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1 | INTRODUCTION

Abstract

The last decade has witnessed huge technological advances in genomics, particularly
in DNA sequencing. Here, we review the actual and potential application of genomics
in supporting in situ conservation of crop wild relatives (CWRs). In addition to help-
ing in prioritization of protection of CWR taxa and in situ conservation sites, genome
analysis is allowing the identification of novel alleles that need to be prioritized for
conservation. Genomics is enabling the identification of potential sources of impor-
tant adaptive traits that can guide the establishment or enrichment of in situ genetic
reserves. Genomic tools also have the potential for developing a robust framework
for monitoring and reporting genome-based indicators of genetic diversity changes
associated with factors such as land use or climate change. These tools have been
demonstrated to have an important role in managing the conservation of populations,
supporting sustainable access and utilization of CWR diversity, enhancing accelerated
domestication of new crops and forensic genomics thus preventing misappropriation
of genetic resources. Despite this great potential, many policy makers and conserva-
tion managers have failed to recognize and appreciate the need to accelerate the ap-
plication of genomics to support the conservation and management of biodiversity in
CWRs to underpin global food security. Funding and inadequate genomic expertise
among conservation practitioners also remain major hindrances to the widespread

application of genomics in conservation.
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food plants are usually harvested and used as food and source of

Crop wild relatives (CWRs) play a critical role in ensuring food and
nutritional security, economic development as well as environmental
sustainability. It is estimated that there are about 50,000-60,000
CWR species globally, out of which 700 need to be prioritized for
conservation (Maxted & Kell, 2009). Some of these CWRs and wild

income, for example during periods of drought and food scarcity.
More importantly, they are a source of readily available genetic
variation for crop improvement. CWRs typically contain more diver-
sity than domesticated crops as they still retain most of the genetic
variation lost through various domestication related bottlenecks.

Owing to their adaptation to diverse range of habitats, they are
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potential source of novel genes and alleles for adapting crops to the
ever growing problem of climate change (Hajjar & Hodgkin, 2007).
Although there has been increased interest in the conservation and
use of CWRs, they still remain underutilized in crop improvement
mainly due to inadequate conservation efforts (Vincent et al., 2013).
CWRs are increasingly facing natural and anthropogenic-related
threats in their natural habitats leading to continuous genetic ero-
sion and even extinctions (Bilz et al., 2011; Jarvis et al., 2008). In
situ conservation has over the years emerged and been recognized
globally as an important approach that complements ex situ conser-
vation in safeguarding the world's plant genetic resources. However,
compared to ex situ conservation, in situ conservation is relatively
poorly developed and receives much less attention.

Conservation of plant genetic resources has over the years
greatly benefited from the use of molecular based approaches.
The last decade has seen major advances in genomics particularly
in DNA sequencing which have significantly increased resolution in
conservation genetic studies. There has however been debate on
the rationale of using genomic approaches while the traditional ge-
netic methods can address most of the conservation related issues
(McMahon et al., 2014). Previously, conservation genetics has mostly
made use of only a few markers to make inferences and inform de-
cision making on conservation practice. As will be highlighted in this
study, there are many instances where the earlier molecular technol-
ogies have failed to adequately resolve critical conservation issues
thereby leading to conflicts and contradictions. The line that distin-
guishes genetics from genomics is in some cases somewhat blurred
and their distinction varies between studies (Flanagan et al., 2018;
Supple & Shapiro, 2018). In this review, we consider genomic studies
as those analysing whole genome data or those that use thousands
of markers to probe the entire genome. We review the actual and
potential application of genomics in supporting in situ CWR conser-
vation (Figure 1). Major progress has been made in the development
of diverse genomic resources for some CWRs. Reference genome
sequences are now available for a growing number CWRs (Brozynska
et al., 2015) but many more remain uncharacterized. Genomics has
created enormous opportunities that are enabling greater, efficient
and more targeted utilization and conservation of these genetic re-
sources. Recent large scale projects aim to coordinate the capture of
genomic information for all life forms (Exposito-Alonso et al., 2020),
with an emphasis on capturing genomic data before biodiversity is
lost. Rare and endangered species have been a focus of such efforts.

CWRs are another group that deserve special attention.

2 | OVERVIEW OF THE STATUS OF
CONSERVATION OF CROP WILD RELATIVES

Despite the importance of CWRs, a review of literature paints
a picture of neglect in the conservation of these valuable genetic
resources. Substantial efforts and progress have been made in the
ex situ conservation of plant genetic resources, yet CWRs remain
grossly under-represented in genebanks around the world. About a

decade ago, it was estimated that out of the more than 7.4 acces-
sions conserved in global genebanks (FAO, 2010), only about 2%-
6% constituted CWRs (Maxted & Kell, 2009). The number of CWRs
having accessions in seed banks was estimated at 6% (Maxted & Kell,
2009). However, with the recent global conservation efforts spear-
headed by various institutions such as the Global Crop Diversity
Trust (Dempewolf et al., 2014), aimed at improving the conserva-
tion and use of CWRs, their conservation status may have changed
positively. The current in situ and ex situ CWR conservation status is
likely to be known with the publication of the third state of the world
report on Plant Genetic Resources for Food and Agriculture (PGRFA)
whose preparation is underway.

Numerous studies have reported that even where CWRs exist
in genebanks, their diversity is poorly represented, thus calling for
systematic collecting efforts (Castafieda-Alvarez et al., 2016; Khoury
et al., 2019; Syfert et al., 2016). These species are better represented
in in situ protected areas than in seed banks. However, even in cases
where CWR populations occur in protected areas, they usually do not
receive any active management and their existence and survival is just
a product of the establishment of those areas (Wambugu et al., 2013).
Where in situ conservation programmes exist, they are severely lim-
ited in geographical coverage. This situation seems to be somehow
changing as countries are increasingly developing targeted national in
situ conservation plans for CWRs (Fielder et al., 2015; Labokas et al.,
2018; Phillips, 2017; Taylor et al., 2017; Teso et al., 2018). Globally,
botanic gardens play an important role in CWR conservation.

Compared to ex situ conservation where a lot more informa-
tion is available about the costs involved (Koo et al., 2003; Pardey
et al., 2001), little is known on the costs of establishing and main-
taining in situ conservation genetic reserves. There is also paucity
of information on the costs of using genomics in supporting in situ
conservation. However, even with the decreasing costs of genomic
technologies, the costs of using genomics, for example in demo-
graphic population monitoring, still remain higher than those of tra-
ditional genetic approaches.

3 | CONSERVATION GAP ANALYSIS

A robust conservation gap analysis is important in guiding the de-
velopment and implementation of an effective conservation plan.
Depending on objectives and priorities of the conservation pro-
gramme, this analysis can be done at different levels namely genetic,
taxon, ecogeographical and trait level using different approaches.
While conservation initiatives aim and ensure conservation of as
much taxonomic, genetic and ecosystem diversity as possible, gaps
have been noted. The analysis of gene level diversity and its conser-
vation status as well as its actual conservation has been neglected
(Laikre, 2010). In in situ conservation, genetic diversity has largely
been overlooked as focus has mainly been on populations, species,
habitats and ecosystems (Coates et al., 2018). Phylogenetic and
functional diversity is rarely considered during establishment of con-
servation sites (Cadotte & Tucker, 2018). As will be discussed later in
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FIGURE 1 Application of genomics in genetic resources conservation

this paper, genomics has potential for undertaking robust monitoring
of levels and patterns of genetic diversity as well as assessing con-
servation status at genome scale. At the trait level, genomic analysis
is important in determining whether the genotypes of cultivated and
wild genetic species possess target traits. This knowledge is useful
in assessing whether important functional traits are adequately con-
served in existing populations or germplasm collections. Genomic
tools can be used to complement geographic information system
(GIS) and ecology-based predictive characterization approaches such
as focused identification of germplasm strategy (Bari et al., 2012;
Bhullar et al., 2009; Endresen et al., 2012) to identify populations
likely to possess important adaptive traits. Identification of such
traits is important in supporting trait based conservation.

Taxon and geographical level in situ conservation gap analysis can
be conducted by comparing in situ diversity with that represented in
herbarium samples, ex situ collection or total diversity inherent in a
taxa (Maxted et al., 2008). However, the natural diversity inherent
within a taxa is usually not known. Whole genome- based popula-
tion genomic studies which are continually being conducted for many
CWRs (Baute, 2015; Wang et al., 2014) are increasingly providing

Denovo
domestication

Preventing
misappropriation/
bio-piracy

Biosecurity
management

information on the molecular genetic diversity inherent in a popula-
tion or taxa. In order to comprehensively capture the available genetic
variation, wide sampling from the species range is recommended, in-
cluding analysis of ex situ collections. Large scale sequencing efforts
such as the 3,000 rice and chick pea genome projects (Varshney et al.,
2021; Wang et al., 2018) are contributing to better understanding
of genetic variation present in a taxa. With increased availability of
information on genetic variation inherent in a taxa, genomics can po-
tentially provide a tool to assess the threat status of a taxa or popula-
tion based on levels and patterns of allelic diversity. Such assessment
is likely to be relatively easy to conduct in case of localized popula-

tions or taxa as compared to those that are expansively distributed.

4 | PRIORITIZATION OF CWR TAXA FOR
CONSERVATION

Due to the high number of CWRs that need protection, the budget-
ary requirements exceed the resources available for most conserva-
tion initiatives. Conservation managers therefore need to undertake
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an objective prioritization of taxa to be conserved (Maxted et al.,
2006; Meilleur & Hodgkin, 2004). Prioritization is based on several
criteria, key among them being relatedness between the CWR and
the domesticated crop, economic value, value to breeders, ende-
micity, level of threat that the taxa is facing and their importance
to national as well as global food security (Maxted & Kell, 2009;
Phillips, 2017; Teso et al., 2018). In addition to this taxonomic based
prioritization, conservation practitioners may set priorities based on
functional diversity.

Several concepts which define the genetic and taxonomic rela-
tionships between the cultivated and wild species have been devel-
oped and form the principal prioritization criteria. These include the
gene pool concept (Harlan & de Wet, 1971), taxon group (TG) and
provisional gene pool (PGP) concepts (Maxted et al., 2006; Vincent
et al., 2013). Based on the gene pool concept (Harlan & de Wet,
1971), the primary gene pool which is the closest to the crop and
whose genes are most accessible for crop improvement should be
given priority, followed by secondary and finally the tertiary gene
pool in that order. Analysis of genome data in the Lens genus identi-
fied four gene pools which are consistent with compatibility patterns
among lentil (Lens culinaris Medik) and its CWRS, thus resolving the
gene pool classification in this genus which has remained inconsis-
tent and contradictory (Wong et al., 2015). Genome sequencing is
enabling assessment of the novelty of genetic resources thereby en-
abling their prioritization in conservation (Henry, 2013). Genomics
has enabled identification of novel wild rice genetic resources in
Australia and confirmed their distinctness from Asian wild rice
(Waters et al., 2012) (Figure 2). Although molecular markers have
greatly helped in defining genetic relationships between CWR and
domesticated crops, these have in some cases remained inconclu-
sive, contradictory or ambiguous (Baute et al., 2016; Hwang et al.,
2019). Most phylogenetic studies aimed at providing insights on ge-
netic relationships have resulted in varying levels of phylogenetic
discordance. Whole genome data is providing an opportunity to re-
solve previously intractable phylogenetic relationships (Stein et al.,
2018). Genome wide Genotyping by Sequencing data has provided
a refined phylogeny of the Helianthus genus, revealing a close ge-
netic relationship between cultivated sunflower and Helianthus win-
teri J. C. Stebbins, a newly described sunflower wild relative (Baute
et al., 2016). Chloroplast genome analysis has also been used in re-
constructing phylogenetic relationships between wild and domesti-
cated taxa in the Oryza AA genome group (Brozynska et al., 2014;
Wambugu et al., 2015) and other genera including Citrus (Carbonell-
Caballero et al., 2015), Sorghum (Song et al., 2019), Allium (Huo et al.,
2019) and Musa (Zhang et al., 2019). Compared to nuclear genome
data, chloroplast genomes possess traits that offer particular advan-
tages in studying phylogenetic relationships (Takahashi et al., 2008)
(Small et al., 2004). The analysis of more loci in phylogenomic anal-
ysis results in increased resolution compared to traditional phyloge-
netic methods.

The taxon group concept is an alternative taxonomic-based sys-
tem that runs hierarchically from the domesticated crop, species, se-
ries/section, subgenus, genus to tribe and was proposed by Maxted

FIGURE 2 Insitu populations of Australian wild rice in Lakefield
National Park, North Queensland, Australia. Genome analysis has
identified novel genetic diversity among these populations

et al. (2006). It operates on the principle that there exists a great
relationship between taxonomic classification and relatedness and
hence crossability (Maxted et al., 2006). Taxonomic classification in
many plant families has however remained inconclusive, controver-
sial and inconsistent (Huo et al., 2019; Yang et al., 2018) thus con-
straining the use of this approach. Unreliable and unstable taxonomic
classification has potential to negatively impact global conservation
efforts (Garnett & Christidis, 2017). Genomics is providing new ca-
pabilities characterized by greater power in taxonomic studies that is
enabling taxonomic revision (Coates et al., 2018). Using genotyping
by sequencing data, Wong et al. (2015) proposed a taxonomic revi-
sion in the Lens genus, proposing that Lens odemensis Ladiz should be
considered as a distinct species and not a subspecies under Lens culi-
naris. There are, however, fears that the increased power and resolu-
tion of genome scans could lead to unnecessary splitting of species
(Coates et al., 2018; Isaac et al., 2004) thus complicating conserva-
tion plans. Prioritization has enabled the development of inventory
lists of priority CWRs which have proved to be a valuable resource
that is guiding in situ conservation efforts in various countries
(Khoury et al., 2013; Vincent et al., 2013). Prioritization is also useful
to conservation practitioners and geneticists as it helps in identify-
ing a reduced number of taxa which can be logistically feasible and
affordable to be subjected to detailed genomic analysis.

5 | SELECTION OF PRIORITY
CONSERVATION SITES

In situ conservation is primarily undertaken through the establish-
ment of in situ genetic reserves. Prior to undertaking any conserva-
tion actions, conservation managers need to undertake a systematic
planning that involves both spatial and genetic prioritization of sites
and CWR taxa. Different approaches have been used to identify
the most suitable sites for ensuring efficient conservation of CWR
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diversity (Moray et al., 2014; Vincent et al., 2019). Ecogeographic
and genetic diversity assessment surveys of CWRs provide knowl-
edge on genetic diversity status and patterns which is vital in guid-
ing conservation planning and ecosystem management (Navarro
et al.,, 2017). Next generation sequencing is providing data that is
helping in prioritization of in situ conservation sites in order to en-
sure cost effective conservation of high amounts of biodiversity
(Flanagan et al., 2018). Population genomic analysis has capacity
to enable the identification of biodiversity hotspots including hot
spots of rare alleles. In addition to helping in identifying appropri-
ate locations for in situ conservation, genomics is providing insights
that are informing other conservation decisions such as sampling
of genetic diversity for both in situ and ex situ conservation. For
example, genome analysis has reported more genetic diversity in
hotter and drier areas than in cooler and wetter regions (Fitzgerald
et al., 2011; Shapter et al., 2013). These genetic diversity patterns
are shaped by the prevailing environmental conditions as well as
the existing biotic and abiotic stresses (Tso & Allan, 2019). This
suggests that ecogeographic patterns can be used as a proxy for
genetic diversity in the absence of genetic diversity data (Taylor
et al., 2017). When assembling genetic resources for in situ and ex
situ conservation, conservation practitioners may therefore want
to put relatively more sampling efforts in the drier areas compared
to the wet ones. Genomic analysis of taxonomic, phylogenetic and
functional diversity patterns can guide the establishment of novel

protected areas.

6 | SPECIES IDENTIFICATION

A critical component of an in situ conservation strategy is under-
taking of surveys and preparation of an inventory of CWRs in a
particular country or geographical region. These surveys are un-
derpinned by species identification and help provide information
on species richness. Most conservation regulatory regimes, direc-
tives and plans recognize “species” as the primary unit of conserva-
tion (Coates et al., 2018). Accurate species identification however
remains a major problem in many plant families and particularly
among wild species. Cases of misidentification of CWRs in conser-
vation have been reported (Baute et al., 2016; Mason et al., 2015;
Ndjiondjop et al., 2018; Orjuela et al., 2014). Molecular taxonomic
tools are enabling faster, cost effective and more accurate under-
taking of surveys and inventories than traditional morphology based
approaches (Thompson & Newmaster, 2014). Species discriminating
markers are providing an efficient and cost effective method of plant
identification. Species diagnostic SNP markers have been developed
for discriminating Oryza sativa and O. glaberrima Steud from their
CWRs, O. barthii A. Chevalier and O. longistaminata A. Chev. & Roehr
(Ndjiondjop et al., 2018) as well as various CWRs in the Citrus genus
(Curk et al., 2015). It has however been suggested that there is need
to exercise caution when using GBS in identification of genotypes as

it seems to have limited discriminatory capacity (Wong et al., 2015).

The use of exome capture has been suggested to be faster and more
reliable in species identification (Ogutcen et al., 2018). Genomic data
complemented by geographical information has been used to iden-
tify cases of species misidentification in Helianthus petiolaris Nutt
and Helianthus bolanderi A. Gray which are sunflower wild relatives
(Baute et al., 2016).

DNA barcoding has emerged as a vital tool in supporting con-
servation. Several gene regions have previously been recommended
to act as barcodes to assist in plant identification but their species
discriminating capacity varies, with some performing suboptimally
(CBOL Plant Working Group, 2009; Hollingsworth et al., 2016;
Lahaye et al., 2008). The capacity of plastid genomes in plant identi-
fication has been demonstrated thus opening opportunities for it to
potentially act as universal barcode (Nock et al., 2011). However, al-
though the number of assembled chloroplast genomes is increasing
rapidly (Daniell et al., 2016), it will require significant efforts by the
scientific community to build a comprehensive chloroplast genome
reference database. Once such a database is in place, chloroplast
genome data is likely to become a tool that will allow authoritative
species identification.

Advances in sequencing are now allowing portable, real time field
based identification of closely related species using long read low
coverage data obtained through nanopore sequencing technology
(Parker et al., 2017). It might be debatable whether whole genome
sequencing entirely for purposes of species identification is worth
the efforts and cost as this might appear as data overkill. However,
the data generated through this technology can be also be used for
other applications such as phylogenomics (Parker et al., 2017). Other
next generation sequencing based approaches such as genome
skimming that can be used to generate nuclear genome-based plant
bar codes have been proposed (Hollingsworth et al., 2016). Due to
the current advances in molecular taxonomy, it is now possible for
researchers without specialist knowledge in plant taxonomy to ac-
curately undertake species identification. Despite advances in DNA
based species identification, morphological based approaches will
continue playing a critical role in identification of species that are
new to science.

7 | MANAGING AND MONITORING IN
SITU CWR GENETIC DIVERSITY

Active monitoring and management of in situ populations is critical
in ensuring a successful conservation programme. However, most
conservation sites do not have management plans targeting the
CWRs. Routine assessment of genetic diversity of in situ populations
is needed as it provides insights on amount and patterns of genetic
variation in time and space at taxon and ecogeographical levels. This
analysis provides a critical tool which guides conservation managers
in making necessary management decisions. Advances in genomics
are providing unprecedented opportunities of assessing genetic di-
versity at greater resolution than ever before.
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71 | Genomic application in monitoring
indicators of genetic diversity

Loss of genetic diversity has for a long time mostly been described
in abstract terms, as tools to monitor and quantify it have largely
been lacking. Although there has been efforts to develop indicators
of genetic erosion, not much progress has been made (FAO, 2010).
It is important that conservation managers and other practitioners
adopt techniques and strategies that help in monitoring trends in
genetic diversity (Leroy et al., 2018) and to-date, various such indi-
cators have been developed or explored (Bruford et al., 2017; Fussi
et al,, 2016; Hoban et al., 2014; Khoury et al., 2019). With the cur-
rent genomic revolution, there exists great potential for developing
direct, comprehensive and robust indicators to monitor spatial and
temporal patterns of genetic diversity at genome scale. However,
despite its great potential, the use of molecular tools to monitor ge-
netic diversity has largely been neglected. Proxies used to report
genetic diversity changes such as number of accessions conserved
or number of in situ populations are not a good indicator of genetic
variation.

The concept of Essential Biodiversity Variable (EBS) was devel-
oped with the aim of providing a globally coordinated and harmo-
nized system of biodiversity monitoring (Pereira et al., 2013). At the
genetic level, allelic diversity has been proposed as one of the can-
didates for Essential Biodiversity Variable (EBS) (Pereira et al., 2013;
Schmeller et al., 2018). Some of the potential direct genomic indica-
tors of allelic diversity include number of alleles per loci and allele
frequency. Genomic analysis with dense SNP marker data was found
to have enough resolution to detect even subtle cases of genetic ero-
sion (Hoban et al., 2014). Number of alleles has been found to have
higher sensitivity in detecting genetic erosion than other genetic
parameters (Hoban et al., 2014). Molecular analysis of allelic diver-
sity in wild wheat and barley progenitor populations sampled after a
period of 28 years revealed significant genetic divergence, with ma-
jority of the populations showing significant loss in allelic diversity
while the others recorded allelic gains (Nevo et al., 2012). Significant
improvement in genomic capacity including sequencing, genotyping
and data analysis will probably be necessary if genomic tools are to
be effectively deployed to monitor genetic diversity changes. Until
the use of genomics as a tool to monitor genetic diversity changes is
well developed, it might be necessary to prioritize the genomic loci
to monitor. To make it practical, a monitoring system that uses ge-
nomic tools could, for example, be designed to give priority to mon-
itoring changes in functional plant diversity loci. Priority could also
be based on polymorphism levels, with priority being given to the
less polymorphic loci within the population compared to the highly
polymorphic ones. Scores of allelic diversity representativeness in
both in situ and ex situ conservation could be developed.

Analysis of patterns and magnitude of various genetic related
parameters such as population size, population structure, species
richness and genetic diversity can help assess the impact of con-
servation actions and inform on necessary subsequent management

interventions (FAO, 2017). Periodic genomic monitoring will help

detect cases of genetic erosion and implement measures to arrest it
thus contributing to the attainment of biodiversity conservation tar-
gets such as the Aichi Biodiversity Targets 2020 particularly Target
13. Target 13 states that “By 2020, the genetic diversity of culti-
vated plants and farmed and domesticated animals and of wild rela-
tives, including other socioeconomically as well as culturally valuable
species, is maintained, and strategies have been developed and im-
plemented for minimizing genetic erosion and safeguarding their
genetic diversity” (CBD, 2010). The issue of baseline data against
which future diversity changes will be assessed is critically import-
ant if molecular tools are to be used for genetic diversity monitoring.
Population genomic data of ex situ conserved accessions collected
from a certain geographical region can be used as the baseline to
monitor patterns of in situ genetic diversity over time in that par-
ticular region. Comparative genetic analysis of samples conserved
ex situ with those found in situ (on-farm) has revealed temporal
changes in frequency of functionally important alleles (Vigouroux
et al., 2011). This approach is likely to be less effective since the ex
situ collection may not comprehensively represent all the available
diversity for the taxa or population under study. It is likely for al-
leles not captured in the ex situ collection getting lost without the
conservation manager ever noticing it. Clearly, genomic tools have
the potential for developing a robust framework for monitoring and
reporting genome-based indicators.

7.2 | Monitoring population structure

Conservation managers may need to monitor population structure
in order to detect any changes as these could be caused by factors
which might be of conservation concern. Population differentiation
could be caused by gene flow, genetic drift or local adaptation (Shah
et al., 2020). In addition to helping detect cases of population dif-
ferentiation, genomics is enabling geneticists untangle the causes
of the observed changes thus informing conservation management.
Genomics has significantly advanced analysis of population struc-
ture to the extent of enabling detection of cryptic lineages (Steane
et al., 2015). Detection of a cryptic taxa is of conservation impor-
tance particularly when its affects the performance of other species
within a threatened habitat that needs to be conserved (Barbour
et al., 2009). This is especially important if the different lineages re-
quire different management practices (Bickford et al., 2007). DArT
sequencing of Aegilops biuncialis Vis, a wild relative of wheat, con-
ducted by lvanizs et al. (2019) and Sela et al. (2018) partitioned the
accessions into five groups that were consistent with their ecogeo-
graphical origins. This analysis revealed four phenotypic categories
of heading time that were largely associated with genetic structure
and ecogeographic distribution. Analysis of population structure in
cowpea (Vigna unguiculata (L) Walp landraces and wild relatives has
provided insights on the crops domestication suggesting a divergent
domestication process (Huynh et al., 2013). Similar insights were
provided by the analysis of population structure in O. barthii, the
progenitor of African rice (Wang et al., 2014). Genomic analysis has
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been used to study population structure of CWRs of various other
crops among them rye (Schreiber et al., 2019), sunflower (Baute
et al., 2016), lentil (Wong et al., 2015) and rice (Ndjiondjop et al.,
2019). Population structure is important in revealing the extent of
admixture as a result of gene flow between taxa and populations.

7.3 | Identifying introgression and hybridization
Gene flow between crops and their wild relatives is of great conserva-
tion concern as it can have profound genetic impact on in situ popu-
lations. Consequences of gene flow include threat to genetic identity
and integrity particularly of rare and endangered taxa, genetic ero-
sion, weed invasiveness and escape of transgenes (Lu et al., 2016;
Mondon et al., 2018). Although hybrids were previously considered
undesirable and of little importance, there is increased recognition
of their conservation value as they are a source of new genetic varia-
tion. It has been suggested that purposeful introgression and hybrid-
ization is a useful conservation management strategy particularly for
those taxa and populations that are at risk of extinction due to poor
adaptive capacity (Hamilton & Miller, 2016). Genome data has been
used to study the extent and implications of gene flow (Mondon
et al., 2018), particularly its role in shaping neutral and adaptive vari-
ation. It has been used to analyse introgression patterns between
maize landraces, improved varieties and Zea mays ssp. Mexicana, a
maize wild relative occurring in Mexico, revealing altered genetic di-
versity in maize landraces (Rojas-Barrera et al., 2019). Genome data
has been used to explain the emergence of eggplant accessions pos-
sessing “wild like” traits that represent hybrid swarm as a result of
gene flow (Page et al., 2019). It has also been used to study gene flow
in other crops among them wheat (Bernhardt et al., 2020; He et al.,
2019) and sunflower (Mondon et al., 2018). Whole genome data is
helping study introgression patterns thus providing useful insights
which are important in untangling complex evolutionary and demo-
graphic history of species (Brozynska et al., 2017; Stein et al., 2018).
Novel variation attributed to gene flow can enhance evolutionary
potential particularly in changing climates.

By providing information on temporal and spatial patterns of ad-
mixture, genome data can help monitor the spread of any desirable
and undesirable alleles. This may, for example, be useful for those
alleles that may have exhibited signs of leading to the emergence
of potentially invasive species. As genome editing becomes popular
as a genomic tool for crop improvement, there is need to consider
its genetic implications during conservation as edited genes are
likely to move into CWRs through gene flow (Mondon et al., 2018).
Biodiversity conservation will benefit from speciation genomics
which helps analyse population divergence that leads to novel forms
of biodiversity as a result of gene flow. CWRs which are isolated
from potential sources of genetic contamination are particularly
valuable for undertaking various genetic and genomic studies such
as evolution as their genetic make-up has not been altered by gene
flow (Brozynska et al., 2017). The increased capacity of genomics
to detect even subtle cases of genetic admixture has revealed the

FIGURE 3 The population of Macadamia jansenii, an endangered
wild relative of domesticated macadamia, has been characterized
by genome sequencing (Sharma et al., 2021)

magnitude of the problem thereby raising concerns on its manage-
ment (Wayne & Shaffer, 2016).

7.4 | Plant reintroduction and enrichment planting

Due to various natural and anthropogenic causes, in situ popula-
tions may become threatened to the extent that their capacity to
produce seed and regenerate is severely affected. Genomic analy-
sis is providing useful information for supporting the conservation
of these rare, threatened and endangered species (Figure 3). In
some cases, such populations may need to be supported by in-
troducing additional diversity to enrich the habitats. Plant rein-
troduction is also a common practice that is particularly useful in
supporting the conservation of rare, threatened and vulnerable
taxa or populations. The success of this management practice is
however negatively affected by inadequate knowledge of the ge-
netic diversity resident in the source population (Dalrymple et al.,
2011; Godefroid et al., 2011). In both cases, the diversity can be
sourced from ex situ conservation or naturally occurring popula-
tions. Where such materials are to be sourced from ex situ seed
banks, genomics offers tools that help seed managers in select-
ing genetic material potentially possessing important traits that
enhance their adaptive capacity (Wambugu et al., 2018). Genome
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wide analysis of functional diversity of the source population will
help guide reintroduction efforts as it provides insights on the ca-
pacity of the reintroduced population to adapt (Breed et al., 2019;
He et al., 2016). Knowledge on phenotype-genotype relationships
is increasing, with genetic markers associated with various traits
being identified. Single nucleotide polymorphisms showing strong
association with ecological adaptation have been reported (Parida
et al., 2012) and provide a valuable resource that can potentially
be used to select suitable materials. Enrichment planting mate-
rial should possess high genetic diversity as this leads to greater
adaptability and resilience of agroecosystems. Conservation man-
agers can gauge the performance and fitness of the reintroduced
populations by monitoring the allele frequencies of genetic vari-
ants (Shafer et al., 2015). Transcriptome sequencing will provide
information on expressed genes and is therefore likely to be useful

in adaptation and ecological genomics.

8 | IDENTIFICATION OF ADAPTIVE LOCI

Adaptive loci refers to functional variation that determines the
fitness of a taxa or population in a certain environment. Unlike
genetic studies which have mainly employed presumably neutral
markers, genomic studies have largely shifted to the use of ge-
netic markers associated with functionally important diversity.
Identification of this variation has been touted as the most im-
portant contribution that genomics can make in the conservation
of biodiversity (McMahon et al., 2014). It is therefore not surpris-
ing that based on available literature, this appears to be the most
studied area of conservation genomics. Numerous studies have
reported on the capacity of genomic tools to identify adaptive
traits and the genomic regions controlling them (Brunazzi et al.,
2018; Exposito-Alonso et al., 2018; Shah et al., 2020). Genomic
analysis has enabled identification of genetic markers associated
with certain environments in both cultivated and wild popula-
tions (Brunazzi et al., 2018). Cortés and Blair (2018) identified
115 SNPs and potential candidate genes associated with various
bioclimatic variables related to drought in wild common bean ac-
cessions. Similarly, analysis of allelic diversity in drought related
candidate genes in tepary bean and its wild relatives within the
Phaseolus acutifolius A. Gray genepool, revealed six SNPs show-
ing some association with environmental drought related variables
(Buitrago-Bitar et al., 2021). Knowledge on genome-environment
associations is vital in selecting genetic resources that can po-
tentially adapt in target environments. Molecular analysis has
revealed adaptive changes associated with emergence of novel
alleles and increased allelic diversity in CWR populations over a
period of time (Nevo et al., 2012; Vigouroux et al., 2011). These
novel alleles play an important role in imparting local adaptation
and should be prioritized for conservation both in situ and ex situ.

Common garden experiments employing a suite of genomic tools
are a powerful approach for conducting local adaptation studies (de
Villemereuil et al., 2016). Genome analysis of populations obtained

from contrasting environments will reveal footprints of natural se-
lection and hence help identify genomic loci that confers adaptive
capacity against climate change. However, identifying adaptive loci
from genome wide data may in some cases be problematic as signa-
tures of adaptation may be difficult to detect (Vitti et al., 2013). Using
SNP diversity indices such as nucleotide diversity (z) and Tajima’s
D, it is possible to distinguish genomic signatures due to selection
from those due to demographic processes as those due to adapta-
tion are localized in certain regions while the others have genome
wide distribution (Wakeley, 2008). There exists several methods and
models for identifying loci involved in local adaptation by analysing
differences in allele frequencies between populations obtained from
geographical regions with contrasting environments. Some of these
include BayEnv (Gautier, 2015; Guinther & Coop, 2013), BayPass
(Gautier, 2015) and BEDASSLE (Bradburd et al., 2013). These meth-
ods may help to identify geographical areas with unique variants or
high levels of genetic diversity, both of which are important consid-
erations when establishing in situ conservation sites.

Adaptive variation has mainly been identified at the nuclear
genome but chloroplast genome analysis has recently revealed
functional chloroplast genes that confer adaptive variation to di-
verse ecological conditions (Gao et al., 2019). Where information
on adaptive variation is lacking for a particular taxa or population,
genome scale SNP variation data may be used as a rough indicator
of functional diversity and hence potential adaptability (He et al.,
2016). It is predicted that due to climate changes, most species will
shift their species range thus negatively impacting the suitability of
current protected areas to conserve such species (Aguirre-Gutiérrez
et al., 2017; Beaumont et al., 2011; Pecl et al., 2017). Incorporating
genomic data into models that predict the response of species to fu-
ture climates has been found to increase the accuracy of the predic-
tions (Razgour et al., 2019). Evolutionary genomics is providing great
insights on plants response to climate change (Aguirre-Liguori et al.,
2021). Genomic analysis of genetic resources collected from regions
possessing “future” climates might help identify loci necessary for
imparting local adaptation in those regions. Transcriptome analysis is
advancing knowledge and providing useful insights on the candidate
genes and pathways likely to be associated with important adaptive
traits in CWRs (Xu et al., 2014; Zeng et al., 2014). Such analysis has
identified SNP markers associated with economically important
traits. These trait-linked or trait-associated genetic markers are not
only useful for crop improvement but also for guiding conservation
actions. Once adaptive loci has been identified in CWRs, genomic
tools can help introduce these adaptive alleles into domesticated

crops in a targeted manner in order to increase adaptability.

9 | ACCESS AND UTILIZATION OF IN SITU
GENETIC DIVERSITY

In order to ensure success and sustainability of in situ CWR con-
servation, utilization of the conserved genetic resources should
form an important component of the overall conservation strategy.
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One of the major challenges that have hindered the effective use of
CWRs in research and crop improvement programmes is the inad-
equate understanding of their potential genetic value and unavail-
ability of other important information. Genomics has expanded our
understanding of the genetic architecture of functionally important
traits. Some of these include leaf rust resistance in wheat and its
wild relatives (Fatima et al., 2020; Liu et al., 2017), seed composition
traits and adaptation to abiotic stresses in wild soybean (Glycine soja)
(Anderson et al., 2016; Leamy et al., 2017) and local adaptation in
teonsite, wild relative of maize (Pyhajarvi et al., 2013). This includes
the identification of genetic markers associated with such traits thus
aiding in marker-assisted selection. Domestication of new species
presents another opportunity for enhancing the utilization of in situ
CWR populations. While genomics has found great application in
supporting the use of in situ genetic resources, this section is not
intended to give a detailed review of this subject as it is beyond the
scope of this paper. There are several reviews on the use of CWRs
in crop improvement with the goal of enhancing food and nutritional
security (Brozynska et al., 2015).

9.1 | Accelerating domestication of new crops
Domestication marks a major deliberate effort of promoting the use
of wild plants by manipulating their genetic and phenotypic traits in
order to suit the needs of human kind. Genomics presents tools, re-
sources and knowledge to accelerate domestication of new species
thus potentially enhancing food and nutritional security (Brozynska
et al.,, 2015). Genomics has enabled identification of various domes-
tication genes and provided knowledge on functional importance
of their allelic variation (Wambugu et al., 2021). These genomic
advances are providing insights on genetic histories of important
crops and the geographical spread of traits that may have been se-
lected during domestication (Tripodi et al., 2021). Manipulation of
domestication loci using current genomic technologies has potential
of accelerating domestication of new species from CWR (Gasparini
et al.,, 2021; Henry, 2012; Valle-Echevarria et al., 2021). Genomics
is for example assisting in the domestication and improvement of
intermediate wheat grass (Thinopyrum intermedium L.) which is a
perennial CWR of wheat (Kantarski et al., 2017; Zhang et al., 2016).
Genome editing targeting six loci controlling agronomically impor-
tant traits enabled the accelerated de novo domestication of wild
tomato (Solanum pimpinellifolium L.) (Zs6gon et al., 2018). In situ ge-
netic reserves of CWRs increase availability of these taxa and pre-
sents an opportunity for human beings to interact, study and assess
their food, nutritional, forage, medicinal and aesthetic value, which
ultimately may lead to domestication. Deploying genomic resources
such as trait-associated SNPs to select genotypes possessing traits
that are favoured by communities, breeders and researchers is likely
to promote utilization and therefore enhance sustainability of the
conservation programmes. The enhanced capacity in genome capac-
ity is playing a major role in supporting plant biosecurity, particularly
with regard to phytosanitary management.

9.2 | Preventing misappropriation of in situ
genetic diversity

Provisions that allow utilization of in situ CWR genetic diversity
should be tempered with appropriate laws and regulations that
prohibit illegal harvesting and over-exploitation that could threaten
the survival of the CWRs. Such regulatory frameworks should have
sufficient and enforceable safeguards that helps prevent bio-piracy.
Molecular analysis is aiding law enforcement and regulatory authori-
ties in detecting cases of illegal harvesting and trade of wild popula-
tions (Aubriot et al., 2013; Hartvig et al., 2015). Bio-piracy remains a
major ethical challenge that hinders effective conservation and ef-
ficient utilization of biodiversity. A key element of bio-piracy is that
access to genetic resources is not followed by fair and equitable shar-
ing of benefits. Numerous cases of bio-piracy have been reported
around the world (Landon, 2007; Robinson, 2010). These cases have
negatively impacted germplasm exchange by triggering the emer-
gence of national laws in which countries are increasingly protecting
and restricting access to their genetic resources. Next generation
sequencing is providing tools that help in policing genetic resources
against unauthorized access and misappropriation. Through genom-
ics it is now possible to accurately identify the source of germplasm
or other plant material.

It has been argued by Wambugu et al. (2018) that advances in
genomics have potential for reversing this trend. Assurance that ge-
nomics has capacity to detect and successfully prosecute cases of
illegal access to PGR might instil confidence in the germplasm ex-
change system thus potentially convincing countries to relax PGR
access laws. On the flipside, there are real fears that advances in
genomics and other scientific fields such as synthetic biology could
lead to and fuel other forms of bio-piracy or unequitable sharing of
benefits. With capacity to synthesize DNA and for genome editing,
it is possible to profit from the use of digital sequence information
(DSI) even without accessing the material genetic resources. This
would essentially mean that all existing access and benefit sharing
(ABS) laws have been bypassed, and hence owners of the samples
from which the DSI was obtained would not receive any benefits.
Access to DSI remains largely unregulated. Despite the clear bene-
fits of maintaining open access to DSI to research, trade regulation
and food security (Cowell et al., 2022), some providers have strongly
opposed such an unregulated access framework. Discussions are
ongoing at the international policy level on the development of an
acceptable framework on the governance of ABS for both genetic
material and genomic data (Halewood et al., 2018; Sherman & Henry,
2021). There is need for an effective and transparent monitoring sys-
tem that prevents digital bio piracy and ensures equitable benefits
are paid to genetic resource providers (Sherman & Henry, 2021). An
effective and efficient system might motivate genetic resource pro-
viders to put in place supportive mechanisms that allow unhindered
access thus enhancing access, transfer and utilization of conserved
germplasm. The fact that sequence data is sometimes not unique
to a particular biological sample might make tracking complicated
thereby making it difficult to determine who is rightfully entitled to
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receive the access benefits (Scholz et al., 2020). In relation to in situ
conservation, it is important to put in place a system that ensures
that funds obtained from access to genetic resources and associated

sequence data are utilized to support conservation activities.

9.3 | Breeding for climate resilience

Climate change currently poses the single largest threat to world
agriculture and global food security. Although CWR populations
are facing immense threats in the wild due to climate change, those
populations that will successfully withstand these threats will be a
useful source of genes for breeding for increased climate resilience.
Genomics is providing tools to dissect the genetic basis of important
traits and understand the functional trait diversity that is available in
CWRS. Information on candidate genes and trait associated genetic
markers is important in accelerating the use of CWRs in breeding
programmes. The use of CWRs in crop improvement is particularly
important in crops where genetic gain has been low as a result of
inadequate variation in the domesticated gene pool for key target
traits. Genomic data has enabled identification of regions that have
lost important genetic diversity during the domestication process
(Wang et al., 2009). This will facilitate targeted reintroduction of this
diversity into cultivated taxa. The greatest contribution of CWRs
in crop improvement is in imparting biotic and abiotic resistance
(Dempewolf et al., 2017). Some of the significant contributions of
CWRs in crop breeding include the introduction of resistance to late
blight from wild potato Solanum demissum Lindl and stem rust from
wild wheat Aegilops tauschii Coss into the respective cultivated gene
pool (Prescott-Allen & Prescott-Allen, 1986). In situ conservation is
important in supporting breeding using CWRs by not only increas-
ing availability of these resources but also imparting the necessary
adaptive traits through the evolutionary processes that take place in

different ecogeographical areas.

10 | CHALLENGES AND FUTURE
PROSPECTS

One of the major challenges facing in situ conservation is that the ma-
jority of CWRs are poorly studied and may not have a lot of genomic
information and resources which may be required to guide conser-
vation management. For species with limited genomic information,
there have been considerable advances in genomic technologies
allowing genome wide marker discovery, even for poorly studied
taxa. Genotyping by sequencing is a powerful marker technology
which is suitable for species with no reference genome sequence
(Elshire et al., 2011). Inadequate knowledge on various aspects of
relevance to conservation has continued to hinder conservation ef-
forts. For example, information on available functional variation and
its genetic underpinnings is critical in selecting adapted germplasm

but is lacking for many CWRs. Information on genome environment

associations (GEA) is not available for a vast majority of CWRs, mak-
ing it difficult to match CWR populations with the right environment
for in situ conservation.

The cost, computational requirements and necessary bioinfor-
matic expertise for deploying genomics is high and may be beyond
the reach of most conservation practitioners thus hindering its real
world application (Flanagan et al., 2018). Although sequencing costs
have reduced dramatically over the last decade, genome-wide anal-
ysis, particularly of a large number of samples, is still not affordable
for resource constrained conservation initiatives. As we continue
to transition from genetic studies based on few molecular markers
to genome-wide analysis, selection of correct study designs, data
analysis and interpretations thereof are emerging as significant chal-
lenges (Wambugu et al., 2019). Although there appears to be gen-
eral agreement that genomics presents a promising tool to support
conservation, there is a debate as to whether the field of conser-
vation genomics has matured enough to find real application into
conservation practice (Shafer et al., 2015). Many policy makers and
conservation managers have failed to recognize and appreciate the
potential of genomics in conservation and management of biodiver-
sity (Hunter et al., 2018). Moreover, it has been acknowledged that
genomics might in some cases not lead to improved conservation
management practices (Allendorf et al., 2010), Funding and inade-
quate genomic expertise among conservation practitioners also re-
main major hindrances to the widespread application of genomics in
conservation. Training programmes on the use of genomics in con-
servation should be developed for conservation managers. The field
of genomics is evolving rapidly and there is no telling what the future
holds in terms of its capacity and application in conservation.

In future, genome editing might offer an opportunity to support
PGR conservation by introducing novel alleles that confer adaptive
capacity against climate change as well as removing deleterious ones
that reduce fitness (Breed et al., 2019; Johnsson et al., 2019; Supple
& Shapiro, 2018). However, despite its potential, genome editing
carries with its risks and dangers that should be carefully consid-
ered before deploying it in PGR conservation. This might particu-
larly be helpful for those species that are seriously threatened by
environmental stresses or general lack of adaptation capacity. Public
policies on biodiversity conservation and agricultural production
are often contradictory, with differing stakeholders and govern-
ment agencies being responsible. Genomics is widely used in crop
improvement and is increasingly used in biodiversity management.
Genomics of CWRs may have suffered from these competing per-
spectives in policy and funding for genomics tools, with CWRs being
seen as a biodiversity problem for agriculture policy makers and an
agricultural issue by biodiversity policy makers. If these interest
groups are able to collaborate, it creates the opportunity for policy
designed to support biodiversity and policies aiming to support ag-
riculture and food security to be harmonized around use of genomic
analysis to support conservation and utilization. An increased align-
ment of policy would ensure progress in the conservation of CWRs

to support food security.
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