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1 | INTRODUCTION

Chloroplast genomes have been widely used in studying plant phylogeny and evolu-
tion. Several chloroplast genome visualization tools have been developed to display
the distribution of genes on the genome. However, these tools do not draw features,
such as exons, introns, repetitive elements, and variable sites, disallowing in-depth
examination of the genome structures. Here, we developed and validated a software
package called Chloroplast Genome Viewers (CPGView). CPGView can draw three
maps showing (i) the distributions of genes, variable sites, and repetitive sequences,
including microsatellites, tandem and dispersed repeats; (ii) the structure of the cis-
splicing genes after adjusting the exon-intron boundary positions using a coordinate
scaling algorithm, and (iii) the structure of the trans-splicing gene rps12. To test the
accuracy of CPGView, we sequenced, assembled, and annotated 31 chloroplast ge-
nomes from 31 genera of 22 families. CPGView drew maps correctly for all the 31
chloroplast genomes. Lastly, we used CPGView to examine 5998 publicly released
chloroplast genomes from 2513 genera of 553 families. CPGView succeeded in plot-
ting maps for 5882 but failed to plot maps for 116 chloroplast genomes. Further
examination showed that the annotations of these 116 genomes had various errors
needing manual correction. The test on newly generated data and publicly available
data demonstrated the ability of CPGView to identify errors in the annotations of
chloroplast genomes. CPGView will become a widely used tool to study the detailed
structure of chloroplast genomes. The web version of CPGView can be accessed from

http://www.1kmpg.cn/cpgview.
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DNA sequencing technologies, and bioinformatic tools have led to

Chloroplast genomes are widely used to study the phylogenetic
classification and genome evolution of plants. Advancements in

next-generation sequencing technology (NGS), third-generation

an influx of chloroplast genomes from various organisms (van Dijk
et al., 2014). In December 2012, only 255 chloroplast sequences
were available in GenBank. In July 2021, the database had more than

7000 chloroplast sequences, including those labelled “chloroplast
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genome” and “plastome.” Ensuring the correct assembly and anno-
tation of many chloroplast genome sequences has become increas-
ingly challenging (Sandhya et al., 2020).

In the past few years, several annotations and visualization tools
have been developed for organelle genomes; these tools include
DOGMA (Wyman et al., 2004), CPGAVAS (Liu et al., 2012), Plann
(Huang & Cronk, 2015), Verdant (McKain et al., 2017), GeSeq (Tillich
et al., 2017), AGORA (Jung et al., 2018), OrganellarGenomeDRAW
version 1.3.1 (OGDRAW) (Lohse et al., 2013), CPGAVAS2 (Shi
et al., 2019), and Chloroplot (Zheng et al., 2020). CPGAVAS, GeSeq,
and CPGAVAS2 can annotate the chloroplast genome and pro-
duce genome maps. By contrast, OrganellarGenomeDRAW and
Chloroplot do not annotate the genome and only generate the ge-
nome map. In addition to predicting genes with simple structures,
CPGAVAS2 can annotate genes with complex structures, such as
those with small or trans-splicing exons. From the perspective of
speed and efficiency for genome map generation, OGDRAW can
batch process multiple GenBank files. Although these tools have
been widely applied, they have several limitations.

First, repeats, including microsatellite, tandem repeats, and dis-
persed repeats, are widely used as genetic markers for species dis-
crimination and understanding genome instabilities. Visualizing the
repeat structures allows the users to identify the overall repeat pat-
terns in the chloroplast genomes and generate hypotheses regarding
their potential evolution. However, only CPGAVAS2 can generate a
circular map with repeat distribution.

Second, chloroplast genomes are heteroplasmic due to the pres-
ence of multiple chloroplasts in a single cell (Lei et al., 2016). These
heteroplasmic sites might have important functional implications. To
our knowledge, no tools support the visualization of the heteroplas-
mic sites.

Third, the genome map produced by these tools can only show
the general distribution of genes and does not display detailed gene
structures, such as exon and intron boundaries for cis-splicing genes.
The exon-intron boundaries remain the most error-prone regions
for annotation (Shi et al., 2019). Previous studies on the numbers
and distribution of chloroplast introns in different taxa suggest that
splicing has evolved through different pathways in various chloro-
plast lineages (Schmitz-Linneweber & Barkan, 2007). As a result,
visualization of exon-intron structures is critical for identifying po-
tential annotation errors and determining possible intron evolution
paths.

Lastly, the visualization of genes with complex structures needs
further development, particularly for trans-splicing genes. Trans-
splicing is a phenomenon that connects the exons across long dis-
tances and on different strands to form mature gene transcripts
(Lasda & Blumenthal, 2011). Trans-splicing genes are one of the most
error-prone features in chloroplast genome annotation. Visualizing
trans-splicing genes can help control the annotation process and lay
the basis for further understanding the mechanism and evolution of
gene trans-splicing in chloroplast genomes.

To overcome these limitations, we developed a software pack-
age (Chloroplast Genome Viewer, CPGView) for the graphical

representation of nongenic features and features below the gene
level. CPGView contains three modules, which draw three gene
maps showing (i) gene, repeat, and variable site distributions; (ii) the
exon and intron structures for cis-splicing genes; and (iii) the detailed
structure of the trans-splicing gene rps12. In particular, we devel-
oped a coordinate scaling algorithm (CSA) to solve the overlapping-
label and one-page layout problems. We then tested CPGView with
31 newly sequenced and annotated chloroplast genomes. Lastly,
CPGView was used to identify erroneous sequence annotations
from 5998 chloroplast genome sequences released in GenBank.
Overall, CPGView is the only chloroplast genome visualization tool
that shows detailed genome structures and will become an indis-

pensable tool for chloroplast genome research.

2 | MATERIALS AND METHODS

2.1 | Implementation of CPGView

CPGViEw has a command-line version and a web version. The
command-line version was developed with pyTHON version 3.6.5
and R version 4.0.3 and has been packaged into a singularity con-
tainer. The web version was developed with the Perl MVC frame-
work. The third-party package cHLoropLoT (Zheng et al., 2020) was
modified to generate the general gene distribution map. We used
several third-party packages including siopyTHON version 1.7.8 (Cock
et al., 2009), cepLoT2 version 3.3.3 (Wickham, 2011), and GGGENES ver-
sion 0.4.1 (https://CRAN.R-project.org/package=gggenes) to draw
cis- or trans-splicing gene maps. The repeat analysis pipeline was
developed based on the following third-party packages: vMaTcH ver-
sion 2.3.0 (Kurtz, 2003), misa version 1.0 (Beier et al., 2017), and TrF
version 4.0.9 (Benson, 1999). The web version of cpcviEw was suc-
cessfully tested on commonly used browsers (e.g., Internet Explorer

version 11.0, Firefox version 65.0, and Chrome version 72.0).

2.2 | Plant materials

We collected leaves from 31 plants freshly obtained from
Central China Medicinal Botanical Garden (Enshi, HuBei, China,
109.750241°E, 30.175262°N) and Beijing Medicinal Plant Garden,
Institute of Medicinal Plant Development (IMPLAD, Beijing, China,
116.27636°E, 40.035036°N). The plant samples were identified by
Professors Zhao Zhang and Linfang Huang of IMPLAD. The samples
were deposited to the Herbarium of IMPLAD. Detailed information
of the plant materials is shown in Table S1.

2.3 | DNA extraction and sequencing

We extracted total genomic DNA by using a plant DNA extraction
kit (Tiangen Biotech). In total, 1 pg of DNA from each plant sam-
ple was used for library construction with a template size of 500bp.
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FIGURE 2 Graphic representation of the CSA. (a) Local scaling process. (b) Global scaling process. The numbers shown in black are the
original and adjusted positions. The red arrows indicate the scaling direction of particular boundaries.

embplant_pt”. cerarD (version 1.40) software (Krumsiek et al., 2007)
was used to select chloroplast genome conformations and draw
dotplot pictures. The starting point of the chloroplast genome was
adjusted using seakiT (version 0.12.1) (Shen et al., 2016), and the
depth of coverage was detected using swa (version 0.7.17) (Li &
Durbin, 2010) and samTooLs software (version 0.1.19) (Li et al., 2009).
The reads mapped to the exon/intron junctions were identified
using the TorHaT software (Kim et al., 2013). We annotated the chlo-
roplast genomes using cpcavas2 (Shi et al., 2019). We then manually

Each library was subjected to pair-end sequencing with the fragment
size of 100bp using a Hiseq 2500 platform (Illumina).

2.4 | Genome assembly and annotation

We generated a total of 5G data for each sample. We assembled
the chloroplast genomes using GetOrganelle (version 1.6.4) (Jin
et al.,, 2020) with the parameters “R 15 -k 21,45,65,85,105 -F
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edited the annotation results by using apoLLo (version 1.11.8) soft-
ware (Lewis et al., 2002) according to the multiple sequence align-

ment of homologous sequences.

2.5 | Detecting potential erroneous chloroplast
genome records in GenBank

We downloaded the GenBank files for a total of 5998 chloroplast
genomes in March 2021. These genomes were then analysed with
CPGView. The Genbank accession numbers and taxonomic classi-
fications of the 5998 chloroplast genomes are shown in Table S2.

3 | RESULTS

3.1 | Algorithms for drawing splicing genes

We encountered three problems in developing the package. The first
problem was overlapping labels for the exon-intron boundary posi-
tions when drawing cis-splicing genes with small exons. The second
problem was that the blank space for the graph must be minimized,
so the entire graph occupied only one page for publication readi-
ness. The third problem was selecting a set of complex structure
models for the trans-splicing gene rps12. The algorithms to solve

these problems are discussed below.

3.1.1 | Developing a coordinate scaling algorithm
for drawing cis-splicing genes

In the cis-splicing gene map, we label the exon-intron boundaries
with the start and end positions of the exons. However, the labels
often overlap for genes with small introns (rpl16 gene, Figure S1A)
and exons (petD gene, Figure S1B). In addition, chloroplast genomes
commonly have 12 cis-splicing genes: atpF, cIpP, ndhA, ndhB, petB,
petD, rpl16, rpl2, rpoC1, rps12, rps16, and ycf3. The structures of
these genes need to be placed in one page. We developed CSA to
solve the overlapping-label and one-page layout problems, which
contain two scaling processes. The first process (local scaling) scales
individual exons so the boundary labels do not overlap. The second
process (global scaling) scales down all exons when the gene length
is increased after local scaling.

We explain the meanings of all the symbols graphically in
Figure 1. The local scaling and global scaling processes are described
in steps 1-4 (Figure 2a) and in Figure 2b, respectively.

1. The length of a gene () is calculated, which equates the end
position of the last exon (x,.) minus the start position of exon
1 (xq9)

2. After multiple trials, when the length of an exon or an intron is
greater than one-eighth of the gene length, no position overlap
occurs. Consequently, we set the critical distance (d.) as %.

3. If the length of exon 1 (I; = X4, — X44) is less than the critical dis-
tance (d.), we scale the exon size by adding a difference of p;
(p1 =d. — ;) to obtain a length of d. (Figure S2A). If I, is greater
than or equal to d,, then we do not change the end position of
exon 1 (Figure S2B).

4. We examine the distance between exons 1 and 2 (d,). If dg; is
greater than or equal to d,, then the start position (x,) of exon
2 does not need to be changed (Figure S3A). If x;, > Xy, OF, d; is
<0, we add a difference p, (p, =d, + |dsy | ) to X, (Figure S3B). If
d,q is greater than or equal to O and is less than d_, then we add
a difference of p3 (p3 = d. — dq) to Xy, bringing d,, to at least d.
(Figure S3C). Subsequently, x,, is adjusted as described in step
3. If the length of exon 2 (I,) is less than d., we add a difference
P4 (pg =d. — 1) to X, After this step, X, and x,, are adjusted to
satisfaction.

5. This step is conducted when the exon number is greater than 2.
It is an iteration of steps 3 and 4. This step is explained in detail
using the ndhB gene as an example (Figure S4).

6. The locally adjusted length of the gene (I
than I,. Here, I,y ,

exon (X ,qj ne) Minus the start position of exon 1 (x,y). A global

i @ May be greater

equates the adjusted end position of the last

scaling process is developed to solve this problem (Figure 2b). If
lgj ¢ is greater than I, we use Formulas (van Dijk et al., 2014) and
(Sandhya et al., 2020) to adjust the start and end positions of all
exons:

ql— X1 _ Gadi ’— X1 1)

adj_g g

lgq - ngls + ladj?gx15
Qadj = -
adj_g

In Formula (1), q is the start or end position of an exon after local scal-
ing. In particular, x4 is the start position of exon 1, [, is the initial gene
length, g ¢
boundary position. Formula (2) is a transformation of Formula (van Dijk
et al., 2014).

is the locally adjusted gene length, and g, is the adjusted

3.1.2 | Three-exon and two-exon models for
drawing trans-splicing gene rps12

The rps12 gene has been reported as a trans-splicing gene in the
chloroplast genomes. We analysed the rps12 genes from the publicly
released chloroplast genomes and found that most rps12 genes con-
tained either three or two exons.

To determine if the three-exon or two-exon model and experi-
mental evidence support the two-exon models of the rps12 genes,
we searched public databases for RNA-seq data. These data were
then mapped to the rps12 gene sequences. We successfully found
RNA-seq data for Glycine max (SRA accession number: SRR8447156)
and Cicer arietinum (SRA accession number: SRR15808164). We
then mapped the reads to the chloroplast genomes of G. max
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(NC_007942.1) and C. arietinum (NC_011163.1). The mapping results
supported that the rps12 gene had three exons transcribed into two
transcripts in G. max (Figure S5). By contrast, the rps12 gene had two
exons transcribed into two transcripts in C. arietinum (Figure Sé).
Depending on whether or not rps12 exons are in the IR regions,
there are four configurations for the rps12 genes. In configuration
one, rps12 genes have three unique exons. Two are duplicated as
they are located in the IR regions (Figure 3a). In configuration two,
rps12 genes have two unique exons. One of them is duplicated as
it is located in the IR regions (Figure 3b). In configuration three,
rps12 genes have three unique exons. None of them are duplicated
(Figure 3c). In configuration four, rps12 genes have two unique
exons. None of them are duplicated (Figure 3d). The structures of
rps12 genes in G. max and C. arietinum chloroplast genomes belong

to configurations one and four, respectively.

3.2 | Overall architecture and workflow
The architecture and analysis workflow of CPGView are shown in
Figure 4 and can be summarized as “Input”, “CPGView analysis mod-

ules,” and “output”. CPGView takes two types of inputs and one type
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of optional input (VCF format file). The first type is the annotation
results in the GenBank format. The second type is a GenBank acces-
sion number. When an accession number is provided, CPGView will
download the GenBank file. Once the GenBank file is downloaded,
it will be processed following the same workflow as the users submit
the Genbank input file.

The analysis process of CPGView can be divided into six steps.
In step 1, CPGView parses CDS information in the GenBank file, ap-
plies CSA, and draws the cis-splicing gene map. In step 2, CPGView
parses the rps12 CDS information in the input file, compares the
results with the four models, and selects the suitable one to draw
the trans-splicing gene map. In step 3, CPGView identifies the re-
peat elements, removes the overlapping repeats, and plots the dis-
tributions of the repeat sequences. In step 4, CPGView extracts all
the gene information and draws the gene distribution map. Step 5
is optional when the users provide an input file containing the site
variation information in VCF (Danecek et al., 2011) format. CPGView
extracts the alternative alleles and their frequencies and plots the
frequencies of the alternative bases in a line chart. At the end of
steps 3, 4, and 5, CPGView combines the three maps: the gene dis-
tribution map, the repeat distribution map, and the optional site vari-

ation maps into a single circular map called cpgenome_r. In step 6,

a
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FIGURE 4 Overall of CPGView architecture and analysis workflow. The input data, drawing or analysis modules, and output files
are shown on the left, in the middle, and on the right, respectively. The two types of input data are labelled with input types 1 and 2,
respectively. Input type 1 is a file in GenBank format. Input type 2 is a GenBank accession number. The users can optionally provide a file in
VCF format when the input type is 1. The six steps of the analysis process of CPGView are labelled with steps 1-6. The four output files are

labelled as output files 1-4.

CPGView generates a report on intron-containing genes by using
the same information used to draw the cis-splicing and trans-splicing

gene maps.

3.2.1 | Drawing the cis-splicing gene map

CPGView first finds the coding sequence (CDS) in the GenBank file
to create a cis-splicing gene map. The position information of the
extrons and introns is extracted from the clauses with the “join”
keyword. The keyword “join” indicates that the protein-coding se-
quence consists of multiple DNA fragments (exons). The clause
might contain another keyword, “complement,” which indicates that
the protein-coding sequences are on the complementary strand
(Rose, 2019). CSA is run to adjust the boundary positions so that the
displayed coordinate labels will not overlap. The adjusted boundary
information is then passed to gggenes for plotting.

3.2.2 | Drawing the trans-splicing gene map

CPGView will first determine how the exons of rps12 are spliced
to form the protein-coding sequence. If the exons in the protein-
coding sequences are not arranged in the same order on the
genome, then the rps12 gene is considered trans-spliced. For
example, in the GenBank file for the chloroplast genome of
Arabidopsis thaliana, we found the following clause for the rps12
gene: “join (97999...98024, 98562...98793, 69611...69724).” The
numbers correspond to the positions on the chloroplast genome

and indicate that the rps12 gene has three exons (97999...98024),
(98562...98793), and (69611...69724). They are connected in this
order in the protein-coding sequence. Here, the end position of
exon 1 (98024) is < the start position of exon 2 (98562), and the
end position of exon 2 (98793) is > the start position of exon 3
(69611). This arrangement indicates that the three exons in the
protein-coding sequence are not connected following their orders
on the genome. Furthermore, parsing the GenBank file suggests
that the two exons of rps12 are both in the IRa and IRb regions.
Thus, rps12 is determined to be a trans-splicing gene. CPGView
will transform this information into the corresponding three-exon
or two-exon models and pass the information to gggenes for
plotting.

3.2.3 | Drawing the cpgenome_r gene map

CPGView generated a circular map showing the distributions of all
genes and repeats along the genome (cpgenome_r) with two mod-
ules. The first module was from the Chloroplot package with modifi-
cations. In particular, we adjusted the location of the track showing
the LSC, SSC, and IR regions. In addition, the track showing the GC
contents shrank to provide space for the track showing the variable
sites (see below). The second module was modified from the repeat
generation module from CPGAVAS2. In particular, the overlapped
dispersed repeats were combined. The cpgenome_r module inte-
grates all the structure information, including protein-coding genes,
tRNA genes, rRNA genes, microsatellites, tandem repeats, and dis-
persed repeats, to draw the cpgenome_r map.
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If the users provided the information for polymorphic sites or
RNA editing site in VCF format, the frequencies of alternative bases
at different sites were drawn in the cpgenome_r map. Given that
the site variation information might not be available for all genomes
under study, this function is only optional. The VCF file could be
generated with software such as catk (Nielsen et al., 2011). However,
identification of polymorphic and RNA-editing sites was beyond the

scope of this study and will not be discussed in detail here.

3.2.4 | Generating a genome report

CPGView finds the labels (CDS, rRNA, and tRNA) in the input file
and extracts the location of those genes. All genes were summarized
according to their labels and whether they contain introns. This re-
port will help users quickly understand the contents of their submit-
ted chloroplast genomes.

3.2.5 | Output

The output of CPGView includes three graphs: a cis-splicing gene
map, a trans-splicing gene map, and a general gene distribution map
cpgenome_r. An example of the cis-splicing gene map is shown in
Figure 5. The structure follows the conventions depicting gene
structures and should be self-explanatory. The graph's height is au-
tomatically changed depending on the number of genes displayed
because different numbers of cis-splicing genes are present for vari-
ous chloroplast genomes. In this particular example, 13 cis-splicing
genes are shown.

An example of a trans-splicing gene map is shown in Figure 3.
CPGView can draw the trans-splicing gene based on the three-exon
(Figure 3a) and two-exon models (Figure 3b) with duplicated exons.
CPGView can also draw the trans-splicing gene based on the three-
exon (Figure 3c) and two-exon models (Figure 3d), with no dupli-
cated exons.

An example of the circular map (cpgenome_r) is shown in
Figure 6. The circular map contains seven circular tracks. From the
centre going outward, the first three tracks show the distributions
of the repeat sequences, which include distributed (Track A), tandem
(Track B), and microsatellite (Track C) repeat sequences. The distribu-
tion of alternative bases is shown on Track D when the users provide
the corresponding variable site information. The small single-copy
(SSC), inverted repeat (IRa and IRb), and large single-copy (LSC) re-
gions are shown on Track E. The GC contents are shown on Track F.

Lastly, the distribution of genes is shown on Track G.
3.3 | Testing CPGView using 31 newly generated
chloroplast genome sequences

To determine if CPGView can generate the graphic maps correctly,
we sequenced, assembled, and annotated 31 chloroplast genomes.
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We did not use the chloroplast genome records from public data-
bases for the validation because we could not be sure that chloro-
plast genome records were free of assembly and annotation errors.
Instead, by generating new chloroplast genomes for testing, we
adopted measures to ensure that these chloroplast genomes were
correctly assembled and annotated. In particular, we mapped the
reads to the assembled genomes. The assembly quality could then
be determined based on the coverage depth (data not provided).
In addition, we conducted multiple sequence alignment of all an-
notated genes with their homologous sequences. The results are
shown in Appendix S1. Manual examination of the alignment sup-
ported that the annotations were free of errors.

The 31 chloroplast genomes belong to 31 genera from 22 fami-
lies. The detailed information on the 31 chloroplast genomes, includ-
ing the taxonomic classification of the source samples, the collection
sites, and the sample identifiers, can be found in Table S1. The anno-
tation results in the GenBank format were then subjected to visual-
ization using CPGView.

CPGView generated 96 maps, including 31 general gene distri-
bution maps, 31 cis-splicing gene maps, and 31 trans-splicing gene
maps. We manually checked the correctness of the plotted maps.
The exon and intron information for the 31 chloroplast genomes is
shown in Table S3. The structure information of the rps12 genes is
shown in Table S4. The output maps for the 31 chloroplast genomes
are shown in Figures S7-S37. The circular cpgenome_r maps, cis-
splicing gene maps, and trans-splicing gene maps are shown in pan-
els A, B, and C of Figures S7-537. Manual examination shows that
the intron locations in the annotation files are consistent with those
in the cis-splicing maps (panel B of Figures S7-S37). In addition, the
structures of the rps12 gene shown in the annotation files are con-
sistent with those in the corresponding trans-splicing maps (panel C
in the Figures S7-537). In summary, CPGView plotted the gene maps

that were 100% consistent with those in the annotation files.

3.4 | Identifying problematic chloroplast genome
records in public databases

At the time of this study, 5998 chloroplast genomes were available in
GenBank. These genomes were from 2513 genera belonging to 553
families. We downloaded the 5998 chloroplast genomes and ana-
lysed them with CPGView. Considering the uncertainty of the error
rate in these records, we did not use them to validate CPGView.
Nevertheless, studying them with CPGView gave us some general
ideas of the robustness of CPGView and allowed us to estimate the
potential error rate in the GenBank record.

Out of these 5998 chloroplast genomes, CPGView generated maps
for 5884 genomes and failed to generate any maps for the remaining
116 genomes (Table S5). Further analysis of the 116 chloroplast ge-
nomes showed that 46 had multiple “N,” meaning that they had at least
one gap. The 19 other chloroplast genomes had degenerate bases. We
are currently determining why CPGView failed to generate maps for
the remaining 49 chloroplast genomes. On the basis of these results,
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CPGView can plot 98% of all chloroplast genomes in GenBank. For
those genomes that CPGView failed to create maps for, 1% of the 5998
chloroplast sequences appear to contain errors.

4 | DISCUSSION

With the rapid development of high-throughput DNA sequencing
technology and bioinformatic software tools, the assembly and an-
notation of the chloroplast genome have become straightforward
tasks. However, identifying the annotation errors remains chal-
lenging. The presence of sequences with errors in the database will
propagate quickly, leading to the potential expansion of the errors.
One effective method to counter this problem is to provide a visuali-
zation tool to help the users examine the detailed genome structures
and identify any possible genome errors quickly.

Here, we developed CPGView, a visualization tool that can
display the detailed chloroplast genome features, such as repeats,
variable sites, cis-splicing genes, and trans-splicing genes. CPGView
plotted the structures for 5884 out of these 5998 (98%) chloro-
plasts genomes, demonstrating its robustness. To our knowledge,
CPGView is the only software package to draw the general gene
distribution and the detailed structures of the cis-splicing and trans-
splicing genes simultaneously. Furthermore, it can plot the repeat
sequences and the frequencies of alternative bases at different sites.

In our validation experiment, CPGView failed to draw graphs for
116 out of 5998 (~2%). About 1% had sequence errors, such as the
presence of “N” and degenerate nucleotides. One possible reason for
the other 1% of chloroplast genomes that CPGView failed to plot maps
is that these genomes contained additional errors. Additional optimi-
zation steps might be needed for CPGView. One of the reasons to de-
velop CPGView is that the potential errors in the annotations can be
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FIGURE 6 The cpgenome_r gene map of the Salvia miltiorrhiza chloroplast genome (NC_020431.1). The species name is shown in the

left top corner. The map contains six tracks. From the centre outward, the first track (A) shows the forward and reverse repeats connected
with red and green arcs. The second track (B) shows the tandem repeats as short blue bars. The third track (C) shows the microsatellite
sequences also as green and yellow short bars. The line chart on the fourth track (D) shows the frequencies of alternative bases at particular
sites. The frequencies of bases “A,” “G,” “C,” and “T” are represented with red, blue, orange, and green lines, respectively. The length of the
lines represents the substitute frequencies. The small single-copy (SSC), inverted repeat (IRa and IRb), and large single-copy (LSC) regions
are shown on the fifth track (E). The GC content along the genome is plotted on the sixth track (F). The genes are shown on the seventh
track (G). The optional codon usage bias is displayed in the parenthesis after the gene name. Genes are colour-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 left bottom corner.

identified easily. We plan to examine these annotations further to de- Several areas can be improved for CPGView in the future. First,
termine possible errors or unique structures by either reassembling the additional modules might be needed to draw unique structures of
genomes from the raw data or re-annotating the assembled genomes. complex genes, such as the rps12 genes. Our early study found that
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most rps12 genes have either three or two unique exons, with or
without duplication. However, some rps12 genes might have a struc-
ture that does not fit into these four models. When new structures
of these genes are observed, we shall expand CPGView to draw the
corresponding structures.

Second, the R modules appear less efficient than those imple-
mented in other computational languages to draw the circular gene
map. CPGView is significantly slower than several other comparative
tools, such as GeSeq. Although this feature should not be a problem
because speed is not critical for this type of work, future optimiza-
tion of CPGView is needed.

Third, CSA can be further optimized. For example, global scaling
might reduce the distance between the boundaries to be less than
the critical values. Our preliminary analysis suggests that this prob-
lem might occur when a gene has more than seven exons. Although
for chloroplast genes, very few genes, if any, have more than seven
exons.

Fourth, alternative methods should be tested to solve the
overlapping-label and one-page layout problems, while keeping
the exon and intron lengths in proportion to their original lengths.
CSA was developed for two reasons. Our original design for the cis-
splicing and trans-splicing maps was to show the gene structures
schematically for general examination, error detection, and publica-
tion. As a result, keeping the exon and intron lengths in proportion
is not critical. In addition, the cis-splicing gene map and the trans-
splicing map were drawn based on a third-party module gggenes.
The module gggenes provides the functions we need, but it only
supports drawing the labels right below the expected positions,
causing overlapping labels. To continue using gggenes as our base
module, we developed CSA. Alternative methods can be developed
in the future to keep the exon and intron lengths in proportion.

Fifth, additional information can be added to the plot. For ex-
ample, the substitution rates might vary among different genes or
genomic regions. Plotting information such as substitution rates
will help users identify correlation between them and particular ge-
nomic features. One problem to plot this information is the lack of
well-accepted format describing the data. Thus, we have only im-
plemented the function that can plot the site variation information.

Lastly, a quality check report is necessary to support the identi-
fication of unique features of a genome. This quality report should
report the total numbers of protein-coding, rRNA, and tRNA genes;
the list of lost genes and pseudogenes; and the presence of internal
stop codons and alternative start codons. The combined use of the
maps generated by CPGView and a quality check report will provide
the users with specific directions to identify potential annotation

errors.
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