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ABSTRACT

Vaccinium floribundum (Mortifio) is an herbaceous species belonging to the Vaccinium
genus and the Ericaceae family. The chloroplast genome of this species was previously
published by Rojas et al (2023). Yet, modifications in the bioinformatic pipeline and the
amount of Vaccinium chloroplast sequences used in the phylogenetic analysis could help
elucidate new information regarding the chloroplast genome of V. floribundum. Therefore, the
project’s objectives were to implement a new bioinformatic pipeline to reassemble the
chloroplast genome of mortifio and incorporate 3 new Vaccinium chloroplast sequences to
verify the taxonomic relationships between V. floribundum and other Vaccinium species.
Genome quality checks (QUAST, depth coverage graphs and assembly graphs) demonstrated
that the ptGAUL bioinformatic pipeline generated assembly was the most suitable compared
to the other 3 assemblers used (Canu, Wtdbg2, and Flye). Annotation and manual curation of
the ptGAUL assembly identified the same 134 genes and 6 pseudogenes obtained by Rojas et
al (2023). The phylogenetic analysis verified the relationship between V. floribundum and V.
myrtillus with an increased boot strap (BS) support of 85%. Structural analysis showed similar
patterns among all analyzed sequences, region sizes identified in this study varied slightly from
the ones described by Rojas et al (2023) due to a difference in obtained reads. In conclusion,
this study verifies the results obtained by Rojas et al (2023) and increased quality parameters
such as a higher BS support in the phylogeny. Moreover, this study is important as it provides
a useful genomic tool to continue studying V. floribundum as well as other Vaccinium species.

Key Words: Vaccinium floribundum, chloroplast genome, bioinformatic pipeline, ptGAUL



RESUMEN

Vaccinium floribundum (Mortifio) es una especie herbacea perteneciente al género
Vacciniumy a la familia Ericacea. EI genoma del cloroplasto de esta especie fue publicado por
Rojas et al (2023). Sin embargo, Modificaciones en pipeline bioinformatico y la cantidad de
secuencias de cloroplasto de Vaccinium utilizadas en el analisis filogenético podrian ayudar a
elucidar nueva informacion sobre el mismo. Por lo tanto, los objetivos del proyecto fueron:
implementar un nuevo pipeline para volver a ensamblar el genoma del cloroplasto del Mortifio
e incorporar 3 nuevas secuencias de Vaccinium para verificar las relaciones taxonémicas entre
V. floribundum y otros Vaccinium. Las verificaciones de calidad de los genomas (QUAST,
graficos de cobertura y graficos de ensamblaje) demostraron que el ensamblaje obtenido del
pipeline de ptGAUL fue el més adecuado en comparacion a los 3 ensambladores utilizados
(Canu, Wtdbg2 y Flye). La anotacién y la curacion manual del ensamblaje identificaron los
mismos 134 genes y 6 pseudogenes obtenidos por Rojas et al (2023). Ademas, el analisis
filogenético verifico la relacion entre V. floribundum y V. myrtillus e incremento el soporte de
rama a 85%. El andlisis estructural mostré patrones similares entre todas las secuencias
analizadas. Sin embargo, los tamafios de las regiones en este estudio variaron ligeramente a los
descritos por Rojas et al (2023), probablemente debido a una diferencia en las lecturas
obtenidas. En conclusion, este estudio verifica los resultados obtenidos por Rojas et al (2023)
y demuestra un mayor soporte en la filogenia. Ademas, esta investigacion es de gran
importancia ya que provee una herramienta gendémica util para seguir estudiando V.
floribundum y a otra especies de Vaccinium.
Palabras clave: Vaccinium floribundum, genoma del cloroplasto, pipeline bioinformatico,

ptGAUL.



1.

TABLE OF CONTENTS
INTRODUGCTION. ...ttt nnne e 12
1.1 General INFOrmMatioN.........ccooiiiiiieii e 12
1.1.1 Distribution, environment, and characteristiCs ..............ccoovrviiiriinieneninisenee 12
1.1.2 Social, Economic and Ecological Importance ...........ccccceevveiiiciie e 12
1.2 Genome sequencing, annotation, and analysiS...........ccccovveviiiiie e 13
1.3 The ChIOFOPIAST........ooiiecie e 13
1.3.1  General CharaCteriStiCS .........ccuiieriiiieiieiiisie e 13
1.3.2  Importance in genomiC STUAIES ........ceevueririiiiicie e 14
14 Previous studies on the chloroplast genome of V. floribundum ....................... 14
1.5  Current study on the chloroplast genome of V. floribundum............c...cccenee. 15
IMIETHODS ...ttt ettt b e e et e srb e e nbe e nbeeneas 16
2.1  Sample collection, genomic DNA extraction, and long read sequencing.......... 16
2.2 LONG read PIrOCESSING .. .c.vevetiitieiieiieieeie sttt bbb 16
2.3 Chloroplast genome assembly bioinformatic pipeling...........ccooeoviiiineniennnnnns 16
2.3.1 Chloroplast reads eXtraCtion ...........ccoceieririninieieresie s 16
2.3.2  Assembly and poliShing........ccooeiiiiiii 16
2.4 GENOME BVAIUATION.......ccuiiiiiiiiiieicee e 17
2.5  Annotation and manual CUration ..o 17
2.6 PhylogenetiC @nalySIS ........ccooiiiiiiiiieiiiie s 18
2.7 SErUCTUral @NAIYSIS ....o.viiiiiiiiiiiieee e 18
RESULTS ettt et b et s h e et e e s nb e e beenrteenbeennee 19
3.1 V. floribundum chloroplast genome assembly and annotation .............c...c....... 19

311 GEeNOME BVAIUALION ..o 19



3.1.2  Annotation and manual CUratioN..............ccccvveveiiieii e e 21

3.2 PhylogenetiC an@lySiS .......c.ccoeiiiiiiiiiii et 21
3.3 SErUCKUIAl @NAIYSIS ....veeviciieiieccie et 22
4. DISCUSSION ..ottt sttt sttt ettt besbeese e st et e besbesbesbenreas 23
4.1 GEeNOME EVAIUALION..........eiiieiie e 23
4.2 V. floribundum chloroplast genome compared to previous studies................... 24
4.2.1 Genome annotation and manual CUration ............ccccceevveiiiieiiee e 24
4.2.2  PhylOgenetiC @NalYSIS........ciiuiiieiiiie it 25
4.2.3  SErUCLUIAl ANAIYSIS......oiuieiiiiiiee e 25

5. CONCLUSIONS ..ottt sttt et benreane e 27
6. TABLES. ... ..ot ne e 28
7. FIGURES.......cct ettt sttt et e s e n et e e e stenrenteene e 31
REFERENGCES. ... .ottt sttt st be et e ne et e e stestennenteans 40

APPENDICES ... 48



LIST OF TABLES
Table 1. QUAST statistics obtained from the first run of the bioinformatic pipeline for each
=T 101 0] 2SSOSR 28
Table 2. QUAST statistics obtained from the second run of the bioinformatic pipeline for
BACKH ASSEMDIY ... 29

Table 3. Pseudogenes identified in the chloroplast genome of V. floribundum..................... 30



10

LIST OF FIGURES

Figure 1. V. floribundum bioinformatic pipeling ..........cccovevieiiiii i 31
Figure 2. Depth COVErage graphs .......c.eoiiiieiecie it 32
Figure 3. Flye, ptGAUL, and V. floribundum published sequence assembly graphs............. 34
Figure 4. V. floribundum chloroplast genome StrUCTUIE............ccoveiiieiieiie e 36

Figure 5. V. floribundum phylogeny where species are grouped into Vaccinium sections
represented by diStINCt COIOIS........oiiiiiiii e 37
Figure 6. IR-Scope structural analysis of the chloroplast genome of V. floribundum

compared to other Vaccinium chloroplast genomES..........cccueveiieririeneeneee e 38



11

LIST OF APPENDICES

Appendix 1. Vaccinium chloroplast genomes used as baits for Blasr plastid read extraction.

Appendix 2. Chloroplast genomes used for the phylogenetic and IR-scope structural analysis
OF V. FlOrTDUNAUM .. e 49
Appendix 3. ptGAUL bioinformatic pipeline for long read plastid genome assembly (Zhou et

Y T0.2c) OO 50



12

1. INTRODUCTION
1.1 General Information

1.1.1 Distribution, environment, and characteristics

Vaccinium floribundum Kunth, commonly known as Mortifio, is an herbaceous shrub
species that belongs to the Ericaceae family, which has an estimated number of 4,250 species,
characterized by their berry-like fruits (Christenhusz & Byng, 2016; Martau et al., 2023). V.
floribundum is distributed along the Andean Mountain range specifically in countries like
Ecuador, Venezuela, Colombia, Bolivia and Peru (Coba et al.,, 2012). In Ecuador, V.
floribundum naturally occurs in the paramo ecosystem which is characterized by an altitude
range of 3,000-5,000 m.a.s.l, cold and humid climates (3-17°C) and a small, shrub-like,
vegetation (Mena et al., 2011; Meléndez-Jacome et al, 2021).

Morphologically, V. floribundum is characterized as a densely branched shrub that can
grow up to 2.5 m tall. It has small, serrated, oval-shaped leaves that are pink-colored when
emerging and turn green as they mature (Llivisaca-Contreras, 2022). Mortifio plants contain
racemes of small purple flowers that are approximately 1 cm in diameter (Luteyn & Pedraza-
Pefialosa, 2012). These flowers produce a round berry with a ranging diameter of 5 to 8 mm of
blue or lilac color, containing 15-60 seeds and high contents of sugars, antioxidants, minerals,
and vitamins (Meléndez-Jacome et al, 2021; Coba et al., 2012; Llivisaca-Contreras, 2022).

1.1.2 Social, Economic and Ecological Importance

V. floribundum holds an important social and economic value in the Ecuadorian culture
since its berry is used for the elaboration of traditional foods and beverages (Torres etal., 2010;
Aguilar, 2009). However, collection and distribution are fully dependent on natural occurrence,
as the species has not been domesticated (Llivisaca-Contreras, 2022; Aguilar, 2009). Besides
V. floribundum socio-economic importance, it also fulfills important ecological roles. For

example, V. floribundum shrubs are one of the first species to recover from anthropogenic
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activities (such as slash and burn agriculture) in the Ecuadorian paramo. Therefore, it plays a
key role in the remediation of its environment (Aguilar, 2009; Llivisaca-Contreras, 2022;
Caranqui-Aldaz et al., 2022).

1.2 Genome sequencing, annotation, and analysis

Genome sequencing technologies have become essential for the study of living organisms,
as they can be used to elucidate knowledge about their taxonomy, evolution, genetic structure,
among others (Henry, 2022). Although multiple technologies can be applied for a variety of
sequencing projects, Oxford Nanopore Sequencing Technology (ONT), a third-generation
sequencing technology, is commonly used for genome sequencing. This is due to its relatively
simple procedure, reduced time for library construction and improvement of de novo
assemblies due to the use of long reads (Athanasopoulou, 2022).

It relies on the extraction of long DNA chains, known as high molecular weight DNA, from
the subject of interest (Wang et al., 2021). This sample is loaded on a flow cell that contains
pores that are going to do the sequencing. As the DNA migrates through the pore, nucleotide
base pairs are identified with a technique called “base calling”, which detects small changes in
the ionic which then matches the change to a specific DNA base. (Zhang et al., 2020; Oxford
Nanopore Technologies, n.d.).

When coupled with bioinformatic tools such as a genome assembler, the raw reads can be
assembled into a coherent genome (Choudhuri, 2014). These technologies have made the
annotation and assembly of multiple species possible, including the chloroplast genome of V.
floribundum (Abril & Castellanos, 2019; Rojas et al., 2023).

1.3 The chloroplast
1.3.1 General characteristics
The chloroplast is a photosynthetic organelle that houses biochemical reactions that

turn light energy into chemical energy. Therefore, it can be found in photosynthetic organisms
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such as plants and algae (Roston et al., 2018). The chloroplast also contains its own genome
that produces key proteins that regulate and drive photosynthesis among other functions. It has
been hypothesized that the chloroplast has its own genome because it was once an independent
unicellular organism (Campbell & Reece, 2007).

The chloroplast genome size can vary between species but are generally small with
base pair (bp) counts ranging from 150,000-220,000 bp. Moreover, it is organized into 4
characteristic regions: Long single copy region (LSC), Short single copy region (SSC) and 2
Inverted repeats regions (IRA and IRB) (Contreras-Diaz et al., 2022).

1.3.2 Importance in genomic studies

Chloroplast DNA sequences have been widely utilized in evolutionary studies
replacing nuclear DNA due to its unique characteristics. Nuclear DNA is large, complex, and
more difficult to assemble. In contrast, chloroplast genomes (chloroplast DNA) are smaller,
simpler and contain regions that mutate at different rates (Provan et al., 2001). Regions that
accumulate mutations more rapidly can be used for the comparison between closely related
organisms. Conversely, regions that accumulate mutations slowly serve for the comparison
between distantly related organisms (Provan et al., 2001). The different rates of change of the
previously mentioned regions are influenced by a number of factors such as lack of
recombination due to maternal inheritance of the chloroplast, content of minimal genes and the
presence of repeated regions (Provan et al., 2001; Zhang & Ren, 2015). These considerations
make the chloroplast genome a more dynamic and versatile tool for better understanding
taxonomic and evolutionary relationships of V. floribundum (Rogalski et al., 2015).
1.4 Previous studies on the chloroplast genome of V. floribundum

The chloroplast genome of V. floribundum was recently published in 2023. This study

described a 187, 966 bp genome that contained 134 genes. Their taxonomic analysis compared
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87 orthologous genes with other Vaccinium species and revealed that V. myrtillus could be a
sister group for V. floribundum (Rojas, et al., 2023).
1.5 Current study on the chloroplast genome of V. floribundum

Despite the existing study describing the assembly, annotation, and analysis on the
chloroplast genome of V. floribundum, different methodological approaches, such as the
bioinformatic pipeline of the chloroplast genome assembly and the assembler used, can
generate new results. Moreover, it would be interesting to analyze whether or not the new
information of three new Vaccinium chloroplast genomes published recently modifies the
taxonomic relationships described in the study by Rojas et al (2023).Therefore, the present
study had 2 main objectives: first, utilize a new approach to assemble a new V. floribundum
chloroplast genome to determine whether a new assembly can provide additional information
to what is already known and secondly, incorporate 3 new Vaccinium chloroplast genomes in
a phylogeny to verify the existing taxonomic relationships between V. floribundum and other

species of Vaccinium.



16

2. METHODS
2.1 Sample collection, genomic DNA extraction, and long read sequencing
The same samples were used as the ones obtained and processed by Rojas et al (2023)
which included: collection young leaves from V. floribundum in Lloa, Pichincha under the
MAE-DNB-CM-2016-0046-M-0002 permit, high molecular weight DNA extraction and
library. Long read sequencing was done with two R.9.4.1 flow cells in the MinlON sequencers
(Rojas et al., 2023).
2.2 Long read processing
Removal of adaptor sequences (with Porechop v.0.2.4) (Wick, 2017) and low-quality reads

(with Nanofilt v.2.8.0) (De Coster et al., 2018) was executed as described by Rojas et al (2023).
2.3 Chloroplast genome assembly bioinformatic pipeline

2.3.1 Chloroplast reads extraction

The proposed bioinformatics pipeline (Figure 1) was developed based on the Acacia
pycnantha chloroplast genome assembly methodology described by Syme et al (2021)
(Appendix 3). Blasr v.5.3.5 (Chaisson & Tesler, 2012) was used to extract chloroplast reads
by aligning them to nine Vaccinium chloroplast genomes (Appendix 1) used as baits to isolate
V. floribundum chloroplast genome-associated reads.

2.3.2 Assembly and polishing

Chloroplast reads were then assembled using 3 different assemblers, Flye v.2.9.1
(Kolmogorov et al., 2019), Canu v.2.2 (Koren et al., 2017), and Wtdbg2 v.2.5 (Ruan & Li,
2020), as well as the ptGAUL v.1.0.5 bioinformatic pipeline (Zhou et al., 2023). The
assemblers and the ptGAUL pipeline were run with standard parameters and with an estimated
chloroplast genome size of 180 Kb, based on the results obtained by Rojas et al (2023).

Polishing was done with the Apollo v.2.0 software. A single run was used as the program
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developers suggest only a single run is necessary to obtain a polished assembly (Firtina et al.,
2020).

The resulting assemblies were used as baits in a second run of the proposed
bioinformatic pipeline to repeat chloroplast read extraction. This was done to extract
chloroplast reads from the initial dataset with increased accuracy (Syme et al., 2021). The
obtained reads were assembled and polished as mentioned in the previous paragraph, providing
four final chloroplast assemblies. QUAST v.5.2.0 (Mikheenko et al., 2018) was used to obtain
quality statistics from each assembly for both runs of the proposed bioinformatic pipeline. The
V. macrocarpon chloroplast genome was used as a reference as it is one of the most studied
Vaccinium species, therefore, more reliable information is available for this species than other
Vaccinium (Fahrenkrog et al., 2022). Statistics of interest included: Genome size, NGA50 and
indels per 100,000 bp. These statistics helped elucidate assembly characteristics such as the
length of the genome and structural variations (Mikheenko et al., 2018).

2.4 Genome evaluation

The 4 assembled genomes were assessed to identify the most reliable assembly to use in
further analysis following the steps described by Rojas et al (2023). To illustrate the support
provided by chloroplast reads, a coverage graph was generated for each assembly following
the script developed by Rojas et al., (2023). Assembly graphs were generated for the assemblies
that provided gfa files (Flye and ptGAUL assemblies). Bandage v.0.9.0 (Wick et al., 2015) was
used to generate assembly graphs and analyze how the genomes were organized and whether
they had a defined structure (Formenti et al., 2022). The ptGAUL assembly was chosen for
further analysis due to its QUAST statistics, resolved structure and consistent read coverage.
2.5 Annotation and manual curation

The selected ptGAUL assembled genome was annotated with the online organelle

annotator GeSeq v.2.0.3 (Tillich et al., 2017). Next, the manual curation of the genome
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annotation was executed using Geneious bioinformatics software v2022.2.2 (Kearse et al.,
2012). All annotated genes were mapped with genes extracted from reference Vaccinium
chloroplast genomes to verify proper annotation. Reannotated genes were analyzed based on
their coding sequence (CDS). Genes that presented incomplete CDS, indicated by the presence
of random stop codons, were removed. Finally, pseudogenes were annotated by the alignment
of pseudogenes obtained from reference chloroplast genomes. OGDRAW v.1.3.1 was used to
visualize the final genome annotation and structure (Greiner et al., 2019).
2.6 Phylogenetic analysis

For the phylogenetic analysis, the same 15 Vaccinium chloroplast genome sequences used
by Rojas et al (2023), were obtained from the National Center for Biotechnological Information
(NCBI) and incorporated in the analysis. In addition, the recently published chloroplast
genomes of V. ashei (NC_071868.1), V. microcarpum (0Q865186.1), and V. oxycoccos
(0Q865185.1) were included (last accessed august 20, 2023). Finally, two Actinidia
chloroplast genomes were used as outgroups to root the phylogeny. All 21 chloroplast genomes
(Appendix 2) were analyzed using PhyloHerb v1.1.2 (Cai & Davis, 2022) which extracted and
concatenated 87 orthologous genes, then a maximum likelihood phylogeny was generated
using RAXML v8.2.11 (Stamatakis, 2014) as described by Rojas et al (2023). The resulting
phylogeny was visualized using FigTree v.1.4.4 (Rambaut, n.d.).
2.7 Structural analysis

IRscope (Amiryousefi et al., 2018) was used to compare genome structures between V.
floribundum and other Vaccinium sequences. Only 10 Vaccinium species were used (Appendix
2), including the published V. floribundum (NC_073583.1) chloroplast genome because
IRscope had a maximum capacity of 10 chloroplast genomes for analysis. The selected

genomes were those most closely related to V. floribundum.
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3. RESULTS
3.1 V. floribundum chloroplast genome assembly and annotation

3.1.1 Genome evaluation

QUAST results from the first run of the proposed bioinformatic pipeline (Table 1) for
the Canu, Flye and Wtdbg2 assemblies demonstrated genome sizes of 199,051 bp, 189,001 bp,
and 183,271 bp, respectively. These results differed from the expected genome size (187,966
bp) obtained by Rojas et al (2023). NGA50 alignments varied considerably among assemblies
with the shortest alignment corresponding to the Wtdbg2 assembly (103,963 bp) and the
longest to the Flye assembly (104,585 bp). The highest insertion and deletion (indel) rates were
found in the Canu assembly with 783 events per 100,000 bp, while the Flye assembly had the
lowest rate with 501.5 events per 100,000 bp. In comparison, QUAST statistics for the ptGAUL
bioinformatic pipeline assembled genome demonstrated a higher quality sequence compared
to the assemblers, as its genome size (187,879 bp) better approximated the expected genome
size (187,966 bp) obtained by Rojas et al (2023). Moreover, its NGA50 alignment (104,617)
was the longest of all assemblies. Yet, the indel rates for the ptGAUL assembly were the
highest with 783 events per 100,000 bp.

After the second run of the proposed bioinformatic pipeline, QUAST results for each
assembler (Canu, Wtdbg2, and Flye) (Table 2) mostly improved, except for the indel events
that increased considerably. Genome sizes varied from 172,053 bp to 187,797 bp. Of these, the
Flye assembly (187,797 bp) came closest to the expected genome size (187,966 bp) obtained
by Rojas et al (2023). NGA50 alignments showed various alignment lengths, with the shortest
alignment corresponding to the Wtdbg2 assembly (176,258 bp) and the longest corresponding
to the Flye assembly (104,426 bp). Indel rates were highest in the Flye assembly with 997
events per 100,000 bp, meanwhile the Canu assembly had the lowest rate with 613.21 events

per 100,000 bp. In contrast, QUAST results for the second run of the bioinformatic pipeline
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for the ptGAUL assembled genome showed the closest genome size (187,892 bp) to the
expected genome (187,966 bp) obtained by Rojas et al (2023). Moreover, the NGA50
alignment was the longest of all assemblies (104,600 bp) and the indel rates were the second
lowest (764).

Depth coverage graphs depicted how the obtained reads supported each genome
assembly and were compared to the coverage graph obtained by Rojas et al (2023) (Figure 2).
The depth coverage graph obtained for the Canu assembly (Figure 2a) demonstrated low read
support at the beginning of the assembly, a homogenous coverage ranging from 1,000 bp to
115,000 bp, a sudden increase in coverage from 115,000 bp to 130,000 bp, and finally a
considerable decrease in coverage from 130,000 bp to the end of the assembly. The Wtdbg2
depth coverage graph (Figure 2b) showed higher support for the beginning of the assembly.
Yet, a sudden increase at 110,000 bp and considerable decrease from 135,000 bp onward
revealed a similar trend as the Canu depth coverage graph. On the contrary, the Flye depth
coverage graph (Figure 2c) demonstrated less consistency at the beginning of the assembly,
shown by the presence of peaks. Yet, the rest of the assembly showed a more uniform coverage
until the end of the assembly. The coverage graphs for the 3 assemblers were not comparable
to the one obtained by Rojas et al (2023) (Figure 2e) as they showed low support regions and
an inconsistent coverage of the genome. On the other hand, the ptGAUL bioinformatic pipeline
depth coverage graph (Figure 2d) indicated a mostly consistent and uniform genome coverage,
with little change compared to the published genome depth coverage graph (Figure 2e).

Assembly graphs (Figure 3) were generated for the ptGAUL and Flye assemblies (as
only these programs provided the required files) and compared to assembly graph from the
published sequence (Rojas et al., 2023). The Flye assembly graph (Figure 3a) suggested an
unresolved genome structure due to the presence of genome segments that could not be

integrated in the genome. This result was visualized by the presence of small genome pieces
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connected by black lines that represent different arrangement possibilities (paths) to form a
coherent genome structure. A similar trend can be seen for the published sequence (Figure 3c)
as the genome was divided into three distinct regions that could be arranged in different
configurations. Unlike the previous sequences, the ptGAUL assembly graph (Figure 3b)
indicated a resolved genome structure as a single arrangement of the genome regions was
identified, therefore showing a more defined genome structure compared to both the Flye
assembly and the sequence obtained by Rojas et al (2023). Based on all quality checks, the
ptGAUL bioinformatic pipeline assembly was used for further analysis as it provided the
genome with the best characteristics.
3.1.2 Annotation and manual curation
Online genome annotation through the GeSeq platform resulted in the identification of

175 genes and 19 pseudogenes. Of these, 60 genes were removed, as they did not align with
reference gene sequences or contained random stop codons, and 47 were reannotated based on
the manual curation of the genome. This resulted in the identification of 134 genes and 6
pseudogenes (Table 3), same as the ones identified by Rojas et al (2023). The visualization of
the genome annotation and structure (Figure 4) displayed the 4 characteristic regions of the
chloroplast genome (LSC, SSC, IRA, and IRB).
3.2 Phylogenetic analysis

The results of the phylogenetic analysis (Figure 5) showed a robust bootstrap support (BS)
for most clades, ranging from 99% to 100%. Nevertheless, low BS branches were identified
with corresponding support values of 71% and 61%. The three newly published Vaccinium
chloroplast genomes incorporated into the analysis were included into the following sections:
V. ashei in Cyanococcus (99% BS) and V. microcarpum and V. oxycoccos in Oxycoccus (100%
BS). Finally, the phylogeny suggested that V. floribundum was most closely related to V.

myrtillus with 85% bootstrap support value.
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3.3 Structural analysis

The IRscope structural analysis (Figure 6) compared the chloroplast structural regions
(LSC, SSC, IRA, and IRB) of the 10 most closely related Vaccinium species to V. floribundum.
Seven genes (trnV, ccsA, trnL, rpl32, ndhF, psbA, and trnK) bordering the mentioned regions
were located in each sequence. Clear gene patterns were identified in the chloroplast regions
of all compared Vaccinium species. Patterns identified in the LSC regions showed the trnV
gene was located 61 bp before the IRB. Moreover, in all Vaccinium sequences the ccsA, trnL
and rpl32 genes were all located in the IRB regions bordering the SSC in a forward direction,
and the same 3 genes could be found in the IRA in a reverse direction. Next, ndhF genes were
found within the SSC and were coded forwards or reverse, depending on the species. Finally,
the LSC contained the psbA gene and trnK gene in all Vaccinium sequences, except for V. ashei
that did not contain a trnK gene.

When compared, the V. floribundum chloroplast genomes showed a trnV gene further away
than 61 bp from the IRB border and the lack of a rpl32 gene in the same IRB region. The single
rpl32 gene identified in each V. floribundum sequence was located within the SSC instead of
the IRA as seen in the other analyzed Vaccinium sequences (Figure 6).

All region sizes of the analyzed chloroplast genomes followed similar trends with the LSC
being approximately 105,000 bp, the IRB and IRA being approximately 32,000-42,000 bp and
the SSC being approximately 3,000 bp. The only discrepancies found between the published
V. floribundum chloroplast sequence and the one obtained in the current study were the region
sizes. In the sequence published by Rojas et al (2023), LSC, IRB, SSC and IRA regions had a
length of 107,279 bp, 38,421 bp, 3,839 bp and 38,421 bp, respectively. On the other hand, LSC,
IRB, SSC and IRA regions obtained in this study had a length of 107,801 bp, 38,485 bp, 3,121

bp and 38,485 bp, respectively.
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4. DISCUSSION
4.1 Genome evaluation

Quality checks (QUAST statistics, depth coverage graphs, and assembly graphs) were used
to evaluate genome assemblies as they provided useful metrics to determine assembly quality
(Sims et al., 2014; Mikheenko et al., 2018; Jin et al., 2020).

The results obtained for the mentioned quality checks demonstrated favorable statistics for
the ptGAUL bioinformatic pipeline assembly compared to the other assemblers used. The
reason why the ptGAUL assembly demonstrated a better assembled genome than the other
assemblers is most likely due to the differences in bioinformatic pipelines that yield the final
assemblies. The ptGAUL bioinformatic pipeline is designed specifically for the assembly of
plastid genomes using long reads and functions in the following steps. This pipeline separates
chloroplast reads and filters them so only reads greater than 3000 bp remain. The obtained
reads are then analyzed to ensure a 50x coverage subset of reads. Lastly, the reads are
assembled into a genome using the Flye assembler (Appendix 4) (Zhou et al., 2023). This
pipeline is clearly designed and intended to provide high quality assemblies from long reads,
meanwhile the adapted Syme et al (2021) pipeline is an adaptation of a more complex pipeline
that included the use of both long and short reads to provide multiple final assemblies (Zhou
et al., 2023). Therefore, the use of a bioinformatic pipeline specifically orientated to long read
plastid assemblies is most likely why the ptGAUL assembly outperformed other assemblies.

All quality checks were used to assess the four generated genomes except for assembly
graphs. Only the Flye and ptGAUL assemblies provided the required gfa files for the
visualization of the genome structure. This is due to the different assembly algorithms used by
each assembler. Wtdbg2 and Canu assemblers use an Overlap-Layout-Consensus algorithm
(OLC) which works by overlapping found reads, then performs a layout and graph of the

overlapped reads, and finally infers a consensus sequence (Li et al., 2012; Koren et al., 2017,
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Ruan & Li, 2020). On the other hand, the Flye assembler, also used in the ptGAUL
bioinformatic pipeline (Appendix 3), employs an assembly algorithm known as De-Bruijn-
Graph algorithm (DBG). This method is based on the formation of random contigs that are
built into possible assembly graphs which are then compared and used to infer a final assembly
graph and genome sequence (Li et al., 2012; Kolmogorov et al., 2019; Zhou et al., 2023).
Unlike the OLC algorithm, DBGs inferred final assembly graph file (gfa) can then be used to
visualize the genome structure (Figure 3).

4.2 V. floribundum chloroplast genome compared to previous studies

The proposed bioinformatic pipeline (Figure 1) developed based on the methodology
described by Syme et al. (2021) had the novel feature of using the obtained assemblies as baits
to attempt to extract plastid reads from all the obtained reads with more accuracy (Syme et al.,
2021). Yet, the proposed pipeline had no effect on the ptGAUL pipeline as it is specifically
designed for long read assembly by using its own programs, parameters, and steps (Zhang et
al., 2023).

The resulting V. floribundum chloroplast genomes from the Rojas et al (2023) study and
the current study had similar sizes and contained the same genes and pseudogenes. Despite
their similarities, factors such as the quantity of plastid reads obtained could explain the key
differences in both projects. The current study used nine Vaccinium chloroplast sequences,
whereas Rojas et al (2023) only used the genome of V. macrocarpon as a reference. This caused
a variation in the amount of chloroplast reads extracted for each project, which lead to different
initial read files, subsequently causing differences in both assemblies (Zhang et al., 2020).

4.2.1 Genome annotation and manual curation

Genome annotation and subsequent manual curation led to the identification of the same

134 genes and 6 pseudogenes described by Rojas et al (2023). Yet, many SNPs (Single
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Nucleotide Polymorphisms) were identified in comparison to the published V. floribundum
chloroplast genome. This is most likely caused by long read sequencing as it tends to have high
error rates of 10 to 12% compared to short read sequences (<0.5%) (Morisse et al., 2021; Chen
et al., 2021; Ruiz et al., 2023). A potential solution could include the implementation of a
polisher that uses short reads to correct SNPs (Chen et al., 2021; Zhou, 2023; Syme et al.,
2021). Newly developed long read assembly polishing software tend to incorporate short reads
as part of the polishing algorithm, this can be seen in novel polishing tools such as NextPolish
and Polypolish that seem to outperform non hybrid long read polishing software (Zhang et al.,
2020; Chen et al., 2021; Wick & Holt, 2022

4.2.2 Phylogenetic analysis

The phylogenetic analysis of V. floribundum used the same genomic data published by
Rojas et al (2023), except for the addition of three newly published Vaccinium chloroplast
genomes (V. ashei, V. microcarpum and V. oxycoccos) (Qiao et al., 2023; Yang et al., 2023).
Both of the phylogenies obtained in the study by Rojas et al (2023) and in the present study
(Figure 5) suggest that V. myrtillus is the closest relative to V. floribundum. However, the
addition of the three new Vaccinium chloroplast genomes increased the bootstrap support from
78% to 85%, further supporting this phylogenetic relationship.

4.2.3 Structural analysis

The IRscope structural analysis revealed conserved patterns in the regions of all
Vaccinium sequences analyzed (Figure 6) (Fahrenkrog et al., 2022). Both V. floribundum
structural analysis demonstrated slight differences in these patterns which included a lack of a
rpl32 gene (1 copy instead of 2) in the IRB and one less copy of the ndhF gene in the SSC.
Moreover, the identified rpl32 gene was located in the SSC, contrary to other Vaccinium

sequences where it was located at the IRA (Figure 6).
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Despite their similarities, small differences were identified between the sequence
obtained in this study and the one developed by Rojas et al (2023). These differences were
identified in the sizes of the four characteristic chloroplast genome regions. The IR regions
differed by 268 bp, 38,421 bp in Rojas et al (2023) study and 38,153 bp in the current one. The
SSC regions varied by 54 bp, 3,839 bp in Rojas et al (2023) study and 3,785 bp in the current
one. Finally, the LSC regions varied by 522 bp (107,279 bp in Rojas et al (2023) study and
107,801 bp in the current one).

The variation in region sizes is most likely due to differences in the procedure for the
isolation of the chloroplast reads. As mentioned before, the current study incorporated 9
Vaccinium chloroplast genomes as references (Appendix 1) meanwhile, in the Rojas et al
(2023) study only one reference genome (V. macrocarpon chloroplast genome) was used for
chloroplast read extraction. The difference in the amount of chloroplast reference sequences
used led to different amounts of reads obtained in each study, 33,280 reads in the Rojas et al
(2023) study and 21,120 reads in the current study. These results suggest that increasing the
number of references makes the extraction process more selective, therefore reducing the total
amount of extracted reads (Twyford & Ness, 2017; Zhang et al., 2020). This means that each
project started with a different data set which could be the reason why the chloroplast region

sizes in each study vary.
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5. CONCLUSIONS

The V. floribundum chloroplast genome sequence assembled in this study, through the
ptGAUL bioinformatic pipeline, confirmed the results obtained by Rojas et al (2023) as the
same genes, pseudogenes and phylogenetic relationships were identified. Nevertheless,
differences in the number of references used for chloroplast read extraction led to different
reads being extracted which generated differences between both sequences including small
differences in chloroplast region sizes. New information regarding the chloroplast genome of
V. floribundum was obtained as the addition of three new Vaccinium sequences in the
phylogenetic analysis increased the bootstrap support (from 78% to 85%) for the clade that
identified V. myrtillus as the closest relative of V. floribundum. Finally, this study is important
as it provides a useful genomic tool that can be used for further studies regarding V.

floribundum as well as other Vaccinium species.



Table 1. QUAST statistics obtained from the first run of the bioinformatic pipeline for each assembly.
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Polisher Assembler Size (bp) NGA50 Indels per 100 000 bp
Canu 199051 104280 658.27
Flye* 189001 104585 501.5
Apollo
Wtdbg2 183271 103963 621.61
ptGAUL* 187879 104617 783

* Assembly that showed the best parameters



Table 2. QUAST statistics obtained from the second run of the bioinformatic pipeline for each assembly

Polisher Assembler Size (bp) NGA50 Indels per 100 000 bp
Canu 172053 104152 613.21
Flye 187797 104426 997
Apollo
Wtdbg2 176258 103532 818.97
ptGAUL* 187892 104600 764

* Assembly that showed the best parameters
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Table 3. Pseudogenes identified in the chloroplast genome of V. floribundum
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Initial position

Pseudogene (bp) Final position (bp) Length (bp)
accDh 99,361 99,655 285
clpP1 61238 61309 72

infA 57231 57692 462
ycfl 106558 107053 496
ycf2 48139 48327 189
ndhF 186811 187269 459




31

7. FIGURES
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Figure 1. V. floribundum bioinformatic pipeline

Proposed bioinformatic pipeline for the chloroplast genome assembly of V. floribundum (Created
with BioRender.com) based on the methodology described by Syme et al. (2021) for the assembly
of the chloroplast genome of Acacia pycnantha using long reads.
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Figure 2. Depth coverage graphs

The depth coverage graphs demonstrated how the assemblies were supported by the obtained reads; the y-axis represented the read
coverage while the x-axis represented the base position in the genome. a) Canu assembly depth coverage graph demonstrated an initial
stable coverage of the genome. A considerable increase in coverage can be seen around 10,000 pb and finally a significant decrease in
the coverage towards the end of the graph. b) Wtdbg2 depth coverage graph initially demonstrated a stable pattern until an increase in
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coverage around 10,000 bp and an equally drastic decrease around 140,000 bp. c) Flye depth coverage graph showed an inconsistent
pattern towards the beginning which then stabilized and subtly dropped towards the end of the graph. d) ptGAUL depth coverage graph
showed the most consistent coverage pattern out of all assemblers, showing no extreme changes in the coverage as the graph progressed.
e) The coverage graph of the published sequence demonstrated stable and uniform coverage throughout the entire sequence.
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a)

<)

Figure 3. Flye, ptGAUL, and V. floribundum published sequence assembly graphs

Bandage v.0.9.0 software was used to visualize chloroplast genome structures from gfa files provided by Flye and ptGAUL assemblers.
a) The Flye assembly graph demonstrated an unresolved genome due to the presence of ambiguous structures represented by segmented
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figures. Each colored section represents a different part of the genome that could not be arranged into a coherent structure, meanwhile
possible arrangements of these parts are represented by black connecting lines. b) The ptGAUL assembly graph demonstrated a resolved
genome structure with no ambiguous segments or alternative arrangements. c) The published V. floribundum assembly graph
demonstrated an unresolved structure with 3 main segments that can be ordered in different combinations.
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Figure 4. V. floribundum chloroplast genome structure

The following figure demonstrates the complete chloroplast genome structure of V. floribundum
including all annotated genes and characteristic structural regions (LCS, SSC, IRA, and IRB).
Genes represented on the inside of the genome are transcribed in a forward direction, while those
on the inside are transcribed in the reverse direction. Moreover, on the bottom left corner, a list of
gene functional groups is provided as a legend for the figure. Finally, AT and GC contents are
visualized by a light grey line in the inner circle and a dark grey area surrounding it.
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A total of 19 Vaccinium chloroplast genome sequences were compared using 2 Actinidia chloroplast genomes as outgroups to root the
phylogeny. The 3 newly published Vaccinium chloroplast genomes incorporated into the analysis were included into the following
sections: V. ashei in Cyanococcus (99% BS) and V. microcarpum and V. oxycoccos in Oxycoccus (100% BS). Finally, the phylogenetic
analysis suggests that V. floribundum is most closely related to V. myrtillus with a clade resolution of 85%.
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Figure 6. IR-Scope structural analysis of the chloroplast genome of V. floribundum compared to other Vaccinium chloroplast genomes

The IRscope structural analysis compared structural regions (LSC, IRB, SSC, and IRA) of 11 Vaccinium chloroplast sequences as well
as 7 genes (trnV, ccsA, trnL, rpl32, ndhF, psbA, and trnK) bordering the chloroplast regions. Genes located above the genome are coded
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in a forward direction, while genes located below the genome a transcribed in a reverse direction. A clear pattern was identified for all
Vaccinium chloroplast genomes. The main differences were found in both V. floribundum structures that showed a trn) gene further than
61 bp from the IRB border and the lack of a 7p/32 gene in the IRB. In both V. floribundum sequences the identified 7p/32 gene was found
within the SSC unlike other Vaccinium sequences. Moreover, small size variations of the IR and SSC regions were found between both
V. floribundum sequences.
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APPENDICES

Appendix 1. Vaccinium chloroplast genomes used as baits for Blasr plastid read extraction.
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Organism Accession Code
Vaccinium duclouxii MK816300.1
Vaccinium fragile MK816301.1
Vaccinium bracteatum LC521967.1
Vaccinium macrocarpon NC _019616.1
Vaccinium oldhamii MKO049537.1
Vaccinium uliginosum LC521968.1
Vaccinium vitis-idaea LC521969.1
Vaccinium japonicum MW006668.1
Vaccinium corymbosum SB MZz328079.1
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Appendix 2. Chloroplast genomes used for the phylogenetic and IR-scope structural analysis

of V. floribundum
Organism Accession Code

Vaccinium japonicum MW006668.1

Vaccinium ducbuxii MK816301
Vaccinium mandarinorum MW801356.1
Vaccinium fragile MK816301.1

Vaccinium bracteatum LC521967.1
Vaccinium oldhamii NC_042713.1
Vaccinium carlesii MW801354.1
usgjh:)c;rggjf: gte 2|0 ?2]833) Vaccinium angustifolium NC _068713.1
Vaccinium corymbosum* NC 068711.1
Vaccinium virgatum* NC_068712.1

Vaccinium corymbosumSB MZ328079.1

Vaccinium uliginosum* LC521968.1
Vaccinium macrocapon™ NC_019616.1

Vaccinium vitis-idaea* LC521969.1
Vaccinium myrtillus* NC_068715.1
_ Vaccinium ashei* NC_071868.1

(I:\IV?IV(\)I %E}ng{rggr:gfsgs Vaccinium microcarpum* 0Q865186.1
Vaccinium oxycoccos* 0Q865185.1
Chloroplast genomes Actinidia fluvicoma NC_051888.1

used to root the T

Actinidia rubus NC_053769.1

phylogeny

* Chloroplast genomes used for V. floribundum’s IRscope structural analysis
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Appendix 3. ptGAUL bioinformatic pipeline for long read plastid genome assembly (Zhou et

al., 2023)

Inital filtering

~ plastid Reference Genome

Mapped long reads

e Coverage checking

Filtered
coverage

o Genome assembly

LSC

55¢ R

fasta/.fa,
fastq/.fq,
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ONT or Pacbio data
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Map long read data
to a closely related
plastid reference genome

= Segkit

Extract all mapped
reads and filter reads
less than a certain length
(Default: 3000 bp)
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Determine if the
coverage of a dataset
is within 50x
(plastid data only)

A subset of 50x
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Is coverage (Assumed genome
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No
+ Y
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Yes
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-—> assembly.gfa.

Wi

De novo

3 edges

¥y
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genome

(M lly check
if the edge
number is not 3)
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> Path2.fasta

Assembled results
(Optional polish step
using fmlrc)




