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Abstract
Lonicera japonica is a well-known medicinal plant, and the Damaohua cultivar is one of the oldest known
honeysuckle cultivars in China. The 155,151 bp chloroplast genome of this cultivar was obtained through
Illumina sequencing for the �rst time. The genome includes a pair of inverted repeats (IRa and IRb; 23,789
bp each), a large single-copy (LSC) region (88,924 bp) and a small single-copy (SSC) region (18,649 bp).
In total, 127 unique genes were identi�ed: 80 protein-coding, 39 tRNA and 8 rRNA genes. Only ycf3
contained two introns. Eighty-nine large repetitive sequences and 54 SSRs were detected. Fifty potential
RNA editing sites were predicted. Adaptive evolution analysis revealed that infA, matK, petB, petD, rbcL,
rpl16, rpl2, rps3, ycf1 and ycf2 were positively selected, possibly re�ecting the speci�c environmental
adaptation of this cultivar. Sequence alignment and analysis revealed some candidate fragments for
Lonicera species identi�cation, such as the intergenic regions rpoB-petN, rbcL-accD and psaA-ycf3. IR
region boundary and phylogenetic analyses showed that the L. japonica cv. Damaohua chloroplast
genome was most closely related to the L. japonica genome and that the two may be sister species.
Understanding of L. japonica cv. Damaohua chloroplast genomics and comparative analyses of Lonicera
species will provide a scienti�c basis for breeding, species identi�cation, systematic evolution analysis
and chloroplast genetic engineering research on medicinal honeysuckle plants.

Introduction
Lonicera is a large genus of Caprifoliaceae. There are approximately 200 species worldwide that are
mainly distributed in the temperate and subtropical regions of the Northern Hemisphere. Among them,
there are approximately 100 species in China, half of which have medicinal effects. These include L.
japonica, L. macranthoides and L. hypoglauca1–2. L. japonica is a representative Chinese medicine.
Modern pharmacological studies have revealed that its extracts have numerous bioactive compounds for
the treatment of various diseases, such as antibacterial, antiviral, anti-in�ammatory, and antioxidative
compounds3. L. japonica cv. 'Damaohua' is one of the oldest known varieties of honeysuckle in China.
The most prominent characteristic of this variety is its high yield; its high content of active elements
(chlorogenic acid (CGA), luteoloside, �avonoid and iridoid) is another notable feature. This variety can be
regarded as an excellent parental candidate4. Examples of its derivatives include L. japonica cv.
Jiufengyihao and L. japonica cv. beihuayihao.

The identi�cation of the original species of traditional Chinese medicines has always been a popular
topic in the �eld of medicinal plant research. The conventional morphological characteristics and
commonly used DNA barcode fragments are not su�cient to accurately identify honeysuckle species.
Di�culties in species identi�cation have led to uneven quality among honeysuckle medicinal
compounds2, 5–7. Genetic analysis is a reliable means to elucidate the evolutionary relationships among
species at various taxonomic levels. Due to the existence of functional genes that play important roles in
plant cells, the chloroplast genome contains enough genetic information for comparative analyses and
species diversi�cation studies8. Although honeysuckle nuclear genome sequencing has been completed9,
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the chloroplast genome is smaller than the plant nuclear genome and has a relatively conserved
structure. Chloroplast genomes have become ideal models for evolution and comparative genomic
research10. The entire chloroplast genome can be used as a "super barcode" for species identi�cation11–

12, which provides an important basis for determining the evolutionary and phylogenetic relationships of
medicinal plants in Caprifoliaceae (the honeysuckle family).

The chloroplast is an important organelle of green plants and plays a key role in autotrophic
photosynthesis13–15. Among the three genomes present in plants, the chloroplast genome is the most
conserved. The chloroplast genome is maternally inherited in most plants, and its composition and
sequence are highly conserved. The chloroplast genome is a typical circular multicopy DNA molecule in
cells that can be generally divided into four fragments: a large single-copy (LSC) region, a small single-
copy (SSC) region and two inverted repeat (IR) regions. The genome size usually ranges from 120 to 170
kb and includes 120–130 genes16. The different sizes of chloroplast genomes among different species
are mainly attributable to contraction or expansion of the IR region. Relative to the chloroplast genomes
of other plants17–18, the L. japonica chloroplast genome has a unique rearrangement between trnI-CAU
and trnN-GUU. In the L. japonica chloroplast genome, rps19, rpl2, and rpl23 are moved from the IR region
to the LSC region. The ycf1 pseudogene is lost from the IR region, and only one copy is present in the SSC
region2. These changes lead to sequence differences between species and can be used to study plant
taxonomy, phylogeny and evolutionary relationships. Genomic data, including organelle genomic data,
can provide a molecular basis for research on the original species of traditional Chinese medicines5, 19.
With the increase in the number of available chloroplast genomes for Loniceraceae plants, the
chloroplast genome sequences of Loniceraceae species have become easier to splice1–2, 20–21. However,
there have been few reports on the chloroplast genome of L. japonica cv. Damaohua, one of the main
varieties of honeysuckle. In general, there have been very few studies on the genetics of L. japonica cv.
Damaohua, especially the molecular genetics of this variety, which has severely restricted the protection,
development and utilization of L. japonica cv. Damaohua resources.

In this study, the complete chloroplast genome of L. japonica cv. Damaohua was obtained for the �rst
time using Illumina sequencing assembly. Here, we not only described the whole chloroplast genome
sequence of L. japonica cv. Damaohua and the characteristics of its long repeats and simple sequence
repeats (SSRs) but also analysed the chloroplast genome and compared it with those of other members
of Loniceraceae. L. japonica cv. Damaohua's chloroplast genome sequence and comprehensive
chloroplast genome analysis results will aid in the identi�cation of Lonicera species and provide a new
basis for elucidation of the evolutionary origins of this species.

Results
Chloroplast Genome Features of L. japonica cv. Damaohua. The chloroplast genome sequence of L.
japonica cv. Damaohua was found to be 155,151 bp in length, with a typical tetragonal structure
consisting of an LSC region (88,924 bp), an SSC region (18,649 bp) and two IRs (IRA and IRB, 23,789 bp)
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(Fig. 1). The chloroplast genome of L. japonica cv. Damaohua has 127 functional genes, including 80
protein-coding genes, 8 ribosomal RNA (rRNA) genes and 39 transfer RNA (tRNA) genes. The overall
nucleotide composition of L. japonica cv. Damaohua was 30.2% A, 31.2% T, 19.6% C and 19.0% G, and
the total GC content was 38.6% (Table 1). A total of 16 genes were found to be repeated in the IR region,
including 10 protein-coding genes (atpF, ndhA, ndhB, rps12, rps16, rps18, rpl2, rpoC1, ycf2, and ycf3) and
6 tRNA genes (trnA-UGC, trnG-GCC, trnI-GAU, trnK-UUU, trnL-UAA, and trnV-UAC). Gene structure analysis
revealed that 16 genes contained introns, of which 15 (9 protein-coding genes and 6 tRNA genes) had one
intron, while only one (ycf3) had two introns. The intron of trnK-UUU was the longest, while the intron of
rps12 was the shortest (Table 2 and Table S1).

We assessed the basic characteristics of the chloroplast genomes of Loniceraceae and compared them
with those of the L. japonica cv. Damaohua chloroplast genome. The L. japonica cv. Damaohua genome
was slightly larger than the L. japonica (155,078 bp), L. insularis (155,124 bp) and L. macranthoides
(154,897 bp) genomes but smaller than the L. maackii (155,318 bp) and L. confusa (155,346 bp)
genomes (Table 3). Among the Loniceraceae chloroplast genomes, L. macranthoides, L. maackii, L.
japonica and L. insularis were found to have the most chloroplast genes (131), followed by L. confusa
(129) and L. japonica cv. Damaohua, which had the least (127). In addition, the GC contents of the
chloroplast genomes of the six Lonicera species were similar, ranging from 38.3–38.6%.

Characterization of SSRs and Repeat Sequences. A total of 54 SSRs were detected in the chloroplast
genome of L. japonica cv. Damaohua, of which 36 were mononucleotide, 4 were dinucleotide, 2 were
trinucleotide, 9 were tetranucleotide and 3 were hexanucleoside repeats, with pentanucleotide deletions
(Table 4). In addition, we compared the SSR distribution pattern and number of L. japonica cv. Damaohua
with those of the other �ve chloroplast genomes in the Loniceraceae family (Table S2 and Table S3).
Among the six Lonicera species, there were more mononucleotide repeats than all other types combined,
and most SSRs were composed of mononucleotide and tetranucleotide repeats. The numbers and types
of chloroplast SSRs varied in different species. Among the species, L. japonica cv. Damaohua, L.
confusa, L. maackii and L. insularis all lacked pentanucleotide repeats, while L. macranthoides lacked
hexanucleotide repeats. L. japonica cv. Damaohua (54 SSRs) and L. confusa (54 SSRs) had the most
SSRs, while L. japonica (47 SSRs) had the fewest SSRs. In addition, the chloroplast genomes of L.
insularis, L. macranthoides and L. maackii contained 52, 51 and 48 SSRs, respectively. The main type of
SSR was a mononucleotide repeat, and most of the mononucleotide repeats were A/T-type SSRs.

A total of 89 large repeats were identi�ed in the chloroplast genome of L. japonica cv. Damaohua using
REPuter, including 68 forward repeats and 21 palindrome repeats (Fig. 2). Among them, the largest repeat
was a forward repeat with a size of 83 bp. The repetitive sequences of the chloroplast genomes of six
Lonicera species were compared and analysed. L. macranthoides had palindrome, forward, and reverse
repeats, while L. japonica cv. Damaohua, L. confusa, L. japonica, L. maackii and L. insularis all had
palindrome and forward repeats. L. japonica cv. Damaohua and L. maackii had the most forward repeats
(68), while L. insularis had the fewest (49). L. insularis had the most palindrome repeats (40), while L.
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japonica cv. Damaohua and L. maackii had the same number of palindrome repeats (21 each) (Table
S4).

Codon Usage Analysis.The chloroplast genome of L. japonica cv. Damaohua consisted of 51,717
analysed codons. Among these codons, the most used was UUU (2132), encoding Phe, and the least used
was CGC (254), encoding Arg. There were 31 codons with relative synonymous codon usage (RSCU)
values greater than 1 that all ended in A/U, indicating codon usage bias (Fig. 3). The RSCU values in the
chloroplast genomes of the six species of Lonicera were slightly different. The six species of
Loniceraceae all had the highest frequency of UUU (encoding Phe) in the genome. L. japonica and L.
insularis had the lowest frequency of GCG (encoding Ala), and L. japonica cv. Damaohua, L.
macranthoides, L. confusa. The least used codon in the L. maackii genome was CGC (encoding Arg).
Except for Met, all amino acids are encoded by multiple codons. Leu, Arg and Ser have 6 synonymous
codons; Ala, Gly, Pro, Thr and Val have 4 synonymous codons; Ile, Trp and stop codons have 3
synonymous codons; and Cys, Asp, Glu, Phe, His, Lys, Asn and Gln all have 2 synonymous codons. In the
codon usage bias analysis, L. insularis had 35 codons with RSCU values greater than 1, and L. japonica
cv. Damaohua, L. confusa, L. japonica and L. maackii had 33 codons with RSCU values greater than 1. L.
macranthoides had 32 codons with RSCU values greater than 1, and most of the synonymous codons
ended in A and U.

Fifty potential RNA editing sites were found in the chloroplast genome of L. japonica cv. Damaohua. The
ndhD gene contained the most RNA editing sites (10), followed by ndhB with 8 editing sites; rpoB with 7
editing sites; matK with 4 editing sites; and ndhA, petB, rpl2, and rps2 with 2 editing sites. The following
genes had 1 editing site (the lowest number): atpA, atpF, atpI, ccsA, clpP, ndhF, ndhG, psaI, psbE, psbF,
rpl20, rpoC2, and rps8. Among the 50 potential RNA editing sites, 10 were observed at the �rst position of
the codon, and 40 were observed at the second position. No potential RNA editing sites were found in the
third position, and the base conversion types were all C-to-T. This result is similar to the case in other land
plants. The amino acid conversion from Ser to Leu was the most frequent, while the conversion from Leu
to Phe was the least frequent.

The RNA editing sites of the chloroplast genomes of the six species of Lonicera were different. Among
the species, L. insularis had the most RNA editing sites with 61, followed by L. maackii with 59; L.
japonica had the fewest editing sites with 48. The accD gene was a potential RNA editing site that was
not detected in L. japonica cv. Damaohua, L. vesicaria or L. macranthoides, and the clpP gene was a
potential RNA editing site not detected in L. maackii or L. confusa. The rpoA gene was a potential RNA
editing site not detected in L. japonica cv. Damaohua, L. macranthoides or L. confusa, and rpoC1 was the
only potential RNA editing site detected in L. confusa. There were 10 genes with no potential RNA editing
sites detected, including atpB, petD, petG, petL, psaB, psbB, rpl23, ycf14, ycf16 and ycf3. Among the 6
potential RNA editing sites in Loniceraceae, most were located in the second position of the codon; no
potential RNA editing sites were found in the third position. The base conversion types were all from C to
T, and Ser-to-Leu was the most frequent amino acid conversion.
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Comparison of Complete Chloroplast Genomes among Lonicera Species. To characterize the genomic
differences, we used the program mVISTA to align the sequences of the six Lonicera species and used
the annotations of L. insularis as a reference. The comparison showed that the chloroplast genomes of
the six Lonicera species were highly similar, with very few differences (Fig. 4). The IR region exhibited
fewer differences than the LSC and SSC regions. In addition, the divergent coding regions were smaller
than the noncoding regions. Among the coding genes were genes in highly conserved regions, including
matK, rpoC2, rpoB, ycf1 and ycf2. In addition, some highly differentiated regions, such as the rpoB-petN,
rbcL-accD and psaA-ycf3 intergenic regions, were identi�ed.

Expansion and Contraction of IR Region. The IR-LSC and IR-SSC boundaries of the chloroplast genome of
L. japonica were compared with those of �ve reported Lonicera species (Fig. 5). The chloroplast genomes
of the six Lonicera species were relatively conserved, and the six boundaries of L. japonica cv. Damaohua
and L. japonica were similar. The chloroplast genomes of the six Lonicera species were located in the
coding region of rpl23 at the LSC/IRa junction. The IRb/SSC connection between IRb and the SSC region
(JSB) was located between the ycf2 and ndhF genes in 4 species (L. insularis, L. maackii, L. confusa and
L. macranthoides), while it was located in the coding area of ndhF in L. japonica cv. Damaohua and L.
japonica. The ycf1 gene was located on the IRa/SSC boundary in the six Lonicera species, but the length
of the IRa/SSC junction of ycf1 in the SSC and IRa regions was different (L. insularis: 231 bp; L. maackii:
261 bp; L. japonica cv. Damaohua: 220 bp; L. confusa: 195 bp; L. macranthoides: 196 bp; L. japonica:
220 bp).

Adaptive Evolution Analysis. TBtools was used to calculate the synonymous (Ks) and nonsynonymous
(Ka) substitution rates and Ka/Ks ratios in the chloroplast genomes of the six Lonicera species to detect
whether the 74 shared protein-coding genes were under selection pressure (Fig. 6). The results showed
that the majority of genes had Ka/Ks ratios < 1, indicating that the chloroplast genes of Loniceraceae
species have been subjected to purifying selection during the long-term evolution process (Table S7). A
total of 10 positively selected genes (Ka/Ks > 1) were detected in this study. Among them, the infA gene
was positively selected in L. japonica cv. Damaohua vs. L. insularis; the matK gene was positively
selected in L. japonica cv. Damaohua vs. L. macranthoides; the petB gene was positively selected in L.
japonica cv. Damaohua vs. L. confusa; the petD gene was positively selected in L. japonica cv.
Damaohua vs. L. insularis and L. japonica cv. Damaohua vs. L. maackii; the rbcL gene was positively
selected in L. japonica cv. Damaohua vs. L. macranthoides; the rpl16 gene was positively selected in L.
japonica cv. Damaohua vs. L. confusa; the rpl2 gene was positively selected in L. japonica cv. Damaohua
vs. L. confusa; the rps3 gene was positively selected in L. japonica cv. Damaohua vs. L. insularis and L.
japonica cv. Damaohua vs. L. maackii; the ycf1 gene was positively selected in L. japonica cv. Damaohua
vs. L. japonica; and the ycf2 gene was positively selected in L. japonica cv. Damaohua vs. L. japonica, L.
japonica cv. Damaohua vs. L. macranthoides and L. japonica cv. Damaohua vs. L. maackii. This
indicates that these genes may have undergone positive selection in the process of evolution.

Phylogenetic Analysis. To clarify the phylogenetic positions and evolutionary relationships in
Caprifoliaceae, the whole chloroplast genome sequences of 14 species of Caprifoliaceae were selected,



Page 7/23

and Chrysanthemum boreale was used as the outgroup to construct a maximum likelihood (ML)
phylogenetic tree (Fig. 7). The chloroplast genome sequences of the 15 plant species were divided into 2
groups. The outgroup C. boreale was a separate group. Triosteum pinnati�dum and 13 Lonicera species
were grouped together. In Caprifoliaceae, Triosteum and Lonicera were divided into 2 subgroups. In
Lonicera, the chloroplast genome sequence of L. japonica cv. Damaohua had the closest relationship
with that of L. japonica, followed by those of L. confusa and L. macranthoides. The three phylogenetic
trees of these 14 chloroplast genome sequences were consistent with traditional taxonomy, indicating
that the chloroplast genome can be used to effectively analyse the phylogenetic positions and
relationships of species.

Discussion
In this study, the chloroplast genome of L. japonica cv. Damaohua was sequenced and assembled, and
this information was used for comparative analysis of L. japonica cv. Damaohua with other Lonicera
species. Although there were some differences in the genome size and LSC, SSC and IR regions among
the 6 chloroplast genomes of Loniceraceae, the number of genes and GC content were similar, re�ecting
the high degree of conservation of angiosperm chloroplast genomes to a certain extent22–24. The whole
sequence of the chloroplast genome of L. japonica cv. Damaohua assembled in this study was 155,151
bp in length, exhibiting a typical tetragonal structure, and 127 genes (including 80 protein-coding genes,
39 tRNA genes and 8 rRNA genes) were annotated to it. The GC contents of the chloroplast genomes of
the six Lonicera species were similar, ranging from 38.3% to 38.6, and the genome size and IR, LSC and
SSC region lengths and gene contents showed high similarities between chloroplast genomes, indicating
that the diversity of Lonicera is low.

Introns play important roles in RNA stability, gene expression regulation, and alternative splicing, which
have been reported in many other species25. In the chloroplast genome of L. japonica cv. Damaohua, only
the ycf3 gene included two introns. It has been reported that the ycf3 gene is necessary for the
accumulation of the photosystem I (PSI) complex and acts as a chaperone that interacts with the PSI
subunit at the posttranslational level26. In a report by He, the ycf3 gene and the rps18 gene contained two
introns2. In this study, rps18 had only one intron. This was one of the obvious differences between L.
japonica cv. Damaohua and L. japonica. This �nding may be related to the large amount of intron gain
and/or intron loss during the evolution of Loniceraceae27.

SSR sequences, also called microsatellites, are short repetitive sequences in the chloroplast genome that
come from a single parent28. Therefore, in evolutionary studies, they have been used as molecular
markers of genetic diversity or for species identi�cation29. The SSRs in the chloroplast genomes of the
six Lonicera species were mostly mononucleotide repeats, similar to the case for the reported chloroplast
genomes of other plants; speci�cally, A and T repeats are the most abundant mononucleotide repeats in
the chloroplast genomes of most angiosperms30. In addition, repetitive sequences contribute to
phylogenetic research and play an important role in genome rearrangement. Forward repeats were the
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most numerous repeats in the larger repetitive sequences in the chloroplast genomes of the six Lonicera
species. These results provide molecular markers of chloroplasts in Caprifoliaceae that can be used to
identify species and analyse heredity.

RNA editing is involved in the regulation of plastid transcription, which can enrich protein diversity31–33.
Some chloroplast RNA editing sites are preserved in plants34–35. The RNA editing sites of the chloroplast
genomes of the six Lonicera species were different. Among them, 51 were predicted to exist in the
chloroplast genome of L. japonica cv. Damaohua. L. insularis had the most RNA editing sites with 61,
followed by L. maackii with 59; L. japonica had the fewest editing sites with 48. The six Lonicera species
all contained the most RNA editing sites in the ndhD gene, and the amino acid conversion from Ser to Leu
was the most frequent. L. japonica cv. Damaohua and L. japonica differed in the number of RNA editing
sites, which was the second signi�cant difference. The most common editing event in the chloroplast
genome of honeysuckle plants was a change from C to T, consistent with previous reports on other
plants1, 5.

Comparative analysis of chloroplast genomes is an important method for deep investigation of complex
evolutionary relationship36–37. The mVISTA program was used analyse the differences in the chloroplast
genomes of the six Lonicera species. The comparison showed that the chloroplast genomes of Lonicera
species were highly conserved, but there was a certain degree of variation. The coding region was more
conserved than the noncoding region, the IR region was more conserved than the LSC and SSC regions,
and there were more variations in the latter two regions than in other regions. Similar �ndings have been
reported in the chloroplast genomes of certain genera in previous studies5, 38–39. The mutation levels of
the matK, rpoC2, rpoB, ycf1, and ycf2 genes were slightly lower, while the mutation levels of the rpoB-
petN, rbcL-accD and psaA-ycf3 gene regions were quite different. These regions are sources of potential
barcodes for the identi�cation of Lonicera species.

Contraction and expansion of the IR region boundary are common evolutionary events and are the main
reasons for changes in chloroplast genome size, so studying these events is helpful for elucidating the
evolutionary history of the chloroplast genome17–18, 40. In this study, we found that the IR/LSC and
IR/SSC boundaries of the chloroplast genomes of the six Lonicera species showed little changes. The
IR/LSC and IR/SSC boundaries of L. japonica cv. Damaohua and L. japonica showed similar
characteristics. They may have come from chloroplasts provided by the same female parent or from
sister lines. Only the ndhF and ycf1 genes showed little differences in the IR region boundaries in the 6
Lonicera species. This �nding shows that the chloroplast genomes of Loniceraceae species are highly
conserved. He et al. found that in the chloroplast genome of L. japonica, trnI-CAU and trnN-GUU have a
unique rearrangement, and rps19, rpl2 and rpl23 have moved from the IR region to the LSC region2. This
phenomenon was not found in this study, possibly because of the different species selected for
comparison. The L. japonica genome has undergone at least two rounds of genome duplication events
since its divergence from Dipsacales and Asterales9. Previous studies have shown that the boundaries of
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the IR region between species in relatively distantly related families vary greatly. Expansion and
contraction of the IR region can lead to changes in the length and structure of the chloroplast genome.

Ka/Ks analysis is an effective method to assess whether the functions of protein-coding genes have
evolved. Synonymous nucleotide substitutions occur more frequently than nonsynonymous substitutions
for most genes, so the Ka/Ks value is usually less than 141–43. A total of 10 positively selected genes
(including infA, matK, petB, petD, rbcL, rpl16, rpl2, rps3, ycf1 and ycf2) were detected in this study. This
�nding indicates that most of the Lonicera genes are under negative selection and that only 10 genes
have undergone positive selection. Among them, ycf2 showed Ka/Ks values > 1 in three of the species,
indicating that this gene has recently been undergoing rapid evolution. Ycf2 is a gene with a coding
region in the chloroplast genome. The function of its encoded product is still unclear. The ycf2 gene
exhibits positive selection in many plants. It has been speculated that this gene plays an important role in
the adaptation of terrestrial plants to environmental changes. Therefore, this positively selected gene in L.
japonica cv. Damaohua may help this cultivar to adapt to its speci�c environment.

With the development of sequencing technology, an increasing number of chloroplast genomes have
been used for phylogenetic analysis. In addition, chloroplast genomes have been used for phylogenetic
analysis of Lonicera, which has provided strong support for the deep phylogenetic relationships between
species20–21, 36, 44–46. In our research, the ML method was used to analyse the phylogenetic relationships
of 14 Lonicera plants based on their chloroplast genome sequences. L. japonica cv. Damaohua was
closely related to L. macranthoides and L. confusa. We speculate that L. japonica cv. Damaohua and L.
japonica are sister species. This result is basically consistent with the traditional plant classi�cation
system1–2, 20–21. These varieties are the main sources for the production of Chinese medicinal materials.
The availability of the complete L. japonica cv. Damaohua chloroplast genome provides us with
sequence information that can be used to con�rm the phylogenetic location of L. japonica cv. Damaohua
and understand the phylogenetic relationships between Loniceraceae species. However, since we used
only a few species in the Loniceraceae family, we should further study other chloroplast genomes and
nuclear genome sequences of Lonicera species in order to provide more su�cient evidence to accurately
explain the evolutionary process of Caprifoliaceae.

Conclusions
In this study, the chloroplast genome of L. japonica cv. Damaohua was sequenced and assembled,
providing a valuable genome resource for Lonicera. A comparative analysis of L. japonica cv. Damaohua
and its relatives showed that the chloroplast genomes of the six Lonicera species were highly similar,
with very few differences. The IR region exhibited fewer differences than the LSC and SSC regions. In
addition, The divergent coding regions were smaller than the noncoding regions. Based on the
phylogenetic analysis of the chloroplast genome, the intra-genus relationship between L. japonica cv.
Damaohua and L. japonica was closely. Meanwhile, there are 89 large repeats and 54 SSRs in L. japonica
cv. Damaohua, and these results can be exploited as speci�c DNA barcodes. These �ndings provide a
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basis for future research on the genetic resources development, species identi�cation and conservation
biology of Lonicera.

Materials And Methods
DNA Sequencing, Genome Assembly and Annotation. Fresh leaves of L. japonica cv. Damaohua were
collected from Hangzhou in Zhejiang Province, China (N30°06', E120°22'), The plant material was
collected in accordance with the relevant institutional, national, and international guidelines and
legislation. Voucher specimens are deposited in the Herbarium of the Zhejiang Institute of Garden Plants
and Flowers (No:21C0518A). The plant materials procured and used in the study comply with China’s
guidelines and legislation. Appropriate permission was received for collection of fresh leaves of L.
japonica cv. Damaohua. Plant material is collected from public land, the permissions were obtained from
Zhejiang Institute of Landscape Plants and Flowers.

The total genomic DNA was extracted by the CTAB method47. The DNA quality was tested (> 50 ng·µL − 
1), and the DNA was then sequenced with an Illumina HiSeq 2500 platform (Illumina, San Diego, CA,
USA) at Genesky Biotechnologies Inc. (Shanghai, China).

The quality of the Illumina paired-end raw reads was evaluated with FastQC software48, and low-quality
and short (L < 60 bp) reads were �ltered. The remaining clean reads were assembled using NOVOPlasty
(https://github.com/ndierckx/NOVOPlasty)49 with the chloroplast genome sequences of L. japonica
(NC_026839) as the reference sequences. The chloroplast genome was annotated using CPGAVAS250.
Protein-coding genes, tRNA genes, and rRNA genes were predicted using the default parameters and
functionally annotated in combination with the Kyoto Encyclopedia of Genes and Genomes (KEGG),
Clusters of Orthologous Groups (COG), Nonredundant (NR), Swiss-Prot, and Gene Ontology (GO)
databases.

Genome Structure and Comparative Analysis. The online tool MISA (http://pgrc.ipk
gatersleben.de/misa/misa.html)51 was used to identify SSRs in the chloroplast genome of L. japonica cv.
Damaohua. There were 10 mononucleotide repeats, 5 dinucleotide repeats, 4 trinucleotide repeats, and 3
tetranucleotide, pentanucleotide and hexanucleotide repeats. Repetitive sequences, including palindromic,
forward, reverse and complement sequences, were analysed with the REPuter program52 with the
following parameter settings: a minimal repeat size of 30 bp, a Hamming distance of 3, and a maximum
number of computed repeats of 90. The RSCU value was calculated by using MEGA653. RNA editing sites
were predicted using the PREP-Cp web server (http://prep.unl.edu/cgi-bin/cp-input.pl) with a cut-off value
of 0.854. The IR regions were examined and plotted using the online program IRscope
(https://irscope.shinyapps.io/irapp/)55. The complete chloroplast genomes of the six species of Lonicera
were compared with the mVISTA online program using the annotation of L. insularis as a reference in
shu�e-LAGAN mode56. The nonsynonymous (Ka) and synonymous (Ks) substitution ratios were
calculated with TBtools according to the coding sequence57.
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We compared the chloroplast genome of L. japonica cv. Damaohua (MZ779026) with the chloroplast
genomes of L. macranthoides (NC_040959), L. confusa (NC_045045), L. japonica (NC_026839), L.
maackii (NC_039636) and L. insularis (MH028739).

Phylogenetic Analysis. A total of 15 complete chloroplast genome sequences were downloaded from the
NCBI database, including L. japonica cv. Damaohua (MZ779026), L. macranthoides (NC_040959), L.
confusa (NC_045045), L. japonica (NC_026839), L. maackii (NC_039636), L. insularis (MH963028),
Lonicera japonica from NCBI, L. hispida (NC_040962), L. nervosa (NC_040961), L. prae�orens
(NC_039635), L. sachalinensis (MH028742), L. vesicaria (NC_039638), L. tatarica (MW340876), T.
pinnati�dum (NC_037952) and C. boreale (NC_037388). With C. boreale as the outgroup, the complete
chloroplast genomes were aligned using MAFFT version 758, and then the phylogenetic analysis was
performed using the ML method with 1000 bootstrap replicates in MEGA 6.053.

Plant ethics guideline statement. Experimental research and �eld studies on plants, including the
collection of plant material, complied with relevant institutional, national, and international guidelines and
legislation.
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Figure 1

Gene map of the L. japonica cv. Damaohua chloroplast genome. LSC indicates large single copy; SSC
indicates small single copy; and IR indicates inverted repeat.
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Figure 2

Number of different repeats in four chloroplast genomes of six species of Lonicera. P=palindromic,
F=forward, R=reverse and C=complement.
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Figure 3

Codon content of 20 amino acids and stop codons in all protein-coding genes of L. japonica cv.
Damaohua chloroplast genome. The colour of the histogram corresponds to the colour of codons.
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Figure 4

Comparison of six Lonicera species chloroplast genomes using mVISTA program.
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Figure 5

Comparison of the borders of the LSC, SSC and IR regions among six chloroplast genomes of Lonicera
species. (JLB: juction of LSC and IRB; JSB: junction of SSC and IRB; JSA: juction SSC and IRA; JLA:
junction LSC and IRA).
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Figure 6

The Ka/Ks ratios of 74 protein-coding genes from the chloroplast genome of six Lonicera species.

Figure 7

Phylogenetic analysis of six Lonicera species based on complete chloroplast genome. The tree was
generated by multiple alignment using maximum likelihood (ML) using MEGA 6.0. The numbers in the
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nodes indicate bootstrap support values.
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