl gene was located at 999bp in the IRb region and 447bp
in the SSC region in B. diaphana, while at the ]JSA boundary,
the ycfl gene was located at 966bp in the IRa region and
4560bp in the SSC region. Compared with the other 5 species
of Berberidaceae, B. diaphana was missing the trn N gene in
the IRb region.

Figure 6: Comparison of the LSC, SSC, and IR regions among 6 selected cp genomes in the family Berberidaceae. Genes are
denoted by colored boxes. The gaps between the genes and boundaries are proportional to the distances in bps.

Phylogenetic Analysis

The phylogenetic analysis of the complete cp genome
sequences of B. diaphana and 19 other related species
within the Berberidaceae species was conducted (Figure
7). The evolutionary tree was separated into three clusters.
The phylogenetic tree showed that berberis aristata were
clustered on a single branch. We found that B. diaphana
formed an independent branch with Mahonia oiwakensis,
Mahonia bealei, Mahonia fortune, Berberis weiningensis,

Li P, et al. The Chloroplast Genome Sequence Characteristics Analysis of Berberis diaphana
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Berberis amurensis var. latifolia, Berberis amurensis and
Berberis koreana. And B. diaphana was closely related
to Berberis weiningensis under 100% bootstrap support
values. Meanwhile, Ranzania japonica, Leontice incerta,
Leontice armeniaca, Gymnospermium microrrhynchum,
Gymnospermium  kiangnanense, Plagiorhegma dubium,
Epimedium chlorandrum, Epimedium koreanum, Achlys
triphylla, Dysosma difformis and Dysosma pleiantha were
clustered on a branch.
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Figure 7: The Neighbor-Joining phylogenetic tree for the chloroplast genome sequences of B. diaphana and 19 related species.

Discussion

In this study, we assembled, annotated and analyzed the
complete cp sequence of B. diaphana. Then we analyzed its
features, GC content, gene structure, and SSRs. The complete
cp genome of B. diaphana displays a typical quadripartite
structure with a total length of 166, 225 bp, including one
SSC, one LSC, and two IRs (Figure 2). In total, 144 genes,
including 99 protein-coding genes, 37 tRNA genes, and 8
rRNA genes (Table 1), were identified in our research. The
overall GC content is similar to that observed for other
Berberidaceae species, both around 38% [20,28]. It has been
shown that GC skewness correlates with DNA lead chains, lag
chains, replication origins, and replication terminals, which
is an outstanding indicator of species affinity [29]. In our
research, it is obvious that the GC content of the IR region
is higher than that of other regions (LSC, SSC) (Figure 3);
this phenomenon is very common in other flowering plants
[30,31]. The 5'-end exon of rps12 gene is located in the LSC
region, while the 3'-end exon is located in the IR region in
B. diaphana (Figure 4B), this result is similar to that of the
congeneric specie [30,32].

The codon usage bias of cp genomes may be a result of
selection and mutation [33]. The frequency of codon usage
was estimated for the B. diaphana cp genome in this study.
We found that all genes are encoded by 28, 308 codons, and
the 4 most frequently used codons were AAA (lysine), AUU
(isoleucine), GAA (glutamic acid), and UUU (Phe) (Figure 4);
among these codons, A- and U- ending codons accounted for
69.06% among all codons (Table 1). The results are similar
to those reported in other angiosperms Jian HY, et al. [34],
Liu L, et al. [35], Li Y, et al. [36], and it is possible to use
these features of codon usage preference in order to better
understand exogenous gene expression and evolution of the
Cp genome.
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SSRs are inevitable and highly variable products of
genome replication, playing an important role in genome
evolution and recombination Subramanian S, et al. [37],
and can participate in gene expression, regulation, and
component functions such as transcriptional activation [38].
CP- specific SSR has the characteristics of non-recombinant,
haploid, monoparental inheritance and low substitution
rate, which is commonly used in population genetics, species
identification, and evolutionary process research. This study
found mononucleotide SSRs were the richest (occupied
71.43%), and the mononucleotide A and T repeat units
occupied the highest portion, these results are consistent
with a previous study and verify the hypothesis that cpSSRs
are generally composed of short polyadenine (polyA) or
polythymine (polyT) repeats and rarely contain tandem
guanine (G) or cytosine (C) repeats [39,40].

The expansion and contraction of cp genome is a
common evolutionary phenomenon in plants [41]. We found
that there were differences in the size and boundary genes
of the LSC, SSC, and IR regions among six Berberidaceae
species, and there is higher divergence in the SSC and IRa/
IRb regions than in LSC regions. It was speculated that
this phenomenon may be caused by the distribution area
and long-term evolutionary process of the species. The
phylogenetic positions of 20 cp genomes were successfully
analyzed with the support of full bootstrap at almost all
nodes. A phylogenetic tree was constructed for the data
by ML. The results show that B. diaphana has the closest
relationship with Berberis weiningensis.

Conclusion

We analyzed and illustrated the complete cp genome of
B. diaphana. The cp genome is conservative and similar to
other species of Berberis. These results provide a reference
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for the complete assembly of the cp genome of Berberidaceae,
which would be useful to subsequent studies that conducted
on conservation genetics, phylogeny and molecular breeding
in relation to genus Berberis.
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