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Abstract

Background Key discoveries and innovations in the field of human genetics have led to the foundation of molecular
and personalized medicine. Here, we present the Genome Tunisia Project, a two-phased initiative (2022-2035) which
aims to deliver the reference sequence of the Tunisian Genome and to support the implementation of personalized
medicine in Tunisia, a North African country that represents a central hub of population admixture and human migra-
tion between African, European, and Asian populations.

The main goal of this initiative is to develop a healthcare system capable of incorporating omics data for use in routine
medical practice, enabling medical doctors to better prevent, diagnose, and treat patients.

Methods A multidisciplinary partnership involving Tunisian experts from different institutions has come to discern all
requirements that would be of high priority to fulfill the project’s goals. One of the most urgent priorities is to deter-
mine the reference sequence of the Tunisian Genome. In addition, extensive situation analysis and revision of the edu-
cation programs, community awareness, appropriate infrastructure including sequencing platforms and biobanking,
as well as ethical and regulatory frameworks, have been undertaken towards building sufficient capacity to integrate
personalized medicine into the Tunisian healthcare system.

Results In the framework of this project, an ecosystem with all engaged stakeholders has been implemented includ-
ing healthcare providers, clinicians, researchers, pharmacists, bioinformaticians, industry, policymakers, and advocacy
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groups. This initiative will also help to reinforce research and innovation capacities in the field of genomics

and to strengthen discoverability in the health sector.

Conclusions Genome Tunisia is the first initiative in North Africa that seeks to demonstrate the major impact that can
be achieved by Human Genome Projects in low- and middle-income countries to strengthen research and to improve
disease management and treatment outcomes, thereby reducing the social and economic burden on healthcare
systems. Sharing this experience within the African scientific community is a chance to turn a major challenge

into an opportunity for dissemination and outreach. Additional efforts are now being made to advance personalized
medicine in patient care by educating consumers and providers, accelerating research and innovation, and support-

ing necessary changes in policy and regulation.

Keywords Tunisian reference genome, Precision medicine, Human genomics, Socio-economic impact, Data sharing,
Government support, Health economics, Biobanking, Care pathway, Cost-effectiveness

Background

The first complete human genome released 20 years
ago led to several achievements beyond what scientists
thought possible. Currently, about 30 million people
worldwide have had their genomes sequenced [1]. This
remarkable progress hides large inequalities between
populations. Actually, it is estimated that about 78% of
available human genome data is from individuals of Euro-
pean ancestry, and only 2% is from African origin [2]. The
UK stands out as a country that offers genome sequenc-
ing as part of routine care with a perspective of analyzing
500,000 genomes by 2023/24, while the USA ambitions,
with the Precision Medicine Initiative (PMI) launched
by President Obama in 2015, is to sequence over 1 mil-
lion genomes by 2025 (https://allofus.nih.gov/) to move
to healthcare delivery and to tailor treatment and preven-
tion strategies. Additional initiatives from Estonia, Singa-
pore, Qatar, Denmark, China, and France took place and
provided insightful outcomes [3].

Although African populations have the highest level of
ethnic diversity, with over 3 million unique genetic vari-
ants that have been recently discovered and have never
been reported before [4, 5], they still remain consistently
understudied [2].

Completed in 2015, the 1000 Genomes Project [6] is
one of the most comprehensive genomics initiatives to
date by sequencing 2054 genomes of individuals from
26 populations in Africa, East Asia, Europe, South Asia,
and the Americas [7]. The African Genome Variation
Project launched in 2015 also allowed the assessment
of the genetic diversity among 1481 individuals from
18 ethno-linguistic groups in Sub-Saharan Africa and
released whole-genome sequences (WGS) of 320 Afri-
cans [8].

Additionally, a major advance in African genomics
knowledge has been made through the Human Hered-
ity and Health in Africa (H3Africa) initiative, which
was launched in 2010 and funded by the US National
Institute of Health (NIH) and the UK’s Wellcome Trust

in partnership with the African Society of Human
Genetics for a period of 10 years to support genomics-
oriented research projects [9, 10]. H3Africa allowed to
sequence 350 whole genomes at high coverage plus 160
at medium coverage from African individuals [4, 11].
All genomic data generated by the H3Africa projects
are available in the H3Africa Data and Biospecimen
Catalog (https://catalog.h3africa.org/), which currently
contains 23 datasets and 23,421 biospecimens from 16
large studies, and are accessible through a request to
the H3Africa Data and Biospecimen Access Committee
(DBAC).

However, North African populations are among the
most understudied African populations, with no data
available on WGS for individuals from Tunisia, Algeria,
and Mauritania, while very few are available for individu-
als from Morocco, Libya, and Egypt [12-16]. Thereby,
there is an urgent need for genomic data generation in
North Africa, not only to elucidate questions related to
its population history but also to understand the involve-
ment of the genetic variants in human diseases and to
pave the way for precision medicine.

The Genome Tunisia Project was therefore launched
in 2019 to set up the reference sequence of the Tunisian
Genome and to implement personalized medicine in
Tunisia.

The main goal of this initiative is to develop a health-
care system capable of incorporating genomic informa-
tion for use in routine medical practice and in pandemic
settings. Indeed, genomic analysis has already been
integrated into Tunisia’s healthcare system since 2005.
However, this approach lacks systematic and organized
implementation. In addition, access to high throughput
sequencing technologies remains limited. The lack of
data on the Tunisian reference genome makes the exist-
ing activity less reliable. The Genome Tunisia Project
aims to address these gaps by structuring genomic anal-
ysis activities, making it more accessible, efficient, and
sustainable.
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With the support of the Ministry of Health, a multi-
disciplinary network of Tunisian experts from universi-
ties, research and clinical centers, university hospitals,
industry, and civil society, called the Genome Tunisia
Collaborative Alliance (GTCA), has been constituted.
Extensive situation analysis has been undertaken to guide
the establishment of an appropriate ecosystem towards
building sufficient capacity to effectively integrate preci-
sion medicine and genetic diagnostics into the Tunisian
health system [17]. The Genome Tunisia Project seeks
thereby to demonstrate the major impact that can be
achieved by combining population sequencing and gen-
otyping programs to improve disease management and
treatment outcomes and to reduce the socio-economic
burden on healthcare systems in Tunisia and in other
African populations. The Genome Tunisia Project has
been recently included in the Tunisian finance law (2023)
with a dedicated budget and financial support from the
Tunisian Government represented by the Tunisian Min-
istry of Health.

Genome Tunisia Project: context and overview

of the Tunisian health system

Tunisia, the northernmost country in Africa, is situated
in a strategic position at the heart of the Mediterranean
basin and the cross-road between Europe, the Middle
East, and Africa.

The analysis of the historical and cultural context of
the Tunisian population has led to conclude that the
current population is composed of a mixture between
an indigenous Berber majority, a relatively large Arab
contribution, a less important Mediterranean contri-
bution including a Spanish and Italian backgrounds,
with a very small, relatively recent, sub-Saharan Afri-
can contribution [18, 19]. This heterogeneity is mainly
explained by the migratory waves of allogenic popula-
tions and various civilizations including Phoenicians,
Vandals, Romans, Arabs, Ottomans, and finally French
during the protectorate period from 1881 to 1956 [20,
21]. The particular structure of the Tunisian population
is also due to a relatively high rate of consanguinity that
has an impact on the incidence of monogenic as well as
polygenic diseases.

Yet within the Middle East and North African
(MENA) region, Tunisia is characterized by the
improvement of its health indicators. According to
the most updated World Bank’s data, Tunisia has the
highest life expectancy at birth with an increase of
22.25 years over the last four decades [22]. The decline
of the infant mortality rate is the most important pro-
gress achieved, decreasing from 80 per thousand in
1980 to 11 per thousand in 2023 (https://data.world
bank.org/indicator/SP.DYN.LE0O.IN?]locations=TN).
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This success can be partially attributed to the relatively
strong national health system. Indeed, the Tunisian
healthcare system is closely monitored by the Ministry
of Health and supported by several public institutions
including the National Laboratory for Drug Control,
the National Center of Pharmacovigilance and the Cen-
tral Pharmacy of Tunisia. Additional institutions are
also playing a crucial role in the health system includ-
ing the National Authority for Evaluation and Accredi-
tation in Health (INEAS) and The National Health
Insurance Fund (CNAM) (http://www.santetunisie.rns.
tn). Moreover, Tunisia had built a robust infrastructure
for primary healthcare over the past 50 years, as a vital
framework to foster care and commitment at the com-
munity level aiming to reduce health inequities [23].
In addition, remarkable progress in the biomedical
research field was observed through building capaci-
ties and reinforcing infrastructure. Consequently, the
comprehensive Tunisian health profile shifted by a
significant decrease in the prevalence of communica-
ble diseases and an increase of the non-communica-
ble diseases (NCDs) burden such as genetic disorders
[23]. According to the 2016 report of the World Health
Organization (WHO), NCDs in Tunisia were respon-
sible for 86% of all causes of death (49% from cardio-
vascular diseases, 12% from cancer, 5% from chronic
respiratory diseases, and 5% from diabetes) and for
16% of premature deaths between 30 and 70 years [24].
Therefore, genetic diseases are increasingly recognized
as a real public health challenge in Tunisia, explaining,
in part, the number of studies published during the last
three decades on Tunisian disease cohorts as well as
those from neighboring countries. These studies iden-
tified genes involved in human Mendelian diseases, in
particular those with a recessive mode of inheritance.
The availability of next-generation sequencing (NGS) at
a relatively accessible cost has accelerated the molecu-
lar and genetic investigations of these conditions and
allowed to improve the diagnosis of other chronic dis-
eases such as cancer [25], cardiac diseases [26-—28]
monogenic forms of diabetes [29], and several other
hereditary and genetic disorders.

So far, Tunisia has four public medical genetics cent-
ers, in “Charles Nicolle Hospital (CNH)” in Tunis,
in “Mongi Slim Hospital” (MSH) in La Marsa, in
“Farhat Hached Hospital” (FHH) in Sousse, and
in “Hedi Chaker Hospital” (HCH) in Sfax, with two
private medical genetics laboratories that offer genetic
diagnoses services [30]. These medical genetics cent-
ers are very well connected to two main biomedi-
cal research centers namely Institut Pasteur de Tunis
(IPT) in the North and the Center of Biotechnology
of Sfax (CBS) in the South. Researchers and medical
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doctors from these centers are also affiliated to medi-
cine and science faculties in the different Tunisian
regions as part of their academic activities and also
to keep the intersectoral connections within these
institutions.

With the introduction of targeted therapies, and
the development of molecular tools, genomic testing
became one of the most powerful tools of cutting-edge
healthcare investigations that can improve patient out-
comes in Tunisia [31]. Consequently, Tunisian medi-
cal geneticists and researchers recognized the urgent
need to scale up genomic research to the next level
and translate research findings into tangible benefits
in the clinical settings. This required a comprehensive
national strategy that carefully takes into account the
specific local context. These reflections led to launch-
ing a genomic-based population project called Genome
Tunisia that has the potential to fulfill these main
priorities.

Methods

Genome Tunisia Project: goals and vision

In 2019, a wide public debate started in order to estab-
lish a national strategy for a Tunisian Human Genome
Project. It resulted in setting up a consortium called
The Genome Tunisia Collaborative Alliance (GTCA).
GTCA is a multidisciplinary team including highly

Genome Tunisia Project
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experienced as well as young scientists, research-
ers, and medical doctors from different fields such as
human genomics, anthropology, medical genetics, bio-
informatics, biostatistics, pathology, molecular biology,
ethics, and cytogenetics.

The original goal of the Genome Tunisia Project is
to generate the reference sequence of the Tunisian
genome and to identify genetic variations specific to the
Tunisian population in order to improve genetic test-
ing services and progressively implement personalized
treatments. Subsequently, the Genome Tunisia Project
exceeded its initial set of goals to reach additional aims
(Fig. 1) including: (1) strengthening public health sys-
tem, (2) reinforcing research system and capacity build-
ing, and (3) socio-economic development.

The Genome Tunisia Project has then been divided
into two phases with a first 2-year pilot phase (Fig. 2A)
structured into five milestones starting from (M1) get-
ting appropriate ethical and regulation approvals to
(M2) sample collection, (M3) sequencing of a small
sample set as a pilot phase, (M4) performing data
analysis, and finally (M5) sharing the results with the
community. The first phase (2022-2024) will then be
followed by a 10-year second phase (2025-2035) which
will lead to the implementation of precision medicine
in Tunisia (Fig. 2B). This second phase is formed by
12 task forces (TF) that are pivotal for the long-term

eGenomic Surveillance of Pandemics
*Setting up a genomic database of common
and complex diseases

eImplementation of pharmacogenetics and
oncogenetics in health services for routine
o4 drug prescription

*1’ ["eCharacterization of the genomic architecture of
the Tunisian population
e|dentification of novel genetic variants specific

to the Tunisian population

e|dentification of novel therapeutic targets

*Providing better predictive, diagnostic and
therapeutic management
sAllowing equality and equity for access to
healthcare
eEconomic Impact

Fig. 1 Main goals of the Genome Tunisia Project (2022-2035). The Genome Tunisia Project has three main aims (1) strengthening public health
system, (2) reinforcing research system and capacity building, and (3) socio-economic development. Each of these aims is divided into specific goals
including identification of genetic variants specific to the Tunisian population, implementation of pharmacogenetics and oncogenetics in routine
medical care, discovery of novel therapeutic targets, and enabling equality and equity for access to medical care
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A. Phase 1(2022 - 2024)

Draw up the reference sequence of the Tunisian genome by sequencing around
100 healthy Tunisian individuals

S
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|
|

Milestone 1 Milestone 2 Milestone 3 Milestone 4 Milestone 5

Etg{ics Sampling S ) Data Analvsi Valorisation
equencing ata Analysis (Publications,  data
Governance sharing "EGA" and
make use of data, fund

raising)
February - November 2022 C August 2023 - September 2024 ) " December 2024
Hackathon (10 days) National & International
meetings

B. Phase 2 (2025 - 2035)

Ethics, Legal Social
TF1 Implications (ELSI)

Fundraising and
Sustainability TF11

o\. Y ’ - . Tunisia Biobank

Monitoring and ;' . i Education and
Evaluation  TF10 @ Proll:gf‘:::?s'( . Training

Science, Society and TF9 9 4 ; Facilities and

Economy Infrastructure

Genomics Precision Medicine
Entrepreneurship TF8 TFGand Clinical Translation

TF7 R&I and Digitalisation

Fig. 2 Main milestones and task forces of the Genome Tunisia Project (2022-2035). A Phase 1—Milestones and timelines. Milestone 1: ethical
and regulation approvals; milestone 2: sample collection; milestone 3: whole-genome sequencing; milestone 4: data analysis; milestone 5: results
sharing. B Phase 2—Twelve task forces are planned for the second phase of the Genome Tunisia Project (TF1 to TF12)

sustainability of the project covering several fields Ethics and regulation approvals

including ethical legal and social implications, biobank- ~ The research protocol describing the background,
ing, training, genomic entrepreneurship, health eco- rationale, objectives, study design, methodology, and
nomics, and digitalization (Additional file 1). the ethical considerations relating to the study was
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submitted to the Biomedical Ethics Committee of
Institut Pasteur de Tunis (CEBM) for evaluation. Ethi-
cal approval according to the Declaration of Helsinki
Principles was obtained after addressing the reviewers’
comments (reference: 2021/31/1/V2). Moreover, the
other institutional ethics committees of the research
centers, hospitals, and institutions belonging to the
GTCA consortium have been consulted and letters of
support were also obtained to conduct the Genome
Tunisia Project from the participating entities.

In order to ensure that the study is in compliance
with the national data protection regulations, the pro-
ject was also submitted to the Tunisian Regulatory body
on Personal Data protection called “Instance Nationale
de Protection des Données Personnelles (INPDP)” for
review and approval.

After obtaining approval from both ethical and regu-
latory organizations (CEBM and INPDP), sample col-
lection was planned and written informed consents
were obtained from all participants before sample
collection.

Sample collection
Blood samples were collected from the general popu-
lation in three main regions of Tunisia: Tunis, Sousse,
and Sfax, representing the Northern, Central, and
Southern regions of the country. Sample collection
and info days have been organized in these regions to
ensure a faithful representation of the whole Tunisian
population and all ethnic groups. The sampling process
and the geographical distribution of the participants
are illustrated in Additional file 2: Fig. S1.

A combination of stratified and purposive sampling
was used. Participants were enrolled in the study on the
basis of the following inclusion and exclusion criteria:

Inclusion criteria

(1) Healthy individuals

(2) Unrelated participants (to capture the diversity of
the population given the high consanguinity rates)

(3) Participants representing the general Tunisian pop-
ulation and from different ethnic groups

(4) Signed consents

(5) Participants who provided a minimal phenotypic
data set.

Exclusion criteria
(1) Non-Tunisian participants

(2) Age<18years old
(3) Vulnerable population
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In the current study, the vulnerable population
includes pregnant women, elderly individuals, and indi-
viduals with mental illness or developmental disabili-
ties. In Tunisian national ethical rules, these vulnerable
populations should be excluded in the case where their
participation is not mandatory in the research studies in
order to respect their physical and mental health status
and their self-identification and to avoid any potential
side effects.

For all participants included in the study, face-to-face
questionnaires have been filled with demographic data
including age, sex, language, lifestyle, ethnicity, marital
status, socio-economic status, and as a detailed family
medical history. The questionnaire consisted of open-
ended questions in both Arabic and French languages.
The questionnaires, as well as the collected samples, were
anonymous and systematically stored in a coded clinical
record form in order to guarantee participants’ personal
data protection.

Phenotypic data collection

Phenotypic data collection in genomics research
encompasses social, environmental, phenotypic, epide-
miological, and clinical aspects that need to be aligned
with genomic data. In biomedical research projects,
case report forms (CRFs) are employed for gather-
ing primarily clinical and phenotypic data to ensure
precise, efficient, and consistent data collection, lead-
ing to high-quality, dependable data, and trustworthy
research outcomes.

In order to follow the recommendation of using well-
established data collection standards, Genome Tuni-
sia CRF was developed using RedCap CRFs established
in the H3ABioNet Core Phenotypes Standards project
(https://www.h3abionet.org/images/DataAndStandards/
DataStandards/H3ABioNet_StandardCRF_Guidelines_
20180907_Version_1.2.pdf). The used CRF was adapted
to the specific data collection method and to the Tunisian
context (Additional file 3). Experts in the field, compris-
ing both genetic researchers and medical geneticists with
prior involvement in genomic research, were consulted
to review the proposed CRFs.

DNA extraction

Genomic DNA was automatically extracted from whole
blood samples collected during the first phase of the pro-
ject using QIAamp DNA Blood Mini Kit (Qiagen) on the
QIAcube, according to the manufacturer’s instructions.
For genomic DNA Quality Control, concentration and
purity were determined using the DeNovixTM DS-11-FX
and the Thermo Scientific NanoDrop 1000 UV/VIS
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spectrophotometers. Genomic DNA integrity was veri-
fied by means of agarose gel electrophoresis.

Sequencing platforms

So far, sequencing facilities have been implemented in the
main public institutions of Tunisia including two medi-
cal genetics centers (CNH, FHH) as well as two research
centers (IPT, CBS) belonging to the Genome Tunisia
Project and affiliated to both ministries of Health and of
Higher Education (Fig. 3). These facilities include a Next-
Seq 550, iSeq 100, NextSeq 1000, and two MiSeq plat-
forms located in the North, Central, and South of Tunisia
in order to cover the sequencing needs of the whole
country. Additional sequencing facilities are installed at
the participating institutions such as Hedi Chaker Hos-
pital and Faculty of Sciences of Tunis (Fig. 3). In its first
phase, Genome Tunisia aims to sequence 100 whole

Institut Pasteur,
Tunis

Charles Nicolle
Hospital, Tunis

Faculty of Medicine,
Sfax

Center of Biotechnology,
Sfax
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genomes as a pilot phase of the project with an ultimate
goal to reach 10,000 WGS from the Tunisian population.
To do so, the implementation of a national sequencing
platform with a Novaseq X machine for large-scale whole
exome and whole-genome sequencing is well underway.

Ethical legal and social implications

Genome Tunisia, as all Human Genome projects, faces
challenges, with ethical, legal, and social issues. These
have been and will be addressed at different levels with
appropriate tools and measures. A DBAC has been
established to control biospecimen and data sharing
according to national ethical guidelines and respect of
privacy and consent to ensure equitable benefits and
access to genomic data for all stakeholders. The data
collected during the project, besides their contribution
to capacity building in genomics and bioinformatics,

Faculty of

Medicine, Tunis

Faculty of
Sciences, Tunis

Monji Slim
Hospital, Tunis

Farhat Hached
Hospital, Sousse

Higher Institute of
Biotechnology, Monastir

Hedi Chaker Hospital,
Sfax

Fig. 3 NGS platforms installed in public institutions, members of the Genome Tunisia Project located in the Northern, Central, and Southern regions

of the country
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will facilitate the implementation of personalized medi-
cine. The involvement of all stakeholders and decision
makers (Ministry of Health and Ministry of Scientific
Research and Higher Education) as partners in the pro-
ject will maximize its benefit to the population without
any discrimination. Moreover, drawing upon the expe-
rience of the H3Africa ELSI project (Rufus O. Akiny-
emi et al. 2021), several other contextual intervention
tools and practices will be developed to address ethi-
cal, legal, and social issues. This includes education
and training programs to strengthen the competences
of researchers and health professionals, genomics, and
precision medicine community awareness programs to
enhance public understanding of genomics and preci-
sion medicine and also the development of informative
and training videos to improve genomic and precision
medicine literacy.

Results

Data infrastructure

As previously stated, one of the major goals of the
Genome Tunisia Project is to reinforce the public
health system through strengthening existing infra-
structure and building capacities. To fulfill these
goals, it was essential to evaluate the readiness level
for implementing such an ambitious project and par-
ticularly to generate, manage, and analyze large-scale
genomics data, including the reference sequence of
the Tunisian population. An exhaustive and detailed
catalog of existing wet labs, bioinformatics infrastruc-
ture, and human resources available in the different
research and clinical centers involved in the project
was prepared.

Indeed, information related to available bioinformat-
ics and computational biology infrastructure for omics
data analysis and data science has been gathered from
each participating center. It included the available num-
ber of machines/servers and their corresponding capac-
ities in terms of cores, central processing units (CPUs),
random access memory (RAM), storage, as well as the
availability of Internet connection, the bandwidth, and
the backup. Among participating centers, Institut Pas-
teur de Tunis is equipped with an institutional high-
performance computing (HPC) SLURM-managed
cluster that will be used to analyze the first batch of data
generated in the framework of this project. This lat-
ter comprises a centralized infrastructure designed for
robust computational tasks. It includes a head/master
node, managing operations across the network. Sup-
ported by five computing nodes, this cluster ensures
parallel processing capabilities, enhancing efficiency
and speed. Additionally, a dedicated high-memory node
(750 GB, 128 GPU cores, and 272 CPU cores) facilitates
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memory-intensive processes. For data management, the
cluster provides around 100 TB of storage alongside a
backup server of equal capacity, ensuring data integ-
rity, and accessibility. This setup is supported by two
data center switches, optimizing network connectivity
and data flow within the cluster. In addition, the Center
of Biotechnology of Sfax includes a data infrastructure
dedicated to NGS data analysis and storage and recently
DRAGEN servers were installed in two hospitals par-
ticipating in this project, Charles Nicolle and Farhat
Hached Hospitals. Moreover, two additional data cent-
ers, Al Khwarizmi and the health data center, have been
also put in place by the Tunisian Ministry of Higher
Education and Scientific Research and the Tunisian
Ministry of health, respectively.

For the second phase of sequencing, there are ongo-
ing plans to establish a national platform dedicated to
sequencing and data analysis equipped by high through-
put sequencers and HPC clusters to effectively manage
the increasing volume of data expected to be generated
within the project.

In addition, experienced scientists in the different cent-
ers (engineers, system administrators, bioinformaticians,
computer scientists, data scientists, etc.) were identified
and are mainly involved in organizing regular training
activities in the participating centers.

Data analysis team

Given that a Human Genome Project requires highly
skilled human resources, a “Data Analysis Team” was
created to handle genomics data that will be generated
in the framework of the Genome Tunisia Project. The
team members were selected based on a survey that was
designed to evaluate data analysis skills of existing human
resources. The survey includes questions on Linux com-
mands, Genome assembly pipelines, Conda environ-
ment, and the use of HPC clusters. Thirty-two members
responded to the survey and 20 members were selected.
Moreover, as Genome Tunisia is a national project sup-
ported by the Tunisian Government, the Tunisian Minis-
try of Health in cooperation with the Ministry of Higher
Education and Scientific Research has recently provided
15 permanent positions in different specialties including
bioinformatics. The newly recruited bioinformaticians
have already joined the Genome Tunisia Data Analysis
Team. Additional bioinformaticians will be hired soon to
reinforce other public health institutions. The first batch
of data will be generated in May 2024 and will be ana-
lyzed before September 2024.

We intend to conduct population genetic studies to
first investigate the genetic landscape of the Tunisian
population by dressing up haplotypes and identifying
the structure and admixture component of the Tunisian
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population. Different bioinformatics tools (R packages,
ADMIXTURE, etc.) will be employed for this analysis
to make use of the generated data in order to bring new
insights on the genetic diversity of our population. We
will also compare the genetic architecture of the Tuni-
sian population to that of other neighboring populations
as well as European and SubSaharan populations, using
suitable bioinformatics tools. In addition, we will inte-
grate anthropological and historical data with genom-
ics to comprehensively characterize the genetic ancestry
and the diversity of the Tunisian population. This will
help guide personalized medicine interventions by taking
into account the unique genetic makeup of the Tunisian
population.

Genome Tunisia’s Data and Biospecimen Access
Committee: the GTCA DBAC

Because of their sensitive nature, all the data that will be
generated in the framework of the Genome Tunisia Pro-
ject will be stored in a national portal and secured with
controlled access that will be granted by the GTCA-
DBAC. The biospecimen or data access requests (abbre-
viated BAR or DAR, respectively) will be evaluated by an
independent committee, named data (and biospecimen
if relevant) access committee (DAC or DBAC, respec-
tively). The DACs/DBACs evaluate and then grant or
decline access to data, after examination of the DAR/BAR
in compliance with national and international guidelines.

The GTCA DBAC was established in December 2022,
with its composition and data access guidelines adapted
from the H3Africa project (H3Africa Data and Biospeci-
men Access Committee Guidelines, April 2020, retrieved
from App-D-H3Africa-Data-and-Biospecimen-Access-
Committee-Guidelines-2020-.pdf).

The GTCA DBAC is formed by eight members with
relevant expertise in different fields including biobank-
ing, data analysis, genomics, ethics, law, anthropol-
ogy, and patient advocacy. The first DBAC meeting was
held on March 2, 2023, to schedule the annual meeting
plan and discuss specific issues on evaluation criteria of
requests.

NGS analyses and care pathway

The previously mentioned achievements of the Genome
Tunisia Project in its first phase in reinforcing data and
sequencing infrastructure bring us to establish a “patient
care pathway” for genetic testing. Indeed, genetic coun-
seling is a complex task that involves not only patient
management but also their families, by offering risk
assessment, diagnosis, and predictive testing. In addi-
tion, it includes pre-analysis, analytical, and post analy-
sis phases which involve several actors namely, medical
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geneticists, molecular biologists, laboratory technicians,
and bioinformaticians.

Several brainstorming meetings with the different
stakeholders were organized to come up with prelimi-
nary proposals of the following care pathway (Fig. 4) that
goes from the test indication to the delivery of the clinical
report by specifying the role of the different specialists at
each phase:

The pre-analysis phase starts by the prescription of an
appropriate genetic test by a medical specialist, accord-
ing to the patient’s clinical data and family history. Then,
patients will be referred to one of the medical genet-
ics departments in the different Tunisian hospitals. The
medical geneticist will draw up a detailed pedigree and
validate the prescribed genetic test (gene panel or clini-
cal exome). When whole-exome sequencing (WES) or
whole-genome sequencing (WGS) analyses are required,
this decision will be made within a multidisciplinary con-
sultation meeting, involving the molecular biologist and
the medical specialist. The medical geneticist will inform
the patient of the purpose of the analysis, the limitations
of the technique, the risk of identifying incidental find-
ings, and the potential consequences of a positive result.
The patient must give his/her written consent before
genetic examination. Finally, a blood, liquid biopsy, saliva,
or a tissue sample will be collected depending on the pre-
scribed test.

The analytical phase of the genetic testing includes the
design and validation of the test, the technical validation,
data analysis, and data interpretation. While the design
and validation step are done under the supervision of the
medical geneticist and the molecular biologist, the DNA
extraction, library preparation, and sequencing steps will
be performed by the laboratory technician under the
supervision of a bio-engineer. The bioinformatician will
ensure data analysis and processing as well as the tech-
nique validation. The medical geneticist and the molecu-
lar biologist will ensure the variants interpretation and
may, if needed, review the technical validation step. Once
a potential disease-causing variant has been identified,
additional analysis may be performed to confirm the
finding and to determine the clinical significance of the
identified variation.

To harmonize data analysis and to ensure a consistent
interpretation of results, FASTQ files generated from
sequencing in existing facilities will be transferred to
a central data center equipped with high-performance
computing clusters. At this central facility, comprehen-
sive quality control will be conducted on raw data to
ensure their integrity and accuracy. A standardized bio-
informatic pipeline will be used to analyze, annotate, and
filter data. These data will be incorporated into a national
database reporting Tunisian-specific polymorphisms
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NGS Analyses’ Patient Pathway
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B. NGS Analyses’ Patient Pathway
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or WGS

and also causal variants allowing for better clinical
decision-making.

The post-analytical phase: validation of the identified
causal genetic variant, if any, is essential to establish the
clinical report. A phenotype—genotype correlation will be
performed within a multidisciplinary board. This valida-
tion step will be followed by preparing a clinical report
that will be co-signed by the medical geneticist and the
molecular biologist. If any fresh or tumor biopsies have
been handled by a pathologist, this later will also co-sign
the report. The medical geneticist will return and explain
the result to the patient who will be carefully informed on
the identified genetic variants, their clinical significance,

and their possible impact on the patient’s health. The
patient will also be informed of the importance of sharing
information with the family members, who might need
appropriate genetic testing in order to assess their own
risk. However, it is important to respect patient’s privacy
and medical confidentiality. In some cases, a prenatal
diagnosis may be considered for future pregnancies, par-
ticularly if the identified genetic variant is associated with
a severe or life-threatening condition. Finally, a clinical
report must also be sent to the medical specialist in order
to ensure a better communication of the result in a clear
and comprehensible format to help in the therapeutic
decision-making.
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Communication
The Genome Tunisia communication team prepared rel-
evant documents to communicate about the project and
to efficiently disseminate its objectives and expected find-
ings. A cohesive corporate identity alongside the commu-
nication materials were designed including brochures,
posters, and templates. Furthermore, we are in the pro-
cess of developing a detailed communication plan, which
will encompass the core project messages to be conveyed.
The following communication materials and tools have
been used in the Genome Tunisia Project:

+ A project logo was designed and is used in all project
documents and publications.

+ A dedicated website is under construction, which will
contain a precise description of the project’s objec-
tives, partners, and a public section that describes
milestones and deliverables. The website will also
contain the publication list of the project partners
and link to relevant projects. An exclusive collabora-
tive portal will be accessible only to authorized mem-
bers to facilitate communication between project
partners. A link to the DBAC activities and data and
biospecimen access rules D will also be available on
this website.

+ Two sets of leaflets and posters have been designed
and produced. The first set will disseminate the
objectives, concepts, and vision of the project in its
initial phase, while the second set will additionally
disseminate public results, outcomes, and findings
during the second phase of the project. These materi-
als will be used in all scientific events in which GTCA
members will participate.

+ Dress releases, containing the most important project
results, will be issued after conferences.

+ Regularly updated information about the project will
be provided via web and social media channels.

+ Newsletters will be published annually to keep stake-
holders informed about the project’s progress.

In addition, the Genome Tunisia Project was presented
at several national and international events, including the
annual meeting of the African Society of Human Genet-
ics, held in Rabat, Morocco in December 2022 (https://
www.sm2gh.ma/) and the International Congress of
Human Genetics (ICHG) that took place in Cape Town,
South Africa in February 2023 (https://www.ichg2023.
com/) as well as a dozen of other meetings, conferences,
and workshops. These communications and presenta-
tions are extremely important in raising public aware-
ness and disseminating information about the project’s
main goals and expected outcomes which provide oppor-
tunities to engage with other researchers, scientists,
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healthcare professionals, and other stakeholders. It also
helped to expand our network, build sustainable partner-
ships, attract international funders, and leverage the col-
lective knowledge of the scientific community.

Perspectives

Sequencing 10,000 whole genomes

The specific objective of the second phase of the Genome
Tunisia Project is to sequence about 5 to 10% of the Tuni-
sian adult population, reaching the optimal scale for
precise population-based studies. The initial plan is to
start by sequencing 10,000 healthy individuals without
any familial history of diseases. Then we will progres-
sively increase the sample size to achieve the interna-
tional guidelines. However, by adhering to the inclusion
and exclusion criteria of this project, we would probably
need to collect much less samples than initially antici-
pated given that complex diseases are highly prevalent in
the adult population in Tunisia, notably diabetes, hyper-
tension, and cancer (affecting approximately 30% of the
adult population). Researchers and medical personnel in
specific recruitment offices continue to recruit partici-
pants throughout the country in order to ensure a bet-
ter representativeness of the different ethnic groups. As
detailed previously, participants will provide informed
consent, blood samples, and data will be collected using
the established GTCA protocols.

National sequencing and analysis platform
The implementation of a national sequencing and analy-
sis platform will enable access to genomic medicine on
a routine basis. This national platform will be linked to
the regional hospitals, research centers, and universities
to ensure consistency in offering sequencing testing types
and clinical interpretations of the generated data. Indeed,
this platform will be dedicated to (1) sequencing, (2) data
analysis, and (3) data interpretation. Generated data will
be centralized, trimmed, and analyzed using a stand-
ardized bioinformatic pipeline. VCFs files will then be
shared with qualified medical geneticists to make appro-
priate annotations and interpretations using standard-
ized tools to ensure appropriate genetic testing. Newly
identified mutations will be integrated into the national
portal facilitating further explorations by other investiga-
tors and to ensure knowledge transfer and sharing within
the scientific community.

The implementation of this national platform will ena-
ble to address three main challenges:

— DPublic health: by providing equal access to sequenc-
ing facilities for genetic diagnostic, prognostic, and
theranostic purposes.
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— Scientific, technological, and biomedical research: by
offering sequencing service to researchers allowing
a better understanding of pathologies in the field of
rare and common diseases, as well as by developing
bioinformatics skills, data science expertise, compu-
tational capacities, and infrastructure.

— Health economy: by offering outsourcing services to
neighboring countries which will promote the devel-
opment of a new genomic-based industry sector and
reinforce medical tourism.

National biobank
As part of this national initiative, we are aiming to cre-
ate a national biorepository that will gather biological
material with associated genomics and clinical and phe-
notypic data from Tunisian patients and citizens. The
national biobank will also constitute a valuable resource
for biomedical research to establish new therapeutic and
preventive measures at the population level. Genome
Tunisia’s ambition is to create a healthcare system that
can exploit the power of a centralized large cohort col-
lection and massive data generation. Our long-term
vision is to put in place a federated standards-led infor-
matics infrastructure, spanning research, and healthcare
domains to record and store biological material as well as
the collected clinical and genomic data. To do so, clearly
agreed standards for genotypic—phenotypic data and bio-
specimen collection protocols should be set up.
Authorities in Tunisia will use the biobank as part of
the infrastructure they are building to accelerate the
advancement of precision medicine based on national
and international biobanking guidelines.

Special interest groups (SIGs)

Sequencing disease-based cohorts are under discussion
to investigate the genetic risk factors associated with the
most frequent diseases in the country. Six special inter-
est groups (SIGs) on cancer, rare diseases, neurological,
autoimmune, cardiovascular, and infectious diseases have
been agreed on and are under construction (Fig. 5).

WGS will be performed in unsolved cases previously
investigated by gene panel or WES. The number of
patients to be investigated as part of the disease cohorts
has been fixed to 6000, as a first stage, and this was cal-
culated after careful examinations based on the specific
research objectives and resource considerations. This
investigation will facilitate the detection of new disease-
causing genes and/or novel alterations, especially within
regulatory regions. Additionally, WGS will enable the
identification of structural variants such as copy number
variations (CNVs), inversions, and translocations, with
greater accuracy and sensitivity. Using SNP genotyping
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Fig. 5 The special interest groups that emerged from the Genome
Tunisia Project. Tunisian Society of Human Genomics (TSHG)

arrays, we intend also to perform large-scale association
studies such as GWAS to identify specific genetic vari-
ants associated with these diseases within the Tunisian
population. The generated data will serve for the devel-
opment of polygenic risk scores (PRS) that are specific to
the Tunisian population, allowing for better risk strati-
fication. We will employ a multidisciplinary approach
engaging clinicians, geneticists, and researchers to deter-
mine the most suitable investigation strategy. This assess-
ment will consider factors such as disease complexity,
genetic variability, specific research objectives, and avail-
able resources.

Tumor board meetings will be implemented for the
cancer SIG as a pilot phase. These multidisciplinary
meetings will then be put in place for other diseases,
mainly for the neurological and rare diseases.

To strengthen the capacities of the multidisciplinary
scientific community constituting the GTCA consortium,
the Tunisian Society of Human Genomics (TSHG) has
been recently formed (March 2023). This initiative, which
emerged from the GTCA consortium, is an independent
society that will work in close collaboration with the Afri-
can Society of Human Genetics as well as other African
societies to build strong connections between Tunisian,
African, and international scientists. The executive board
of TSHG is composed of 17 scientists from different
Tunisian regions and institutions, with a positive gender
balance (13 women) and a significant youth representa-
tion (three early-career researchers).
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Upon its official creation, the TSHG will organize
its first general meeting in September 2024 and plans
to invite the five existing African societies, to exchange
experiences, and discuss the future directions of the
Human Genomics field for the benefit of the African sci-
entific community.

Socio-economic impact

In Tunisia, the government has long prioritized a health-
care system that is accessible to all citizens, offering
equitable and affordable care. Over the past decade, par-
ticularly in the post-genomics era, significant efforts have
been made to raise awareness about genetic testing facili-
ties. However, more efforts are needed to ensure that
individuals from all socio-economic backgrounds are
aware of and have access to these services. The Genome
Tunisia Consortium is aiming to address this issue by
establishing two task forces on education and training
(TF4) and communication and dissemination (TF12).
So far, individuals from different socio-economic back-
grounds have participated in the study representing
therefore the socio-economic diversity.

In addition, genetic testing reimbursement is another
important issue that we are working on by involving pol-
icy makers and insurance companies on board to ensure
that cost does not serve as a barrier to access genetic
testing. Furthermore, as outlined in Fig. 2, we have
established a task force specifically focused on cost-effec-
tiveness and health economics (TF9) to ensure equitable
access to genomic testing in Tunisia.

GTCA includes competencies and stakeholders from
the private and public sectors to lay the foundation for
collaborations and to maximize the potential of health
economics in Tunisia. The Ministry of Health of Tunisia
has recently organized an open and informative day to
discuss different aspects of precision medicine in Tuni-
sia demonstrating the interest of the government to inte-
grate genomics in its economic reform [32].

The Genome Tunisia Project could therefore present an
opportunity for Tunisia to consolidate healthcare, setting
digital infrastructure, improving the connection and the
interoperability of its systems, and standardizing patient
medical records. Also, it is an opportunity to elaborate
patient registries and undertake collaborative work to
tackle public health issues by exploring cost-effective
plans.

Cost-effectiveness

Micro-costing and cost-effectiveness analysis of differ-
ent genomic interventions, whole exome, whole genome,
and large gene panels in different indications start to be
evaluated, in different countries implementing genomics
[33-37].
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In the Genome Tunisia Project, the health economics
task force is commissioned to analyze the cost-effective-
ness of genomics applications for different indications
considering what has been reported from genomic ini-
tiatives in other countries and also considering the local
context (epidemiology, prevalence of the disease, public
health issues, and the consanguinity rate).

The three main goals of the health economics task
force of Genome Tunisia are to support decision-makers
for an optimal allocation of resources, to lead collabora-
tive work toward implementing cost-effective interven-
tions, and to follow up the continuously evolving costs
of sequencing and the evolving methodology for data
modeling in order to capture and value genomic testing
outcomes.

Synergy with ongoing projects: AGenDA, SEED,
PerMediNA, GenCoE, and other international initiatives
Genome Tunisia is typically defined as a set of inter-
related activities, task forces, and milestones aiming
to strengthen the public health system and scientific
research in the field of Human Genomics. Although con-
ducting original research and launching national human
genome initiatives are key factors to increase competi-
tiveness at the international level, they are not sufficient
to generate major advances in the field of Genomics. For
these reasons, the GTCA consortium is participating in
different regional and international initiatives, such as the
Assessing Genomic Diversity in Africa (AGenDA) pro-
ject, where GTCA represents the North African site.

Moreover, as an innovative initiative, the Genome
Tunisia Project will enable the investigation of patients
who have been previously investigated in previous
research projects but have remained undiagnosed. One
such project is the SEED (Strengthening the Sfax univer-
sity expertise for diagnosis and management of epileptic
encephalopathies) project (seedtwinning.com), which
focuses on exploring monogenic forms of developmental
and epileptic encephalopathies (DEE). The SEED project
has already collected more than 300 patients with elec-
trophysiological, neurologic, and radiological data. One
hundred of these patients have already been explored
with a customized panel of 116 genes associated with
DEE, achieving a diagnosis rate of 30%. The Genome
Tunisia Project represents a unique opportunity to sup-
port this initiative to draw the genetic landscape of this
neurodevelopmental disorder in Tunisia by exploring
undiagnosed cases and to position Tunisia as a reference
center for the genetic diagnosis of DEE in the MENA
region.

In addition, and to start preparing the ground for pre-
cision medicine implementation, Tunisia, represented by
Institut Pasteur of Tunis (IPT), is coordinating a regional
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project called Personalized Medicine in North Africa
(PerMediNA), funded by the European Ministry of For-
eign Affairs. PerMediNA is a key project on the imple-
mentation of precision medicine in Tunisia and North
Africa involving several stakeholders from different insti-
tutions and countries. The main goals of PerMediNA are
strengthening collaboration within the ecosystem, gen-
erating omics data on cancer patients, and reinforcing
patient care by facilitating access to genetic testing and
targeted therapies.

Finally, the governmental support to the Genome Tuni-
sia Project as well as the industry commitment and the
scientific community engagement make Genome Tuni-
sia an excellent candidate for the GenCoE initiative that
was announced in the International Congress of Human
Genetics (ICHG) in Cape Town 2023 (https://www.ichg2
023.com/).

Precision medicine implementation
The Genome Tunisia Project endeavors to implement
precision medicine in Tunisia using an evidence-based
model informed by local stakeholders and based on real
settings, population specificities, and national context.
The key to a successful implementation of precision
medicine in Tunisia will be a bottom-up approach in
which members of the project join forces with academia,
healthcare authorities, policy makers, and stakeholders

Planned Work
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to build a nationally distributed infrastructure and to
raise awareness on the importance and the impact of the
implementation of precision medicine. During the first
phase of Genome Tunisia Project, we are evaluating the
readiness level at the different centers involved in the
project focusing on the infrastructure and bioinformatics
human resources, identifying stakeholders and funders,
and working on regulation and ethical aspects to support
translational and clinical research projects and adapt pre-
cision medicine national plan. The readiness level for pre-
cision medicine implementation was assessed through a
multidimensional approach, which included the organi-
zation of two workshops and interviews with key opin-
ion leaders (KOLs). These workshops served as dynamic
platforms for brainstorming and idea generation. Addi-
tionally, interviews with KOLs allowed for in-depth
exploration of challenges and opportunities relevant to
precision medicine implementation. Moreover, further
efforts are ongoing to ensure that our study is thorough
and exhaustive. This includes further interviews and data
collection activities, such as focus groups, surveys, and
questionnaires. Regarding the findings, while some initial
insights have been collected, the analysis of the gathered
data is still ongoing to ensure a well-documented illustra-
tion of the current readiness level.

As illustrated in Fig. 6, a key step was to gather infor-
mation on all available NGS platforms, existing biobanks,
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and healthcare facilities and identify gaps that need to
be filled to be able to implement precision medicine in
Tunisia and the North African region. Several NGS plat-
forms are available in the different centers; however, to be
able to set up an optimal environment and ecosystem, it
is essential to implement a national genomics platform
which will optimize the use of sequencing technologies.

Illustrating its cutting-edge activities, Tunisia takes a
step forward to move toward the goal of delivering the
right treatment for the right patient at the right time and
at the right site of care. For a continuous development of
new methods and treatment strategies, Genomic Medi-
cine Centers will be established at all university hospi-
tals and data generated in healthcare will be fed back
to research through the Tunisian National Genomics
Platform.

These Genomic Medicine Centers will be consolidated
and reinforced with highly skilled bioinformaticians
incorporating high throughput omics data analysis to
medical routine. In this way, an innovative care pathway
ensuring total or partial healthcare reimbursement and
involving all national public and private stakeholders will
be established to facilitate equal access to precision med-
icine at the national level.

Discussion

Since the publication of the first draft of a human genome
in 2001, an increasing number of countries have launched
their national Human Genome Projects [38—45].

The Human Genome Project (HGP) used one basic
method for DNA sequencing, called Sanger DNA
sequencing that has greatly advanced through a series
of major technology innovations [46—49]. In parallel,
sequencing costs significantly decreased over the years
with the development of NGS technologies [49, 50].
Indeed, the HGP costs US$3 billion over 13 years and
nowadays, a single genome costs as little as US$ 200
and takes no more than 1 week to be sequenced [51, 52].
Additionally, impressive advances in the field of bioinfor-
matics, data analysis, and data science occurred during
the last decade [53, 54].

The Genome Tunisia Project took advantage of this
progress and is considered as the first Human Genome
project in Africa to be supported and funded by the
local government represented by the Tunisian Ministry
of Health. The expected benefits of the Genome Tunisia
Project include reinforced research and healthcare infra-
structure, improved understanding of the genomic vari-
ation spectrum, shorter time and cost-effective genetic
diagnosis, and targeted prevention, treatment, and
research advances.

However, designing Human Genome projects in Arab
and African populations, which have a distinctive genetic
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landscape due to its complex population history, should
be based on the local population structure and specifi-
cities. In Tunisia, deeply rooted socio-cultural practice
of strong familial links and consanguineous marriages
resulted in high rates of endogamy and consanguin-
ity. At a macro-genomic level, this has a direct impact
on the frequency of genetic disorders by increasing the
prevalence of rare diseases with a recessive transmission
model. At a microgenetic level, this common practice of
consanguinity not only results in a continuously growing
list of novel variations and mutations but also impacts
allele frequency and their penetrance. Thus, and in the
context of small populations with high rates of consan-
guinity, designing a Human Genome Project does not
need very large cohorts to be sequenced in order to get
informative data on the reference genome sequence.
Instead, sequencing a relatively small sample size repre-
senting different ethnicities and sub-populations would
be the best cost-effective and efficient strategy to gener-
ate enough data that would inform on the genetic archi-
tecture of the studied population and would deliver the
reference sequence of its genome.

Moreover, the relatively strong Tunisian health sys-
tems with national programs supported by the govern-
ment will help to improve life expectancy resulting in a
significant increase of non-communicable diseases with a
remarkable decrease of communicable disease frequency
in Tunisia. The current project will also enhance data
sharing in public repositories for a better representa-
tion of North African genomics data in public databases.
Indeed, data sharing and efficient data stewardship is a
central component of successful national genomic initia-
tives. This will help generate more science and result in a
better use of genetic findings which is especially needed
in low-income settings. If done appropriately, sharing
genetic data can help to reduce health inequalities. While
the idea that data sharing promotes scientific progress is
becoming widely accepted among research communities,
funding bodies, and regulatory agencies, it raises many
ethical and management issues. The Tunisian GTCA-
DBAC is willing to ensure an appropriate data sharing
plan of the Tunisia genomics data that will be generated
in the framework of this project, opening, therefore, the
doors to other African countries to share their data and
to participate in flourishing public databases with more
and more African datasets.

On another hand, the medical application of genome
sequencing outcomes can cover the two categories
of genetic disorders: monogenic and polygenic disor-
ders. Regarding rare diseases, as an example of mono-
genic diseases, the Genome Tunisia Project will ensure
that patients get the right diagnosis, increase awareness
on rare diseases among Tunisian healthcare professionals,
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improve coordination of care, and consequently enhance
access to specialist care, treatments, and drugs.

For complex diseases, polygenic risk scores (PRS) are
not yet routinely used by health professionals in Tuni-
sia and in most if not all African countries because of
the lack of genotyping data and because there are no
local guidelines for PRS application. Nevertheless, PRS
improves the assessment of disease risk for a reinforced
preventive approach of frequent complex diseases.
Developing and designing appropriate genotyping chips
and gene panels adapted to the Tunisian and North Afri-
can population is one of the goals of the Genome Tunisia
Project to start targeting some specific genes and to use
these specific arrays for PRS calculation.

However, before it reaches clinical application on a
wide scale, PRS application and the reliable interpreta-
tion of the numerous and de novo variations revealed
by WGS will require more expertise and validation.
For instance, sequencing of a few thousands of African
genomes has revealed millions of novel genomic variants
that were mainly useful for studying African population
structure [4]. The primary challenge now is to assess the
pathogenicity of these novel variations and to select the
pathogenic mutations to be integrated in genetic diag-
nostic which could orient clinical decision and patient
care [55, 56]. In order to validate the functional impact
and the pathogenicity of novel genetic variants, the
GTCA consortium will also focus its efforts on func-
tional genomics by implementing platforms dedicated to
genome editing and other functional assays to guarantee
a reliable translation of the research findings into clini-
cal settings. Variant reclassification in ClinVar, Varsome,
and other public databases is one of the urgent tasks that
should be undertaken to ensure efficient genetic testing
and to avoid clinical misdiagnosis. Variant interpretation
guidelines specifically designed for the Tunisian popula-
tion will be set up by the recently created Tunisian Soci-
ety of Human Genomics on the basis of local specificities
and the generated Tunisian reference genome.

Undoubtedly, lots of resources are needed to achieve
all these ambitious goals. From the research perspec-
tive, the Tunisian Ministry of Higher Education and
Scientific Research should optimize the available means
and build on existing infrastructure by mutualizing all
efforts for a more productive and insightful biomedical
research. Moreover, the reality is that conventional job
titles have become outdated in the current post genom-
ics and digital era. It is then time to rethink job descrip-
tions and profiles to be more adapted to the market
demand. This requires a deep revision of the academic
curriculum, the education programs, degrees as well as
diplomas in higher education and even at earlier stages of
the education system to create new profiles, specifically
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in bioinformatics, data science, data management, data
protection, and molecular biology. This will also lead to a
more dynamic entrepreneurship and innovation ecosys-
tem for genomics-driven startups which needs more sup-
port to science-based innovation.

Furthermore, according to their efficient productiv-
ity, Tunisian researchers are ranked among the best
researchers in the field of human genomics and precision
medicine in Africa [57]; however, the country is suffer-
ing from brain drain with more than third of the human
resources working in the field of biomedical research left
to Europe, Middle East, and North America. By attract-
ing the qualified and renowned Tunisian researchers
working abroad and reintegrating them into the research
and health system, it would be possible to raise and
maintain the research quality and to improve the inter-
national standing and ranking of Tunisian universities.
For instance, the GTCA consortium is not only relying
on local skills but is also involving the diaspora and the
Tunisian experts working on other Human Genome Pro-
jects as members of the advisory board and the DBAC of
the Genome Tunisian Project.

From the healthcare system perspective, the Tunisian
Ministry of Health should consolidate all efforts for an
efficient precision medicine implementation. One of the
main opportunities characterizing the Tunisian health-
care system is the strong national political commitment
towards achieving universal health coverage and health
in all policies “Health is a right for every human being”
as indicated in Law no. 38 of the new Tunisian Constitu-
tion, 2022. The government in collaboration with the dif-
ferent stakeholders, e.g., researchers, clinicians, academic
members, pharmacists, policymakers, non-governmental
organizations, and civil society identified the following
national health priorities: (1) ensuring equity in access
to healthcare services by including genetic testing in the
reimbursement system, (2) reinforcing health promotion
and diseases prevention programs, (3) strengthening and
bridging the research and clinical fields, and (4) setting
up an integrated and disaggregated health information
system based on electronic health records.

Finally, taking part of initiatives such as the H3Africa
and the H3ABioNet helped the GTCA group not only to
develop local competencies in genomics and bioinfor-
matics [58] but also to deliver relevant documentations
and tools that were extremely useful for the Genome
Tunisia Project including the CRF questionnaires devel-
oped by the H3Africa/H3AbioNet phenotype harmo-
nization working group and the data sharing guidelines
developed by the H3Africa DBAC. Thus, establishing
more South-South collaboration between Tunisia and
sub-Saharan Africa is one of the priorities of the GTCA
consortium. The consortium continues its involvement
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in current African and international initiatives including
AGenDA and PerMediNA projects.

To summarize, generating the reference sequence of
the Tunisian Genome and discovering new variations
will lead to more productive scientific research, improved
genetic counseling practice, oriented diagnosis, rein-
forced prevention strategies, cost-effective, and personal-
ized treatments as well as an improved health economic
outcome. In addition, building regional and national
precision medicine networks is the key to prevent rare
and complex diseases, reinforce genomic surveillance,
improve pandemic preparedness, and ensure national
security.

Conclusions

Genome Tunisia is the first Human Genome project in
Africa to be supported and funded by the local govern-
ment represented by the Tunisian Ministry of Health. It
represents a pioneering effort in genomics research in
North Africa that aims to achieve the complete reference
sequencing of the Tunisian genome. Additional national
partners and stakeholders from Tunisia and from the
diaspora will be involved soon in the Genome Tunisia
Project for a better representation of the national efforts
dedicated to this field.

More Human Genome projects might be also con-
ducted in other African countries to overcome the
huge gap of missing data in Africa. This project, whose
scientific and socio-economic outcomes will impact
neighboring countries, will substantially enhance our
comprehension of the human genomics field and its
involvement in health and pathology not only in Tunisia
but in other understudied populations worldwide.
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