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Abstract: Caffeine is a metabolite that plays an important role in coffee, influencing the
sensory and physiological effects of the beverage. With the extensive usage of C. arabica,
the Coffea genus has expanded into a diverse group. In contrast, caffeine-free coffee may
be found in Coffea humblotiana, which lacks the caffeine synthase gene. A comparative
investigation was carried out to determine the evolutionary relationship between the
variations in caffeine production among these three Coffea species: Coffea arabica, Coffea
canephora, and Coffea humblotiana. Phylogenetic analysis was used to determine the
relationship of these three species using the maturase K multiple sequence analysis and
the genome comparisons. Phylogenetic trees, maximum likelihood trees, and dot plots
show a consensus when using various workflows in Galaxy. The results show that C.
humblotiana has a closer evolutionary relationship to C. canephora compared to C.
arabica. In addition, the prospects of commercialization and GMO potential given its
unique characteristic of being caffeine-free should be further studied.
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1. INTRODUCTION

Almost everyone's daily ritual requires coffee,
and without coffee beans, coffee would still be able to
be made. The source of coffee, a coffee bean, is a seed
from the Coffea plant. It is the seed that is within the
purple or crimson fruit. This fruit, which has a pip like a
cherry, is frequently called a coffee cherry. The coffee
beans are called beans despite not being beans because
of their similarity to actual beans. Usually, the fruits
have two flat-sided stones inside of them.

Similar to all other plants, coffee beans too
have several types, each with a unique taste and
purportedly originating from distinct places. Most
people in the world consume C. arabica, which is one of

the most well-known coffee beans. Ethiopia is the
natural home of Coffea arabica, which possesses the
majority of the species' genetic diversity. Historians
think that coffee seeds were originally transported to
Yemen, where they were cultivated as a crop, from the
coffee woods of southwest Ethiopia. Farmers and
breeders have chosen and developed dozens of widely
cultivated varieties of Ara bi ca coffee from these early
plants, each with its distinct performance and
adaptation to regional circumstances. The primary seeds
carried from Ethiopia to Yemen were related to the
Bourbon and Typica varieties, according to recent
genetic testing. Originating in Yemen, descendants of
Bourbon and Typica migrated all over the world, serving
as the foundation for the majority of contemporary C.
arabica coffee plantations. Although C. arabica is the
most well-known kind of coffee bean, Coffea
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eugenioides is one of its ancestors. C. canephora is
native from Central Africa to Gulf of Guinea and
Uganda, within equatorial forests at elevations of 50 to
1500 meters above sea level. Compared to the previously
described coffee beans, Coffea humblotiana is a
lesser-known coffee bean. It is the only species of Coffee
native to the Comoro Islands. It was most likely eaten
and maybe even planted on Grande Comore, one of the
Mayotte archipelago's adjacent islands, however there is
still a dearth of information on this topic. Because of the
local agricultural area growth, this species is currently
considered endangered. Less than 110 trees are thought
to still exist on Mayotte Island, and it is unknown if
these trees can be found on the other islands in the
archipelago. C. humblotiana is a member of the 124
recognized species in the Coffee genus. Its natural range
includes tropical Africa, Madagascar, Comoros,
Mauritius, and the Reunion Islands. It also extends to
Australasia and southern and southeast Asia. Together
with other Madagascan Coffee species, it forms a sizable
monophyletic group that is predicted to be 11 times
larger than the African Coffee species.

Caffeine, being the most consumed stimulant in
the world and provided by coffee beans, is missing in
one of the Coffea species: Coffea humblotiana. A wild,
endangered species belonging to the Comoro
archipelago, has the unique feature of having complete
absence of caffeine in seeds and leaves (Raharimalala et
al., 2021). This absence is attributed to the lack of the
caffeine synthase gene, particularly the DXMT gene
responsible for the synthesis of theobromine, a
precursor of caffeine. This discovery poses the
possibility of utilizing CRISPR-Cas9 to knock out the
DMXT gene to produce caffeine-free coffee as discussed
in Leibrock et al.’s study (2022). Additionally,
investigating the reasons for loss of caffeine for Coffea
humblotiana could potentially branch into the many
ecological factors affecting this such as oxygen, heat,
predators, etc.

Conducting phylogenetic analysis to compare
the genetic relationships and evolutionary history of
Coffea humblotiana with other caffeine-containing
Coffea species, could shed light on establishing its
phylogenetics, and potential genetic factors underlying
the absence of caffeine in Coffea humblotiana. Insights
that stem from this can produce broad implications
beyond coffee production. The significance of this study
is that it may aid in better understanding caffeine
synthesis and its mechanism (Zhao et al., 2023).

Moreover, it establishes the genetic basis of presence
and absence of caffeine. This could also benefit the
agricultural aspects of coffee production wherein
various factors may be explored which affects the
caffeine content of the Coffea species, i.e., manipulating
caffeine content of coffee plants (Duygu Ağagündüz et
al., 2023). Economically, this research holds promise in
the coffee industry as it can provide information
towards optimizing caffeine content as this offers more
coffee varieties.

With understanding the need to investigate
upon Coffea humblotiana’s unique feature of not
producing caffeine, understanding its phylogenetic
history is crucial. The study investigates the
phylogenetic analysis of the species, focusing on gene
sequence comparison between Coffea humblotiana and
its related species, specifically, Coffea canephora and
Coffea arabica. By exploring its evolutionary
background, the study aims to identify the notable genes
concerning caffeine synthesis and pave the way for
caffeine content-manipulated coffee plants, a deeper
understanding of caffeine, and a more holistic Coffea
phylogeny. To accomplish this, the following objectives
will be addressed. Firstly, gather the gene sequences and
genomes of each species of Coffea humblotiana, Coffea
canephora, and Coffea arabica. Afterwards, analyze the
phylogeny of the gene sequences through various
workflows in Galaxy. Lastly, to identify the relationship
between the ancestry of the variations and the genomic
assembly between the species

2. METHODOLOGY

2.1 Data Retrieval

The sequences of Maturase K (matK) and
RefSeq genome assemblies from these specific Coffea
species; Coffea arabica, Coffea canephora, and Coffea
humblotiana were gathered from various papers through
NCBI GenBank.

Table 1. Retrieved matK sequences for phylogenetic
analysis

NCBI GenBank
Species Accession Number Author/Source

Coffea arabica OP321037.1 Tapaca, 2022
OP321036.1 Tapaca, 2022
OP321035.1 Tapaca, 2022
OP321034.1 Tapaca et al., 2022
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OP321033.1 Tapaca et al., 2022
OP321032.1 Tapaca et al., 2022
OP321031.1 Tapaca et al., 2022
OP321030.1 Tapaca et al., 2022
OP321028.1 Tapaca et al., 2022
OP321027.1 Tapaca et al., 2022

Coffea
canephora

AB973198.1 Nakagawa, 2014
AB973197.1 Nakagawa, 2014
MK722264.1 Panaligan et al., 2019
MK722263.1 Panaligan et al., 2019
MK722262.1 Panaligan et al. 2019
MK722258.1 Panaligan et al., 2019
MF350105.1 Zuniga et al., 2017
KC758282.1 Constantino, 2013
KC758283.1 Constantino, 2013
MK722259.1 Panaligan et al., 2019

Coffea
humblotiana

KJ815707.1 Kainulainen &
Bremer, 2014

Table 2. Retrieved NCBI/RefSeq reference genome
assemblies

NCBI Datasets
Species Accession Number Author/Source

Coffea canephora GCA_036785865.1 Coffee
Consortium,

2024
Coffea arabica GCF_003713225.1 Johns Hopkins

University, 2018
Coffea humblotiana GCA_023065735.1 Institut de

Recherche pour
le

Developpement,
2022

2.2 Molecular Evolutionary Genetics Analysis
(MEGA)

Due to the discrepancy in the difference of the

nucleotide sequence length of the matK gene of the C.
humblotiana data, in relation to the limitation of the
available data available on the available, credible
repositories (NCBI), the sequences were aligned via the
Molecular Evolutionary Genetics Analysis or MEGA to
create a multiple sequence alignment (MSA) via Muscle
alignment and deletion/trimming of the gaps and excess
ends.

2.3 Phylogenetic Analysis

Galaxy Australia (https://usegalaxy.org.au/) was
utilized for the phylogenetic analysis. A feature of the
Galaxy hub is the “Galaxy Training!” wherein online
training materials (e.g., tutorials and workflows) are
deposited and readily available. One of the features is
the GTN Pan-Galactic Workflow Search which is a
search browser within the Galaxy Training, allowing
access to publicly available workflows from all available
Galaxy servers spanning from UseGalaxy.eu,
UseGalaxy.org.au, UseGalaxy.fr., and WorkflowHub.eu.
Already existing phylogenetic analysis workflow was
then retrieved as a basis and customized according to
the available data. The resulting workflow is as follows:

Figure 1. UseGalaxy.au phylogenetic analysis
workflow

Workflow tools consist of MAFFT and ClustalW,
two different multiple alignment (MSA) programs for
sequences (amino acid or nucleotide), IQ-TREE, for a
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phylogenomic construction of an evolutionary tree from
the extracted MSA sequences, and Newick Display, for
the visualization of phylogenetic trees. However, the
study also utilized the use of iTOL (interactive tree of
life) (https://itol.embl.de/), a different website from
Galaxy which allows annotation and various displays for
the phylogenetic trees.

2.4 Genome Comparison
Genome comparison was performed using

Galaxy Australia. The Galaxy Australia method utilizes
a public workflow. The workflow involved the tool
‘Chromeister’, a pairwise chromosome comparison tool
for small and large-scale genomes.

Figure 2. UseGalaxy.au chromosome comparison
workflow

Two genome sequences in FASTA format are
compared to each other. The sequence of interest was
used as the query sequence and was compared to the
reference sequence, which was determined to be Coffea
humblotiana. The workflow will generate a comparison
dot plot, detected events dot plot, and comparison
score.

3. RESULTS AND DISCUSSION

Coffea arabica and Coffea canephora
(Robusta) are the two primary coffea species cultivated
in the coffee market worldwide. The global trade is

significantly divided between the two species, with C.
arabica at 60% and the remaining 40% attributed to the C.
canephora (Robusta) (Davis, et al. 2019). Coffea arabica
is described to have a more flavor profile with variations

in the scented notes and aroma, while Coffea canephora
(Robusta) is more known for its succinct bitterness
(Wang et al., 2020). Moreover, a distinct difference
between the two lies as well on its growth and
cultivation such as the required elevations and
temperature for the respective species’ growth, hence a
trade-off between the qualities in consideration for the

global market. Coffea humblotiana or also referred to as

“Caféier de Humblot” is a Coffea species endemic to the
Comoro archipelago in Africa, it is one of the recorded

caffeine-free Coffea species alongside, Coffea
pseudozanguebariae found in Kenya, and the Coffea
charrieriana found in Cameroon, all of which are found

in the African continent. Coffea humblotiana particularly
was studied due to the lack of identified caffeine
synthase genes (Raharimalala et al., 2021).
Unfortunately, the International Union for Conservation
of Nature (IUCN), as of its latest assessment (2017),

Caféier de Humblot is categorized as an “endangered”
species under the criteria B1 ab(iii,v) (Chadburn &
Davis, 2019). Such that limited data and documentation
(e.g., data in repositories) are available for public use.

3.1. Phylogenetic Analysis

Figure 3. MAFFT MaxLikelihood Tree visualized via

iTOL (Mode: branch lengths = off) (C. canephora
identified in blue, and C. arabica in red)
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Figure 4. ClustalW MaxLikelihood Tree visualized via

iTOL (Mode: branch lengths = off) (C. canephora
identified in blue, and C. arabica in red)

Both alignment tools, MAFFT and ClustalW
were able to show similar phylogenetic relationships as

evidenced by the separation of the C. canephora clade

and the C. arabica clade as visualized in Figures 3 and 4.
In both analysis, the evolutionary relation remained the

same wherein, C. arabica samples have diverged from

the C. canephora lineage which is expected as the C.
arabica is a result of a polyploidy mutation,

allotetraploid from its progenitors, C. canephora and C.
eugenioides (Charr et al., 2020). C. humblotiana
(KJ815707.1) exhibited a closer phylogenetic

relationship towards the C. canephora clade,
particularly with sample MF35015.1, observed in both
topologies. From the results, no significant differences
between the clades were observed aside from the

difference in the evolutionary lineage of some of the C.
canephora samples which can be attributed with the
difference in the algorithmic properties of either tools.
Further assessments were made in relevance via
genomic comparison.

3.2. Chromosome Comparison

Figure 5. Dot plot and Comparison Score for Coffea
arabica and Coffea humblotiana

Figure 6. Dotplot and Comparison Score for Coffea
canephora and Coffea humblotiana

Pairwise genome comparison was performed

between the genomes of C. arabica and C. canephora
with C. humblotiana as the reference genome sequence.
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C. humblotiana and C. canephora yielded a score of

0.292 while C. humblotiana and C. arabica yielded 0.759.
A score of 0 indicates similarity whilst the score of 1 or
approximately 1 indicates high to absolute similarity
(Pérez-Wohlfeil et al., 2019); higher collinearity between

the genome sequence of C. canephora and C.
humblotiana, lower collinearity between C. arabica and

C. humblotiana. The results further support the earlier
phylogenetic analysis via maximum likelihood tree

wherein, C. humblotiana is closer in relation to C.
canephora, implying a properly conserved synteny
between the two species.

In addition, the dot plot for C. canephora
appears to have a mostly continuous match. There are
some frameshift mutations present with the gaps within
various parts of the figure. Lastly, there are inverted
repeat sequences, represented by the lines going in the
opposite direction. This could indicate the presence of
complementary inverted repeats. In comparison, the dot

plot for C. arabica shows a lot of frameshift insertions
and mutations.

The production of GMO or Genetically
Modified Organisms generally incorporates the process
wherein it is initiated through the identification of a
target gene of interest to be isolated and constructed
with the chosen recipient genome. Hybridization also
follows the same processes which leans more towards
the amplification of a target gene. However, in
propagating a possible new variant/cultivar or GMO with
a decaffeinated status in mind does not follow the same
process. Instead of amplification of a target gene, the
ideal application is through the utilization of knock-out
methods in gene suppression or simply, removing the
gene region that transcribes for the required biological
compounds, a good example of this technology is the
CRISPR/Cas9 genome editing technology (Movahedi et

al., 2023)1. The caffeine biosynthesis of the Coffea
species requires the presence of several genes which
generally code for the enzymes, specifically the NMT
genes (N-methyltransferases). The absence of these

genes in the C. humblotiana is the reference in regards
to a possible, feasible, knock-out application
(Raharimalala et al., 2021). A comparison between a well
conserved reference and query genome can offer to shed

some light on the said application especially on possible
after-effects or challenges. While the advancements in
molecular technology continue to update, challenges in
relation to its effects in the long run continue to plague.
Concerns regarding a potential off-target application
resulting in an unwanted mutagenesis; unwanted
alteration may affect the product not only in regards to
its quality but possibly affect the development of the
GMO product as a whole (Movahedi et al., 2023). As
such, biosafety concerns as well as the social-perception
are important factors to be considered as well, besides
the biological data.

4. CONCLUSIONS

The phylogenetic analysis of matK sequences
and comparative genomics of various Coffea species
with C. humblotiana has exhibited results that there is
a close ancestry between C. humblotiana and C.
canephora. However, since there is a limitation to the
availability of matK sequences for C. humblotiana,
further sequencing, and available data in the future
could indicate a more detailed phylogenetic
relationship within these species.

Knowing the limitation of only using genomes
for phylogenetic analysis, it is highly recommended for
future studies to isolate its RNA and the desired gene
sequences related to caffeine synthase. Conducting
RNA-Seq on C. humblotiana, for example, would allow
for a more complete examination of its genetic
expression and pathways. Furthermore, not only does
it provide valuable data on this wild species, but it also
offers the potential to fully understand the reasons for
its unique property of caffeine absence and to
successfully compare it with other species for a more
comprehensive phylogenetic analysis. With that in
mind, C. humblotiana presents itself as feasible as an
ideal GMO for commercialization when given further
studies with the lack of genes for caffeine biosynthesis.
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