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Abstract

The CGIAR genebank International Musa Germplasm Transit Centre (ITC) currently holds 1617 banana accessions from
38 countries as an in vitro collection, backed-up by a cryopreserved collection to safeguard global Musa diversity in
perpetuity. The ITC also serves as a vital safety backup and transit centre for national banana genebanks and ensures
that germplasm is clean of pests and diseases and freely available under the International Treaty on Plant Genetic
Resources for Food and Agriculture. In more than 35 years of activity, the ITC has distributed over 18,000 banana
accession samples to researchers and farmers in 113 countries. Ex situ conservation of vegetatively-propagated crops
such as banana poses very particular challenges. Maintaining the ITC genebank is labor intense and costly. Efficiencies
are sought through research and development of techniques on detecting viruses, the genetic integrity of acces-
sions, and on innovative means of safeguarding banana diversity, such as conserving populations of wild species by
seed banking. Although the conservation of global banana diversity is the main objective of the ITC, significant value
comes from its holistic approach to better understand and promote its germplasm through numerous research activi-
ties and resources. Techniques for morphological and molecular characterization serve to identify and describe the
collection, while also determining what gaps should be filled by collecting missions with national partners. The evalu-
ation of desirable agronomic traits inherent in Musa spp. are investigated by a high-throughput phenotyping plat-
form, which helps breeding programs to select cultivars resistant or tolerant to biotic and abiotic stresses. Genomic
and bioinformatic studies of several banana wild relatives greatly enhance our understanding of Musa genetic diver-
sity, links to important phenotypic traits and bring new methods for management of the collection. Collectively, these
research activities produce enormous amounts of data that require curation and dissemination to the public. The two
information systems at the ITC, Musa Genebank Management System and the Musa Germplasm Information System,
serve to manage the genebank activities and to make public germplasm-related data for over 30 banana collections
worldwide, respectively. By implementing the 10-year workplan set out in the Global Strategy for the Conservation
and Use of Musa Genetic Resources, the network MusaNet supports Musa researchers and stakeholders, including the
ITC, and most importantly, links to the world’s banana-producing countries via three regional banana networks.
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Introduction

International Musa Germplasm Transit Centre, a CGIAR

international Genebank

CGIAR genebanks conserve collections of plant genetic

_ resources for food and agriculture and were placed under
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the International Treaty on Plant Genetic Resources for
Food and Agriculture (ITPGRFA, hereafter referred to as
the International Treaty), these genebanks have to make
their respective germplasm available under the terms of a
Standard Material Transfer Agreement and manage their
collections following the highest international agreed
standards. Taken together, CGIAR genebanks represent
the largest collections of crop diversity in the world. With
nearly 1 million germplasm samples distributed between
1985 and 2009, they are a key resource for plant breed-
ing and research (Galluzzi et al. 2016). Since 2012, the
CGIAR genebanks are working as partners within the
Genebank Platform, coordinated by the Global Crop
Diversity Trust, to help them reach the United Nations
Sustainable Development Goals.

In addition, to comply with the highest standards, the
CGIAR genebanks have adopted targets to assure that by
2022, 90% of the conserved accessions are readily avail-
able for distribution; 90% of the accessions are safely
duplicated; 90% of the accessions display minimum pass-
port or characterization data online and standard operat-
ing procedures are in place for the genebanks “essential
operations.”! Through the Genebank Platform, the Crop
Trust has put in place an endowment mechanism to
ensure that the genebanks can carry out those essen-
tial operations. To date, the targeted endowment is still
being built and the CGIAR is currently still complement-
ing it. Other activities which allow to upgrade the collec-
tion or improve the use of germplasm are being funded
by other CGIAR Research programs. In the case of ITC,
other funding is through the Roots, Tubers and Bananas
CGIAR program.

Among the 11 CGIAR genebanks, four deal with the
conservation of vegetatively-propagated crops. These
crops, the Andean root and tuber crops, banana, cas-
sava, potato, sweet potato and yam, are conserved in field
and in vitro collections. The combination of their clonal
nature and of the specific technologies used for their
conservation results in very specific challenges. Conse-
quently, the four responsible centres, Bioversity Interna-
tional, the International Centre for Tropical Agriculture
(CIAT), the International Potato Centre (CIP) and the
International Institute for Tropical Agriculture (IITA)
have formed a ‘Clonal Crop Community of Practice’ that
aims to provide solutions and recommendations to deal
with these specific issues.

The International Musa Germplasm Transit Cen-
tre (ITC) holds ‘in trust’ the world largest collec-
tion of banana. As banana is an Annex 1 crop of the

! The “essential operations” of a genebank are the minimum activities that
must be undertaken without which the security of the collections and their
use are at risk.

Page 2 of 22

International Treaty, the ITC collection became part
of the multilateral system of access and benefit sharing
in 2006. Founded in 1985 and hosted at the Katholieke
Universiteit Leuven, Belgium, the genebank’s mission is
to contribute to the secure long-term conservation of
the entire banana genepool and to keep this diversity
and related information available for current and future
use. Beyond that, the ITC’s role is to add value to the
collection by generating new knowledge about the con-
served diversity through characterization, phenotyping,
genomics, bioinformatics and documenting it compre-
hensively in accession-level information systems.

The ITC benefits from the newest technologies, such
as cryopreservation and high-throughput phenotyping
and has built a team with expertise in these fields of
research. In addition, the genebank is named ‘Interna-
tional Transit Centre’ as it is located in a non-banana
growing country, Belgium, where pest and diseases
associated with banana do not occur, allowing germ-
plasm to be easily distributed and received without
major phytosanitary constraints. At the global level,
the ITC collection functions effectively by assuring
medium and long-term conservation of the broadest
range of Musa diversity. ITC has strong relationships
with regional and national collections in Asia and the
Pacific, Africa and Latin America and the Caribbean,
who donate their germplasm to the global system, while
ITC provides these collections with clean material and
safety backups of their germplasm. The ITC also col-
laborates with these partner collections in terms of
research and capacity building in conservation meth-
ods. Unlike other centres linked to their own breeding
program, the ITC genebank serves several international
and national breeding programs on banana.

Global strategy for the conservation and use of Musa
genetic resources
A Global Musa Survey was conducted between 2012
and 2015, in which over 50 banana germplasm collec-
tions worldwide provided information on their status
and needs. Capitalizing on the survey, in 2016 MusaNet
published the Global Strategy for the Conservation and
Use of Musa Genetic Resources (MusaNet 2016), the
core reference and roadmap for the banana community
over the next 10 years. The vision of the Global Musa
Strategy is a world in which Musa genetic diversity is
secured, valued and used to support livelihoods of hun-
dreds of millions of farmers through sustainable pro-
duction and improved food and nutrition security (de
Langhe et al. 2018).

The Global Musa Strategy outlined the following main
challenges concerning the ITC:
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Challenges linked to conservation

The storage of banana germplasm for the medium-term
(active collection) is done in vitro which represents
great advantages but also some challenges such as rela-
tively high maintenance costs, possible genetic integrity
issues and difficulties keeping some genotypes free of the
banana streak virus. The long-term storage (base collec-
tion) is done through cryopreservation, which resolves
some of the issues encountered with the in vitro collec-
tion, but also faces some other challenges. For example,
cryopreservation is costly to put in place, but cheaper in
the long run (Keller et al. 2013). It is also relatively slow
to implement and cannot be used for regular germplasm
distribution.

Challenges linked to use

The most critical aspect to increasing use is a good docu-
mentation status of the conserved material. Although the
exact identity of plant material is an obvious prerequisite
for all users, data about both agronomic performance,
such as productivity and resistance to pests and diseases,
and quality, such as fruit flavor and processing character-
istics, are critical in the selection of desired cultivars. The
proportion of characterized material, especially evaluated
accessions, is too low and thus limits its full potential. In
addition, better understanding of the genetic background
(through molecular markers and genomes) is needed to
support breeding. However, the ITC has provided mate-
rial in different forms that has contributed to increased
use, for example, through the distribution of lyophilized
leaves to molecular biologists. Additionally, if wild geno-
types could be maintained and distributed through seeds,
it would certainly increase its use, especially by breeders
and researchers involved in evolution and domestication
studies.

Challenges linked to material access

The ITC collection became part of the Multilateral Sys-
tem of Access and Benefit Sharing along with all the
international collections. The exchange of germplasm
occurs under the terms and conditions of a standard
material transfer agreement (SMTA), which allows distri-
bution of germplasm free of charge for research, breed-
ing or conservation purposes only. The objective of the
SMTA is to facilitate the process of safely exchanging
and tracking use of germplasm and to encourage users
to share any benefits from the use of the germplasm or
resulting research products. In some cases, the acquisi-
tion of Musa germplasm by the ITC has been constrained
by legal and policy issues mainly related to the Interna-
tional Treaty not yet being fully implemented in some
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countries. Acquisition may be difficult when countries
are not a contracted party to the International Treaty,
preventing access to the materials and related informa-
tion for use or safe duplication elsewhere. However, the
main challenge is where certain parties have not yet put
their material in the public domain. This could be linked
to the lack of clear communication on incentives to pro-
vide material.

Conservation of germplasm

Active collection (medium-term storage)

Collection holdings

The ITC banana collection was established in 1985 and
has since been through several phases of growth. Initially,
duplicate samples of banana accessions maintained in
major field collections were received by the genebank,
thus securing these genetic resources in a different loca-
tion using in vitro culture. Over the years, the exploitable
genetic basis of the collection was further broadened by
unique diversity that was collected in the (primary and
secondary) centres of diversity of the crop. Over 400
accessions, mainly Musa acuminata spp. banksii derived
AA landraces from Papua New Guinea (Sharrock 1988,
1989; Sharrock et al. 1988, 1989; Arnaud and Horry
1997), Mshare landraces from East Africa (Byabachwezi
et al. 2005), diploid- and triploid A dessert types from
Vietnam and Indonesia, Fe’i, AAB Pacific plantains from
the Pacific Islands (Sardos et al. 2019a, b) and a range of
phenotypically unique (dwarf-type) plantain cultivars
from DR Congo (Adheka et al. 2018) were progressively
brought into the ITC. As a result of the Global Diversity
Crop Trust-coordinated project on the ‘Regeneration and
safety duplication of regionally prioritized crop collec-
tions, the ITC collection was further enriched with nearly
200 unique samples of cultivated and wild bananas from
Cameroon, Vietnam, Indonesia, Uganda, India, and the
Philippines. More recently, the focus of collecting is far
more on wild species that are particularly vulnerable to
extinction in their natural habitat and difficult to main-
tain in field collections, while in high demand for breed-
ing activities to sustain banana production.

Today the collection holds 1617 accessions, sourced
from 38 countries, mainly of cultivated bananas (75%)
belonging to 17 genome groups and 52 subgroups, a
range of highly productive and disease resistant cultivars
(9%) developed by major banana breeding programs, and
a representation of the wild genepool (16%) with samples
of 34 species. All these accessions are preserved in vitro
in slow growth and nearly 1100 accessions are backed-
up in a cryopreserved state for their safe long-term
conservation.
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Slow growth storage at the ITC

The management of in vitro plants under conditions
for optimal growth is labor intensive due to the need
for frequent subculturing, involving an increased risk
of losing valuable germplasm through accidental con-
tamination, mixing up varieties through mislabeling or
changes in genotype through somaclonal variation. In
general, in vitro genebanks establish minimal growth
conditions to reduce the growth rate of the plant tis-
sues and the frequency of subculturing.

Slow growth conditions are achieved by altering the
chemical environment, i.e. changing the medium com-
position by adding osmotically active compounds, such
as sucrose and mannitol or growth retardants such as
paclobutrazol, or by reducing the concentration of min-
eral elements in the growth medium. Other minimal
growth options are modification of the physical growth
environment such as altering the gaseous environment
in the culture container, a reduction of the photoper-
iod, light intensity or the characteristics of the tissue
culture container.

The growth retarding factor that is most widely
adopted for in vitro active banana collections is a
reduction of the storage temperature. At the ITC,
banana fresh shoot (tip) cultures are usually incubated
pre-storage under normal growth conditions at an opti-
mal temperature of 26 £2 °C for 2 to 3 weeks. Of each
accession, 20 replicate cultures are grown on an MS
based medium, supplemented with two growth regu-
lators, BA (6-benzyladenine) and IAA (indole-3-acetic
acid) to stimulate multiple shoot development, 10 g.L.*
ascorbic acid to suppress the oxidation of polyphenolic
exudates of the tissues and 2 g.L. ! of the medium solid-
ifying agent Gelrite. When established, the cultures are
placed under slow growth conditions at a temperature
of 16£1 °C. In the storage room also the light (PPF) is
reduced from 63 pE.m-2.s-1 to 25 pE.m-2.s-1 (24 h).

Under these conditions, the storage duration of the
collection is extended to nearly one year on average.
While the conditions are standardized for all accessions
in vitro, the frequency of subculturing varies signifi-
cantly for the different genomic groups, subgroups and
even for cultivars within the same genome subgroup.
For example, the AAA Mutika Lujugira bananas from
East Africa and AAB non-plantain bananas can be
stored significantly longer, up to an average of 390 and
385 days respectively. Wild bananas, M. acuminata and
in particular M. balbisiana require subculturing more
frequently after a storage period of 275 days on average.
Some individual accessions can be stored for a period
up to 615 days (Lady Finger—Pome, AAB) whereas oth-
ers require subculturing every 60 days (SF215, a AA M.
acuminata sp. banksii derivative), showing also within
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one genomic group of bananas significant differences in
storage behavior (Van den houwe et al. 1995).

Maintaining banana germplasm in vitro as grow-
ing plants has its advantages, but it must be recognized
that the method is labor intense. Proper management of
an in vitro collection to keep the collection alive and in
good shape requires periodic checks for viability, vigor
and deterioration to assess accurately culture growth
and to determine the proper moment for subculturing
of the plant material. Samples of the collection are also
systematically tested at critical points in the conservation
process (culture initiation and annual subculturing) for
contamination to detect covert and systemic bacteria and
to prevent the proliferation of microbes in the conserved
germplasm that may interfere with the storage duration
and use of the plant material (Van den houwe and Swen-
nen 1999). As the vitality of tissue cultures also declines
over the course of successive growth and storage cycles
in vitro, old accessions in storage need to be rejuvenated
in the greenhouse and replaced by fresh shoot-tip cul-
tures. This renewal of material is carried out for acces-
sions that have been maintained continuously in vitro for
more than ten years.

The greatest risk however of in vitro storage of plant
materials, is the increased possibility of genetic instability
due to somaclonal variation. It is known that variations
may increase with time in culture, ultimately resulting
in the loss of genetic integrity of the genotype. Moreo-
ver, the problem is complex, as not only genetic but
also epigenetic factors may be involved (Oh et al. 2007;
Tarafdar et al. 2017). Trueness-to-type verification of
in vitro conserved plant materials relies on morphologi-
cal description, periodical field assessment and cytologi-
cal characterization to assess and describe somaclonal
variants (see section on field verification).

Virus indexing

Distributing healthy accessions has always been a top
priority for the ITC collection. The applied protocol
of in vitro culture allows the elimination of the cellular
pathogens (bacteria and fungi). Nevertheless, viruses,
as intracellular pathogens sometimes symptomless in
the field and easily transferred from a mother plant to
in vitro culture, need to be specifically tested. Viruses
therefore pose a special risk to the movement of vegeta-
tive germplasm. The virus testing is particularly impor-
tant as several banana growing countries are currently
free of damaging viral diseases. The banana bunchy top
virus is not present in South America while the banana
bract mosaic virus is only present in some Asian coun-
tries, and the virus prevalence in collected germplasms
reaches 68% (De Clerck et al. 2017). Therefore, guaran-
teeing the movement of pathogen-tested germplasm is an
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important task to minimize the risk of pest introduction
to new countries.

Noteworthy, banana streak viruses (BSVs) are a group
of related badnaviruses which cause banana streak dis-
ease and pose a unique problem in Musa germplasm
(Chabannes et al. 2013). Not only can they be present
as episomal infections but functional viral genomes of
some BSV species are also naturally integrated into the
Musa balbisiana genome and are known as endogenous
BSV (eBSV) sequences. Under certain stress conditions
(e.g. during cross hybridization, tissue culture, or abiotic
stress), some eBSVs can be activated and give rise to func-
tional viral genomes that trigger BSV episomal infections
(Iskra-Caruana et al. 2014). So, episomal infection from
the integrated BSV genome could be triggered under spe-
cific and not well understood growth conditions.

The Germplasm Health Unit of the ITC collection is
hosted at Liege University, Belgium, and is applying the
most comprehensive testing scheme to detect infect-
ing viruses in the germplasm. The Technical Guidelines
for the Safe Movement of Musa germplasm are strictly
followed (Thomas et al. 2015). Any tested accession is
grown for 6 months in the greenhouse and is tested for
viruses twice, at 3 and 6 months. The tests combine visual
inspection for viral symptoms, molecular tests by PCR
and electron microscopy. An accession becomes avail-
able if all the tests were negative. In the case of accessions
with the integrated BSV genome, they are available under
a disclaimer stating that BSV episomal infection can be
triggered at any time, even for negative-tested accessions.

The accessions that have tested positive for a virus will
undergo a sanitation process: thermotherapy and chemo-
therapy are combined with meristem culture to eliminate
the infecting virus (Lassois et al. 2013). After therapy, the
accession is tested again after 3 and 6 months of green-
house growth and, if negative, can be available for dis-
tribution. Importantly, the success of sanitation is very
variable depending on the accession’s genetic makeup
and the virus. Indeed, sanitation failure is repeatedly
observed for some accessions because of plant death
during the process or remaining infection by the virus.
Adapted protocols are currently being designed to raise
the success rate and the accession availability.

The Germplasm Health Unit is also continuously
exploring improvement of the diagnostic tests to ensure
the safest and quickest possible distribution of the
germplasm. For example, the Germplasm Health Unit
is currently at the forefront of the development of High
Throughput Sequencing technologies as a universal diag-
nostic test for accurate and sensitive detection of plant
viruses (Massart et al. 2017; Olmos et al. 2018) and these
technologies are already used to detect new viral species
or very distant isolates of known viruses infecting Musa
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germplasm. Their wider use in routine testing is currently
being tested at large scale.

Germplasm distribution and use

Besides its conservation role, the ITC is a facilitator of the
exchange of clean and healthy germplasm. An important
constraint to germplasm use in general is the difficulty to
physically access materials from collections. Often, phy-
tosanitary and legal restrictions on access pose barriers
for the movement of germplasm.

To meet the needs for research and of the breeding
community, the ITC distributes samples from its active
in vitro collection (i.e. rooted plants suitable for growing
in a nursery or multiple shoot clusters for further in vitro
propagation or studies). With the advances in genet-
ics and genomics in the last two decades and in order to
enhance the use of the stored diversity, a lyophilized leaf
tissue collection of freeze-dried leaf tissue derived from
indexed plants of over 800 accessions was established in
2006, serving as a low-cost alternative compared to liv-
ing plant material for researchers interested in using the
DNA only.

Since its foundation, the ITC has distributed over
18,000 banana accession samples to users in 113 coun-
tries, indicating that the long-term conservation of the
diversity is highly valued throughout the community of
banana researchers (Fig. 1). Germplasm from the ITC
mainly flows to National Agricultural Research Sys-
tems (62%) in developing countries where bananas are
an essential crop for subsistence agriculture or the local
market. The remaining 38% is destined for advanced
research institutes and universities in developed coun-
tries. Further analysis of the distribution records revealed
that annually an average of 30% of the available acces-
sions are accessed for use, showing great interest from
users for exploiting the diversity of the crop. Nearly two-
thirds of the requested germplasm concerns cultivated
forms, landraces of local importance and cultivars that
are mainly intended for traits evaluation, such as biotic
(Fusarium wilt, Black Sigatoka, Banana Xanthomonas
Wilt, nematodes and weevils), abiotic (wind, drought,
flooding, salinity) stress tolerance and agronomic traits
(vield and fruit quality). Improved cultivars from breed-
ing activities are requested for their superior yield and
disease resistance characteristics and account for 20% of
the distributed materials, while 17% of the disseminated
germplasm are wild species, serving as a source of poten-
tial valuable genes in breeding activities and for taxo-
nomic and phylogenetic studies.

Although it is difficult to trace back how the germplasm
is used and what benefits have been created from the uti-
lization of the distributed diversity, surveyed recipients
of the germplasm indicated that the uses of the supplied
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Fig. 1 Annual numbers of distributed germplasm samples and of distinct accessions from the ITC showing the increasing use and interest in

diversity are multiple, including research, education,
conservation, breeding and direct use. An example
is the Kagera region in Tanzania where the introduc-
tion of clean material of improved and better adapted
cultivars from the ITC has contributed to agronomic
improvements in farmers’ fields, such as higher yield
and reduction of losses to pests and diseases, including
Mycosphaerella leaf spot and Fusarium wilt (Gallez et al.
2004). Other types of impacts refer to valuation of fun-
damental research carried out with materials from ITC
(Table 1) and the body of knowledge on banana that has
been generated, such as new technologies (Helliot et al.

2002; Van der Veken et al. 2007), improved understand-
ing of the banana genome (D’Hont et al. 2012; Davey
et al. 2013), diversity (Christelovd et al. 2017; Sardos
et al. 20164, b; Janssens et al. 2016) and plant-pathogen
relationship (Al-Idrus et al. 2017). In its role as a back-
up repository for field collections, the ITC is key in the
restoration of diversity to the countries of origin or to
broaden the conserved and available genetic diversity in
national or regional field collections for research, direct
adoption by farmers, and breeding or evaluation for
breeding purposes (Garming et al. 2010).
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Table 1 The ten most cited and distributed accessions at the ITC

Most cited in literature (2007-2018) Most distributed (2010-2019)

Rank Doi Accession name # publications Rank Doi Accession name # shipments
1 10.18730/9JMBD Calcutta 4 31 1 10.18730/9JMBD Calcutta 4 72

2 10.18730/9M56P Tani 16 2 10.18730/9MFBE FHIA-23 45

3 10.18730/9JM79 Honduras 15 3 10.18730/9J9D ~ Igitsiri (Intuntu) 43

- 10.18730/9IMGJ Borneo 15 4 10.18730/9MRWQ FHIA 25 43

5 10.18730/9J9P5 Mbwazirume 14 5 10.18730/9MF9C FHIA-17 40

- 10.18730/9KCD6 Khae 14 6 10.18730/9KC3 ~ Pisang Mas 39

7 10.18730/9JPC4 Long Tavoy 13 7 10.18730/9JQQA Pisang Jari Buaya 38

- 10.18730/9M2C6 Agutay 13 8 10.18730/9M56P Tani 37

- 10.18730/9M2KD Kunnan 13 9 10.18730/9M5AT Gros-Michel 37

- 10.18730/9JM13 Safet Velchi 13 10 10.18730/9J9P5 Mbwazirume 36

Distribution of germplasm has steadily increased with
some peaks at certain years related to specific projects
(e.g. the International Musa Testing Program, Musa
genome sequencing and the establishment of the Musa
Online Ordering System). The International Treaty has
played an important role in the exchange of genetic
resources through the establishment of a Standard
Material Transfer Agreement. Nonetheless, on several
occasions, the material distributed by ITC to National
Agricultural Research Systems has been distributed to
small scale farmers who commercialized it and benefited
from this material with a potential impact towards the
Sustainable Development Goals (SDGs 1 and 2).

Cryopreservation for long term storage
The most appropriate long-term ex-situ conservation
method for vegetatively propagated crops such as banana
is cryopreservation. Moreover, since edible bananas are
seedless, conservation through seed is also not an option.
Cryopreservation is the preservation of biological materi-
als at ultralow temperatures, completely arresting all bio-
logical, chemical and physical processes. At these storage
conditions—normally in liquid nitrogen (—196 °C) or its
vapour phase (between —140 and —180 °C)—the mate-
rials can be stored for unlimited periods without any
changes taking place. The main problem when exposing
water-containing biological materials to such low tem-
peratures is the occurrence of lethal ice crystals. Since
the first report on cryopreservation of flax cell cultures in
1968 (Quatrano 1968), a variety of cryopreservation pro-
tocols have been developed for different kinds of mate-
rials; seeds, embryos, cell suspension and shoot tips of
different species (Panis 2019).

The first report on cryopreservation of banana tissues
dealt with embryogenic cell suspensions (Panis et al.
1990). Totipotent cells were stored in liquid nitrogen

using the slow freezing process and successfully recov-
ered, thus forming new embryogenic cell suspensions
and normal plants (Cote et al. 2000). For the purpose of
conservation of the widest possible diversity of bananas
this method is, however, not preferred since the initiation
of cell suspension is very time consuming and moreover,
they are subject to somaclonal variation, or mutations
caused by in vitro culture.

For the conservation of crop genetic resources, organ-
ized tissues like shoot-tips are commonly used. In case
of bananas, cryopreservation of two meristematic tissue
types has been reported; (i) highly proliferating meristem
cultures containing ‘cauliflower like” meristem clumps
(Panis et al. 1996) and (ii) individual meristem cultures
isolated from shoot tip cultures (Thinh et al. 1999; Panis
et al. 2005). Although three published cryopreservation
methods; simple freezing, droplet vitrification of sucrose
precultured scalps and droplet vitrification of apical
meristems each have their pros and cons, only the lat-
ter one is now used for the long-term storage of banana
germplasm. The reasons for this are high and consistent
post-cryopreservation regeneration rates between 50 and
90% and the fact that the method works for accessions
belonging to all genomic groups of bananas.

A schematic overview of the protocol can be found in
Fig. 2. In short, 1 mm sized meristems are excised under
the microscope, exposed to the cryoprotective solu-
tions, Loading Solution and Plant Vitrification Solution
2, transferred to a small piece of aluminium foil and rap-
idly plunged in liquid nitrogen for storage. After storage
they are rapidly rewarmed and recultured on a specific
growth medium. The droplet vitrification protocol devel-
oped for banana meristems can now be considered as the
first “generic” cryopreservation method for plant tissues,
as it has now been successfully applied to different tis-
sues (shoot cultures/embryos) and a wide variety of plant
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Fig. 2 Cryopreservation of Musa species at the ITC a cryopreservation protocol for banana meristems that is used at the ITC ( taken from Panis
2009). b Number of Musa accessions cryopreserved over time with three independent successful repetitions
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species from different climatic environments (Panis et al.
2011).

The routine cryopreservation of clean and field char-
acterized banana accessions kept in the in vitro collec-
tion began in 2003. Since then each year the number of
successfully cryopreserved accessions has increased,
depending on the funding and the available materials.
The ITC defines a banana accession as safely stored for
the long-term provided three successful independent
repetitions of at least 54 meristems are executed and for
each successful repetition stored in the cryotank, there is

a 95% chance that at least one plant can be regenerated
into a normal plant (Dussert et al. 2003). As such, one
skilled lab technician can cryopreserve 40 to 50 banana
accessions per year. As an additional security measure,
one replicate set of all accessions has been transferred
under frozen conditions to the Institut de Recherche
pour le Development (IRD), Montpellier, France, using a
dry shipper. This ‘black-box’ back-up is located 1000 km
from the ITC, thus reducing the risk of germplasm
loss due to political and/or environmental hazards. In
2017, a feasibility study for establishing a safety back-up
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cryopreservation facility was executed. This study, com-
missioned by Bioversity International, the International
Potato Centre and the Global Diversity Crop Trust,
describes the advantages of cryopreservation for con-
servation of clonal/recalcitrant seed crop collections and
recommends that a major global effort is undertaken to
facilitate its wide-scale implementation. Additionally,
it highlights the necessity to establish a safety back-up
facility to accommodate accessions arising from cryo-
preservation activities of all crops, like is done for banana
(Acker et al. 2017).

Seed bank

Importance of wild bananas

Wild relatives of many crop species, including banana,
are still largely underrepresented in genebanks. Nev-
ertheless, they could be an inexhaustible resource of
genes for disease resistance, drought tolerance and other
desired characteristics that could be introduced in edible
bananas through classical and modern breeding pro-
grams. Wild genetic resources, including those of banana,
are in danger from abiotic and biotic pressures, as well as
problems related to the increasing world population and
subsequent habitat loss and/or fragmentation.

The genus Musa contains about 70 species and is
grouped in two sections: Callimusa (incorporating Aus-
tralimusa) and Musa (incorporating Rhodochlamys). The
majority of edible cultivars are natural crosses derived
from Musa acuminata subspecies, sometimes also com-
prising M. balbisiana genetic material. Both species
belong the section Musa.

Field and in vitro collections can be used to conserve
the diversity of wild bananas. However, to capture the
full diversity of populations of wild banana species—and
the potential genes for useful traits that they carry—
field and in vitro conservation methods are insufficient.
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Maintaining big populations this way would be too
expensive and requires too much space. Seed storage in
a global seed bank is therefore the preferred conserva-
tion option where viable. An agreement between Botanic
Garden of Meise, Belgium and Bioversity International
was recently signed to develop a wild banana seed con-
servation and regeneration facility and seeds will be col-
lected when wild banana populations are found (Fig. 3)
(see Gap Analyses and Collecting Mission section).

Storing banana seeds

Until recently no serious attempts were made to system-
atically collect and store wild banana genetic resources
through seeds. Major obstacles were the unpredictable
and mostly low seed germination rates, the unknown
seed storage behaviour and the complete lack of knowl-
edge on the genetic makeup of seeded Musa populations.
The latter is needed in order to quantify how many seeds
from how many banana plants and populations need to
be collected in order to represent the entire genetic vari-
ability of a species. A final bottleneck is the restricted
access to wild germplasm; indeed, wild bananas often
grow in remote, inaccessible areas in Southeast Asia
(Panis et al. in press).

Seed germination is determined by many parameters,
the first one being the collecting. When collecting in the
wild, timing of pollination and maturity of the bunch dur-
ing harvest of the fruit, as well as the post-harvest treat-
ment of the bunch all play a role (Simmonds 1952) and
are all difficult to control. Also, the application of differ-
ent seed extraction methods can lead to different results.
Stotzky et al. (1962) discovered that Musa balbisiana
seeds require alternating temperatures to germinate. This
is linked to the habitat where wild bananas are growing,
often in open canopy gaps where day/night fluctuations
are the highest, and the soil is exposed to direct sunlight.

Fig. 3 a Populations of wild M. acuminata ssp. banksii were collected as seeds in 2017 in PNG. b Suckers of banana cultivars collected in the
province of West New Britain (PNG) in 2019 and drying before shipment to PNG National Agricultural Research Institute
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Due to the low seed germination rates, storage experi-
ments of wild banana seeds have not yet systematically
been executed. This is the reason why sometimes embryo
rescue is applied. For this, embryos are excised under
sterile conditions and grown in vitro, thus avoiding he
requirement for dormancy breakage and increasing the
chance that a plant can be regenerated. According to the
Seed Information Database from the Royal Botanic Gar-
dens, Kew (2019), most of the members of the Musaceae
family are considered to have an intermediate storage
behavior. Other reports (Chin 1996; Simmonds 1952),
however, confirm the results of recent experiments per-
formed at the ITC; when seeds were sufficiently dried
in a desiccator (to a moisture content below 10%) and
subsequently enclosed in airtight aluminum bags, they
can be stored for at least 5 years at different storage
temperatures.

Many of the population genetic and phylogeographic
studies have been focusing on M. balbisiana and M.
acuminata (Panis et al. in press). Restriction Fragment
Length Polymorphism (RFLP) as well as Amplified Frag-
ment Length Polymorphism (AFLP) and Single Sequence
Repeat (SSR) markers have been used in several studies
to investigate the genetic diversity and population struc-
ture of different Musa species (for an overview see Panis
et al. in press). Recently, Bawin et al. 2019 analyzed seven
batches of M. balbisiana originating from three natural
populations, two feral populations and two ex situ field
collections using SSR markers and recommended that
additional collection of seeds should take place from nat-
ural populations, preferentially originating from the spe-
cies’ regions of origin, and from multiple individuals in
each population.

Characterization and monitoring genetic integrity
Molecular characterization

Since the rise of techniques allowing the molecular fin-
gerprinting of plant materials, genotyping has been
increasingly used to characterize crop germplasm and
is now standard for genebank characterization (Spooner
2005; Kilian and Graner 2012). Based on molecular
tools developed and used for research, a platform was
set up to allow the standard genotyping of Musa genetic
resources. This platform uses 19 SSR markers that were
previously published and allow the efficient genotyping
of any Musa accession. The combination of the different
alleles obtained after the PCR amplification of the SSRs
selected allow to discriminate identical genotypes and
clonal groups of bananas, those sets of landraces or cul-
tivars that are clonally derived from each other through
accumulation of mutations or epigenetics mechanisms. It
therefore constitutes a powerful tool to help refine taxon-
omy and check the identity of the germplasm (see section
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on field verification below). The platform was set up in
partnership with the Institute of Experimental Botany
(Christelova et al. 2011) and it operates under the name
‘Musa Genotyping Centre’

The Musa Genotyping Centre now routinely char-
acterizes the accessions conserved in the ITC using a
two-step methodology. Firstly, flow cytometry meas-
urements are conducted to check the ploidy of the
germplasm, that can be diploid, triploid and even
tetraploid in banana. Secondly, SSR genotyping is
performed using the set of 19 SSRs to determine the
genomic constitution and/or the sub-group/sub-spe-
cies level. Together, these methods increase the qual-
ity of the passport data of the collection, support the
monitoring of the genetic integrity of the accessions
conserved in the ITC and also help to describe and
increase our understanding of the diversity of banana
genetic resources globally (Christelova et al. 2017). The
ITC germplasm is nearly fully characterized using these
methods, but the Musa Genotyping Centre also offers
different services to the Musa community that are of
great help for germplasm conservation. For instance,
flow cytometry and SSR fingerprints can be produced
for any sample sent to the platform. In addition, pub-
lished datasets are publicly available. Combined with
the reference DNAs that are available upon request,
they can be used to calibrate in house genotyping
experiments (olomouc.ueb.cas.cz/en/content/ssr-
genotyping). This was the case notably for the banana
collection conserved at the USDA-ARS Tropical Agri-
culture Research Station in Puerto Rico, which success-
fully characterized its germplasm (Irish et al. 2014). The
Musa Genotyping Centre also allowed the ‘real-time’
characterization of the germplasm collected during col-
lecting missions in Indonesia in 2012 and 2013 (Chris-
telovd et al. 2017) and recently in the Autonomous
Region of Bougainville (Papua New Guinea) (Sardos
et al. 2018). The platform therefore has become a pow-
erful and affordable way to characterize banana germ-
plasm globally and is an essential tool for and efficient
conservation and use of banana germplasm.

In addition to the SSR genotyping undertaken with
the Musa Genotyping Centre, part of the germplasm
conserved in the ITC was also characterized in inde-
pendent studies. Phylogenetic markers such as ribo-
somal ITS and chloroplast sequences are available for
a number of accessions (Boonruangrod et al. 2009; Li
et al. 2010; Cizkov4 et al. 2015; Janssens et al. 2016),
DArT markers were applied to nearly 600 accessions
(Sardos et al. 2016a) and Genotyping-By-Sequenc-
ing was performed on a sub-set of 105 diploid acces-
sions (M. acuminata and AA) with the aim to perform
genome-wide association studies (GWAS) (Sardos et al.
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2016b). The datasets from these studies are available
and displayed in the on-line Musa Germplasm Infor-
mation System (Ruas et al. 2017) in the ‘genotyping
studies’ section (https://www.crop-diversity.org/mgis/
genotyping-study-list).

Field verification

The monitoring and maintenance of genetic integrity of
the ITC in vitro collection is essential to ensure that only
healthy and true-to-type accessions are conserved and
distributed to the public. This ongoing activity, called
field verification, allows to identify those accessions that
underwent somatic mutations due to tissue culture or
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that were accidently mixed-up. It also allows to check the
taxonomy of the germplasm. It requires the expertise and
efforts of many players (Chase et al. 2014). The field veri-
fication cycle starts with accessions that have been con-
served in vitro at the ITC for more than ten years (Fig. 4).
They are sent to USDA-ARS TARS in Puerto Rico, where
they are grown and morphologically characterized in
their field collection using the minimum standard banana
descriptors (Taxonomy Advisory Group, 2016) and pho-
tographs (Taxonomy Advisory Group, 2010). Concur-
rently, the accessions undergo ploidy determination and
molecular characterization (see Molecular Characteri-
zation section). Next, both sets of data are compiled for

1. ITC accessionsin
vitro for >10 years

5. Final determination of
geneticintegrity

2a. Morphological
characterization at USDA-
ARSTARS PuertoRico

2b. Genotypingand
ploidy determination at
the Musa Genotyping
Centre

R —

\ faa— 4
i .

BEfOC W

3. Morphological and
moleculardata compiled
on the MGIS dashboard

_

MusaN&

4. Taxonomic Advisory
Group expertreview

Fig. 4 The workflow of the field verification activity, starting with ten year-old accessions at the ITC (1), that are sent to the field verification site in
Puerto Rico (at USDA) and the Musa Genotyping Centre for characterization (2a/2b), after which the data are compiled in the Musa Germplasm
Information System (3), sent to the Taxonomy Advisory Group (4) who take a final decision on genetic integrity (5)



https://www.crop-diversity.org/mgis/genotyping-study-list
https://www.crop-diversity.org/mgis/genotyping-study-list

Van den houwe et al. CABI Agric Biosci (2020) 1:15

review by the ten experts of the Taxonomic Advisory
Group of MusaNet (https://www.musanet.org), via a cus-
tomized dashboard on the Musa Germplasm Informa-
tion System (Ruas et al. 2017).

For a decision on integrity to be taken, at least two
experts must be in agreement on an accession’s status as
either: true-to-type, true-to-subgroup, misclassified, mis-
labelled or off-type. True-to-subgroup and true-to-type
accessions are thus both maintained in the ITC collection
and available for distribution. Misclassified accessions are
subject to further evaluation for correct classification,
while mislabelled and off-type accessions are in most
cases removed from the in vitro collection and thus not
available for distribution. If the conclusion is not clear
(e.g. morphological and molecular results not in agree-
ment), many of the mislabelled and off-type accessions
are re-evaluated. When accessions are removed from dis-
tribution, efforts to replace them are made by contacting
the donor institutions or sourcing the same accessions
elsewhere. No accessions are removed from long-term
storage, i.e. cryopreservation.

As of June 2020, out of the 571 ITC accessions that
have undergone field verification, 80% of them are true-
to-subgroup or true-to-type, while the remaining are
mislabelled (10%), misclassified (6%) and off-type (4%).

In addition to ensuring the collection’s integrity, a large
body of useful information is generated by the field verifi-
cation activity and is accessible to the public via the Musa
Germplasm Information System, including characteriza-
tion data and photographs. This information adds signifi-
cant value to the ITC collection and is a clear asset to the
Musa community.

Phenotypic evaluation of the collection for key agronomic
traits

Genetic diversity has the potential to alleviate yield gaps
and mitigate the risk of annual yield loss in many crops
(Foley et al. 2011). The genetic characterization and eval-
uation of suitability of genebank accessions for targeted
agro-ecological regions and markets has been proven to
contribute to increased food, feed, fiber and fuel demands
(McCouch et al. 2012). In case of banana, a set of “climate
smart” banana accessions can help to mitigate the risks
of an erratic climate (Machovina and Feeley 2013; Rip-
pke et al. 2016) and to close the yield gap in the African
Great Lakes region and beyond (Kamira et al. 2016; Oci-
mati et al. 2014; Turner et al. 2016). Their diversity is not
only vital to optimize yield and anticipate climate change,
it is also decisive to identify useful alleles and to intro-
duce genetic diversity into the narrow genetic basis of the
edible bananas (pre-breeding aspect). However, as long
as genebanks are not fully characterized, phenotyped and
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accessible on a web platform such as the Musa Germ-
plasm Information System (Ruas et al. 2017) or Genesys
(https://hww.genesys-pgr.org), it is difficult for stakehold-
ers to realize the potential of the stored accessions and
it is challenging for the curators to comprehend what is
“missing” in their germplasm collections.

Unique key traits need to be defined with stakeholder
input and prioritized to phenotype and genetically char-
acterized. Past efforts to improve and stabilize banana
production systems focused on soil-borne problems
(Fusarium wilt, nematodes and weevils), foliar diseases
(black leaf streak, banana Xanthomonas wilt, banana
bunchy top virus), abiotic factors (declining soil fertil-
ity and drought) and socioeconomic factors (market-
ability, acceptability, sensory characteristics). The most
effective practice to screen pathogen and pest resistance
of banana is by planting disease-resistant varieties in
infested fields. Screening can also be carried out under
greenhouse conditions. Both practices have advantages
and disadvantages, which are largely influenced by stake-
holder objectives, the number of genotypes screened,
the time and costs involved, and the available facilities.
Field phenotyping provides information on the host
reaction under real-life conditions. However, it requires
large experimental plots, is time-consuming (more than
three years) and is highly demanding in terms of man-
power. Initial disease/pest pressure and soil characteris-
tics may also vary considerably across the experimental
site, and the development of symptoms may be affected
by climatic conditions. The use of rapid and reliable
methods for early detection of resistant genotypes under
greenhouse conditions could swiftly identify promising
genotypes and generate knowledge about the genetic
and molecular basis of resistance. However, greenhouse
screening is often performed under artificial conditions,
which include high inoculum levels, young plants, and
controlled soil and environmental conditions that may
not reflect field conditions. Ideally, early screening in the
greenhouses should be used to identify genotypes that
will then be evaluated in the field.

To evaluate how “climate smart” banana genotypes are
in some strategic agro-eco zones, key agronomic traits
for banana need to be evaluated in function of local cli-
matic conditions. An improved understanding of crucial
developmental stages and which climate variables have
the biggest impact in major banana growing regions is
very informative for national agricultural research cent-
ers. This knowledge allows them to know what genotypes
to distribute and will help to develop specific breeding
goals for different regions of the world. Special atten-
tion needs to be given to tolerance traits during the criti-
cal stages in the ontogeny (Gibbs and Turner 2018). The
life cycle of bananas can be divided into three phases: the
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vegetative, floral and fruit phase. The interaction between  evaluated under a given set of environmental conditions.
seasonal changes in temperature, photoperiod and soil  Ideally, all genotypes need to be screened in the field in
water balance influences the timing of the transition from  the area of interest for at least two crop cycles. However,
vegetative to floral phase, contributing to seasonal vari-  screening numerous banana genotypes from start to har-
ation in flowering and bunch harvest (Gibbs and Turner  vest would be extremely labor, time and cost intensive.
2018). The rate of development of a banana plant is influ-  Therefore, as it is the case for biotic stress screening, a
enced by temperature and since in a certain environment ~ workflow is required where the existing biodiversity is
temperature is more stable, the short-term growth is first screened through an early screening process in a
predicted to be more a function of water supply (Turner  controlled environment, especially if a link is to be made
1990). However, in contrast to water, the temperature to molecular analysis (Fig. 5). This concept is already
cannot be controlled by farm management. The impor-  known in the breeding community as rapid phenotyping
tance of temperature is illustrated in the use of thermal  (Ghosh et al. 2018). By simulating different climates in a
time rather than absolute time to indicate the duration  sophisticated controlled lab environment (the banana-
between planting and harvest. tainer) (Fig. 5), we apply this speed concept on the ITC

Key agronomic traits are: bunch weight, plant annual  collection. Currently, a strategic subset of the ITC col-
yield, ratoon crop cycle, plant height, number of hands lection is being screened for potential varieties that have
in bunch, number of fingers in hand, finger weight and  good growth performance for the different East African
number of suckers (see https://www.cropontology.org/  agro-eco zones. In a next phase, the promising genotypes
ontology/CO_325/Banana) (Shrestha et al. 2012). Key  will be validated in the greenhouse and in a third phase a
climatic variables that need to be measured during the selected set of genotypes will be tested in strategic agro-
three important phenological stages of banana can be eco zones for agronomical performance and consumer
found in Kehel et al. 2016. acceptance.

In an agricultural approach, an abiotic “stress” is a dis-
advantageous influence coming from the environment, Genebank genomics
threatening yield. Hence, growers focus on reducing abi- Next Generation Sequencing (NGS) techniques have
otic stress to safeguard their production and profit. Plant  drastically modified our ability to screen diverse germ-
growth is determined by the interaction of the genotype plasm at large scale in genebanks (Kilian and Graner
with the environment, while crop growth is determined  2012; McCouch et al. 2012). The release of a quality ref-
by the interaction of the Genotype with the Environment  erence genome sequence for the main ancestor of culti-
and the farm Management (GxExM). Absolute classifica-  vated bananas, M. acuminata, the A genome (D’'Hont
tions of genotypes towards tolerance are therefore not et al. 2012; Martin et al. 2016), represented by the ‘dou-
possible. The terms “susceptible” and “tolerant” are rela-  ble haploid Pahang’ and a draft genome for the second
tive terms which depend on the given set of genotypes  main ancestor, M. balbisiana, the B genome represented

Bananatainer Greenhouse Field

more control and speed

more agricultural relevance

Fig. 5 Workflow for banana phenotyping at Bioversity International. By simulating different climates in a sophisticated controlled lab environment
(the bananatainer) at the same location as the ITC collection, the ITC collection is efficiently being screened for potential varieties that have good
growth performance for the different East African agro-eco zones. The bananatainer can grow 504 plants simultaneously for 6 weeks up to 70 cm
height. The promising genotypes are then validated in a second phase in the greenhouse. In a third phase a selected set of genotypes is tested in
strategic agro-eco zones for agronomical performance and consumer acceptance
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by ‘Pisang Klutuk Wulung’ (Davey et al. 2013), both held
at the ITC, paved the way to the promising field of gen-
ebanks genomics. Since then, about one-third of the
ITC collection has been sequenced by High Throughput
Genotyping (Elshire et al. 2011; Davey et al. 2010). These
studies benefit genebank users by boosting our under-
standing of the banana (Musa spp.) genetic diversity and
ultimately by leading to an optimized management of the
genebank collections.

Deciphering the evolutionary history of the crop

Genomic data have greatly helped clarify the evolution-
ary history of wild species and cultivated groups con-
served at the ITC. In wild bananas, studies of whole
genomes allowed to detect phenomena such as whole
genome duplications and translocations (D’Hont et al.
2012; Martin et al. 2016; Dupouy et al. 2019) as well as
evidence of rapid radiation of these M. acuminata sub-
species (Rouard et al. 2019). In cultivated bananas, the
chromosome structures of allopolyploid hybrids were
explored allowing to clarify the path that led to their
creation (Baurens et al. 2019; Cenci et al. 2019, 2020).
Current efforts focus on resolving the mosaic structure
of cultivated banana by looking at the ancestral contribu-
tion of the different M. acuminata subspecies along chro-
mosomes (Martin et al. 2020). This information will be of
particular importance for breeders requesting material.
Additional insights should also come from recently gen-
erated high-quality reference sequences of M. balbisiana
(B genome) (Wang et al. 2019) and M. schizocarpa (S
genome) (Belser et al. 2018). New genomes like M. tex-
tilis (T genome) will be useful resources to extend analy-
ses to the section Callimusa, formerly Australimusa, that
comprises Fe’i bananas cultivated in the Pacific.

Gene-trait association

Genome sequence information is a powerful tool to
help identify allele variation linked to agronomic char-
acters desirable for breeding (Mascher et al. 2019). In
banana, genome-wide association studies (GWAS)
have led to the identification of useful diversity and
molecular markers for sterility and parthenocarpy (Sar-
dos et al. 2016a, b). This study has proved GWAS to
be applicable to banana despite the vegetatively prop-
agated nature of the plant. It also provided to users a
panel of diploid accessions and markers to investigate
additional traits, even though information on a range
of important farmer-preferred traits is still lacking
to enable the use of this approach. Meanwhile, other
omics datasets have been produced, notably on dif-
ferential gene expression analyses and proteomics for
a number of priority traits. With respect to accessions
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available in the ITC collection, this is the case for
drought (Zorrilla-Fontanesi et al. 2016; Kissel et al.
2016; Wesemael et al. 2018) and pests and diseases
(Passos et al. 2013; Timm et al. 2016; Zhang et al. 2019).
However, given their elevated costs, techniques such as
RNAseq for gene expression have only been applied to
a very limited number of samples. Moreover, although
many gene expression studies have been conducted,
the plant materials used do not always originate from
a genebank, which hampers further use of the same
material in other studies. Subsequent analyses could be
facilitated by selecting priority material coming from
genebanks or by transferring promising material to
genebanks as a later step. Finally, metabolomics stud-
ies were initiated on banana as proofs of concept and
enabled the identification of specific metabolite pro-
files using a diversity panel of 38 genebank accessions
(Drapal et al. 2019), now being extended to breeding
material (Drapal et al. 2020). The ideal scenario is that
the molecular analysis is integrated and combined with
phenotyping (Zivy et al. 2015; Jamil et al. 2020).

Support for management of the collection

Assessment of banana genetic diversity has long been
done using morphological descriptors and was later
complemented by molecular markers. NGS data dem-
onstrated their power to refine the current taxonomic
classification that was established using morphologi-
cal descriptors. It notably facilitates the categorization
of material to the correct groups or subgroups using
molecular karyotypes (Baurens et al. 2019; Cenci et al.
2020). Although diploid AAs and auto-triploids remain
more challenging as they involve genomic sections
inherited from the different M. acuminata genepo-
ols, this was recently initiated with a small number of
accessions from the ITC and other banana collections
(Martin et al. 2020). The results obtained showed that
this type of data may also help resolve taxonomic con-
flicts in these AA and AAA cultivars.

A big issue for genebanks conserving their material
in vitro, such as the ITC, is the occurrence of somatic
mutations that alter the genetic integrity of the germ-
plasm. Genomic approaches to germplasm showed
that large deletions or large duplications (i.e. ane-
uploidy) might be associated with somatic mutations.
Such mutations are traditionally detected through the
field verification process that is long and complex (as
described in field verification section). Even though the
links between the off-type status of the accessions and
these aberrant chromosome rearrangements need to be
further investigated, NGS technologies offer promising
prospects for their use in the routine management of
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the ITC. NGS could be used to perform complemen-
tary screening of the accessions and a first protocol has
been recently developed to detect large chromosome
rearrangements (Breton et al. submitted) which could
aid the early detection of off-type accessions.

The banana genebank information systems

The ITC relies on two distinct and complementary
information systems, one dedicated to the internal
management of the genebank operations, and the other
disseminating information about the diversity of the
ITC collection and other ex situ collections worldwide.

Musa Genebank Management System (MGBMS)

Operating a genebank and curating accessions in col-
lections is highly complex work. Indeed, each accession
in the genebank is split into several types of physical
material such as accessions preserved in vitro that need
regular subculturing and quality assurance checks,
accessions processed and stored in the cryobank,
plants grown out in the greenhouse (for rejuvenation
or observation purposes), leaf tissue samples harvested
and maintained in the lyophilized tissue bank, in vitro
samples that are subjected to health tests, characteriza-
tion and then distributed in response to users requests.
Each of these procedures generate a large body of data
and information that is essential for the proper docu-
menting and functioning of the genebank. Hence, it is
of critical importance that management data and com-
prehensive information is recorded in an appropriate
database system to ensure the integrity and security of
the data stored and to support operational efficiency
of the genebank (e.g. identify critical bottlenecks and
needs).

At the ITC, a fully customized database system was
developed in 2001 to manage the genebank activities and
the associated data on a day-to-day basis. The system
covers the genebank processes related to the acquisition,
conservation, health testing, characterization, and distri-
bution of accessions at the ITC. It includes barcoding and
recording of data via mobile devices to reduce mistakes
in the identity of the materials in the genebank. The cur-
rent version of the system is fully workflow-oriented and
highly integrated in the everyday activities of the gen-
ebank staff. ITC staff curate accession-level information,
including passport information (unique accession code,
name, source and taxonomy) using the FAO/Bioversity
International multi-crop passport descriptors (Alercia
et al. 2015) and, since recently, the Digital Object Iden-
tifier (DOI) unique identifiers assigned via the Global
Information System (GLIS) of the International Treaty.
These data comprise the information of all physical
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material of an accession present in the genebank. The
application installed on mobile devices and connected
to barcode readers and printers is used by the genebank
operators for capturing, viewing and editing data associ-
ated with the various physical materials of the accessions
in the genebank.

The system also records orders for germplasm that are
placed via the online ordering tool. Documents related to
the distribution as well as the acquisition of germplasm
(i.e. scanned SMTAs, phytosanitary, packing document
and photos) are stored in the system; the same for germ-
plasm transfers from the genebank to users that need to
be reported in accordance with the International Treaty.

Musa Germplasm Information System (MGIS)

The main community portal to retrieve information on
banana is called the Musa Germplasm Information Sys-
tem (MGIS) (Ruas et al. 2017), based on the open source
Drupal content management system and Tripal, a toolkit
that facilitates construction of online genomic, genetic,
breeding or other biological databases (Ficklin et al. 2011;
Sanderson et al. 2013).

Information on passport and morphological diversity

MGIS contains key information on Musa germplasm
diversity, including multi-crop passport data, botani-
cal classification, morpho-taxonomic descriptors, stud-
ies, photographs and geographic information on 6619
accessions managed in 30 collections around the world,
making it the most extensive source of information on
banana genetic resources (https://www.crop-diversity.
org/mgis/organisations). The data are provided under a
Data Sharing Agreement to ensure better recognition of
work done by partners. The quality of the passport data
provided is scored by using the Passport Data Complete-
ness Index developed by van Hintum et al. 2011b, 2011a.
A specific version of the index to Musa has been devel-
oped to consider additional information collected on
passport data such as the history of prior movement of
the germplasm across collections (https://www.crop-
diversity.org/mgis/accession/01BEL084609). To lower the
level of error when recording descriptor values, as well as
ensuring homogeneity in data collected, we developed a
mobile application (https://www.crop-diversity.org/mgis/
content/musatab), which not only guides the data cap-
ture, but also facilitates photo capture of specific traits.
All this information, delivered in a comprehensive frame-
work, can help users identify material of interest. Once
identified, the material from the ITC can be requested on
the website which automates PDF form-filling through a
three-step process to generate the SMTA.
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Information on allele and trait diversity

Phenotyping and genetic diversity studies are included
in dedicated sections that provide an easy way to explore
the accessions. For studies using genetic markers such
as SNPs, we upscaled the system with an optimized tool
(Sempéré et al. 2019) which provides an easy and intui-
tive way to explore large amounts of SNP data produced
on genebank accessions (www.crop-diversity.org/mgis/
gigwa). It offers a scalable solution to search for genotype
patterns, functional annotations, or more complex filter-
ing as well as data export in multiple format types. Data-
sets from several published studies have also been made
available (Sardos et al. 2016a, b; Cenci et al. 2020).

Curation to monitor the use of accessions

The use of ITC accessions is documented based on a
literature review. Each accession reported in a publica-
tion with an ITC accession number is added to MGIS to
inform users about what type of data, information and
knowledge exists about that accession. It also allows users
to generate statistics about the most popular accessions
in the ITC (Rouard et al. 2018) (Table 1). As an example,
the most cited and distributed accession is a M. acumi-
nata subspecies burmaniccoides called ‘Calcutta 4’. ‘Cal-
cutta 4’ has been used extensively in breeding because
of its resistance to black leaf streak. It is also resistant to
several races of Fusarium wilt and partially resistant to
Radopholus similis and other nematodes. It is followed
by ‘Tani, a representative accession of the M. balbisiana
genome. The trend in the most cited accessions are for
wild and diploid accessions (AB), with the exception of
‘Mbwazirume’ (AAA group), while wild accessions repre-
sent only 17% of the distributed material.

Interoperability with other systems

Passport data information linked to ITC is transferred to
the global portal Genesys (https://www.genesys-pgr.org/
wiews/BEL084) managed by the Global Diversity Crop
Trust and synchronized with the Global Information Sys-
tem (https://ssl.fao.org/glis/entity/search?SearchForm[h
oldwiews]=BEL084), which was established by the Inter-
national Treaty to facilitate the exchange of information.
Since 2018, the ITC collection uses Digital Object Iden-
tifiers promoted by the International Treaty to reinforce
tracking of the material. A community portal called the
Banana Genome Hub (Droc et al. 2013) has been devel-
oped to provide easy access to all types of genomics data
and enable genome exploration using genome brows-
ers that are connected to marker datasets maintained
in MGIS. This ensures that genetic material is properly
described and accessible for any subsequent experi-
ment. Genetic information can also be tracked back to
the original material. Monitoring the use of accessions is
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also fostered by linking with breeding program datasets.
For example, using a common application programmatic
interface called the Breeding API (Selby et al. 2019), the
Musa Germplasm Information System and MusaBase
(https://musabase.org/) are connected and can exchange
useful information for their respective target audience.
The advantage is an additional source of information
from breeding programmes about genebank material for
which evaluation or phenotyping was carried out but not
readily accessible from MGIS.

Gap analyses and collecting missions

The MGIS provides access to important information
on banana germplasm conserved in international and
national ex-situ collections and is of great help in assess-
ing the extent of diversity safeguarded globally. This
diversity has been collected in farmers’ fields or in the
wild.

Banana has a long record of collecting expeditions, but
not all the materials prospected are still available in gene-
banks. For example, the expeditions led by N. Simmonds
in East Africa in 1948 and in Asia and the Pacific in 1954
and 1955 for the Imperial College of Tropical Agricul-
ture (Simmonds 1956) led to a significant increase of our
knowledge on bananas, but very few samples collected at
the time were maintained. On the contrary, the results
of the extremely fruitful collecting missions organized
by the United Fruit Company in 1959-1961, co-led by
P. H. Allen and and J. J. Ochse (Rosales et al. 1999), are
still partly available for the community, since the entire
collection entered the public domain in 1984 when the
Fundacién Hondurefia de Investigacién Agricola (FHIA)
started to manage it. A back-up of this germplasm was
initiated, and more than 120 accessions are still con-
served in the ITC. As FHIA’s collection started to decline
in the 2000's, this back-up initiative saved some of the
invaluable banana germplasm gathered by Allen and his
colleague. This last example shows how important it is to
organize collecting activities in a synchronous way with
both national partners and the ITC. The first successful
example of such harmonized organization was in the late
1980s, when a set of collecting expeditions was organ-
ized to Papua New Guinea (PNG) jointly with Australian
institutions, the ITC and the PNG National Agricultural
Research Institute. These missions ended with more than
250 accessions collected, of which most are still con-
served in the ITC more than 30 years later (Sharrock
1988, 1989; Sharrock et al. 1988, 1989; Arnaud and Horry
1997).

Equally, not only the organization of collecting mis-
sions have evolved, but their scope has too. Until
recently, collecting missions were mostly driven by the
need to find new parents to breed commercial bananas
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(e.g. Simmonds 1956; Rosales et al. 1999). However, in
the 1980s, evidence for the erosion of wild habitats and
for the progressive loss of traditional agro-systems in
favor of less diversified cropping systems induced shifts
in mindsets. Collecting missions therefore not only tar-
geted material for breeding but also aimed at safeguard-
ing the widest amount of diversity possible before it goes
extinct (e.g. De Langhe et al. 2001; Sharrock 1988). In
this perspective, gap analyses were carried out to identify
priority areas and taxa for conservation. A global analy-
sis of the conservation status of the crop wild relatives of
81 crops identified wild bananas as priority taxa for con-
servation due to their poor representations in genebanks
(Castanieda-Alvarez et al. 2016). In parallel, a consulta-
tion of experts held in a MusaNet workshop in Bogor,
Indonesia, realized the taxonomic uncertainty of wild
bananas may hamper the correct assessment of the wild
taxa to focus on and rather identified regions for which
little germplasm was available in ex situ facilities. This
exercise, combining cultivated and wild bananas, identi-
fied Indonesia, South Philippines, Myanmar, Northeast
India and near Oceania, including the archipelago of the
Solomon Islands, as priority areas (MusaNet 2016).
Following this consultancy process, two collecting mis-
sions were organized jointly with the Indonesian Center
for Horticultural Research and Development to North
Sulawesi in 2012 and in Ambon and Seram in 2013. In
2016, when the opportunity arose to organize a new col-
lecting expedition, the Autonomous Region of Bougain-
ville (in PNG) located at the northern tip of the Solomon
archipelago was selected (Sardos et al. 2017). Finally,
a recent and fine-scale analysis considering both the
genetic background and the geographical origins of the
accessions conserved in the ITC was performed (Gio-
vannini et al. 2019). Among others, this last approach
identified gaps in germplasm originating in the Pacific
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in general, especially for Fe’'i bananas, and in the west-
ern side of the island of New Britain for all banana germ-
plasm in PNG. Therefore, three collecting missions were
organized in 2019 to Cook Islands, Samoa and the PNG
province of West New Britain (Sardos et al. 2019a, b,
2019a). All the collecting missions were organized jointly
with local institutions and the germplasm collected is in
the process to be backed-up in the ITC. The results of
these recent expeditions are displayed in Table 2.

An additional important gap identified for banana crop
wild relatives was the conservation of wild bananas as
populations (see Seed bank section). Most of the banana
ex-situ conservation facilities indeed focus on the vegeta-
tive conservation of single individuals, inducing the col-
lection of single suckers of wild banana plants rather than
populations. The experts therefore encouraged the col-
lection of populations under the form of seeds (MusaNet
2012). It was done during the two collecting missions to
Indonesia in 2012 and 2013, but no specific seed conser-
vation facilities existed at the time. In addition, two dedi-
cated expeditions were organized to PNG in 2017 and
2019, respectively (Sardos et al. 2017; https://www.cwrdi
versity.org/wild-about-bananas/).

Finally, experts specified during the consultancy pro-
cess that, due to the poor representation of wild taxa in
genebanks, the collection of banana’s crop wild relatives
should not be focused on traits but on diversity and that
phenotyping and evaluation for specific traits should be
carried out after collection (MusaNet 2012). However,
as it was demonstrated that climate change will exacer-
bate food insecurity in vulnerable areas (Wheeler and
Von Braun 2013), collecting expeditions for both culti-
vated banana and their wild relatives with specific focus
on traits such as drought tolerance or resistance to cli-
mate sensitive diseases could take place in the future.

Table 2 Numbers of accessions collected during the expeditions organized since the establishment of MusaNet in 2011

Cultivated (suckers) Wild
Suckers Seed lots

Musa Call. (Fe'i) Musa Call Musa Call
North Sulawesi and North Maluku (Indonesia 2012) 18 - 3 3 5 3
Central Maluku and Sunda Islands (Indonesia 2013) 6 2 8 - 7 -
Autonomous Region of Bougainville (PNG 2016) 50 7 1 3 - 11
Madang and Morobe provinces (PNG 2017) - - - - 15 6
Rarotonga and Aitutaki Islands (Cook Islands 2019) 11 7 - - -
Madang, Morobe and Sandaun Provinces (PNG 2019) - - - - 21 1
Upolu Island (Samoa 2019) 10 2 - - -
West New Britain Province (PNG 2019) 66 1 1 - 3

‘Musa’and ‘Call! stand for the botanical sections Musa and Callimusa respectively.‘Seed lots’ refers to seeds collected from a single mother plant
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More than ever, coordination and synchronization with
national partners will be necessary to achieve this task.

Networking with MusaNet

MusaNet (https://www.musanet.org) is the Global Net-
work for Musa Genetic Resources, founded in 2011
by Bioversity International, and comprising over 100
members from various banana research institutes and
organizations that support Musa research. MusaNet
aims to optimize the conservation and use of Musa
genetic resources by coordinating and strengthening
the conservation and related research efforts of a world-
wide network of public and private sector stakeholders.

MusaNet has as its mandate to further develop and
implement the Global Musa Strategy (see Introduc-
tion) and to disseminate the fruits of its research by
providing technical guidelines and building capacity in
the banana-producing regions, for example at regional
workshops on characterization and documentation of
field collections.

The network is divided into five thematic groups
where members build global and cross-thematic col-
laboration. The Conservation, Diversity, Evaluation,
Genomics and Information Thematic Groups are each
led by an elected Chair and Co-chair, who represent the
group at the monthly Expert Committee meetings. A
selection of recent activities from each thematic group
are highlighted below in Table 3.

The three regional banana networks (BAPNET,
MusAfrica and MusaLAC) are federated through
MusaNet to ensure that the links with national part-
ners remain strong and to keep abreast of the needs of
the regions, such as pest and disease prevention and
mitigation. The networks are also represented in the
Expert Committee, along with the coordinator of Pro-
Musa (https://www.promusa.org), the banana informa-
tion sharing platform, also coordinated by Bioversity
International.
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The ITC plays a central role in MusaNet, as it
exchanges germplasm and information with many of
the over 60 Musa collections worldwide and is involved
in activities of all five thematic groups. The genebank
also has forged a strong relationship with many regional
and national collections by providing a back up to their
collections and collaborating on collection missions,
research and capacity building.

Conclusion
Over its 35 years as the global banana genebank, the
ITC has continually grown both in size and in relevance
to the Musa research community, having integrated key
research activities and novel methods and tools to con-
serve, help understand and promote the use of its germ-
plasm. It's primary objective as a CGIAR genebank,
under the auspices of FAO and regulated by the Interna-
tional Treaty, is to conserve and make publicly available
its collection to the highest standards possible. Beyond
that role, significant value has been added to the collec-
tion by the related activities described in this chapter,
including cryopreservation, seed banking, molecular
characterization, phenotyping, genomics, bioinformatics
and comprehensive accession-level documentation.
Many of the challenges laid out in the introduction of
this chapter on conservation, use and access to material
have or are currently being addressed at the ITC. Other
challenges will be met by further activities and future
perspectives to increase the value and accessibility of the
genebank for the public, researchers and breeders alike.
Regarding the distribution of germplasm, the ITC will
in the next few years increase the immediate availability
of its accessions to 90% of the collection thanks to the
strategic release and cleaning of accessions containing
endogenous banana streak virus sequences. The Germ-
plasm Health Unit is also developing High Throughput
Sequencing technologies as a universal diagnostic test
for accurate and sensitive detection of plant viruses.

Table 3 Recent activities within the five MusaNet thematic groups, many of which are discussed in this chapter

Thematic Group  Activity

Conservation

Technical Guidelines for the Safe Movement of Musa Germplasm (Thomas et al. 2015); Virus Ring Test training for National Agricul-

tural Research Systems to detect banana viruses; development of a strategy to distribute accessions with endogenous Banana

Collecting missions to Papua New Guinea, Indonesia, West New Britain, Bougainville, Cook Islands and Samoa (Sardos et al. 2017,

2018, 20193, b); the Taxonomic Reference Collection; the development of minimum descriptor lists for Musa, Plantains and East

Annual workshop at the Plant Animal Genome conference; genotyping including resequencing of ITC accessions; sequencing of

Streak Virus
Diversity
African Highland Bananas; Regional workshops on field characterization
Evaluation Evaluation protocols for resistance of drought, black streak virus and Fusarium Wilt; IMTP evaluation trials
Genomics
reference genomes for Musa acuminata subspecies
Information

Development of mobile applications for morphological description and for taxonomic identification; iNaturalist for crowd-sourced

with the banana natural biodiversity mapping project; Updates data and features for information systems
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Concerning long-term conservation, the proposed inter-
national safety back-up cryopreservation facility will
safeguard clonal/recalcitrant seed crops such as banana.

Collecting wild species and cultivars in situ and on
farm remains important to fill critical gaps in the ITC
collection, and to establish strong collaboration and
access benefit sharing with national partners. Add-
ing material to genebank collections has become more
difficult, not only because collecting missions need to
be negotiated with national and local authorities, but
also because acquiring material from other collections
is only possible if the origin of the material is properly
documented and is done in compliance with regula-
tions (Brink and van Hintum 2020). Although consid-
erable progress has been made, more work related to
germination, preservation, population genetics and col-
lection of wild bananas is still needed to establish an
active wild banana genebank.

Towards the better use of the collection, molecular
and morphological characterization data continues to
increase in quantity and quality. Genotyping studies will
further elucidate the taxonomy and link genes to phe-
notypic traits, while the evaluation of biotic and abiotic
stresses using improved protocols and technologies, such
as the ‘bananatainer; will reveal important ‘climate smart’
traits inherent in Musa diversity.

Research on genetics and epigenetics will allow a bet-
ter understanding of somatic variation in banana and the
development of a system for early detection and control.
Genomic and bioinformatic analyses will play an increas-
ingly important role in understanding the genetic vari-
ation of banana diversity. Given the affordable cost of
Next Generation Sequencing approaches, an increase of
genomic studies with larger sampling is expected, ulti-
mately leading to a full coverage with genomic data of the
international genebank to maximize its use (Halewood
et al. 2017). Additional insights should also come from
new high-quality reference sequences from the B and S
genomes (Belser et al. 2018; Wang et al. 2019).

The Musa Germplasm Information System database
is continuously expanding its comprehensive dataset
on banana accessions held collections across the globe,
and integrating phenotyping studies is a current prior-
ity, despite the challenging level of details and volume of
information. Users are interested in comprehensive infor-
mation about the potential of accessions. The availability
of such information should be facilitated by the informa-
tion systems once curation has been performed by the
appropriate plant phenotyping standards (Papoutsoglou
et al. 2020) and Ontologies (Shrestha et al. 2012). The
use of proper accession numbers (such as the DOIs) ena-
bles data integration across studies in order to contribute
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efficiently to the conservation and sustainable use of crop
diversity and benefit-sharing.

The numerous activities encompassing the ITC gen-
erate enormous potential for greater collaboration and
knowledge exchange, which is where MusaNet plays
its part. Stronger linkages among researchers of differ-
ent disciplines and regions are being forged in order to
develop projects and guidelines that result in positive
and lasting impacts on banana production systems and
livelihoods.
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