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Social Impact Statement
Climate change is expected to disproportionately affect sub-Saharan Africa in the
next century, posing a threat to the livelihoods of smallholder farmers and deepening
food insecurity. To adapt to this threat, more climate-resilient crops need to be
brought into the food system; these may be developed through breeding with crop
wild relatives with key traits to cope with climate change. Here, we assess the level
of open-access trait documentation of crop wild relatives of 29 important crops, their
resilience, how threatened they are in situ, how well they are preserved ex situ and
we provide priorities for their conservation and use in breeding programmes.

Summary

e Climate change is projected to adversely affect smallholder agriculture in sub-
Saharan Africa (SSA) over the next century, with many areas becoming unsuitable
for growing crops. Breeding programmes using crop wild relatives (CWRs) that are
pre-adapted to projected future climatic conditions may lead to more resilient
crops, but their traits have not been screened across a large diversity of CWRs.
Furthermore, many are threatened and require greater protection in situ and ex
situ to prevent the loss of an important adaptive solution to climate change.

e A previous ecogeographical study found that 303 out of 836 CWRs of 29 major
crops cultivated across SSA may represent priorities for future crop resilience.
Here, we assessed the availability of trait information and compared traits between
resilient and non-resilient CWRs. Subsequently, we analysed the conservation
status of CWRs in situ and ex situ to set new global priorities for protection.

e Our findings show that the traits of many CWRs are poorly described, but for
those species with better coverage, key differences between resilient and non-
resilient CWRs were identified, including lower plant height amongst resilient
CWRs of tree crops (arabica and robusta coffee, mango and cacao) and a higher
likelihood of invasive CWRs to be resilient. We found that 14% and 36% of resil-

ient CWRs are threatened in situ and absent from seed collections, respectively.
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e Our study highlights CWR priorities for conservation based on resilience. A con-
certed international effort is recommended to conserve CWRs and improve agri-
cultural resilience in a changing climate.

Il est prédit que le changement climatique affectera I'Afrique Sub-Saharienne de man-
iere disproportionnée d'ici a la fin du siécle, menacant la subsistance des petits
exploitants agricoles et renforcant l'insécurité alimentaire. L'apport de nouvelles cul-
tures résistantes au climat futur représente une stratégie adaptative majeure; celles-
ci pouvant étre développées lors de programmes de sélection a partir de l'usage
d'espéces sauvages apparentées aux plantes cultivées possédant des traits
fonctionnels associés a la résilience climatique. Dans cette étude, nous évaluons la
disponibilité d'information de traits fonctionnels des parents sauvages de 29 cultures
importantes, leur niveau de résilience au changement climatique, leur menace in situ,
leur état de conservation ex situ, and nous proposons de nouvelles priorités pour leur
préservation et usage.

El cambio climético afectard de manera desproporcionada a la region sub-Sahariana

de Africa en los siguientes cien afnos, poniendo en riesgo la subsistencia de los

pequefos agricultores y agudizando el problema de la inseguridad alimentaria. Una
estrategia adaptativa es el uso de cultivos fitomejorados con parientes silvestres que
poseen rasgos funcionales que los hacen resilientes al cambio climatico. En este
trabajo evaluamos la disponibilidad de informacion de rasgos funcionales de parientes
silvestres de 29 cultivos importantes, su nivel de resiliencia al cambio climéatico, que
tan amenazados se encuentran in situ, que tan bien representados estan en col-
ecciones ex situ y proponemos prioridades para su conservacion y uso en programas

de fitomejoramiento.

KEYWORDS
conservation, food security, functional traits, nature-based solutions, plant pre-breeding, seed
banks

FAO, 2016). Despite the importance of agriculture in SSA, many crops

cultivated in this region may be adversely affected by climate change

Agriculture is set to face great challenges globally in the coming cen-
tury, as climate change places pressure on crop productivity
(Schlenker & Lobell, 2010). The world's population has become
increasingly dependent on a small number of crops where over half
the world's plant-derived calories come from just three species: rice,
wheat and maize (Gennari et al.,, 2015; Ulian et al., 2020), further
increasing the fragility of food systems. The pressure from climate
change is compounded particularly in sub-Saharan Africa (SSA), where
a predicted increase in higher mean annual temperatures and altered
precipitation regimes over the next century pose major risks to small-
holder agriculture (Kurukulasuriya et al., 2006; Morton, 2007; Miiller
et al., 2011). SSA accounts for only 1.7% of global agricultural exports
(Schmieg, 2016), but the contribution of agriculture to a country's
gross domestic product (GDP) can be as high as 50% (OECD/

(Pironon et al., 2019), weakening public health, food and nutrition
security, and livelihoods (Ziervogel & Ericksen, 2010). Adapting agri-
culture to climate change will therefore be a paramount task for meet-
ing the 2030 Agenda for Sustainable Development (United
Nations, 2015), and one nature-based solution for achieving these
goals is through crop improvement programmes using the wild rela-
tives of domesticated crops (Dempewolf et al., 2014; Pironon & Soto
Gomez, 2021).

Previous studies have demonstrated the important role of climate
as an environmental and evolutionary driver of plant functional traits
(Blonder et al., 2018). By understanding the traits of CWRs that are
pre-adapted to climatic conditions predicted for SSA, we can prioritise
further pre-breeding and breeding efforts to maximise crop resilience

to climate change (Warschefsky et al., 2014). Crop wild relatives
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(CWRs) have been used to improve crops by conferring adaptive traits
(Dempewolf et al., 2014; Prohens et al., 2017). Through their uses,
studies have shown that crop yields can still be maintained (Hodgkin
& Hajjar, 2007; Tanksley & McCouch, 1997). Pironon et al. (2019)
showed that 303 out of 836 wild relatives of 29 major crops in SSA
already inhabit climatic conditions that are expected to become wide-
spread across SSA in the next century, providing an opportunity to
screen for traits associated with resilience.

Crop improvement using CWRs could be important for
addressing global food security, yet they are currently underutilised.
One reason is the unavailability of suitable CWR material for targeted
breeding programmes (Ford-Lloyd et al., 2011). The opportunity to
understand and utilise CWRs is diminishing, as wild populations are
under increasing threat from extinction (Nic Lughadha et al., 2020).
With each extinction or population decline, the overall genetic diver-
sity of CWRs also decreases (Maxted et al., 2006). Many CWRs are
also found to be underrepresented in ex situ collections (Khoury
et al., 2019). Given these challenges, efforts to reach the UN Sustain-
able Development Goals need concurrent initiatives, which protect
the habitats where CWRs are found and ensure sufficient ex
situ collections are accessible for future breeding programmes.
Such initiatives would allow farmers in SSA to adapt their
agricultural practices without switching to new production systems
(Castarieda-Alvarez et al., 2016).

Here, we build on the findings of Pironon et al. (2019), using data
of 836 CWRs belonging to 29 major crops cultivated in SSA to
(i) assess the availability of life-history, functional and genetic trait
data for CWRs; (ii) identify traits that are associated with resilience to
future climate conditions predicted to occur in SSA, including inva-
siveness as a proxy trait; (iii) determine whether the in situ conserva-
tion status of resilient CWRs have been assessed; and finally,
(iv) determine how well represented resilient CWRs are in global seed
banks. Our study sets priorities for future trait documentation, and in
situ and ex situ conservation of CWRs as key steps towards adapting

agriculture to climate change in SSA.

2 | MATERIALS AND METHODS

2.1 | Species selection and resilience

We studied a total of 778 CWR species of 29 crops widely cultivated
in SSA (Dataset S1, Table 1). The 29 selected crops are key to subsis-
tence and the economy across the continent given they provided
around 2000 kcal per capita per day and a total production value of
more than US$108 billion in 2013 and 2016, respectively (Pironon
et al., 2019). The ‘degree of resilience’ of each CWR species was pre-
viously estimated in Pironon et al. (2019) as the percentage of overlap
between the current global climatic niche of the CWR and the novel
climatic conditions predicted in the future (2050 and 2070) for its
associated crop grown in SSA. Niche estimates were based on occur-
rence records retrieved for each CWR species across their global dis-

tribution and eight bioclimatic variables (mean, seasonal, low and high
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extreme temperature and precipitation) and land slope. CWRs that
had no overlap (i.e., those whose current climatic niche did not over-
lap with that predicted for its corresponding crop in SSA in the future)
were identified as ‘non-resilient” whereas those with positive overlap
values were classed as ‘resilient’ (Table 1). The ‘degree of resilience’
for each crop was taken as the aggregate value of the degrees of resil-
ience for each of its CWR species. Using these data, we created a
Resilience Score (RS) for each crop for both 2050 and 2070 using the

following formula:

(degree of resilience of crop) x (number of resilient CWR of crop)

Resilience Score =
Rmax

where Rn.x denotes the maximum value of the numerator when
carried out across all 29 crops. It is important to note that this
score is likely to be an underestimate given that the degree of
resilience of 189 additional CWR species was not assessed in previ-
ous analyses from Pironon et al. (2019) due to a lack of geographic
information.

2.2 | Trait data and analysis

We selected a set of traits that are (i) not only known to be associated
with overall plant development, survival and reproduction (Diaz
et al., 2016) but also with climate resilience and/or importance for
agriculture (e.g., yield and breeding; Table 2) and (ii) the most widely
collected and available traits in online databases, allowing the retrieval
of data for many CWR species (Dataset S4). This selection included
adult plant height, stem specific density (SSD), leaf area, leaf mass per
area (LMA), nitrogen content per unit leaf mass, seed mass, lifespan,
photosynthetic pathway, C-value (genome size) and ploidy level
(Table 2). Given that invasive species are known to exhibit traits
related to a greater environmental tolerance (Higgins &
Richardson, 2014), we also assessed whether CWRs have been docu-
mented to be invasive to an area within SSA as well as being poten-
tially invasive, which we refer to as ‘invasive’ herein. Species-level
trait data, including invasiveness, were recovered from online data-
bases and measurements were standardised (Supporting Information
Methods S1).

A single value for each trait was calculated per CWR as a geomet-
ric mean of all the entries present for that species (Dataset S1). For
each of the 29 crops, two mean values and two standard errors were
calculated, representing the trait values of its resilient and non-
resilient CWRs (Dataset S2). For each crop, we also measured the
number of CWR values used to calculate trait means and the propor-
tion of CWRs with available data. Categorical traits (lifespan, photo-
synthetic pathway and ploidy level) were treated as binary (Table 2) to
conduct a chi-square test of independence, but, due to low sample
sizes, crops were grouped according to their botanical family for anal-
ysis. For invasiveness, the proportion of resilient species classed as
invasive were compared with those not documented as invasive, for

which we also conducted a chi-square test of independence.
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TABLE 1  Summary of the 29 crops and associated crop wild relative (CWR) species considered in this study
Number of
Crop name Crop type Geographic origin Number of CWRs resilient CWRs
Peanut (Arachis hypogaea) Leguminous crop Southern America 72 1
Pigeon pea (Cajanus cajan) Leguminous crop Tropical Asia 17 15
Watermelon (Citrullus lanatus) Vegetable Africa 3 1
Arabica coffee (Coffea arabica) Beverage crop Africa 62 25
Robusta coffee (Coffea canephora) Beverage crop Africa 58 16
Taro (Colocasia esculenta) Root/tuber crop Tropical Asia 4 0
Squash (Cucurbita moschata) Vegetable Northern and Southern America 11 7
Winged yam (Dioscorea alata) Root/tuber crop Tropical Asia 11 9
Guinea yam (Dioscorea rotundata-cayennensis) Root/tuber crop Africa 5 2
Qil palm (Elaeis guineensis) Oilseed crop Africa 1 0
Finger millet (Eleusine coracana) Cereal Africa 3
Enset (Ensete ventricosum) Root/tuber crop Africa 4 2
Soybean (Glycine max) Oilseed crop Temperate Asia 27 16
Cotton (Gossypium hirsutum) Fibre crop Northern and Southern America 40 16
Sweet potato (Ipomoea batatas) Root/tuber crop Northern and Southern America 13 8
Tomato (Lycopersicon esculentum) Vegetable Southern America 16 11
Mango (Mangifera indica) Fruit Tropical Asia 23 3
Cassava (Manihot esculenta) Root/tuber crop Southern America 90 8
Rice (Oryza sativa) Cereal Temperate Asia 20 9
Pearl millet (Pennisetum glaucum) Cereal Africa 3 2
Common bean (Phaseolus vulgaris) Leguminous crop Northern and Southern America 10 7
Pea (Pisum sativum) Leguminous crop Europe, Temperate Asia, Africa 3 2
Sugarcane (Saccharum officinarum) Sugar crop Tropical Asia 30 7
Potato (Solanum tuberosum) Root/tuber crop Southern America 94 59
Sorghum (Sorghum bicolor) Cereal Africa 21 7
Cacao (Theobroma cacao) Beverage crop Northern and Southern America 18 5
Wheat (Triticum aestivum) Cereal Temperate Asia 152 53
Bambara groundnut (Vigna subterranea) Leguminous crop Africa 1 1
Maize (Zea mays) Cereal Northern and Southern America 18 8

Note: Some CWR species are shared between crop species, namely, the two species of coffee (Coffea sp.) and yam (Dioscorea sp.), with the number of
unique CWRs totalling to 778. Only species with sufficient geographic records to calculate their degree of resilience in Pironon et al. (2019) were
considered in this study. Geographic origins were retrieved from Plants of the World Online (http://www.plantsoftheworldonline.org/) and Khoury
et al. (2016) and follow the resolution of TDWG Level 1 regions (i.e., continents) of the World Geographical Scheme for Recording Plant Distributions
(WGSRPD; Brummitt et al., 2001). Resilient CWRs refer to 2050 data; see Table S1 for 2070 values.

2.3 | Conservation data and analysis

The most recent ‘Interpreted conservation status’ data were compiled
from Botanic Gardens Conservation International (BGCI) ThreatSearch
(https://tools.bgci.org/threat_search.php—accessed April 9, 2020), and
we extracted (1) which species were assessed versus not (or Data Defi-
cient) and (2) which species were considered Threatened or Possibly
Threatened. Seed accession data were compiled from the Millennium
Seed Bank Partnership (MSPB) Data Warehouse (http://brahmsonline.
kew.org/msbp/SeedData/DW—accessed  April 10, 2020) and
Genesys (https://www.genesys-pgr.org/—accessed April 13, 2020). In

total, 2,040 seed accessions for 146 unique species were matched
from the MSBP Data Warehouse, along with 33,112 accessions for

297 unique species from Genesys.

We calculated two indices for each crop: the Assessment

Score and the Threat Score, which represent how extensively the con-
servation status of resilient CWRs have been assessed, and what pro-
portion of those CWRs are Threatened or Possibly Threatened with

extinction in situ, respectively. The following formulae were used:

number of resilient CWRs not assessed or 'Data Deficient’
total number of resilient CWRs

Assessment Score =


https://tools.bgci.org/threat_search.php
http://brahmsonline.kew.org/msbp/SeedData/DW
http://brahmsonline.kew.org/msbp/SeedData/DW
https://www.genesys-pgr.org/
http://www.plantsoftheworldonline.org/
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TABLE 2 Trait definitions and justifications for use

Trait Definition
Plant height (m) The maximum stature of a typical mature

individual of a species (Pérez-Harguindeguy
et al.,, 2016). Equivalent to the plant length of

vine species.
Stem specific density (SSD) The dry mass of a section of the main stem of a
(mg-mm~3) plant divided by the volume of the same
section, when still fresh (Pérez-Harguindeguy
et al., 2016).
Leaf area (mm?) The one-sided area of an individual leaf (Pérez-

Harguindeguy et al., 2016).

Leaf mass per area (LMA) (g:-m~2) The dry mass of an individual leaf divided by the
one-sided area of the leaf when fresh (Pérez-
Harguindeguy et al., 2016).

Leaf nitrogen (mg-g~ %) The total amount of nitrogen per unit of dry leaf
mass (Pérez-Harguindeguy et al., 2016).

Seed mass (g) The average dry mass of 1000 seeds of a
species.
Lifespan (annual/perennial) The time period from establishment of the plant
until no live part remains (Pérez-Harguindeguy
et al., 2016).
Photosynthetic pathway (C3/C4 Biochemical pathways for photosynthesis of
/CAM) terrestrial plants: C3, C4 or CAM (Pérez-

Harguindeguy et al., 2016).

C-value (pg) Measurement of genome size. The amount of
DNA in an unreplicated haploid nuclear
genome.

People Planet ‘ PP | 273

Justification for selection

Associated with competitive vigour and whole-plant
fecundity (Pérez-Harguindeguy et al., 2016). Taller
plants seem to be more tolerant to increasing
temperatures, but taller (particularly in grassland
species) and shorter plants (forest tree species) seem
more resilient under drought conditions (Kiihn
et al., 2021, and references therein).

Important for the stability, defence, architecture,
hydraulics, carbon gain and growth potential of plants
(Pérez-Harguindeguy et al., 2016). Higher wood
density is associated with increased tolerance to
drought in moist forests (Ouédraogo et al., 2013),
mixed forest and the Mediterranean biome amongst
others (Kiihn et al., 2021).

Stress from heat, cold, drought, nutrient availability and
high radiation tends to select for smaller leaves
(Pérez-Harguindeguy et al., 2016) and is found to be
a dominant trait, for example, of African grasses in
regions of lower rainfall (Pasturel et al., 2016).

Promotes conservative leaf water economy. LMA
shows a predominantly positive relationship with
drought (Chirino et al., 2017; Ribeiro et al., 2016), and
both positive (Soudzilovskaia et al., 2013) and
negative (Guittar et al., 2016) correlations with
increased temperature.

It has been shown that high leaf nitrogen is a significant
predictor of higher plant biomass response to
increasing temperatures (Gornish & Prather, 2014).

Heavier seeds have been associated with enhanced
germination and seedling survival under warmer and
drier conditions in Mediterranean plant species
(Hallett et al., 2011). It is also useful in predicting the
ability of a plant to be suitable for ex situ storage
(Wyse & Dickie, 2017).

Longer lifespans have been associated with high
environmental stress regimes but tend to be short-
lived in seed banks (Pérez-Harguindeguy et al., 2016).
Other research indicates that for grass species, as
temperature increases, the proportion of perennial
species can decline in relation to annuals (Sandel &
Dangremond, 2012).

Affects optimum temperatures of photosynthesis,
water- and nutrient-use efficiencies and response to
elevated CO,. C4 plants perform better in warmer
and drier environments compared with Cs, whereas
CAM plants have higher water-use efficiency and
occur predominantly in dry, warm ecosystems (Pérez-
Harguindeguy et al., 2016). However, increases in
CO, have been postulated to reduce the
physiological advantages of C,4 strategy common in
grasses and favour Cs trees in South African savannas
(Bond & Midgley, 2012).

Smaller genome sizes have been shown to be
associated with higher photosynthetic rates (and
hence biomass production), and water- and nutrient-
use efficiency (Faizullah et al., 2021; Roddy
et al., 2020). Such traits impact a plant's resilience and
ability to grow, adapt and survive.

(Continues)
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TABLE 2 (Continued)
Trait Definition

Ploidy level (diploid/polyploid)

Invasiveness (invasive/not
documented as invasive)
both (Randall, 2017).

800

700

8 2
8 8

Number of CWR species
5 o
B

0

- Resilient, documented Not resilient, documented Resilient, not documented

number of resilient CWRs 'Possibly Threatened’ or 'Threatened’

Threat S =
reat >core number of resilient CWRs assessed

A Conservation Priority Score (CPS) was calculated for each crop as
an average of the Assessment Score and Threat Score, which repre-
sented the degree of prioritisation needed for the CWRs of their asso-
ciated crops. The CPS is measured between O and 1, with O denoting
all CWRs for a particular crop are assessed and none of them are Pos-
sibly Threatened or Threatened, whereas a value of 1 denotes the
converse scenario. For ex situ conservation prioritisation, a gap analy-
sis of seed accession data was used to identify which CWRs are cur-
rently present or absent in seed banks across the world and matched
with their degree of resilience.

A Crop Importance Score (CIS) was calculated that ranked each
crop in order of socio-economic and nutritional importance based on
FAOSTAT data (http://www.fao.org/faostat/en/#data/QC—accessed
June 15, 2020). The CIS was calculated using the methodology of
Castafieda-Alvarez et al. (2016) (Supporting Information Methods S1).
Crop information and indices used in the analysis can be found in
Dataset S3.

Number of sets of chromosomes in a cell.

Species that have escaped from areas of
introduction, such as gardens, cultivation or

Lifespan Plant height Cevalue  Photosynthetic pathway ~ Ploidy level Seedmass  Leaf mass per area Leaf area

Not resilient, not documented

Justification for selection

Changes induced by polyploidy may be associated with
adaptation by generating individuals with the
potential to exploit new niches (van de Peer
et al., 2021), which also has implications for plant
breeding for desirable traits such as increased plant
organ size, buffering deleterious mutations and
hybrid vigour (Sattler et al., 2016).

Invasive species have been shown to possess different
traits and higher environmental tolerance than non-
invasive species (Higgins & Richardson, 2014).

FIGURE 1 Trait documentation for

836 crop wild relative (CWR) species classed
as resilient and not resilient to the novel
climate predicted for 2050 across the sub-
Saharan range of 29 crops. ‘Resilient” CWR
species are those whose current climatic
niche resembles the novel climatic conditions
predicted in the future for its associated crop
grown in sub-Saharan Africa, whereas ‘not
resilient” CWR species are those whose
current climatic niche does not resemble that
predicted for its corresponding crop in this
region. ‘Documented’ refers to taxa that have
known values for a particular trait in online
databases, whereas ‘not documented’
represents taxa for which no trait information
was present. See Figure S1 for the same
analysis but with the novel climate predicted
for 2070, and Dataset S5 for a breakdown of
trait documentation per CWR

Leaf nitrogen ~ Stem specific density

3 | RESULTS

3.1 | Traits

Of the 10 traits studied, nine covered <50% of the CWR species in
our study. LMA, leaf area, leaf nitrogen and SSD had missing values
for over 90% of CWR species. The most extensive trait coverage was
that of lifespan (87.4%) and plant height (41.1%) (Figure 1). We found
that seven crops have zero CWR trait information for five or more
traits (peanut, taro, enset, sweet potato, pea, potato and Bambara
groundnut), whereas an additional 10 have <10% of CWR trait infor-
mation for five or more traits (pigeon pea, arabica and robusta coffee,
squash, winged yam, soybean, cotton, tomato, mango and cassava)
(Dataset S5).

For crops with the most documented traits, we determined
whether there was a difference in the mean trait values of resilient
versus non-resilient CWRs (Figure 2 for the year 2050). For exam-
ple, the mean plant height of sweet potato's resilient CWRs was
48% higher, the height of maize's resilient CWRs was 40% higher
and the height of winged yam's resilient CWRs was 54% higher than


http://www.fao.org/faostat/en/#data/QC
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FIGURE 2 Comparison of the mean plant height, thousand seed mass and C-value (i.e., genome size) values for resilient (y-axis) versus non-
resilient (x-axis) crop wild relative (CWR) species for the year 2050. Each trait has three graphs in ascending order (left to right) to improve
visibility. The diagonal represents the line at which mean trait values of resilient and not resilient CWRs are equal; thus, any value above the line
indicates higher mean values for resilient species, and vice versa. No statistical test was conducted to compare the two groups due to low sample
sizes. However, we provide error bars that represent standard error, and the colour scale denotes the proportion of CWRs with documented trait
values out of the total CWRs per crop. Some crops are omitted due to the available trait data covering only their resilient or non-resilient CWRs,
leaving no opportunity for comparison between these two categories. See Figure S2a for repeated analysis for 2070, and Figure S2b for stem

specific density, leaf area, leaf nitrogen and leaf mass per area

their non-resilient CWRs. In contrast, wheat's resilient CWRs had a
43% lower mean height. Plant height is relatively well documented
for the tree crops: arabica coffee and robusta coffee, cacao and
mango (Figure 2), all of which showed lower mean heights amongst
their resilient species by 33%, 34%, 45% and 15%, respectively.
Resilient CWRs of rice, wheat and common bean had 34%, 74% and
65% heavier seeds, respectively. Resilient CWRs of sweet potato

and sorghum had 12% and 13% larger genomes, respectively,
whereas resilient CWRs of rice and cotton had 31% and 29% smaller
genomes, respectively. Similar patterns were found for comparisons
made using the 2070 data (Figure S2a). The documented trait values
of CWRs for SSD, leaf area, LMA and leaf nitrogen are insufficient
(i.e., <10%) for comparison of resilient and non-resilient CWRs
(Figure S2b).
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For analysis of lifespan and photosynthetic pathway, significant
differences between resilient and not resilient CWRs were only
found for grasses (Poaceae). The positive relationship between
lifespan and resilience was significant for 2050 (X2 [1, N = 238]
=30.1, p =4.01 x 1078), suggesting that annuals are likely to be
more resilient than perennials. Additionally, for 2070, a C4 photosyn-
thetic pathway was associated with resilience (X2 [1, N = 247] = 32.9,
p = 9.62 x 1077%), though this pattern was not observed for 2050. No
significant differences were found for ploidy level for any of the
comparisons.

The proportion of resilient CWRs was higher amongst potentially
invasive species than those that were not documented as invasive,
with 37 out of 61 (61%) invasive CWRs being resilient for 2050 and
only 266 out of 775 (34%) of CWRs not documented as invasive being
resilient (Figure S2c). For 2070, 20 out of 61 (33%) invasive CWRs are
resilient, whereas 190 out of 775 (25%) of CWRs not documented as
invasive are resilient (Figure S2d). These results are statistically signifi-
cant for 2050 (X? [1, N = 836] = 15.849, p = 6.859 x 10°), but not
for 2070 (X? [1, N = 836] = 1.6403, p = .2003). However, these pro-
portions vary drastically when analysed per crop, partly due to the
large variation in the number of CWR species documented for each

crop (Figure S2e).

3.2 | Conservation in situ

We found that the conservation status of 39% (n = 119) of resilient
CWRs in our study have not been assessed or are data deficient, and
of those that have been assessed 19% (n = 59) are threatened or pos-
sibly threatened in situ (Figure S3a). The comparison between the RS
and CPS shows that CWRs of tomato, cotton and pigeon pea each
have high resilience and high conservation priority for 2050 (Figure 3;
Dataset S3). CWRs of wheat, soybean, winged yam, sugarcane,
squash, sweet potato, arabica and robusta coffee, finger millet and
common bean (lower right-hand quadrant in Figure 3) have a relatively

high RS but low CPS, signifying better conservation coverage or lower

Potato

FIGURE 3 Conservation Priority Score

Crop Type (CPS) against Resilience Score (RS) for the
2“":’96 o year 2050. The CPS is a measure of how
Fibre crop much priority should be given to the wild
Fruit relatives of each crop based on the proportion

Leguminous crop

of species assessed for their conservation
status and the number of species threatened
in situ. CPS provides a measure between zero
and one, with one indicating high priority. The
RS aggregates the resilience of each CWR per
. ) crop, weighted by the number of resilient
CWR species per crop. Circle size represents
‘ 4 the Crop Importance Score, which ranks each
crop according to its socio-economic and
6 nutritional value in sub-Saharan Africa. See
Figure S3b for repeated analysis for 2070

Oilseed crop
Root/tuber crop
Sugar crop

Vegetable
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threat levels. CWRs with low resilience and low conservation priority
also have low numbers of CWRs in our study, namely, oil palm (n = 1),

taro (n = 4), Bambara groundnut (n = 1) and pea (n = 3).

3.3 | Conservation ex situ

Seed bank accession analysis revealed large disparities in the relative
representation of CWRs amongst crops. Seven of the 29 crops have
no CWR seed accession, comprising arabica coffee (n = 62), robusta
coffee (n = 58), taro (nh = 4), oil palm (n = 1), mango (n = 23), cacao
(n = 18) and Bambara groundnut (n = 1) (Figure S4a).

We found that 64% of resilient CWRs have documented seed
bank accessions. The three most important crops (maize, cassava and
wheat) based on the CIS (see Methods) have 7 (88%), 3 (38%) and
40 (75%) of their resilient CWRs in seed collections, respectively,
though their maximum degrees of resilience fall below that of many
CWRs of other crops that rank lower in the CIS (Figure 4). Crops with
medium CISs such as potato, pigeon pea and common bean show
higher degrees of resilience with considerably more CWRs preserved
in seed banks compared with maize, cassava and wheat. Crops with a
low CIS, namely, arabica coffee, robusta coffee and cotton, have low
numbers of resilient CWRs in seed banks but show higher resilience

than CWRs of maize, cassava and wheat.

4 | DISCUSSION

41 | Trait documentation and comparisons

Knowledge of plant traits is vital for improving crop resilience through
breeding; however, we found strikingly poor trait documentation for
wild relatives of crops grown in SSA from widely accessible databases,
which can be seen in the low CWR coverage per trait, and low CWR
trait coverage per crop for the majority of crops studied here. Thus,

trait information for many CWRs of key crops such as enset and



SATORI ET AL.

Maize o0 o0 o
Cassava go—oo Resilient CWR
Wheat —- o absentfrom
Peanut ° seed banks
Sorghum o ooee
Rice - e ° ° Resilient CWR
Qil palm e presentin
Soybean @ e® o . . seed banks
Enset o o
Pearl millet °
Sugarcane ®e o ° ° °
Bean ° oo o o ° °
Cacao -
Potato @000 GNO WOO WEO O G NI © 0 0B o o . °
Sweet potato L] oo . o o o
Guinea yam X3 . °
Winged yam . o
Taro
Tomato -e o L] .
Pigeon pea - e o ® o e ®moo0 °
Finger millet e o °
Arabica coffee amese ® o L] .
Mango ]
Cotton -ype o
Robusta coffee ;memece o .
Bambara groundnut .
Squash oo oo ° °
Pea o .
Watermelon d
7 6 5 4 3 2 1 0 0 25 50 75 100

Crop Importance Score

FIGURE 4

Degree of resilience of CWR (2050)

Seed accession status of resilient crop wild relatives (CWRs) for 2050 ranked in order of Crop Importance Score. The scale on the

right-hand graph represents the degree of resilience of each CWR species, coloured green if present in seed banks or black if absent. A value of
100 represents a complete overlap between the climatic niche of the CWR species with the novel climate predicted for its respective crop in sub-

Saharan Africa in 2050. See Figure S4b for 2070

cassava remain critically under-represented despite their high ranks in
the CIS. More data may exist, for example, in localised crop breeding
organisations and/or research institutions; therefore, making trait data
more widely available could greatly improve the effective use of
CWRs in (pre-)breeding programmes. International collaborative
efforts to collate and distribute trait data could begin with the analysis
of pre-existing plant material found within herbaria and botanical gar-
dens (Perez et al., 2020), as shown in the ‘Adapting Agriculture to Cli-
mate Change’ project (Dempewolf et al., 2014) or the Australian
Vigna species project (Lawn, 2015).

Despite small sample sizes (Supporting Information S1), our analy-
sis revealed differences in traits between resilient and non-resilient
CWRs. Whilst these differences could be due to other factors such as
phylogenetic signal (i.e., more closely related CWRs may exhibit more
similar traits), we discuss them here in the context of climate change
adaptation in the hope that future studies will disentangle causes and
mechanisms from correlations. A key finding was the association
between resilience and shorter height amongst CWRs of tree crops
(arabica and robusta coffee, cacao and mango), possibly because
shorter trees may maintain higher water conductance with increasing
vapour pressure deficit, thus making them less susceptible to drought
stress under elevated temperatures (McDowell & Allen, 2015; Zhou
et al., 2013). This pattern for tree crops remains consistent for 2070,
with the exception of mango. Given the additional time needed to
breed tree crops (or perennial species in general), the 2070 results
would be of greater significance to breeders. Conversely, we found
associations between resilience and taller plants amongst herbaceous
CWRs of sweet potato, winged yam and maize, in 2050 and 2070,
indicating a possible competitive advantage due to increased light-
capturing ability (Sandel & Dangremond, 2012). This trait would argu-
ably be more relevant to herbaceous species than trees, as tree height

can be modified via grafting and pruning, though the effects of these
practices on tree resilience are uncertain.

Higher seed mass amongst resilient CWRs was found in wheat,
rice, pigeon pea, soybean, common bean, arabica coffee and robusta
coffee. A study of the seed mass of soybean relatives in Australia con-
cluded that the increasing rate of metabolic reactions at higher tem-
peratures and the improved availability of photosynthates from
increased solar radiation results in heavier seeds (Murray et al., 2004).
Heavier seeds can also enhance germination and seedling survival
under warmer and drier conditions by providing larger nutrient
reserves and subsequently allowing the development of other key
traits such as longer roots (Haeuser et al., 2017; Hallett et al., 2011).
Whilst the link between seed mass and other traits needs to be fur-
ther studied in a wider range of CWRs, our results indicate that the
introduction of resilience traits may not necessarily induce major
decreases in yields of seed crops.

A higher proportion of annual CWRs was resilient than perennials
for the year 2050, which may reflect their ability to adapt to elevated
temperatures and altered precipitation regimes through dormancy and
shorter generation times (Franks et al., 2007). This ‘drought escape
strategy’ allows plants to complete reproduction at a faster time or
wait for the right conditions to germinate, thus, avoiding dry condi-
tions (Norton et al., 2016). Shorter generation times also allow for
shorter breeding experiments to be carried out. However, for 2070
this analysis did not yield significant results. A C4 photosynthetic path-
way in grasses has been linked to improved fitness in a warming cli-
mate compared with C3 species (Lattanzi, 2010). This is supported in
our study where we found that the CWRs of grasses identified as resil-
ient for 2070 climates, but not 2050, had C4 photosynthetic pathways.

As genomic trait data (ploidy levels and genome size) were insuf-

ficient, we could not conclude a link to resilience within this study.
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More research into CWR ploidy levels is needed given that they
determine the feasibility of crossbreeding between different species
and would have to be accounted for if there were differences in
ploidy level between the CWR and the crop (Dempewolf
etal., 2017).

The higher proportion of invasive CWRs being classed as resilient
could indicate the presence of traits that may improve survival and
productivity in future predicted climatic conditions of SSA. Invasive-
ness is higher in resilient CWRs than non-resilient CWRs, but propor-
tions are still low, with only 7.3% of all CWRs being invasive,
indicating its rarity in CWRs and hence the limited number of relatives
with this trait available for crossing (Figure S2e).

4.2 | Conservation in situ and ex situ

Agricultural expansion, overexploitation, pollution and extractive
industries pose major threats to wild plant diversity, including
CWRs (Brummitt et al., 2015; Nic Lughadha et al., 2020). Future
climate change is also expected to affect the distribution of CWR
diversity (Aguirre-Gutiérrez et al., 2017). Failure to take action to
stem this potential loss can have devastating effects on food security
(Maxted et al., 2010); therefore, conservation priority should be
afforded to CWRs that have high potential to provide resistant genes
to crops facing environmental change (e.g., potato, pigeon pea and
tomato). Crops such as coffee and cotton make substantial contribu-
tions to the overall GDP of SSA (Gilbert et al, 2013; Roger &
Thigpen, 1993); therefore, efforts towards their CWR preservation
should not be diminished despite their low nutritional importance.
Our results support the CWR prioritisation system of Vincent
et al. (2013), which we build upon by incorporating a metric for resil-
ience. CWR prioritisation can be a useful tool for conservationists
and crop breeders. Enset, for example, should be highlighted as a
conservation priority due to its high potential for future food security
potential (Borrell, Goodwin, et al., 2020) and for crop breeding prior-
ity as its resilient wild relatives are in seed banks. CWRs offer an
important long-term solution to climate change adaptation in the
food system, but a concerted interdisciplinary research effort must
be undertaken to develop this potential.

Whilst our CPS highlights where to target conservation resources,
future refinements should account for the presence or absence of
CWRs within protected areas (Khoury et al., 2019). Networks dedi-
cated to CWR protection should monitor and manage protected areas
to ensure predicted range shifts can be accounted for and appropriate
conservation actions taken (Meilleur & Hodgkin, 2004). Protecting
CWRs in their natural habitats is an essential strategy to prevent
extinctions, especially where ex situ conservation of sufficient genetic
diversity is practically or economically unfeasible (Ledn-Lobos
etal, 2012).

Overall, we found an under-representation of CWRs within global
seed repositories. We acknowledge that our study does not represent
an exhaustive list of all available conservation efforts, as some CWRs

that are missing from seed banks (e.g., coffee, mango and taro) are

absent because typically they are unable to survive the drying process
necessary for long-term preservation (i.e., intermediate/recalcitrant)
(Wyse et al., 2018). Such exceptional species may be represented
within alternative conservation efforts, such as in living collections or
within cryobanks (Acker et al.,, 2017). Of notable example is the
Robusta living collection held in the Yangambi Research Station of
the Institut National pour I'Etude Agronomique du Congo Belge
(INEAC), Democratic Republic of Congo. However, the majority of
these efforts are focused on main crop plants rather than their CWRs,
which highlights the need for a global concerted effort of conserving
wild relatives with recalcitrant seeds. Key challenges to achieving this
require access to appropriate land to maintain genetically diverse liv-
ing collections, establishment and maintenance of cryopreservation
units, and extensive research to develop species-specific protocols,
posing further challenges for countries that have limited ex situ con-
servation capacity. Our analysis also revealed a shortfall in conserving
key taxa with orthodox seeds, including wheat, soybean, sugarcane
and cotton, with 50% or less of their wild relatives banked (Vincent
et al., 2013). Our finding justifies the need to include CWRs of these
crops in priority lists and immediately target these CWRs for further

collection.

4.3 | Accelerating CWR breeding
Previous ecogeographic studies have highlighted a potential role for
the global diversity of CWRs in building more resilient food systems
(Khoury et al., 2015; Pironon et al., 2019); however, our study shows
that the functional potential of this wide diversity of species remains
poorly documented and understood. More projects focused on col-
lecting CWR trait information that feed into accessible databases are
needed, as well as increased sharing of pre-existing trait information.
A better general characterisation of the global diversity of CWRs
would then inform the selection of the most relevant candidate
species for further exploration in pre-breeding and breeding efforts.
Long-term preservation and accessibility are also key for an efficient
and sustainable breeding process; thus, major collection gaps
identified in our study are of particular concern. Fortunately,
projects aimed at both trait documentation and conservation of use-
ful wild plants are already in place in some countries in SSA. For
instance, the national seed collection programme of Zambia targets
species based on utility, conservation concern, endemicity and eco-
nomic value (http://brahmsonline.kew.org/msbp/Where/Africa—
accessed August 26, 2020), and the Bean Evaluation Project aims to
determine traits associated with increased heat tolerance to generate
new bean varieties in Mozambique (https://www.cwrdiversity.org/
partnership/bean-evaluation-project/—accessed August 26, 2020).
After identifying the most promising candidate species for resil-
ience to future climate change and guaranteeing in situ and ex situ
conservation and access to plant material, the next step towards
implementation would involve agronomists and geneticists to further
discover, characterise and evaluate CWRs' traits and genes. This step

is particularly important given many traits of interest (including some
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presented in our study) are not controlled by a single gene but
through the

et al., 2017). Moreover, it is important to understand genetic correla-

interaction between many genes (Dempewolf
tions amongst traits to ensure that any gain in climatic stress resis-
tance is not made at the expense of other traits (e.g., reduced
nutrition, yield and/or pest resistance) (Dinesh et al., 2011). Based on
such information, pre-breeders and breeders would develop new crop
varieties that could then end up in agricultural fields and consequently
the market. This last step would not be without obstacles; for
instance, farmers and markets will need to adapt trade and manage-
ment systems, and so too will consumers need to adopt novel culti-
vars (Morris & Heisey, 2003). In this context, enhancing participatory
breeding in close collaboration with local and indigenous communities
would also be necessary for a more demand-driven process (Kline
et al., 2020).

All in all, delivering new resilient crop varieties through breeding
with CWRs is a long and costly procedure (Beddow et al., 2015).
Documenting CWR environmental niches and functional traits and
preserving them in the wild and in ex situ collections are fundamental
first steps towards informed, accelerated and expanded CWR
breeding. Adapting agriculture to future climate change can be
achieved through different strategies involving the sustainable use of
agrobiodiversity (Borrell, Dodsworth, et al., 2020; Pironon & Soto
Gomez, 2021). Further delays in characterising and preserving CWRs
could cause the loss of a major adaptation option and ultimately affect
the most vulnerable populations dramatically.
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