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Abstract: Finger millet (Eleusine coracana (L.) Gaertn.) is the fourth most important crop in Nepal having multiple benefits
but is still neglected by mainstream research and development. The main option to boost its productivity is developing
superior varieties through enhanced use of germplasm in breeding programmes. With the objective of enhancing utilization
of landraces conserved ex situ, a total of 300 finger millet accessions collected from 54 districts were characterized in three
hill locations of Nepal for two consecutive years (2017–2018). Nine qualitative and 17 quantitative traits were recorded, and
combined mean data were subjected to multivariate analysis to assess agromorphological diversity. Shannon–Weaver diversity
indices (H’) showed high diversity (0.647–0.908) among the accessions for qualitative traits except for finger branching and
spikelet shattering whereas high diversity (0.864–0.907) was observed for all quantitative traits. The first five principal
components (PC) explained 61.8% of the total phenotypic variation with two PCs explaining 37.5% variation mainly due
to flowering and maturity days, plant height, flag leaf length, grain and straw yield, ear weight, ear exsertion and number
of fingers per head. Genotypes were grouped into four clusters with 16, 66, 107 and 111 accessions based on quantitative
traits. The correlation between the traits indicated that accessions with early flowering, tall plants, long leaves, high tillers,
large ears and bold grains could be given priority for further evaluation in multiple locations. Potential landraces identified
for each trait could either be deployed to wider areas as varieties or used as trait donors in finger millet breeding.
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Introduction

Finger millet (Eleusine coracana (L.) Gaertn.) is an
allotetraploid species (2n = 4x = 36; genome consti-
tution AABB) of the grass family Poaceae (Dida et al,
2007). It evolved from a wild species (E. coracana ssp.
africana (Kenn.-O’Bryne) (AABB)) which is the natu-
ral cross between wild species (E. indica (L.) Gaertn.
(AA)) and extinct unknown species (BB) (Liu et al,
2014). East Africa is considered its primary centre of
diversity (Phillips, 1972) where nine out of ten known

∗Corresponding author: Krishna Hari Ghimire
(ghimirekh@gmail.com)

species of the genus Eleusine – coracana, africana, indica,
floccifolia (Spreng), intermedia (Chiov.) (S.M.Phillips),
multiflora (Hochst. ex A.Rich), jaegeri (Pilg.), kigezien-
sis (S.M.Phillips) and semisterilis (S.M.Phillips) – are
found, except E. tristachya (Lam.) (Hilu and De-Wet,
1976). Ploidy and hybridization barriers suggest that
tetraploid (2n = 4x = 36) species E. coracana (AABB)
and E. africana (AABB) are in the primary gene pool,
diploid (2n = 2x = 18) species E. indica (AA), E. tris-
tachya (AA) and E. floccifolia (BB) formed the secondary
gene pool and the rest of the species are in the tertiary
gene pool (Sood et al, 2019). It was domesticated about
5,000 years ago in eastern Africa (Ethiopian highlands)
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and introduced into the Indian subcontinent 3,000 years
ago (Hilu et al, 1979; Upadhyaya et al, 2006).

Globally, finger millet ranked fourth in importance
among millet crops after sorghum, pearl millet and fox-
tail millet (Upadhyaya et al, 2007). In many countries,
precise data on cultivation area and production of finger
millet are not available because the production statistics
of this crop had often been combined with other mil-
lets (Upadhyaya et al, 2010). It is cultivated on 3.8 mil-
lion ha (12% of the total millet area) with coverage in
more than 25 countries in Africa (e.g. Uganda, Tanza-
nia, Kenya, Ethiopia, Rwanda, Zaire, Eritrea and Soma-
lia) and Asia (e.g. India, Nepal, Sri Lanka, Myanmar,
China and Japan) (Upadhyaya et al, 2010; Bora, 2013;
Kumar et al, 2016; Vetriventhan et al, 2016; Hittalmani
et al, 2017). It is grown in a wide range of environ-
ments from the tropical coastal regions of India (Upad-
hyaya et al, 2006) to the high mountains (3,130 masl) of
Nepal (Bastola et al, 2015; Gaihre et al, 2021). Having
the C4 photosynthetic pathway (Hittalmani et al, 2017;
Parvathi et al, 2019), it is a hardy crop grown in marginal
land and stress environments with very low or mini-
mum input (Goron et al, 2015). Finger millet (kodo in
Nepali) is the fourth most important cereal crop in Nepal
after rice, maize and wheat in terms of area and pro-
duction, and occupies an average of 7.7% (265,401ha)
of the total cultivated area covered by cereal crops and
accounts for 2.9% (326,443t) of total cereal production
with average yield of 1.23t/ha (MOALD, 2022).

Nutritionally, its importance is well recognized
because of its high content of calcium (0.34%),
dietary fiber (18%), protein (6–13%), minerals
(2.5–3.5%), phytates (0.48%) and phenolic compounds
(0.3–3%) (Chandra et al, 2016). It is enriched with
calcium, iron, zinc, proteins and calories (O’Kennedy
et al, 2006; Upadhyaya et al, 2011). The crop is also
valued for its health beneficial effects like anti-diabetic,
anti-tumorigenic, antioxidant and antimicrobial proper-
ties (Devi et al, 2011; Kumar et al, 2016; Nakarani et al,
2021). Besides food and nutrition, it is an integral com-
ponent of agrotourism in Nepal due to local specialties
made from it, such as dhindo (thick porridge) and high
quality raksi (home-made wine) (Ghimire et al, 2017;
Joshi et al, 2020; Gaihre et al, 2021).

Vetriventhon et al (2020) reported a total of
36,873 finger millet accessions (including landraces,
improved cultivars, wild and weedy relatives) conserved
ex situ at global level and this number is ever
increasing. Most of these collections are yet to be
characterized and utilized in breeding. The International
Crop Research Institute for Semi-Arid Tropics (ICRISAT)
has developed a finger millet core collection of
622 accessions, including 70 accessions from Nepal,
based on agromorphological diversity from their entire
collection of 5,940 accessions (Upadhyaya et al,
2006). Two studies reported on the characterization
of Nepalese finger millet accessions (Bhattarai et al,
2014) but the landraces used in those studies were not
properly represented in the entire genebank collection.

Characterization of collected landraces is the most
important avenue to open the door for their utilization.
However, less utilization of local genetic resources for
crop improvement programmes is evident in Nepal due
to lack of information about the desirable accessions
in the genebank resulting from poor characterization
and evaluation data. Three out of six finger millet
varieties notified in the country were improved from
native landraces, which include Okhle-1, Kabre kodo-
1 and Rato kodo. The present study describes the
characterization of finger millet accessions conserved
at the National Agriculture Genetic Resources Centre
(NAGRC, Genebank) of Nepal, grouping of accessions
with similar characters using a range of multivariate
statistical tools and identifying potential landraces to be
utilized in finger millet improvement programmes.

Materials and methods

Plant materials and experimental sites

This study used 300 finger millet accessions (Supple-
mental Table 1) received from NAGRC which include
295 landraces collected from 54 districts of 6 provinces,
and 5 released varieties (Okhle-1, Dalle kodo-1, Kabre
kodo-1, Kabre kodo-2 and Shailung kodo-1) of Nepal. A
total of 295 landraces were selected from nearly 1,000
accessions of 54 districts based on proportions and rep-
resentation, so that there was minimum repetition in
local name and at least one accession from each dis-
trict. Experiments were conducted at three mountain
locations of Nepal, namely Agriculture Research Station
(ARS) Vijayanagar, Jumla (2,350 masl); NAGRC Khu-
maltar, Lalitpur (1,360 masl) and Hill Crops Research
Programme (HCRP), Kabre, Dolakha (1,740 masl). Geo-
coordinates of experimental locations and collection
sites of landraces were mapped (Figure 1). All three sites
had coarse textured sandy loam soil.

General methodology

The experiments were laid out in alpha lattice design
with 300 entries and two replications having 15 blocks
within replications and 20 plots in each block. Each
plot was constituted by 20 plants in a single row of 2m
length with 25cm spacing between rows. During 2017
and 2018 respectively, seeding was done on 24 and 19
April at Jumla, 3 June and 26 May at Dolakha and 17
June and 7 June at Khumaltar. Direct seeding was done
with the application of chemical fertilizers at the rate
of 20:10:10 kg/ha N:P2O5:K2O as basal doses. Thinning
was applied within 25–30 days after seeding to maintain
a plant-to-plant spacing of 10cm within rows. Manual
weeding was done as per requirement but no irrigation
and pesticides were applied.

Data recording

Morphological data of nine qualitative and 17 quanti-
tative traits were recorded as per the standard descrip-
tors of finger millet (IBPGR, 1985). The qualitative traits
were recorded from a single replication of 2017 at Khu-
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Figure 1. Map of Nepal showing collection sites of characterized finger millet accessions in six provinces, coded as indicated in the
legend. The three experimental sites where field trials were conducted are indicated by stars.

maltar only, based on observations as per the descriptor
states. Observations on days to 50% flowering, days to
80% maturity, grain yield (kg/ha) and straw yield (t/ha)
were based on whole plot data whereas measurements
on other quantitative traits such as plant height (cm),
tillers per hill (n), flag leaf length (cm), flag leaf width
(cm), flag leaf sheath length (cm), ear exsertion (cm),
ear head length (cm), ear head width (cm), fingers per
head (n), length of the longest finger (cm), width of the
longest finger (cm), weight per head (g) and weight of
1,000 grains (g) were made from five randomly selected
plants. Observations for days to maturity of those acces-
sions which did not set grains due to extremely low tem-
perature after flowering at Jumla were considered as
missing values whereas grain yield of those accessions
were estimated as zero.

Data analysis

The frequency of each descriptor state for all qualita-
tive traits were tabulated with their proportions whereas
observations for all quantitative traits of each year and
locations were subjected to unbalanced analysis of vari-
ance (ANOVA) using regression model with the software
GenStat version 15 (VSN International, 2015). The com-
bined mean data were subjected to descriptive statisti-
cal analysis such as minimum, maximum, mean, stan-
dard error and coefficient of variation using Minitab-
17 (MINITAB, 2010). Hierarchical clustering of observa-
tions and construction of dendrogram were done based
on unweighted pair group method with arithmetic mean
(UPGMA) by using FactoMineR package (Sebastien et al,
2008) and factor map visualization was made by using
Factoextra package (Kassambara and Mundt, 2020) of
R statistical software (R Core Team, 2020). Correla-
tion analysis (Pearson’s coefficient with probability) and

principal component analysis (PCA) were done using
Minitab-17 (MINITAB, 2010). Standardized Shannon-
Weaver diversity indices (H’) (Shannon and Weaver,
1949) were calculated for each trait with Microsoft
Excel (Ghimire et al, 2018a,b) .

Results

Diversity index and frequency distribution
of qualitative traits

Based on Shannon-Weaver diversity index (H’), we
observed very low diversity for finger branching
and grain shattering (0.122) but it was highest for
plant pigmentation (0.908) followed by grain covering
(0.793), ear shape (0.790) and seed colour (0.722)
(Table 1). The data showed that the predominant ear
shapes in Nepalese finger millet are open (42.7%)
and semi-compact (41.7%) types. More than two-thirds
(68%) of accessions had intermediate ear size followed
by large ear size (29.7%). Less than 2% of the accessions
had branching in fingers and grain shattering. Similarly,
one-third of the accessions had pigmented plants while
very few accessions were highly susceptible to lodging
(3.3%). Seed colour varied from white to purple-
brown (Figure 2). The predominant seed colour in the
collection was light-brown (53%) followed by purple-
brown (37%).

Descriptive statistics and diversity indices
of quantitative traits

Range, mean, standard error of mean (SE), coefficient
of variation (CV) and Shannon-Weaver diversity index
(H’) of each quantitative trait are presented in Table 2.
A wide range of variation in agronomic performance
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Table 1. Shannon-Weaver diversity indices (H’), descriptor states and frequency of nine qualitative traits.

Qualitative traits H’ Descriptor states Frequency (n) Proportion (%)
Ear shape 0.790 Droopy 38 12.7

Open 128 42.7
Semi-compact 125 41.7
Compact 9 3.0

Ear size 0.647 Small 7 2.3
Intermediate 204 68.0
Large 89 29.7

Finger branching 0.122 Absent 295 98.3
Present 5 1.7

Grain covering 0.793 Exposed 67 22.3
Intermediate 196 65.3
Enclosed 37 12.3

Lodging susceptibility 0.654 Low 209 69.7
Intermediate 81 27.0
High 10 3.3

Plant pigmentation 0.908 Not pigmented 203 67.7
Pigmented 97 32.3

Seed colour 0.722 White 11 3.7
Light-brown 159 53.0
Copper-brown 19 6.3
Purple-brown 111 37.0

Spikelet density 0.676 Sparse 89 29.7
Intermediate 201 67.0
Dense 10 3.3

Spikelet shattering 0.122 Absent 295 98.3
Present 5 1.7

Figure 2. Seed colour variation (white to purple-brown) on different finger millet accessions (In case of mixed seeds, colour of the
majority of the seed is considered, e.g. colour of NGRC04793 is recorded as white).
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was observed among the evaluated accessions. The early
maturing accessions started flowering at 75 days after
seeding and the late maturing accessions flowered at
140 days whereas the average plant height ranged from
61 to 119cm. The average adjusted grain yield and
straw yield ranged from 230 to 3,494kg/ha and 2.0 to
20.2t/ha, respectively. The CV varied from 6.2% for flag
leaf length to 33.3% for grain yield. H’ ranged from
0.864 to 0.907 suggesting high diversity in finger millet
accessions for all quantitative traits.

Clustering observations

A UPGMA hierarchical clustering divided the entire 300
accessions into four clusters (Figure 3). The number of
accessions in each cluster and cluster characteristics for
each quantitative trait are presented in Table 3. Cluster 4
was the largest cluster with 111 (37%) accessions having
the highest cluster means for grain yield (1,858 kg/ha),
straw yield (10.6t/ha), plant height (100cm), 1,000-
grain weight (2.4g), weight per head (6.5g) and ear
length (6.6cm). Cluster 3 was the second largest cluster
with 107 (35.6%) accessions having the lowest mean
grain yield (1,147kg/ha) but the longest mean flowering
days (122) and maturity days (161 days). Cluster 1
was the smallest cluster with 16 (5.3%) accessions
characterized by the lowest cluster mean for straw
yield (4.9t/ha), weight per head (4.5g), finger length
(5.0cm), ear length (5.5cm), fingers per head (5.6),
plant height (78cm), flowering (85 days) and maturity
(132 days). Non-significant difference was observed
between cluster mean and overall mean for flag leaf
width.

Principal component analysis

The contribution of various traits in total phenotypic
variation among 300 finger millet accessions was
evaluated by principal component analysis (PCA). The
first five principal components with eigenvalue ~1 or
more, explained 61.8% of the total variation (Table 4).
The first principal component (PC-1) explained 22.6%
of the total variation which was positively attributed
to days to maturity (0.421), days to flowering (0.401),
straw yield (0.338), fingers per head (0.303), finger
length (0.295), ear length (0.290), plant height (0.280),
leaf length (0.255), weight per head (0.252) and ear
width (0.229). The second component (PC-2) explained
an additional 14.9% of the total variation.The maximum
variation in this PC was primarily due to the lower grain
yield (-0,496), sheath length (-0.389), plant height (-
0.313), 1,000-grain weight (-0.278), ear exsertion (-
0.256), and tillers per plant (-0.255) but higher value
of days to flowering (0.314) and maturity (0.267). The
third component (PC-3), which explained 9.1% of the
total variation, differentiated the accessions by higher
finger length and ear length but lower leaf length.

PCA using cluster means showed that the first three
components explained 100% of the total variability
with 60.5 and 28.2% contribution by PC-1 and PC-
2, respectively (Table 4). Most of the traits occupied

the right side of the bi-plot and thus contributed
with positive loadings to the variation explained by
PC-1 (Figure 4b). A clear-cut elbow on the fourth
component in the scree plot (Figure 4a) as well as the
two-dimension scatterplot of PC1 and PC2 (Figure 5)
revealed strong support for the clustering result since
we can see the visible groupings of accessions as per the
clusters (Figure 3).

Correlation between traits

The Pearson’s correlation coefficients between traits are
presented in Table 5. A total of 136 trait associations
were estimated among the 17 quantitative traits. Out
of these, associations between days to 50% flowering
and days to 80% maturity (0.93) as well as between ear
length and length of the longest finger (0.63) had high
estimates. This indicates that only one trait from each
of these pairs could be recorded and assessed during
future characterization work. Grain yield was positively
correlated with plant height, productive tillers per plant,
flag leaf length, leaf sheath length, ear exsertion, ear
length, finger length, ear weight and 1,000-grain weight
but negatively correlated with days to flowering and
maturity. When selecting for grain yield, we should
consider these traits strongly associated with grain yield
while when selecting for straw yield, our focus should be
on taller plant height and late maturity since straw yield
had strong positive association with days to flowering,
maturity and plant height.

Promising landraces

Promising trait-specific donors were identified (Table 6)
based on combined mean data of six environments
(Supplemental Table 2). Some landraces were good for
multiple traits (highlighted in Table 6) and some others
for particular traits. For instance, NGRC06490 was high
yielding with higher number of tillers; NGRC04849
was high yielding with higher 1,000-grain weight;
NGRC04871 was high yielding with taller plant, longer
ears and higher 1,000-grains weight; Kabre kodo-2
was high yielding with higher 1,000-grain weight and
higher number of tillers; and NGRC04818 was high
yielding with taller plant, higher 1,000-grain weight
and higher weight per head. Landraces NGRC04849 and
NGRC06490 produced 121.6% and 120.1% higher grain
yield respectively, than the overall mean (1,577kg/ha)
and 10.4% and 9.7% higher yield respectively, compared
to Kabre kodo-2, a newest and best among the five
released varieties. Mean days to flowering was 112 but
11 accessions flowered before 90 days after seeding.
Early flowering genotypes may be selected for drought-
prone lowlands as well as higher altitudes since they can
escape both drought and cold stress during reproductive
stage. These landraces showed potential to be efficiently
utilized in breeding programmes for the improvement of
finger millet.



6 Ghimire et al Genetic Resources (2023), 4 (8), 1–14

Table 2. Variability statistics and Shannon-Weaver diversity indices (H’) of 17 quantitative traits. SE, standard error; CV, coefficient
of variation.

Trait Minimum Maximum Mean SE CV (%) H’
Days to 50% flowering (n) 75 140 112.2 0.70 10.8 0.870
Days to 80% maturity (n) 122 174 154.4 0.59 6.6 0.871
Plant height (cm) 61 119 95.4 0.44 8.0 0.864
Tillers per hill (n) 2.5 5.9 4.4 0.03 11.1 0.898
Flag leaf length (cm) 22 32 27.2 0.10 6.2 0.880
Flag leaf width (cm) 0.5 1.2 0.91 0.01 9.7 0.906
Flag leaf sheath length (cm) 11 22 15.1 0.08 8.7 0.872
Ear exsertion (cm) 7.2 14 10.8 0.07 10.7 0.899
Ear head length (cm) 4.5 8.8 6.2 0.04 11.0 0.880
Ear head width (cm) 3.0 6.5 4.2 0.03 13.3 0.867
Fingers per head (n) 4.1 8.9 7.0 0.04 9.4 0.878
Length of the longest finger (cm) 4.0 9.8 5.9 0.06 16.9 0.875
Width of the longest finger (cm) 0.48 0.93 0.68 0.005 11.9 0.902
Weight per head (g) 3.1 10 5.9 0.06 17.6 0.897
Weight of 1,000 grains (g) 1.8 3.2 2.3 0.01 9.5 0.882
Grain yield (kg/ha) 230 3,494 1,577 30.3 33.3 0.884
Straw yield (t/ha) 2.0 20.2 9.3 0.17 30.7 0.907

Table 3. Number of accessions and characteristics of each cluster in comparison with population mean. Sd, standard deviation; *,
significant (p = 0.01–0.05) and **, highly significant (p ≤ 0.001) difference with overall mean.

Trait
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Overall

Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
Number of accessions 16 66 107 111 300
Days to 50% flowering (n) 85** 6.56 101** 6.13 122** 7.14 116** 6.39 112 12.1
Days to 80% maturity (n) 132** 5.86 145** 6.01 161** 5.53 158** 5.71 154 10.2
Plant height (cm) 78** 8.92 – – 93** 5.90 100** 5.69 95.4 7.6
Tillers per hill (n) – – – – 4.2** 0.44 4.5** 0.45 4.4 0.49
Flag leaf length (cm) 24.4** 1.07 26.8* 1.46 – – 27.9** 1.44 27.2 1.68
Flag leaf width (cm) – – – – – – – – 0.91 0.09
Flag leaf sheath length(cm) 13.8** 0.91 16.0** 1.18 14.4** 1.17 – – 15.1 1.31
Ear exsertion (cm) 10.1* 1.18 – – 10.3** 1.08 11.2** 1.10 10.8 1.15
Ear head length (cm) 5.5** 0.45 5.8** 0.53 – – 6.6** 0.63 6.2 0.68
Ear head width (cm) 3.8** 0.56 4.0** 0.48 – – 4.4** 0.50 4.2 0.56
Fingers per head (n) 5.6** 0.88 6.8** 0.46 7.3** 0.52 – – 7.0 0.66
Length of longest finger (cm) 5.0** 0.70 5.4** 0.80 – – 6.6** 0.96 5.9 1.01
Width of longest finger (cm) – – – – 0.67* 0.09 – – 0.68 0.08
Weight per head (g) 4.5** 0.72 5.6** 0.80 5.6** 0.84 6.5** 0.96 5.9 1.03
Weight of 1,000 grains (g) – – – – 2.2** 0.19 2.4** 0.22 2.3 0.22
Grain yield (kg/ha) 1,181** 379.8 1,756** 359.5 1,147** 385.1 1,858** 473.9 1,577 524.4
Straw yield (t/ha) 4.9** 2.22 7.3** 1.98 10.1** 2.35 10.6** 2.42 9.3 2.85

Discussion

Genetically diverse accessions conserved in ex situ
genebanks are tremendous genetic resources for breed-
ing high-yielding and stable crop varieties to ensure
global food security. Enormous morphological and
genetic diversity exists among finger millet accessions
but their utilization in breeding programmes is very
weak in most countries including Nepal because this
crop has received very little attention for characteriza-

tion, evaluation and pre-breeding activities. Only about
10% of genetic resources including finger millet stored
in genebanks have been utilized in crop improvement
programmes, which is mainly due to a lack of infor-
mation about the desirable accessions resulting from
the poor characterization and evaluation data (Hodgkin
et al, 2003; Nguyen and Norton, 2020).

Although NAGRC holds nearly 1,000 finger millet
accessions, we characterized only 300 accessions which
might not represent the total genetic diversity of the
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Table 4. Eigenvalues and eigenvectors under five principal components (PC) for entry means and cluster means.

Eigen analysis
Entry means Cluster means

PC-1 PC-2 PC-3 PC-4 PC-5 PC-1 PC-2 PC-3 PC-4 PC-5
Eigenvalue 3.763 2.691 1.461 1.237 0.998 10.28 4.79 1.93 0 0
Proportion 0.226 0.149 0.091 0.083 0.069 0.605 0.282 0.113 0 0
Cumulative (%) 22.6 37.5 46.6 54.9 61.8 60.5 88.7 100 100 100
Eigenvectors
Days to 50% flowering 0.401 0.314 -0.044 -0.057 0.088 0.296 -0.114 0.141 0.083 -0.081
Days to 80% maturity 0.421 0.267 -0.046 -0.086 0.044 0.300 -0.099 0.116 0.057 -0.454
Plant height 0.280 -0.313 -0.214 0.065 0.166 0.279 0.189 0.124 0.042 0.308
Tillers per hill 0.032 -0.255 0.103 -0.383 0.091 -0.123 0.419 -0.032 0.148 -0.007
Flag leaf length 0.255 -0.102 -0.318 0.206 -0.343 0.304 0.079 0.097 -0.005 -0.256
Flag leaf width -0.014 -0.022 -0.142 -0.442 -0.780 -0.130 0.007 0.654 -0.054 -0.001
Flag leaf sheath length -0.021 -0.389 -0.283 0.042 0.147 0.147 0.392 0.150 0.149 0.305
Ear exsertion 0.124 -0.256 -0.124 0.396 -0.136 0.260 0.252 0.034 0.177 -0.456
Ear head length 0.290 -0.145 0.456 -0.017 -0.005 0.274 0.022 -0.343 -0.068 -0.168
Ear head width 0.229 -0.006 0.258 0.206 -0.343 0.266 -0.230 -0.101 -0.102 0.298
Fingers per head 0.303 0.118 -0.340 -0.132 0.101 0.294 0.015 0.240 -0.090 -0.071
Length of longest finger 0.295 -0.094 0.468 -0.100 0.070 0.275 -0.065 -0.322 0.025 0.039
Width of longest finger -0.010 -0.087 0.218 0.519 -0.200 -0.098 0.340 -0.425 0.197 -0.023
Weight per head 0.252 -0.218 -0.088 -0.159 0.095 0.297 0.141 0.013 -0.030 0.327
Weight of 1,000 grains 0.041 -0.278 0.220 -0.255 -0.074 -0.124 0.412 0.122 0.287 -0.088
Grain yield 0.073 -0.496 -0.061 -0.048 0.036 0.131 0.414 -0.009 -0.776 0.016
Straw yield 0.338 0.131 -0.073 0.097 -0.010 0.305 -0.089 0.066 0.403 0.295

Table 5. Correlation coefficients among grain yield and other associated quantitative traits in finger millet based on combined mean
data. FD, days to 50% flowering; MD, days to 80% maturity; PH, plant height; T/P, number of tillers per plant; LL, flag leaf length;
LW, flag leaf width; SL, flag leaf sheath length; EE, ear exsertion; EL, ear length; EW, ear width; F/H, number of fingers per head;
FL, length of longest finger; FW, width of longest finger; W/H, weight per head; TW, 1000-grain weight; GY, grain yield; SY, straw
yield; **, significant at 1% level; *, significant at 5% level.

Trait FD MD PH T/P LL LW SL EE EL EW F/H FL FW W/H TW GY
MD 0.93**
PH 0.21** 0.26**
T/P –0.06 –0.06 0.11
LL 0.27** 0.32** 0.33** 0.01
LW –0.03 0.04 0.02 0.02 0.07
SL –0.26** –0.25** 0.33** 0.05 0.16** –0.01
EE –0.04 –0.06 0.33** 0.04 0.20** –0.05 0.21**
EL 0.24** 0.29** 0.30** 0.10 0.13* 0.00 –0.03 0.10
EW 0.25** 0.26** 0.10 0.05 0.22** 0.00 –0.14* 0.09 0.37**
F/H 0.53** 0.50** 0.31** 0.00 0.28** 0.02 0.03 0.02 0.14* 0.17**
FL 0.34** 0.38** 0.29** 0.10 0.11 0.01 –0.04 0.06 0.63** 0.27** 0.11
FW –0.08 –0.09 0.01 –0.01 0.05 –0.10 0.01 0.06 0.07 0.06 –0.10 0.00
W/H 0.20** 0.23** 0.39** 0.17** 0.22** 0.05 0.07 0.12* 0.32** 0.12* 0.27** 0.24** 0.02
TW –0.08 –0.06 0.10 0.20 0.04 0.08 0.12* 0.02 0.12* 0.04 –0.18** 0.15* 0.04 0.16*
GY –0.26** –0.13* 0.46** 0.33** 0.23** 0.09 0.35** 0.23** 0.19** 0.02 –0.03 0.16* 0.10 0.30** 0.36**
SY 0.59** 0.58** 0.25** –0.03 0.30** –0.03 –0.13* 0.13* 0.21** 0.15* 0.26** 0.28** 0.00 0.21** 0.04 –0.01
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Figure 3. UPGMA hierarchical clustering divided 300 finger millet accessions into four clusters. Landraces are coded with their
accession number whereas released varieties are with their name.

country. Shannon-Weaver diversity index (H’) considers
both richness and evenness of the phenotypic classes
of the qualitative traits but emphasizes the normality
in observation of quantitative traits (Ghimire et al,
2018b; Upadhyaya et al, 2010). We estimated as low,
medium and high diversity if the values of H’ were ≤
0.400, 0.401–0.600 and ≥ 0.601, respectively (Eticha
et al, 2005). Very low H’ for grain shattering and
finger branching was observed since > 98% of the
accessions didn’t have shattering type of grains and
branching type of fingers. According to the findings
of Dasanayaka and Kaluthanthri (2017), a very small
proportion of Sri Lankan finger millet accessions
exhibited shattering and finger branching traits. The rest
of the qualitative traits (H’ = 0.645–0.908) as well as
all 17 quantitative traits (H’ = 0.864–0.907) showed
very high polymorphism. Similar diversity indices were

reported in the entire global collections of 5,940
accessions (3,567 from 14 African countries, 2,163 from
five South-Asian countries, seven from the USA, 22
from three European countries and 181 from unknown
origin), a core collection of 622 accessions and a
mini-core collection of 80 accessions (Upadhyaya et al,
2006, 2010) as well as in an East African collection
of 1,993 accessions (Reddy et al, 2009). Phenotypic
proportions of qualitative traits were calculated as
the frequencies of each descriptor state for the
traits. Observations on ear shape with droopy, open,
compact and semi-compact suggested the presence of
all cultivated races (elongata, plana, compacta and
vulgaris) of E. coracana ssp. coracana (Upadhyaya
et al, 2006; Bharathi, 2011; Sood et al, 2019;
Backiyalakshmi et al, 2021). Our observations for other
qualitative traits were similar as in core and mini-
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Figure 4. Scree plot (a) and loading plot (b) of PC-1 and PC-2 for 300 finger millet accessions based on cluster means, showing
association between the traits. EW, ear head width; FD, days to flowering; MD, days to maturity; SY, straw yield; FL, length of the
longest finger; F/H, fingers per head; EL, ear head length; LL, flag leaf length; W/H, weight per head; PHT, plant height; EE, ear
exsertion; SL, flag leaf sheath length; GY, grain yield; FW, width of the longest finger; T/P, tillers per plant; TW, weight of 1,000
grains; LW, flag leaf width.

Figure 5. Scatter plot of the first two dimensions of principal component analysis using entry means for 300 finger millet accessions.
Landraces are coded with their accession number whereas released varieties are with their name. Cluster centroid in respective
cluster is indicated with larger symbol. The representative accessions of each cluster are indicated with accession numbers and are
colour-coded as in Figure 3.
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Table 6. Promising finger millet trait donors selected based on combined mean data of six environments. Accessions with multiple
promising traits are highlighted in bold.

Trait Promising accessions
Days to flowering (< 90 d) NGRC03581, NGRC03540, NGRC03502, NGRC01516, NGRC01489, NGRC03635,

NGRC03636, NGRC03539, NGRC06503, NGRC06485, NGRC03650
Days to maturity (> 130 d) NGRC03502, NGRC03540, NGRC01489, NGRC03581, NGRC03636, NGRC03539,

NGRC06503
Plant height (< 70cm) NGRC06503, NGRC03502, NGRC03639, NGRC04814
Plant height (> 110cm) Dalle-1, NGRC04871, NGRC03511, NGRC04818, NGRC05764
Number of tillers/plant (> 5.4) NGRC06490, Kabre kodo-2, NGRC04852, NGRC01609, NGRC03579, NGRC05739
Flag leaf length (> 30cm) NGRC05109, NGRC01490, NGRC03605, NGRC04852, NGRC06493, Kabre kodo-1,

NGRC03678, NGRC03690, NGRC04746, NGRC01401
Flag leaf sheath length (> 17.5cm) NGRC01655, NGRC04871, NGRC04724, NGRC06498, NGRC04818, NGRC03528,

NGRC06504, NGRC04863
Ear exsertion (> 14cm) NGRC06493, NGRC01527, NGRC01610, NGRC03693
Ear length (> 7.5cm) NGRC04871, NGRC01406, NGRC04821, NGRC01447, NGRC04817, NGRC01458,

NGRC01609, NGRC01451
Weight per head (> 8g) NGRC04818, Dalle-1, NGRC04804, NGRC01446, NGRC04806, NGRC01401,

NGRC01639, NGRC01487
1000-grain weight (> 2.8g) Kabre kodo-2, NGRC04816, NGRC04849, NGRC01418, NGRC04873, NGRC04850,

NGRC04824, NGRC04871, NGRC04818
Grain yield (> 2,769kg/ha) NGRC04849, NGRC06490, NGRC04871, Kabre kodo-2, NGRC06487, NGRC04727,

NGRC04836, NGRC04806, NGRC04818
Straw yield (> 13t/ha) Kabre kodo-1, NGRC01456, NGRC01452, Okhle-1, NGRC01455, NGRC01539,

NGRC05758

core collections of global accessions (Upadhyaya et al,
2010), in Sri Lankan accessions (Dasanayaka and
Kaluthanthri, 2017; Kumari et al, 2018), in north-west
Indian accessions (Kumar et al, 2019) and in global
collections from ICRISAT (Malambane and Jaisil, 2015).
Descriptive statistics such as range, mean and CV of
various quantitative variables suggested wide variability
within 300 accessions of the Nepalese collection. Mean
flowering data ranged from 75 to 140 days which was
narrower than in the global collections which included
wild species (41–164 days) (Bharathi, 2011) but wider
than in the core collection (51–96 days), the mini-
core subsets (51–93 days) (Upadhyaya et al, 2010)
and in a global collection of 314 accessions (51–97
days) (Backiyalakshmi et al, 2021). Since our research
was conducted at higher altitudes, we observed mean
flowering time of 112 days (pooled mean of three
sites) which is higher than in studies conducted at
lower elevations, which reported 79 days (Bhattarai
et al, 2014), 89 days (Bastola et al, 2015) and 74
days (Backiyalakshmi et al, 2021). Our range for average
plant height (61–119cm) was narrower compared to
the range of 23–155cm observed in a much larger
sample (537) of Nepalese accessions (Bhattarai et al,
2014), 55–240cm in east African accessions (Reddy et al,
2009), 84–143cm in a global collection (Backiyalakshmi
et al, 2021) and 45–180cm in a global composite
collection of 1,000 accessions (Bharathi, 2011), but
wider than the range of 73–113cm in the mini-core
collection (Upadhyaya et al, 2010).

Principal component analysis partitions the total vari-
ation into components and measures how each compo-

nent contributes to the total phenotypic variation. The
important traits in the evaluation of our landraces are
days to maturity and flowering, straw yield, fingers per
head, finger length, plant height, grain yield and 1,000-
grain weight. The scatter plot (Figure 5) suggested that
PC-2 has efficiently divided the accessions based on
grain yield. High-yielding landraces and all released
varieties (Shailung kodo-1, Dalle-1, Kabre kodo-1, Kabre
kodo-1 and Okhle-1) were in the upper half of the scat-
ter plot. Clustering of observations gives the average of
a variable in the cluster, the average of the variable for
the whole data set, the associated standard deviations
and the p-value to test the hypothesis: the cluster mean
is equal to the overall mean. Rejection of this hypothesis
(p < 0.05) means there is significant difference between
the clusters for multiple quantitative traits. The repre-
sentative genotypes of each cluster illustrate the over-
all characters of that cluster. Pearson’s correlation coef-
ficient suggested that grain yield is positively correlated
with plant height, tillers, leaf length, ear exsertion, ear
and finger length, ear weight and 1,000-grain weight.
This suggests that our focus when selecting landraces for
grain yield should be on accessions with early flowering,
taller height, high tillering, big ears and bold grains. Pre-
vious findings suggested a positive correlation between
grain yield vs. days to flowering and maturity (Bharathi,
2011; Lule et al, 2012; Bastola et al, 2015; Patel et al,
2017), but we observed contrasting results i.e. nega-
tive correlation of grain yield with flowering and matu-
rity days. This can be explained because the early flow-
ering genotypes escaped cold stress in higher altitudes
like Jumla where many late maturing accessions yielded
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zero due to susceptibility to low temperatures. Early
maturity is, therefore, a very important trait for moun-
tain farmers cultivating millets in dry and rainfed con-
ditions to escape drought as well as cold stress during
the grain-filling stage. Straw yield had a strong posi-
tive association with days to flowering, maturity, plant
height, leaf length, ear length, finger length, ear weight
and number of fingers which is in support of the find-
ings of Bharathi (2011); Bastola et al (2015); Patel et al
(2017); Backiyalakshmi et al (2021). This means the
accessions with taller plant height and late maturity pro-
duced higher straw yield which is a very important trait
for farmers who are growing livestock in their farm and
use millet straw for feed.

Although finger millet is the fourth most important
cereal in Nepal, its cultivation area has been shrinking
over the last decade (MOALD, 2022). One of the
reasons behind this is the limited options of high-
yielding varieties accessible to farmers. Average grain
yield in our research ranged from 230–3,494kg/ha but
15 accessions produced an average grain yield of more
than 2,500kg/ha, which is comparable to commercial
varieties. Research conducted by Anuradha et al (2022)
on Indian genotypes and by Wolie and Belete (2012)
on Ethiopian genotypes also reported some promising
genotypes with more than 3,000kg/ha grain yield. Since
Nepal is a member of the International Treaty on Plant
Genetic Resources for Food and Agriculture (ITPGRFA),
exotic high-yielding genetic resources through the
Multilateral System could be introduced and used
in crossings between Asian and African genotypes to
develop high-yielding lines exploiting the wide genetic
variability to improve finger millet productivity of the
country.

Conclusion

We observed wide phenotypic variation within Nepalese
finger millet landraces conserved at NAGRC for var-
ious qualitative and quantitative traits. We identified
landraces with high potential for functional agronomic
traits such as higher grain and straw yield, early matu-
rity, bold grains, which could be utilized as trait-specific
donors in paving the breeding pathway of finger mil-
let. These selected landraces are currently being tested
under national coordinated varietal trials by HCRP
throughout the country. Furthermore, these landraces
could be deployed to similar hilly environments with-
out further delay to enrich the varietal options for finger
millet-growing farmers of Nepal.

Acknowledgements

This research was funded by UNEP/GEF and technically
coordinated by the Alliance of Bioversity International
and CIAT. We acknowledge the logistic support received
from NAGRC Lalitpur, HCRP Dolakha and ARS Jumla for
the field experiments.

Authors’ contribution

KHG conceived the idea, conducted the field experi-
ments, analyzed the data and drafted the manuscript.
All co-authors guided in the field experiment and con-
tributed to writing and revising the manuscript.

Conflict of interest

We declare that there is no conflict o f i nterest among
authors regarding this work.

Supplemental data

Supplemental Table 1. List of the 300 finger millet
accessions used in the study with their local names
and collection sites. The accessions with asterisk (*) are
released varieties whereas others are landraces.
Supplemental Table 2. Entry means of 300 finger
millet accessions for 17 quantitative traits (combined
over 6 environments). The accessions with asterisk (*)
are released varieties whereas others are landraces. FD,
days to flowering; MD, days to maturity; PHT, plant
height; T/P, tillers per plant; LL, flag leaf length; LW, flag
leaf width; SL, flag leaf sheath length; EE, ear exsertion;
EL, ear head length; EW, ear head width; F/H, fingers
per head; FL, length of the longest finger; FW, width of
the longest finger; W/H, weight per head; TW, weight of
1000 grains; GY, grain yield; SY, straw yield.

References

Anuradha, N., Patro, T. S. S. K., Singamsetti, A.,
Sandhyarani, Y., Triveni, U., Nirmalakumari, A.,
Govanakoppa, N., Lakshmipathy, T., and Tonapi, V. A.
(2022). Comparative study of AMMI- and BLUP-based
simultaneous selection for grain yield and stability of
finger millet. genotypes. Front. Plant Sci 12(786839).
doi: https://doi.org/10.3389/fpls.2021.786839

Backiyalakshmi, C., Babu, C., Reddy, D. N., Padmakumar,
V., Prasad, K. V. S. V., Azevedo, V. C. R., and
Vetriventhan, M. (2021). Assessing Forage Potential
of the Global Collection of Finger Millet (Eleusine 
coracana (L.) Gaertn.) Germplasm Conserved at the
ICRISAT Genebank. Agronomy 11, 1706–1706. doi:
https://doi.org/10.3390/agronomy11091706

Bastola, B. R., Pandey, M. P., Ojha, B. R., Ghimire,
S. K., and Baral, K. (2015). Phenotypic diversity of
Nepalese finger millet (Eleusine coracana (L.) Gaertn)
accessions at IAAS, Rampur, Nepal. Int. J. Appl.
Sci. Biotechnol 3(2), 285–290. doi: https://doi.org/
10.3126/ijasbt.v3i2.12413

Bharathi, A. (2011). Phenotypic and genotypic diversity
of global finger millet (Eleusine coracana (L.) Gaertn)
composite collection. Ph.D. thesis, Tamil Nadu
Agricultural University, Coimbatore, India.

Bhattarai, M., Ghimire, K. H., Joshi, B. K., and Bhatta,
M. R. (2014). Characterization of finger millet
(Eleusine coracana Gaertn.) germplasm with agro-
morphological markers. In Khadka, Y. G., Giri, Y. P.,
Sah, B. P., Mahto, B. N., Khatiwada, S. P., Bhatta, M.,

https://doi.org/10.3389/fpls.2021.786839
https://doi.org/10.3390/agronomy11091706
https://doi.org/10.3126/ijasbt.v3i2.12413
https://doi.org/10.3126/ijasbt.v3i2.12413
https://www.genresj.org/index.php/grj/article/view/genresj.MYZA2446/suppdata124
https://www.genresj.org/index.php/grj/article/view/genresj.MYZA2446/suppdata124
https://www.genresj.org/index.php/grj/article/view/genresj.MYZA2446/suppdata124


12 Ghimire et al Genetic Resources (2023), 4 (8), 1–14

Khatri-Chhetri, B. B., Gautam, A. K., Ansari, A. R.,
Ranjit, J. D., Gauchan, D., Shrestha, R., and Sapkota,
B., Proceedings of the 27th National Summer Crops
Workshop, 18-20 April 2013, Chitwan, Nepal, volume
2.

Bora, P. (2013). Nutritional properties of different
millet types and their selected products. University
of Guelph, Ontario, Canada. url: https://atrium.lib.
uoguelph.ca/xmlui/bitstream/handle/10214/7738/
Bora Pragyani 201312 Msc.pdf?sequence=1.

Chandra, D., Chandra, S., Pallavi, and Sharma, A. K.
(2016). Review of Finger millet (Eleusine coracana
(L.) Gaertn): A power house of health benefiting
nutrients. Food Science and Human Wellness 5, 149–
155. doi: http://dx.doi.org/10.1016/j.fshw.2016.05.
004

Dasanayaka, P. S. and Kaluthanthri, D. V. S. (2017).
Genetic variability characterization of some ex situ
conserved finger millet (Eleusine coracana L. Gaertn.
ssp. coracana) germplasm accessions in Sri Lanka
using qualitative morphological markers. Int. J.
Adv. Res 5(5), 1381–1389. doi: https://dx.doi.org/10.
21474/IJAR01/4259

Devi, P. B., Bharathi, V. R., Sathyabama, S., Malleshi,
N. G., and Priyadarisini, V. B. (2011). Health
benefits of finger millet (Eleusine coracana L.)
polyphenols and dietary fiber: a review. J. Food
Sci. Technol 51, 1021–1040. doi: https://doi.org/10.
1007/s13197-011-0584-9

Dida, M. M., Srinivasachary, Ramakrishnan, S., Bennet-
zen, J. L., Gale, M. D., and Devos, K. M. (2007).
The genetic map of finger millet Eleusine coracana.
Theor Appl Genet 114, 321–332. doi: https://doi.org/
10.1007/s00122-006-0435-7

Eticha, F., Bekele, E., Belay, G., and Borner, A. (2005).
Phenotypic diversity in tetraploid wheats collected
from Bale and Wello regions of Ethiopia. Plant
Genet Res 3(1), 35–43. doi: https://doi.org/10.1079/
PGR200457

Gaihre, S., Gauchan, D., and Timsina, K. P. (2021).
Prospect and potentiality of finger millet in Nepal:
Nutritional security and trade perspective. J Agric.
Nat. Res 4(2), 63–74. doi: https://doi.org/10.3126/
janr.v4i2.33657

Ghimire, K. H., Bhandari, B., Gurung, S. B., Dhami,
N. B., and Baniya, B. K. (2017). Diversity and
utilization status of millets genetic resources in
Nepal. In Joshi, B. K., Khatri-Chhetri, H. B., and
Acharya, A. K., Proceedings of 2nd National Workshop
on Conservation and Utilization of Agricultural
Plant Genetic Resources in Nepal, 22-23 May 2017
Dhulikhel. NAGRC, FDD, DoA and MoAD, Nepal.

Ghimire, K. H., Joshi, B. K., Dhakal, R., and Sthapit,
B. R. (2018a). Diversity in proso millet (Panicum
miliaceum L.) landraces collected from Himalayan
Mountains of Nepal. Genet Resour Crop Evol 65, 503–
512. doi: https://doi.org/10.1007/s10722-017-0548-
7

Ghimire, K. H., Joshi, B. K., Gurung, R., and Sthapit,
B. R. (2018b). Nepalese foxtail millet [Setaria
italica (L.) P. Beauv.] genetic diversity revealed
by morphological markers. Genet Resour Crop
Evol 65, 1147–1157. doi: https://doi.org/10.1007/
s10722-017-0602-5

Goron, T. L., Bhosekar, V. K., Shearer, C. R., Watts, S.,
and Raizada, M. N. (2015). Whole plant acclimation
responses by finger millet to low nitrogen stress.
Front. Plant Sci 6, 652–652. doi: https://doi.org/10.
3389/fpls.2015.00652

Hilu, K. W. and De-Wet, J. M. J. (1976). Domestication
of Eleusine coracana. Econ. Bot 30(3), 199–208. doi:
https://doi.org/10.1007/BF02909728

Hilu, K. W., De-Wet, J. M. J., and Harlan, J. R. (1979).
Archaeobotanical studies of Eleusine coracana ssp.
coracana (Finger millet). Amer. J. Bot 66(3), 330–333.
doi: https://doi.org/10.2307/2442610

Hittalmani, S., Mahesh, H. B., Shirke, M. D., Biradar,
H., Uday, G., Aruna, Y. R., Lohithaswa, H. C., and
Mohanrao, A. (2017). Genome and transcriptome
sequence of finger millet (Eleusine coracana (L.)
Gaertn) provides insights into drought tolerance and
nutraceutical properties. BMC Genomics 18, 1–16. doi:
https://doi.org/10.1186/s12864-017-3850-z

Hodgkin, T., Rao, V. R., Cibrian-Jaramillo, A., and Gaiji,
S. (2003). The use of ex situ conserved plant genetic
resources. Plant Genet Res 1(1), 19–29. doi: https:
//doi.org/10.1079/PGR200313

IBPGR (1985). Descriptors for finger millet (Rome, Italy:
International Board for Plant Genetic Resources), 23p.
url: https://hdl.handle.net/10568/72880.

Joshi, B. K., Joshi, D., and Ghimire, S. K. (2020). Genetic
Diversity in Finger Millet Landraces Revealed by RAPD
and SSR Markers. Nepal J Biotechnol 8(1), 1–11. doi:
https://doi.org/10.3126/njb.v8i1.30204

Kassambara, A. and Mundt, F. (2020). Factoextra:
Extract and visualize the results of multivariate data
analyses. R package version 1.0.7. url: https://
CRAN.R-project.org/package=factoextra.

Kumar, A., Chawla, H. S., Jeena, A. S., and Rohit
(2019). Morphological characterization of finger
millet germplasm collected from Uttarakhanda hills
for qualitative traits. Int. J. Curr. Microbiol. App.
Sci 8(9), 2105–2109. doi: https://doi.org/10.20546/
ijcmas.2019.809.243

Kumar, A., Metwal, M., Kaur, S., Gupta, A. K., Puranik,
S., Singh, S., Singh, M., Gupta, S., Babu, B. K., Sood,
S., Yadav, and R (2016). Nutraceutical value of
finger millet [Eleusine coracana (L.) Gaertn] and their
improvement using omics approaches. Front. Plant Sci
7. doi: https://doi.org/10.3389/fpls.2016.00934

Kumari, W. M. R., Pushpakumara, D. K. N. G.,
Weerakoon, W. M. W., Senanayake, D. M. J. B.,
and Upadhyaya, H. D. (2018). Morphological
Characterization of Local and Introduced Finger millet
(Eleusine coracana (L.) Gaertn) Germplasm in Sri
Lanka. Tropical Agricultural Research 29(2), 167–183.
doi: https://doi.org/10.4038/tar.v29i2.8287

https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/10214/7738/Bora_Pragyani_201312_Msc.pdf?sequence=1
https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/10214/7738/Bora_Pragyani_201312_Msc.pdf?sequence=1
https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/10214/7738/Bora_Pragyani_201312_Msc.pdf?sequence=1
http://dx.doi.org/10.1016/j.fshw.2016.05.004
http://dx.doi.org/10.1016/j.fshw.2016.05.004
https://dx.doi.org/10.21474/IJAR01/4259
https://dx.doi.org/10.21474/IJAR01/4259
https://doi.org/10.1007/s13197-011-0584-9
https://doi.org/10.1007/s13197-011-0584-9
https://doi.org/10.1007/s00122-006-0435-7
https://doi.org/10.1007/s00122-006-0435-7
https://doi.org/10.1079/PGR200457
https://doi.org/10.1079/PGR200457
https://doi.org/10.3126/janr.v4i2.33657
https://doi.org/10.3126/janr.v4i2.33657
https://doi.org/10.1007/s10722-017-0548-7
https://doi.org/10.1007/s10722-017-0548-7
https://doi.org/10.1007/s10722-017-0602-5
https://doi.org/10.1007/s10722-017-0602-5
https://doi.org/10.3389/fpls.2015.00652
https://doi.org/10.3389/fpls.2015.00652
https://doi.org/10.1007/BF02909728
https://doi.org/10.2307/2442610
https://doi.org/10.1186/s12864-017-3850-z
https://doi.org/10.1079/PGR200313
https://doi.org/10.1079/PGR200313
https://hdl.handle.net/10568/72880
https://doi.org/10.3126/njb.v8i1.30204
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.20546/ijcmas.2019.809.243
https://doi.org/10.20546/ijcmas.2019.809.243
https://doi.org/10.3389/fpls.2016.00934
https://doi.org/10.4038/tar.v29i2.8287


Genetic Resources (2023), 4 (8), 1–14 Nepalese finger millet diversity 13

Liu, Q., Jiang, B., Wen, J., and Peterson, P. M.
(2014). Low-copy nuclear gene and McGISH
resolves polyploid history of Eleusine coracana and
morphological character evolution in Eleusine. Turk.
J. Bot 38, 1–12. doi: https://doi.org/10.3906/bot-
1305-12

Lule, D., Tesfaye, K., Fetene, M., and Villiers, S. (2012).
Multivariate analysis for quantitative traits in finger
millet (Eleusine coracana ssp. Coracana) population
collected from eastern and southern Africa: detection
for patterns of genetic diversity. Int. J. Agric.
Res 7(6), 303–314. doi: https://doi.org/10.3923/ijar.
2012.303.314

Malambane, G. and Jaisil, P. (2015). Morphological
variability for qualitative and quantitative traits in
finger millet (Eleusine coracana L. Gaertn). Journal
of Advances in Agriculture 5(1), 527–537. doi: https:
//doi.org/10.24297/jaa.v5i1.4263

MINITAB (2010). Minitab 17 Statistical Software
(State College, Pennsylvania: Minitab, Inc). url: www.
minitab.com.

MOALD (2022). Statistical Information on Nepalese
Agriculture 2077/78 (2020/2021). Government of
Nepal, Ministry of Agriculture and Livestock Develop-
ment, Kathmandu, Nepal. url: https://moald.gov.np/
publication-types/agriculture-statistics/.

Nakarani, U. M., Singh, D., Suthar, K. P., Karmakar, N.,
Faldu, P., and Patil, H. E. (2021). Nutritional and
phytochemical profiling of nutracereal finger millet
(Eleusine coracana L.) genotypes. Food Chemistry
314 (Pt 2):128271. doi: https://doi.org/10.1016/j.
foodchem.2020.128271

Nguyen, G. N. and Norton, S. L. (2020). Genebank
Phenomics: A Strategic Approach to Enhance Value
and Utilization of Crop Germplasm. Plants 9, 817–
817. doi: https://doi.org/10.3390/plants9070817

O’Kennedy, M. M., Grootboom, A., and Shewry, P. R.
(2006). Harnessing sorghum and millet biotechnology
for food and health. J. Cereal Sci 44(3), 224–235. doi:
https://doi.org/10.1016/j.jcs.2006.08.001

Parvathi, M. S., Nataraja, K. N., Reddy, Y. A. N., Naika,
M. B. N., and Gowda, M. V. C. (2019). Transcriptome
analysis of finger millet (Eleusine coracana (L.)
Gaertn) reveals unique drought responsive genes.
Journal of Genetics 98, 46–46. doi: https://doi.org/10.
1007/s12041-019-1087-0

Patel, S. N., Patil, H. E., and Popat, R. C. (2017). Genetic
diversity study in finger millet (Eleusine coracana L.)
genotypes: A multivariate analysis approach. Int. J.
Pure App. Biosci 5(5), 183–189. doi: http://dx.doi.
org/10.18782/2320-7051.5430

Phillips, S. M. (1972). A Survey of the Genus Eleusine
Gaertn. (Gramineae) in Africa. Kew Bulletin 27(2),
251–270. doi: https://doi.org/10.2307/4109450

R Core Team (2020). R: A language and environment
for statistical computing. R Foundation for Statistical
Computing (Vienna, Austria). url: https://www.R-
project.org/.

Reddy, V. G., Upadhyaya, H. D., Gowda, C. L. L.,
and Singh, S. (2009). Characterization of eastern
African finger millet germplasm for qualitative and
quantitative characters in ICRISAT. Journal of SAT
Agricultural Research 7(1). url: http://oar.icrisat.org/
id/eprint/2557.

Sebastien, L., Josse, J., and Husson, F. (2008).
FactoMineR: An R package for multivariate analysis.
Journal of Statistical Software 25(1), 1–18. doi: https:
//doi/org/10.18637/jss.v025.i01

Shannon, C. E. and Weaver, W. (1949). The
mathematical theory of communication (Chicago: The
University of Illinois), 3-24.

Sood, S., Joshi, D. C., Chandra, A. K., and Kumar, A.
(2019). Phenomics and genomics of finger millet:
current status and future prospects. Planta 250,
731–751. doi: https://doi.org/10.1007/s00425-019-
03159-6

Upadhyaya, H. D., Gowda, C. L. L., Pundir, R. P. S.,
Reddy, G. V., and Singh, S. (2006). Development
of core sub set of finger millet germplasm using
geographical origin and data on 14 quantitative traits.
Genet. Resour. Crop Evol 53, 679–685. doi: https://doi.
org/10.1007/s10722-004-3228-3

Upadhyaya, H. D., Gowda, C. L. L., and Reddy,
G. V. (2007). Morphological diversity in fin-
ger millet germplasm introduced from southern
and eastern Africa. J. SAT Agric. Res 3(1), 1–
3. url: http://oar.icrisat.org/2656/1/Morphological
diversity in finger.pdf.

Upadhyaya, H. D., Ramesh, S., Sharma, S., Singh, S. K.,
Varshney, S. K., Sarma, N. D. R. K., Ravishankar,
C. R., Narasimhudu, Y., Reddy, V. G., Sahrawat,
K. L., Dhanalakshmi, T. N., Mgonja, M. A., Parzies,
H. K., Gowda, C. L. L., and Singh, S. (2011).
Genetic diversity for grain nutrients contents in a
core collection of finger millet (Eleusine coracana (L.)
Gaertn.) germplasm. Field Crops Research 121, 42–52.
doi: https://doi.org/10.1016/j.fcr.2010.11.017

Upadhyaya, H. D., Sarma, N. D. R. K., Ravishankar,
C. R., Albrecht, T., Narasimhudu, Y., Singh, S. K.,
Varshney, S. K., Reddy, V. G., Singh, S., Dwivedi, S. L.,
Wanyera, N., Oduori, C. O. A., Mgonja, M. A., Kisandu,
D. B., Parzies, H. K., and Gowda, C. L. L. (2010).
Developing a mini-core collection in finger millet
using multilocation data. Crop Sci 50, 1924–1931.
doi: https://doi.org/10.2135/cropsci2009.11.0689

Vetriventhan, M., Upadhyaya, H. D., Dwivedi, S. L.,
Pattanashetti, S. K., and Singh, S. K. (2016). Finger
and foxtail millets. In Genetic and genomic resources
for grain cereals improvement, ed. Singh, M. and
Upadhyaya, H. D., (San Diego: Academic Press), 291-
319.

Vetriventhon, M., Azevedo, V. C. R., Upadhyaya, H. D.,
Nirmalakumari, A., Kane-Potaka, J., Anitha, S., Ceasar,
S. A., Muthamilarasan, M., Bhat, B. V., Hariprasanna,
K., Bellundagi, A., Cheruku, D., Backiyalakshmi, C.,
Santra, D., Vanniarajan, C., and Tonapi, V. A. (2020).
Genetic and genomic resources, and breeding for

https://doi.org/10.3906/bot-1305-12
https://doi.org/10.3906/bot-1305-12
https://doi.org/10.3923/ijar.2012.303.314
https://doi.org/10.3923/ijar.2012.303.314
https://doi.org/10.24297/jaa.v5i1.4263
https://doi.org/10.24297/jaa.v5i1.4263
www.minitab.com
www.minitab.com
https://moald.gov.np/publication-types/agriculture-statistics/
https://moald.gov.np/publication-types/agriculture-statistics/
https://doi.org/10.1016/j.foodchem.2020.128271
https://doi.org/10.1016/j.foodchem.2020.128271
https://doi.org/10.3390/plants9070817
https://doi.org/10.1016/j.jcs.2006.08.001
https://doi.org/10.1007/s12041-019-1087-0
https://doi.org/10.1007/s12041-019-1087-0
http://dx.doi.org/10.18782/2320-7051.5430
http://dx.doi.org/10.18782/2320-7051.5430
https://doi.org/10.2307/4109450
https://www.R-project.org/
https://www.R-project.org/
http://oar.icrisat.org/id/eprint/2557
http://oar.icrisat.org/id/eprint/2557
https://doi/org/10.18637/jss.v025.i01
https://doi/org/10.18637/jss.v025.i01
https://doi.org/10.1007/s00425-019-03159-6
https://doi.org/10.1007/s00425-019-03159-6
https://doi.org/10.1007/s10722-004-3228-3
https://doi.org/10.1007/s10722-004-3228-3
http://oar.icrisat.org/2656/1/Morphological_diversity_in_finger.pdf
http://oar.icrisat.org/2656/1/Morphological_diversity_in_finger.pdf
https://doi.org/10.1016/j.fcr.2010.11.017
https://doi.org/10.2135/cropsci2009.11.0689


14 Ghimire et al Genetic Resources (2023), 4 (8), 1–14

accelerating improvement of small millets: current
status and future interventions. Nucleus 63, 217–239.
doi: https://doi.org/10.1007/s13237-020-00322-3

VSN International (2015). Genstat for Windows 18th
Edition (Hemel Hempstead, UK: VSN International).
url: https://www.genstat.co.uk/.

Wolie, A. and Belete, K. (2012). Genetic divergence
and variability studies in some Ethiopian finger
millet germplasm collections. Scholarly J. Agric. Sci
3(4), 110–116. url: https://www.researchgate.net/
publication/315892606.

https://doi.org/10.1007/s13237-020-00322-3
https://www.genstat.co.uk/
https://www.researchgate.net/publication/315892606
https://www.researchgate.net/publication/315892606


ORIGINAL ARTICLE

Genetic Resources (2023), 4 (8), 15–28
DOI: 10.46265/genresj.MRBT4299

https://www.genresj.org
ISSN: 2708-3764

Is the ecosystem services concept relevant to
capture the multiple benefits from farming systems
using livestock biodiversity? A framework proposal
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Introduction

Livestock biodiversity has been threatened since the
second half of the 20th century, as many local breeds

∗Corresponding author: Anne Lauvie (anne.lauvie@inrae.fr)

have been replaced by a few specialized breeds and
hybrids, which, among other traits, have been inten-
sively selected to increase production, and have become
mainstream breeds (Audiot, 1995; FAO, 2015). How-
ever, local breeds are both a resource for and a prod-
uct of livestock farming. Globally, FAO (2015) reported
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a total of 8,774 breeds from 38 domesticated ani-
mal species, resulting from long-term livestock farm-
ing in diverse territories with different goals. The
first challenge for livestock biodiversity faced by stake-
holders and the scientific community, is its conserva-
tion, mainly focused on breed conservation and within-
breed genetic variability management (Hall and Bradley,
1995; Ajmone-Marsan and Consortium GLOBALDIV,
2010). Beyond this conservation challenge, adding value
to local breeds has been underlined as a key process
for farm animal biodiversity, in particular through the
production of quality food products (Verrier et al, 2005;
Mathias et al, 2010; Ligda and Casabianca, 2013). Var-
ious authors in the field of local breeds management
have stressed that the supply of animal products is asso-
ciated with other benefits: provision of a high diversity
of food and other goods, services related to landscape
and environmental management, uses related to cultural
and heritage dimensions (Audiot, 1995; Alexandre et al,
2002; Gandini and Villa, 2003; Rege and Gibson, 2003;
Verrier et al, 2005; Berland et al, 2006; Fontaine et al,
2008; Naves et al, 2011; Leroy et al, 2018; Hall, 2019).
These material and immaterial benefits have been used
as one of the arguments to underline the importance of
local breeds’ conservation (FAO, 2015).

Few authors use ecosystem service approaches to
analyze the material and immaterial benefits provided
by the raising of local breeds (Hoffmann et al, 2014).
However, from being a simple metaphor to raise pub-
lic awareness (Norgaard, 2010; Barnaud et al, 2011),
since the Millennium Ecosystem Assessment (2005),
the ecosystem services concept is being increasingly
used (Kull et al, 2015; Droste et al, 2018). A prolific liter-
ature highlights the diversity of ecosystem services pro-
duced or used by agricultural ecosystems (Zhang et al,
2007) and how it is linked to human practices (Lescour-
ret et al, 2015). Up to now, when the ecosystem ser-
vices approach was applied to livestock biodiversity, it
was mainly at a global scale, through the generic inven-
tory of ecosystem services (Leroy et al, 2018), or to focus
on specific dimensions of them, like the cultural and her-
itage values of breed diversity in the Alpine area (Mar-
soner et al, 2018).

Hall (2019) hypothesized that the underuse of this
framework by stakeholders and the scientific community
is partly due to a lack of recognition of livestock
biodiversity by the ecosystem services community, and
suggested it would be useful and beneficial that linkages
be strengthened among several scientific communities.
However, Velado-Alonso et al (2021) highlighted the
interest in considering both cultural and ecological
dimensions of the relationships between livestock breeds
and ecosystem services.

Moreover, as underlined by Beudou et al (2017),
the most commonly used ecosystem services approaches
are quantitative and, as a consequence, neglect the
social dimension of livestock farming systems, while
qualitative approaches are relevant to comprehend the
complex processes and interrelations underlying the

production of ecosystem services (Barnaud et al, 2018).
Indeed, we can wonder if a qualitative ecosystem service
approach could help better understand the dynamics
underlying the multiple benefits obtained from farming
systems using livestock biodiversity.

The purpose of the present paper is to propose a
qualitative approach to ecosystem services provision by
different farming systems that exploit livestock diversity.
Considering that the ecosystem services notion applies
at the ecosystem scale, we do not look here at ecosystem
services provided by livestock biodiversity but ecosystem
services provided by farming systems using livestock
biodiversity (Martin-Collado et al, 2019). In this paper,
we present a framework for the analysis of ecosystem
services provided by farming systems using livestock
biodiversity focusing on the processes at play and the
interactions supporting them. Then, we discuss to what
extent the notion of ecosystem services is appropriate to
deal with the multiple benefits obtained from farming
systems using livestock biodiversity.

Materials and methods

Our work is based on empirical research on nine
ruminant breeds in six different regions. All the case
studies are located in France, including in French
overseas territories, Reunion Island (Indian Ocean) and
Guadeloupe Island (French West Indies). The locations
were chosen to represent diverse (i) biogeographical
and climatic conditions, (ii) species, (iii) main uses
and (iv) population sizes (Figure 1). We analyzed
data and empirical knowledge on those breeds and
the associated livestock farming systems, taken from
previous or ongoing studies (Table 1).

All the breeds concerned are local except one,
the Montbéliarde breed, which is the second most
important dairy cattle breed in France. For this breed,
we repurposed work carried out in its cradle of origin
(located in the east of France, in the Bourgogne Franche
Comté Region), which allowed us to have a wide
variety of situations on the fourth criterion mentioned
above (Gaillard et al, 2018).

We developed an inductive approach (Woo et al,
2017) based on several working meetings that brought
together researchers from different animal sciences,
and social and economic sciences (the authors of the
present paper). We share a research position that relies
on the importance of a qualitative approach, tackling
empirical issues to build realistic conceptualizations.
We also share a vision of ecosystem services as social
constructs: Barnaud et al (2018) illustrated that in
such a vision, “an open landscape does not ‘naturally’
or ‘intrinsically’ provide a cultural ecosystem service
but someone, in a given geographical, cultural, and
historical context, attributes a specific patrimonial or
aesthetic value to such landscape.” Indeed, even for the
services that result from ecological dynamics, the way
humans qualify them as services, recognizing them as
such, has a social dimension. Consequently, our aim
is not to describe ‘objective’ ecosystem services and
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Figure 1. The six regions and the nine breeds analyzed in the present study (source of the population size estimates: INRA (2014)).

Table 1. References associated with the described case studies.

Case study Species References
Creole Cattle and goat Alexandre et al (2002); Gautier and Naves (2011); Naves et al

(2011); Boval et al (2012); Gourdine et al (2021)
Bretonne Pie Noir Cattle Couix et al (2016); Lauvie et al (2017)
Pëı Goat Fontaine et al (2008)
Montbéliarde Cattle Gaillard et al (2018)
Räıole, Caussenarde des Garrigues,
Rouge du Roussillon

Sheep Lauvie et al (2017); Nozieres-Petit and Lauvie (2018)

Corse Sheep Lauvie et al (2017); Perucho et al (2020)

quantify or assess them (and such a vision is not adapted
to do this kind of assessment). Our aim is rather to take
into account services as social constructs: such a vision
is adapted to a qualitative and comprehensive approach
of complex processes in agroecosystems.

First, we organized three online workshops in 2016,
during which we shared our knowledge of the case
studies (Table 1 and Figure 1) by presenting (i) their
main characteristics, and (ii) the ecosystem services
produced by the systems that used the breeds concerned.
All the researchers were invited to the online workshops
and the attendance ranged from 11 to 12, according

to the individual availability for each workshop. The
ecosystem services were identified from a researcher’s
point of view, resulting in an interpretation of what
could constitute a service, and to whom.

We organized two 2-day workshops in 2017 during
which a transverse analysis resulted in a first analytical
grid. Eleven researchers participated in the first and
nine in the second workshop. In these workshops,
we raised the following questions: i) who were the
beneficiaries or potential beneficiaries of the ecosystem
services identified, ii) who provided the services and
iii) the role of the breed in the process of providing
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the service, thanks to available data and expertise. This
analysis raised several theoretical and methodological
questions reported in the result section.

We organized four online workshops in 2017 and
2018 to complete the iterative development of the
framework, identifying loops between knowledge of the
case studies, the questions we wanted to ask and the
notions and concepts used to tackle these questions in
the literature. This iterative collective back and forth
between the case studies and the literature provided
the background necessary to discuss to what extent the
concept of ecosystem services (and associated concepts)
was useful to deal with the multiple benefits of systems
using livestock biodiversity. The process is summarized
in Figure 2.

Results

Services provided by farming systems using
livestock biodiversity: our proposed
framework

Our transversal approach enabled us to develop a
framework to analyze the provision of ecosystem
services in farming systems using livestock biodiversity,
focusing on the main elements to be taken into account
and their interactions. We developed this framework in
the form of a list of items to be considered in studies
of ecosystem services produced by farming systems
using livestock biodiversity. The main themes of the
framework are summed up in Figure 3.

We formulated all the items as questions possibly
applicable to other situations. The data from our
empirical studies did not necessarily enable us to answer
all the questions with the same level of detail, but the
questions were considered key to understanding the
processes for at least one case, even if empirical data
to answer them were not available for all the cases.

Considering ecosystem services as a social construct
implies the analysis of each ecosystem service identified,
including its temporal dynamics, with these questions:

• How is the service formulated or qualified?
The formulation or qualification may be plural,
depending on from whose point of view the service
is considered. It needs to consider dynamics over
time and space.

• What processes underlie service provision?

– Who is concerned?

– Who are the beneficiaries and/or the people
who help provide the service?

– Who identifies the service as such?
– Is the service produced intentionally or not

(and by whom)?
– What are the interactions between the people

concerned?

– What is the role of the breed in the process?

– Is the effect of the breed linked with biological
characteristics and the abilities of the animals

of the breed (direct or indirect effects)? If so,
which abilities are considered to be involved
in the provision of services by the different
people concerned (several points of view are
possible)?

– Is the effect of the breed linked with other
attributes of the breed that are not directly
linked to biological characteristics (e.g. local
heritage or image)? If so, which attributes
are considered to be at play by the different
people involved in service provision (several
points of view are possible)?

– Can the breed be considered a marker of the
search for innovation/alternatives in farming
systems?

– Does the breed play a catalytic role in relation
to collective action to provide a service?

– What are the interactions with other services?

– Do other services result from this service? I.e.
does the fact that this service is produced
enable the provision of other services? (e.g.
cascades or bundles of services)

– Are there any variations in the generic
formulation of the service?

– Do other services – synergies or trade-offs –
interact with it?

• To what extent is the service taken into account in
the management of the breed?

In the following sections, for the different items in the
framework, we present each item and provide details on:

(i) How the transverse analysis of our case studies
enabled the identification of the item

(ii) How creating linkages between our cases and
the literature helped build the framework and provided
insights into the usefulness of the notion of ecosystem
services.

We explore which elements from the literature
helped us in the analysis of the case studies. The
elements presented in those paragraphs result from
linkages between empirical data (from case studies) and
theoretical contributions (from the literature and the
questions raised by our cross-cutting analysis).

Dynamics of production of a diverse range
of services

The first step was to identify each service. We first
established that systems that use livestock biodiversity
are involved in the production of a wide range of
ecosystem services. Table 2 summarizes this diversity by
giving examples from our case studies. Our aim here was
to illustrate the diversity and put it in perspective with
a classification frame proposed in ecosystem services
literature, but not to make an exhaustive, generic or
‘objective’ inventory.

Indeed, the temporal (and spatial) dynamics of
ecosystem services provision are important in the cases
we studied.
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Figure 2. Process used from the six case studies analysis to the building of the framework

Figure 3. Main themes of the framework



20 Lauvie et al Genetic Resources (2023), 4 (8), 15–28

Table 2. The diversity of services identified in the case studies.

Services identified Examples given in the case studies
Food products (main products of the systems studied,
diversity of meat and dairy products mainly subject to market
valuation but can also be subject to non-market valuation)

Without geographical indication, sold through direct sales or
through intermediaries, like the meat and dairy products from
the Bretonne Pie Noir
Protected Designation of Origin (PDO) products like Comté
cheese made from the milk of cows belonging to the
Montbéliarde or Simmental breeds and the Brocciu whey
cheese in Corsica, which can only be made from Corsican
sheep and goat milk

Inedible products Wool from the Räıole breed
Skins of goats in Guadeloupe
Manure used to fertilize the soil (e.g. by Caussenarde des
Garrigues, Raiole and Rouge du Roussillon or Creole cattle in
Guadeloupe)

Maintenance of some specificities of the farming systems The sheep breeds Raiole, Rouge du Roussillon and
Caussenarde des Garrigues are associated with pastoral
systems in the region concerned, and are reputed for their
ability to adapt to those systems

Services linked to the management of habitats or the
preservation of associated landscapes

Wildfire prevention (particularly in the Mediterranean region)
Birds nesting open areas (recorded in typical Guadeloupean
savannahs grazed by tethered Creole
cattle (Zoom-Guadeloupe, 2012))

Use of animals from the systems for religious rites In Réunion and Guadeloupe islands, goats are commonly
used for Hindu sacrifices. A diversity of phenotypes are
sought. Pëı and Créole goats contribute to this diversity, more
often in Guadeloupe than in La Réunion, along with other
goats from various breeds and crossbred animals.

Educational use In several cases, farmers have allowed farm visits by
schoolchildren

Contribution to heritage and cultures This dimension can be recognized through the associated
landscape, e.g. the pastoral landscapes in the Causses and
Cevennes area, which are designated UNESCO world heritage
sites Local breed animals, with their specific phenotypic
attributes (e.g. colour, horns) also contribute to the aesthetics
of the landscape and its original identity, and thus serve as an
image vector for agro-tourism Through an informal pathway,
they may simply be part of the cultural patrimony, like the
Creole society in Reunion Island or Guadeloupe.

Contribution of farming systems to the global dynamics of the
territories (by helping maintain an agricultural activity and/or
to the image of the territory concerned).

A cow from the Bretonne Pie Noir breed was named ‘star cow’
at the 2017 Paris agricultural fair, and the Pays de Redon
where the cow originated benefited from this event being
reported in the press.
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For example, the use of Créole cattle in Guadeloupe
in oxen drawing (bœufs tirants) contests, has played a
role in conserving the breed, thanks to the success of
this cultural event. However, the increasing success has
led to a modification in the rules to include categories of
larger animals, shorten the distance to be covered, and
no longer place the yoke directly on the horns. These
changes have increased the inclusion of exotic breeds
with greater muscle development (Limousin, Charolais,
Blonde d’Aquitaine) than that of the local breed. The
cultural service is thus developing, but the link between
the service and the local breed is dwindling.

A second example of temporal and spatial dynamics
of ecosystem services is the Montbéliarde cattle breed
in the Comté cheese territory (a protected designation
of origin (PDO) cheese). The milk is collected and
processed by small-scale processors (called fruitières
in French) distributed throughout the territory. This
organization and the related livestock farming systems
are associated with the production of a specific
landscape, which can be considered a service. However,
we identified changes in farm structure with an increase
in the size of the herds. This trend is due to the
increasing demand for Comté cheese (and a readiness
to make the most of the attractive price of the milk
for Comté), the pleasure involved in raising high-
yielding dairy cows, as well as the desire to reorganize
labour. The tendency to graze the herd on land close
to the farm homestead rather than on more distant
pastures (more typical of the Jura landscape), as well
as to increase the size and homogeneity of the plant
covers used in pastures, has also led to changes in the
landscape (Gaillard et al, 2018).

We compared data gathered from the case studies
with data in the literature, which provided benchmarks
for the identification of ecosystem services. The well-
known categories suggested by the Millennium Ecosys-
tem Assessment (2005) or the Common International
Classification of Ecosystem Services (CICES) (Haines-
Young and Potschin, 2018) make it possible to distin-
guish provisioning, regulation and maintenance, cul-
tural, and support services. Identification of services can
be facilitated by using such a classification. We used the
provisioning, support and regulation and cultural cate-
gories to describe the services in our cases, which helped
ensure we covered a wide range of services. However, as
we will see hereafter, the services we identified were not
always easy to classify into a single category. Moreover,
the view of ecosystem services as social constructs (Bar-
naud et al, 2018) underlines the fact that they are not
intrinsic properties of ecosystems, and that the classifi-
cation of specific services provided at a given time by
an ecosystem may not still be relevant when a dynamic
approach is used.

How can services be qualified and
classified?

After the first step of identification of services, the first
item of the framework is: How can the services be
formulated or qualified?

Our analysis of case studies raised the question of
how to qualify (and classify) the services. By using
the word qualify we mean describe and attribute
one or several qualities to a service by naming
it/them. The main products of systems using the breeds
concerned are food products. However, systems that
produce traditional food products, can be considered
to provide both a provisioning service and a cultural
service. Indeed, the food products concerned often have
a cultural dimension, which can be recognized, for
instance, through a PDO. Similarly, a pasture system that
has shaped a typical landscape can be considered both
as a regulation and a cultural service, like the Causses
and the Cévennes, where the pastoral landscapes are
UNESCO designated world heritage sites. Many services
produced by farming systems using local breeds have a
cultural dimension.

Ovaska and Soini (2016) noted the overlapping of
ecosystem services categories and for instance, D́ıaz
et al (2018), underlined the importance of recognizing
“the central and pervasive role that culture plays” in
the production of nature’s contributions to humans, as
well as the importance of applying a context-specific
perspective. Increasing research in this field has enabled
the development of multiple approaches that might be
complementary (Peterson et al, 2018) to qualify and
classify ecosystem services. Following Barnaud et al
(2018), we consider ecosystem services as “subjective
perceptions, socially situated and constructed”. The
points of view of the people involved in the situation
studied should be taken into account when qualifying
and classifying ecosystem services.

People concerned by the production of
services

The first question regarding the second item of the
framework, is: Who is concerned?

Our analysis of the case studies confirmed the
diversity of actors involved in the systems using the
breeds concerned and in the processes linked to the
provision of ecosystem services. For instance, the range
of livestock keepers involved in the use of the Bretonne
Pie Noir cattle breed includes both hobby breeders
and professional breeders, and both dairy and meat
herds (Couix et al, 2016). Other stakeholders include
researchers, consumers, environmental management
associations and restaurant owners. Interactions among
actors influence the provision of ecosystem services by
systems using the breed.

In several ecosystem services that we identified,
the same actors, particularly farmers, can be both
beneficiaries and providers. For instance, some farmers
who raise Bretonne Pie Noir cattle use areas of ecological
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interest, like wetlands, as feed resources for their cattle.
The farmers thus participate in the production of the
management service of those areas through grazing, and
at the same time, profit from the vegetation in the areas
to feed their herds.

The ecosystem functions are translated into ser-
vices when they are used, consumed or enjoyed by
humans (Fisher et al, 2009). This makes ecosystem
services beneficiary-dependent (different individuals or
collectives benefit from different services (D́ıaz et al.,
2018)). In the framework they proposed for the anal-
ysis of social interdependencies underlying ecosystem
services dynamics, Barnaud et al (2018) identified two
other categories of actors together with beneficiaries:
providers, and possibly intermediaries between benefi-
ciaries and providers. To grasp the complexity of the
actors involved, we suggest adding a step before qual-
ifying actors as a beneficiary, provider or intermediary:
identifying what we call the ‘people concerned’. The aim
of this step is to ensure different levels of concern are
included. The people concerned can then be qualified
as beneficiaries, producers, intermediaries or, in some
cases, may belong to more than one category. Identifying
the people concerned is a step in the process of tracing
actors who play a direct role in the processes underlying
the provision of services and helps grasp the multiple
perceptions, values and practices associated with such
services (Dendoncker et al, 2018; Teixeira et al, 2018).

Some of the ecosystem services produced at the
scale of the human-driven farming system are produced
intentionally, e.g.edible and inedible goods. However,
this is not necessarily the case for all ecosystem
services. The provision of cultural services, for instance,
may sometimes be considered involuntary, as they are
inherited from a long history of co-evolution of the
breeds, their environment and the human practices
involved in the farming system. It is not always
easy to determine whether a service is provided
intentionally or not, especially when several dimensions
of ecosystem services production are interconnected.
However, the distinction proposed by Aznar et al (2007)
may be useful to deal with the general question
of whether or not ecosystem services are produced
intentionally. Based on the economy of services, this
author defines provisioned services as services provided
by agriculture which lead a farmer to maintain or
change support and/or contribute technical or human
capacities. These provisioned services are supplied by
the farmer intentionally and are co-built by the farmer
and the beneficiaries/applicant. Aznar et al (2007)
distinguished them from service externalities that are
supplied without the intention of the supplier and from
service functions which refer to services supplied to
humans by nature.

The role of the breed in service production:
not only biological characteristics are at
play

The second question regarding the second item in the
framework, is: What is the role of the breed?

The provision of ecosystem services may be directly
linked to specific abilities of the animals of the breeds
involved. In Creole cattle, for instance, a signature of
selection has been identified in the genomic region
that can be linked to the strength and the shape
of the horns, directly inherited from their use as
draught animals (Naves et al, 2011). Resistance to
specific sanitary problems, such as internal parasites
in Creole goats, or to ticks and associated infectious
diseases in Creole cattle, also help provide some
ecosystem services (Naves et al, 2011). The integrated
management of these diseases enabled by the use of
resistant animals reduces the need for treatment, in turn
reducing the quantity of chemical residues in edible
products, but also in animal dung, which may be useful
in agroecological or organic production systems.

However, the animals’ specific abilities are not
sufficient to describe all the characteristics of the breeds
that can play a role in the provision of ecosystem
services. The Raiole, Caussenarde des Garrigues and
Rouge du Roussillon breeds, for instance, show that
breeds also play a role in gathering together a
group of farmers who exchange breeding animals,
technical knowledge or projects to add value to
products (Nozieres-Petit and Lauvie, 2018).

The appropriate scale to identify the provision of
ecosystem services is the ecosystem (or the farming
system as far as farming activity is concerned); as a
consequence, the breed is one of the elements in the
system that can contribute to their provision (Martin-
Collado et al, 2019).

Relevant concepts in the literature to better identify
the role of the breed are not specifically related to the
notion of ecosystem services. The most relevant concepts
to identify the role of the animals’ specific abilities
are two concepts from animal sciences: the concept of
animal abilities and the concept of animal performances.
Those concepts are used to describe specific biological
characteristics of animals that are useful in livestock
farming (directly linked with food production, like milk
yield, or indirectly linked with food production, like the
walking ability of animals, which is useful in pastoral
systems).

A global term, often used for local breeds, covering
their functional abilities, and not only their productive
feature, is the hardiness of animals. Hardiness covers a
wide range of abilities which depend on the situation
and the point of view, as described by Hubert (2011).
Being hardy means being not very demanding and
therefore enabling the herd to survive even in harsh
conditions (Poussard et al, 2016). The hardiness of
a breed is difficult to measure and even to define
precisely, as it covers a set of different animal functions
interacting with the environment. Moreover, these
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functions are more difficult to evaluate than productive
traits (e.g. milk yield, protein content, daily gain,
etc.). But such abilities are highly valued in non-
intensive farming systems and can be directly linked
with the provision of ecosystem services (Naves et al,
2011; Marshall et al, 2016). They generally result
from long-term breeding and from natural selection
of the animals in specific environments, and are
now being increasingly elucidated thanks to recent
genomics technologies (Amills et al, 2017). For example,
a complex trait such as the adaptation to climatic
stress or the ability to walk is very useful in pastoral
management, and some specific physical attributes
useful in such conditions are present in local breeds
(for example, short hair, dark hooves or a hump in
cattle) (Naves et al, 2011; Flori et al, 2012).

However, these concepts from animal sciences are
not sufficient to describe other dimensions that are not
biological but that may also be involved in the provision
of ecosystem services, for instance, the ability to trigger
collective action. As a consequence, we propose to
use the term ‘breed attributes’ to cover characteristics
of breeds that are both biotechnical (abilities and
performances) and sociotechnical. In this definition,
both the ‘ability to exploit native vegetation in pastoral
systems’ and the ‘ability to trigger a collective action’
could be considered as complementary breed attributes
and combined in underlying processes to produce a set
of ecosystem services.

Relations between services

The third question regarding the second item of the
framework is: ‘What are the interactions with other
services?’

Our case studies also underline the fact that diverse
ecosystem services are interrelated. For instance, in the
case of Räıole, Caussenarde des Garrigues and Rouge
du Roussillon breeds, we identified interactions among
ecosystem services: some services result from others,
like the contribution to wildfire prevention that results
from the animals’ capacity to graze local resources.
Some services are divisions of others: ‘participate in
education’ is a subset of the service ‘the social role
of livestock farming’. Several ecosystem services are
produced jointly in similar farming systems (Nozieres-
Petit and Lauvie, 2018). For instance, farms using the
Corsican sheep breed produce milk, processed into
cheeses and whey cheese (on farm or in industrial
dairy plants); and they also help maintain the pastured
vegetal resource, thus indirectly helping shape the
landscape and preventing wildfires. Creole cattle raised
for meat production and manure provision are tethered
in natural savannahs, sustaining small-scale family
farms, while shaping the typical hilly landscapes of
Guadeloupe (mornes). Direct provisional services can
be reinvested through the loop of cultural service since
they enhance gastronomy, with dishes like goat curry
in Guadeloupe, or can provide raw material for the
production of musical instruments. The use of goats

in Hindu sacrificial rites in Guadeloupe or in Reunion
Island illustrates a case of service (with a cultural and
religious dimension) that over time has enhanced the
development of the entire goat meat sector (service
provision).

‘Bundles of services’ is a useful notion in the literature
to jointly consider a diverse range of services produced
in similar farming systems, and it can help tackle
synergies and trade-offs between services (Cord et al,
2017; Dumont et al, 2019).

Links between services and management of
the breeds

The last item in the framework is: What are the links
with the management of the breed?

We found examples in the case studies in which
the intentional production of a new service engendered
changes in the collective management of the breed. For
instance, for the Räıole breed, the farmers developed
collective marketing of the wool, and during the sale
of rams organized by the breeders’ association, they
provided information to farmers about the wool quality
of rams sold, so that they could consider it in their choice
of a breeding animal (Lauvie et al, 2017).

Biodiversity and ecosystem services are often closely
linked. For instance, Mace et al (2012) underlined how
biodiversity generally plays a key role in ecosystem
services provision, as a regulator of underpinning
ecosystem processes, as a final ecosystem service, and
as a good subject for valuation. This link between
services and management of the breed feeds the
question of the links between services and biodiversity
dynamics. Indeed, collective management of the breed
is an important lever of livestock biodiversity dynamics:
through the collective choice of selection criteria that
influence the direction of breed management, but also
through collective promotion actions that can have an
impact on the number of animals, for instance.

Discussion

In this paper, we used several case studies to explore the
question of the multiple benefits of farming systems that
use livestock biodiversity and developed a framework to
address the processes underling the ecosystems services
provided by them.

One of our aims was to discuss the extent to
which the notion of ecosystem services is useful to
deal with these multiple benefits. Services are indeed
increasingly taken into account in livestock farming
research (Rodŕıguez-Ortega et al, 2014; Alexandre et al,
2014; Ryschawy et al, 2017; Dumont et al, 2019). Steger
et al (2018) argue that the diversity of definitions
and approaches in ecosystem services research has
prevented it from being structured by a single discipline,
and maintained it as a boundary object. Choosing the
ecosystem services notion as an entry point of our
analysis did not provide us with a turnkey approach,
but rather gave us room to include different visions
(and notions) of animal scientists, social scientists
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and economists in our analysis. Some of the concepts
associated with ecosystem services in the literature
appeared to be relevant to our empirical findings in case
studies (e.g. the bundle of services) or fed our reflection
on the processes underlying the provision of services
(e.g. the beneficiaries). However, we also considered
other concepts, not related to the ecosystem services
literature, which were useful in our analysis, like the
concept of animal abilities used in animal sciences.
Choosing the notion of ecosystem services as an entry
point also favoured a systemic analysis. Indeed, such
a view is central to our communities as the farming
system is a key notion, particularly for the livestock
farming systems community (Dedieu et al, 2008). The
meeting point of systemic views in several scientific
communities is the agroecosystem. However, the view
on agroecosystem might favour complementary foci
depending on the communities, which could enrich each
other. To go further, it would indeed be interesting
to broaden our already multidisciplinary vision by
including the points of view of ecological scientists in
our framework.

Other notions or theoretical frameworks could also be
adapted to tackle the question of the multiple benefits
obtained by farming systems which use domestic
animal biodiversity and are complementary to the
ecosystem services approach. The notion of multi-
functionality, for instance, is equally constructed and
situated (Barnaud and Couix, 2020), and makes it
possible to consider the different functions of farming
activities. Huang et al (2015) reported the proximity
of the scientific communities that use multifunctionality
and ecosystem services concepts when dealing with
agriculture. However, the entry point of the approach
is agricultural activity whereas the entry point of the
ecosystem services notion is the ecosystem. Huang
et al (2015) pointed out that the two approaches
would benefit from being integrated, and Barnaud and
Couix (2020) associated them by using an ecosystem
services lens to answer a multifunctionality question.
The framework proposed by D́ıaz et al. (2018) is another
relevant framework for our purpose. D́ıaz et al. argued
that the “Nature’s Contribution to People” (NCP), the
core concept of this framework, is a concept which
makes it possible to go beyond some of the limits of the
ecosystem services concept, in particular to respond to
criticisms regarding the lack of social and humanities
sciences involved. This framework indeed emphasizes
the importance of the cultural context in understanding
NCP, which our case studies highlight. D́ıaz and her
colleagues’ proposal led to a broad debate on the
real novelty of the concept compared to ecosystem
services (Braat, 2018; Faith, 2018; Peterson et al, 2018).
Without going further in this debate, we note that the
use of the word ‘nature’ (instead of ‘ecosystem’) as
the subject of the contribution, and the people only
as the beneficiaries, can question the importance of
human action in the production of several of these
services. As noted by Peterson et al (2018): “a focus

on ‘nature,’ therefore de-emphasizes the ecosystems that
are home to and provide the necessities of life to most
of the world’s population”. In our case, the services are
clearly co-produced by humans and animals in farming
systems and talking about them as NCP may seem
counterproductive.

The framework we propose in this paper is the
first step in identifying and understanding the services
provided by farming systems using livestock biodiversity.
This framework could however be put to the test
and enriched by applying it to other cases. Steps
to enrich it could be to include the points of view,
values and practices of the different stakeholders
involved. Answers to the questions proposed in the
framework can consequently include a diversity of
points of view. The interest of the framework is
not to provide an irrevocable single answer to each
question, but rather contribute to better understanding
the processes underlying services production, in their
complexity. However, this framework cannot be used for
a quantitative assessment of the dynamics of livestock
biodiversity or the values of services. The framework
can contribute to better understanding the link between
livestock biodiversity dynamics and the provision of
services in the farming systems concerned. Indeed,
from a perspective of livestock biodiversity management
and conservation, one of the scientific challenges is
to understand the issues underlying the management
dynamics of each breed, the corresponding management
objectives, and their translation into practices, at both
individual and collective levels. This will be a key step in
understanding whether or not the provision of services
production is at stake for the people concerned. In
our framework, we gathered important items to be
taken into consideration to analyze the dynamics of
services produced as social constructs and to understand
the underlying processes. Such an approach implies
including a diversity of biotechnical and sociotechnical
dimensions, and accounting for their interactions and
their dynamics in multiple services over time. The notion
of ‘breed attributes’ actually helps explain how livestock
biodiversity contributes to the provision of ecosystem
services. We propose this notion to describe not only the
biological but also the sociotechnical characteristics of
breeds. Our aim is not to objectify the role of a given
breed in providing a given ecosystem service (Martin-
Collado et al, 2019). As ecosystem services are seen
as constructs and breeds are seen as dynamics (and
not categories with static properties), our aim is rather
to question whether accounting for the wide range
of productions (including the different services) of
farming systems using local breeds would enable a
better understanding of the overall dynamics of livestock
biodiversity conservation and management .

To conclude, if the ecosystem services notion can help
include different visions and develop a multidisciplinary
approach, it is not the only notion that can be used
to tackle the question of the multiple benefits of
farming systems using local breeds. Understanding the
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processes underlying service production requires going
even further in developing interdisciplinary approaches.
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prairies naturelles de marais. Les Actes du BRG 6, 485–
494.

Beudou, J., Martin, G., and Ryschawy, J. (2017).
Cultural and territorial vitality services play a key
role in livestock agroecological transition in France.
Agron. Sustain. Dev 37(36). doi: https://doi.org/10.
1007/s13593-017-0436-8

Boval, M., Coppry, O., Naves, M., and Alexandre,
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système d’élevage? Pastum Hors Série (Association
Franc
Cardère éditeur).
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Lefèvre, F., Litrico, I., Martin-Clouaire, R., Montuelle,
B., Pellerin, S., Plantegenest, M., Tancoigne, E.,
Thomas, A., Guyomard, H., and Soussana, J. F.
(2015). A social-ecological approach to managing
multiple agro-ecosystem services. Current Opinion in

https://doi.org/10.1126/science.aap8826
https://doi.org/10.1371/journal.pone.0204749
https://doi.org/10.1371/journal.pone.0204749
https://doi.org/10.1017/S1751731118002586
https://doi.org/10.5751/ES-10195-230240
https://doi.org/10.5751/ES-10195-230240
https://www.fao.org/3/i4787e/i4787e.pdf
https://www.fao.org/3/i4787e/i4787e.pdf
https://doi.org/10.1016/j.ecolecon.2008.09.014
https://doi.org/10.1371/journal.pone.0036133
https://doi.org/10.1371/journal.pone.0036133
https://doi.org/10.4000/temporalites.5377
https://doi.org/10.4000/temporalites.5377
https://doi.org/10.1046/j.1439-0388.2003.00365.x
https://doi.org/10.1111/j.1365-294X.2011.05163.x
https://doi.org/10.1007/s11250-021-02880-3
https://doi.org/10.1007/s11250-021-02880-3
https://cices.eu/resources/
https://doi.org/10.1002/pan3.23
https://doi.org/10.1002/pan3.23
https://doi.org/10.1016/0169-5347(95)90005-5
https://doi.org/10.1016/0169-5347(95)90005-5
https://www.fao.org/3/at598e/at598e.pdf
http://dx.doi.org/10.1016/j.jenvman.2014.10.020
http://dx.doi.org/10.1016/j.jenvman.2014.10.020
https://agriculture.gouv.fr/sites/default/files/races_menacees_rapport_methodologique.pdf
https://agriculture.gouv.fr/sites/default/files/races_menacees_rapport_methodologique.pdf
https://doi.org/10.1016/j.geoforum.2015.03.004
https://doi.org/10.1016/j.geoforum.2015.03.004
https://doi.org/10.1016/j.gfs.2018.04.003
https://doi.org/10.1016/j.gfs.2018.04.003


Genetic Resources (2023), 4 (8), 15–28 Ecosystem services concept applied to local breeds 27

Environmental Sustainability 14(0), 68–75. doi: http:
//dx.doi.org/10.1016/j.cosust.2015.04.001

Ligda, C. and Casabianca, F. (2013). Adding value to
local breeds: challenges, strategies and key factors.
Animal Genetic Resources 53, 107–116.

Mace, G. M., Norris, K., and Fitter, A. H. (2012).
Biodiversity and ecosystem services: a multilayered
relationship. Trends in Ecology & Evolution 27(1), 19–
26. doi: https://doi.org/10.1016/j.tree.2011.08.006

Marshall, K., Mtimet, N., Wanyoike, F., Ndiwa, N.,
Ghebremariam, H., Mugunieri, L., and Costagli, R.
(2016). Traditional livestock breeding practices of
men and women Somali pastoralists: trait preferences
and selection of breeding animals. Journal of Animal
Breeding and Genetics 133(6), 534–547. doi: https:
//doi.org/10.1111/jbg.12223

Marsoner, T., Vigl, L. E., Manck, F., Jaritz, G., Tappeiner,
U., and Tasser, E. (2018). Indigenous livestock
breeds as indicators for cultural ecosystem services:
A spatial analysis within the Alpine Space. Ecological
Indicators 94, 55–63. doi: https://doi.org/10.1016/j.
ecolind.2017.06.046

Martin-Collado, D., Boettcher, P., and Bernués, A.
(2019). Opinion paper: livestock agroecosystems
provide ecosystem services but not their components
- the case of species and breeds. Animal 13, 1–3. doi:
https://doi.org/10.1017/S1751731119001277

Mathias, E., Mundy, P., and Koehler-Rollefson, I. (2010).
Marketing products from local livestock breeds: an
analysis of eight cases. Animal Genetic Resources 47,
59–71.

Millennium Ecosystem Assessment (2005).
Ecosystems and human well-being: syn-
thesis (Washington, DC: Island Press). url:
https://www.millenniumassessment.org/documents/
document.356.aspx.pdf.

Naves, M., Alexandre, G., Mahieu, M., Gourdine, J. L.,
and Mandonnet, N. (2011). Les races animales
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Introduction

The horse has a long history in Ireland, develop-
ing through millennia into several distinct native
breeds, from small riding ponies to larger work
horses (McCormick, 2007). The earliest archaeological
evidence for domesticated horses in Ireland dates to
2,400 BCE in the Early Bronze Age contexts of New-
grange (Bendrey et al, 2013). The introduction of the
Celtic horse into Ireland can be traced to the 7th century,
with images of ridden horses contained within the Book
of Kells (Unattributed, 800). The medieval Irish horse
was known as the Irish Hobby, resulting from crossing
horses from northern Spain with local animals (Hen-
dricks, 1995). The Hobby was noted for speed and

∗Corresponding author: Emmeline W Hill
(emmeline.hill@ucd.ie)

agility, and was mentioned in 1296 in documents relat-
ing to an Irish contingent of horses brought to Scotland
by John de Wogan, Judiciar of Ireland (Lydon, 1954).
The Irish Hobby was likely a founder breed for the extant
native breeds (McCormick, 2007), the Connemara Pony
and Irish Draught, and also likely contributed to the
Thoroughbred (Hendricks, 1995).

The Irish Draught was bred as a light, versatile
farm, carriage, riding and hunting horse while the
Connemara Pony was developed as a multipurpose
animal for the harsher conditions of the western Irish
seaboard (Hendricks, 1995). The Thoroughbred was
developed in the 17th and 18th centuries when stallions
from the Middle East were brought to England and
crossed with the best racing mares in Britain, many
of which were Irish or had been bred from Irish
stock (Bower et al, 2011).

Received: 18.02.2023 Accepted: 07.08.2023 Published online: 12.09.2023

https://www.genresj.org
https://www.dx.doi.org/10.46265/genresj.VOOZ8371
https://www.genresj.org
https://www.dx.doi.org/10.46265/genresj.VOOZ8371
mailto:emmeline.hill@ucd.ie


30 McGivney et al Genetic Resources (2023), 4 (8), 29–36

Prior to the development of the Thoroughbred, a
centuries-old tradition of hunting in Ireland led to
the breeding of specialist hunters originating from
the Irish Draught horse (Hendricks, 1995). When
the Thoroughbred became established in Ireland, it
was used extensively for further improvement of the
Irish Hunter (Hendricks, 1995). The Irish Hunter was
referred to by William Youatt who noted that the
Irish bred “a large, long blood-horse of considerable
value” (Youatt, 1831). Until 1922 the Irish Hunter
was registered in the Hunter Stud Book, but it was
later redefined as the Irish Sport Horse and has been
registered in the Irish Sport Horse Studbook since 1970.
The Irish Sport Horse became the world leader in
eventing and has topped the World Breeding Federation
for Sport Horses eventing studbook rankings for all but
two years since its inception in 1994.

In the 1980s, the crossing of European Warmblood
stallions with Irish Sport Horse mares gained popular-
ity (Doyle et al, 2022). In 1990, the percentage of foals
registered in the Irish Sport Horse Studbook by foreign-
bred sires was 1.1% and by 2014 this had increased
to 37.5%. This dramatic change in the breed profile of
the Irish Sport Horse population has led to a growing
concern among breeders that its traditional traits are
being displaced by a pan-European sport horse. Demand
has developed amongst breeders to identify traditionally
bred Irish Sport Horses, referred to as the Traditional
Irish Horse, and to establish conservation measures for
the lineages descended from the original Irish Hunter.

To date, there is no published study on genetic
diversity in the Irish Sport Horse population, and there
are only limited published studies on genetic diversity
and relatedness among the other Irish horse breeds.
Mitochondrial DNA (mtDNA) analyses showed no
evidence of clustering of Irish Draught and Connemara
Pony mtDNA haplotypes to the exclusion of other
breeds, with their distribution among the most common
European horse sequences. On the other hand, the
Kerry Bog Pony, a rare, recently recharacterized breed,
contained an uncommon mtDNA haplotype (McGahern
et al, 2006). In a study comparing British and Irish
native ponies, the Connemara Pony showed no greater
divergence among breeds than between British native
breeds, which may be due to recent gene flow resulting
from historic migration (Reilly et al, 1998).

In consideration of the concerns from breeders
about the dilution of Irish Sport Horse genetics with
European Warmblood genetics, the aim of this study
was to establish whether there are genetic differences
between the Traditional Irish Horse and European
Warmblood breeds by testing the hypothesis that
Irish Sport Horses with Warmblood ancestry in their
pedigree can be identified using admixture analysis
to test for Warmblood introgression. The purpose of
a molecular genetics approach is to provide novel
information to augment pedigree-based classifications
of the Traditional Irish Horse for the long-term
preservation of traditional Irish lineages.

Methods

Samples

A total of 133 samples from 8 horse populations 
(Table 1) were used in the initial analyses, including 2 
native Irish breeds (21 Irish Draught and 24 Connemara 
Pony), 23 Irish Sport Horse (comprised of 8 certified 
Traditional Irish Horse, 7 Irish Sport Horse with known 
Warmblood influence in their pedigree, and 8 Irish Sport 
Horse with some missing pedigree), as well as 3 breeds 
with known ancestral influence on the Irish Sport Horse 
(25 Irish Thoroughbred, 14 Hanoverian, and 14 Swiss 
Warmblood). The results were validated using a set of 
12 pedigree-certified Traditional Irish Horses.

Genotyping

SNP genotypes, derived from the equine Illumina SNP50 
genotyping array (SNP50), were publicly available for 
Swiss Warmblood and Hanoverian (Petersen et al, 
2013). For the other samples, genomic DNA was isolated 
from blood or hair samples and genotyped on the 
Affymetrix Axiom Equine genotyping array (SNP670). 
Quality control (QC) procedures were carried out in 
PLINK 1.9 (Purcell et al, 2007; Chang et al, 2015). 
Only individuals and SNPs with a genotyping rate 
> 95% were included. A minor allele frequency 
threshold of > 0.05 was applied. QC criteria were 
performed separately on the data from the SNP50 
and SNP670 genotyping platforms. Only SNPs that 
passed QC on both platforms were included in the SNP 
dataset. SNPs were then pruned on the basis of linkage 
disequilibrium (LD) using the parameter –indep 50 5 2 
in PLINK. Pruning of SNPs that are in high LD have been 
shown to counter the effect of ascertainment bias and to 
generate meaningful comparisons among breeds 
(Molomane et al, 2018). Following QC and pruning, a 
set of 9,015 SNPs was used for the analyses.

Population genetics analyses

Pairwise genetic distance (D) between all individuals 
was calculated using PLINK 1.9 (–distance 1-IBS) 
and was represented by constructing a neighbour-
joining tree. Principal component analysis (PCA) was 
conducted using PLINK 1.9. PCA plots were generated 
within the R environment (R Core Team, 2014). 
The PopGenome package in R was used to calculate 
the pairwise population differentiation index FST . 
Population structure was visualized using an unrooted 
neighbour-joining tree based on the between-population 
FST .

For the analysis of population substructure, model-
based clustering was performed using the software 
package ADMIXTURE (Alexander et al, 2009). The 
model assigns ancestry based on a predefined number 
of K ancestral populations. Individuals are assigned to K 
clusters based on allele frequencies and the proportion 
of ancestry from each population is estimated. The 
analysis was performed for K ranging from 2 to 8.
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Table 1. Breeds, abbreviations, sample sizes (N) and study cohort for horses used in the study.

Population Abbreviation    N Cohort
Connemara Pony CP 24 Ancestral
Hanoverian HAN 14 Ancestral
Irish Draught ID 21 Ancestral
Irish Thoroughbred ITB 25 Ancestral
Irish Sport Horse with Warmblood ISH WB 8 Test
Irish Sport Horse ISH 7 Test
Swiss Warmblood SZW 14 Ancestral
Traditional Irish Horse TIH 8 Test
Traditional Irish Horse TIH 12 Validation
Total 133

Results

Genetic distance within and among breeds

The greatest genetic distance between individuals
was between a Connemara Pony and a Traditional
Irish Horse (D = 0.29) and the closest genetic
distance between individuals was between two Irish
Thoroughbreds (D = 0.19). The average genetic
distances among individuals within breeds ranged from
0.22 (Irish Thoroughbred) to 0.26 (Irish Draught).

The pairwise population differentiation index, FST ,

was calculated among breeds (Table 2) and used
to create a neighbour-joining tree (Figure 1) to
illustrate the topological relationship among breeds.
The Traditional Irish Horse was identified as a distinct
subset of the Irish Sport Horse population and was more
similar to the Irish Sport Horse that did not contain
foreign blood (FST = 0.006) than the Irish Sport Horse
with Warmblood (FST = 0.011). The pairwise genetic
difference between the Traditional Irish Horse and Irish
Sport Horse with Warmblood (FST = 0.011) was greater
than between Hanoverian and Swiss Warmblood (FST =
0.008), which are distinct breeds.

To visualize the branching structure among the
Irish Sport Horse populations and Warmbloods, genetic
distances between individuals were used to create
a neighbour-joining tree (Figure 2). Traditional Irish
Horse individuals were on branches separate to the two
main Warmblood branches with the exception of a single
individual that was observed among a predominantly
Swiss Warmblood cluster. Five of the eight Irish Sport
Horse with Warmblood samples were contained in the
two main Hanoverian/Swiss Warmblood branches.

To further visualize the overall population structure,
a PCA analysis was performed. In the PCA, PC1
explained 7% of the variance with clear separation
of Connemara Pony from the other breeds as well
as divergence between Irish Thoroughbred and Irish
Draught (Figure 3A). In the plot created from PC2 and
PC3 (Figure 3B), there was considerable overlap among
the Hanoverian and Swiss Warmblood with a general
European Warmblood cluster observed. There was a
broad distribution of the Irish Sport Horse population
centred among the recorded ancestral breed populations

reflecting the varying contributions from the other
breeds.

Population substructure

In the admixture analysis, K = 4 had the lowest estimate
of the standard error of the cross-validation. Based on
this result as well as the observations in the PCA plot
and knowledge of breed history, K = 4 was chosen as the
most appropriate number of clusters to use to establish
ancestry and quantify admixture within the Irish Sport
Horse population (Puechmaille, 2016; Lawson et al,
2018).

Unsupervised modelling was used to predict allele
frequencies in four ancestral genetic lineages and each
individual’s genome was partitioned and proportionally
assigned to one of the lineages (Figure 4). There
was clear evidence of four distinct lineages – Irish
Thoroughbred, Connemara Pony, Irish Draught and
Warmblood – among the five distinct breed populations.
The proportion of Warmblood ancestry in individual
Irish Sport Horses ranged from 0.04 to 0.88.

To focus on the Irish Sport Horse alone, the
proportion of Warmblood ancestry assigned to each
of the 23 Irish Sport Horse samples was used to
categorize the samples (Figure 5). Using the proportion
of Warmblood admixture as an indicator, the seven
Irish Sport Horse samples with the lowest levels of
Warmblood lineage were classified as Traditional Irish
Horse (Warmblood lineage ≤ 0.15 (15%)), the eight
with the highest levels were classified as Irish Sport
Horse with Warmblood influence and the remainder
were assigned as Irish Sport Horse of unknown lineage.
Six of the eight Traditional Irish Horse were correctly
assigned. Two Traditional Irish Horse were assigned
as Irish Sport Horse of unknown lineage, one of
which was the Traditional Irish Horse that clustered
with the predominantly Swiss Warmblood horses in
the neighbour-joining tree. One Irish Sport Horse with
missing pedigree was assigned as a Traditional Irish
Horse.

All eight Irish Sport Horse with Warmblood were
correctly assigned and overall, 20 of the 23 horses
were correctly assigned using genotyping data from
9,015 SNPs. These results demonstrate a sensitivity of
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Table 2. Pairwise population differentiation index (FST ) among horse breeds: Connemara pony (CP), Hanoverian (HAN), Irish
Draught (ID), Irish Sport Horse with Warmblood (ISH WB), Irish Sport Horse (ISH), Swiss Warmblood (SZW), Irish Thoroughbred
(ITB), Traditional Irish Horse (TIH).

CP HAN ID ITB ISH WB ISH SZW TIH
CP -
HAN 0.049 -
ID 0.041 0.031 -
ITB 0.096 0.043 0.069 -
ISH WB 0.049 0.012 0.027 0.040 -
ISH 0.044 0.014 0.012 0.033 0.012 -
SZW 0.048 0.008 0.029 0.038 0.011 0.014 -
TIH 0.052 0.018 0.022 0.020 0.011 0.006 0.014 -

Figure 1. Neighbour-joining tree illustrating the genetic distance between breeds: Connemara pony (CP), Hanoverian (HAN), Irish
Draught (ID), Irish Sport Horse with Warmblood (ISH WB), Irish Sport Horse (ISH), Swiss Warmblood (SZW), Irish Thoroughbred
(ITB), Traditional Irish Horse (TIH).

75% and specificity of 93% for assigning Irish Sport
Horse of unknown ancestry as Traditional Irish Horse,
with an accuracy of predicting Traditional Irish Horse
from genetic data of 87.5%. Admixture analysis of a
validation set of 12 pedigree-certified Traditional Irish
Horse revealed similar results with Warmblood lineage
contributions in individuals ranging from 0.01 to 0.15.

Discussion

There is a growing trend in equestrian breeding to move
away from the traditional approach of selection within
breeds, towards developing hybrid sport horses (Gilbert
and Gillet, 2011). Originally the Irish Sport Horse was a
breed that was established by crossing the Irish Draught

with Thoroughbred horses (Reilly et al, 1998; Alexander
et al, 2009). More recently, crossbreeding the Irish Sport
Horse with European Warmblood breeds has become
popular with the intention of improving the quality of
the horses for sport (Doyle et al, 2022). This practice
threatens the maintenance of genetic variation within
the traditional lineages of the Irish Sport Horse that may
be beneficial to preserve.

In our phylogenetic analyses, we found that the
Irish Sport Horse is genetically distinct from Euro-
pean Warmblood populations. By contrast, there was
no clear genetic distinction between the two European
Warmblood breeds (Hanoverian and Swiss Warmblood)
included in this study. This agrees with a microsatel-
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Figure 2. Neighbour-joining tree illustrating individual relationships among Irish Sport Horses (yellow) and Warmbloods (blue;
HAN, SZW); including ISH with no foreign blood (ISH), ISH with foreign blood (ISH WB) and Traditional Irish Horse (TIH).

lite genotype-based phylogeny in which Hanoverian
clustered closest to other European warmblood breeds
(including the Italian Maremmano horse breed) on a
branch most distant from other geographically proxi-
mal German coldblood breeds (Felicetti et al, 2010).
The Irish Sport Horse has not previously been included
in population genetic diversity studies and there are
limited studies including the Irish Draught and Con-
nemara Pony. In a microsatellite, protein and blood
group marker study, Hanoverian clustered with Hol-
steiner, Thoroughbred, Quarter Horse and Irish Draught,
suggested to be due to the influence of Thoroughbred
in these breeds (Luis et al, 2007), and reflected in a
more recent genome-wide SNP analysis of genetic diver-

sity in which the European warmbloods (Hanoverian,
Swiss Warmblood, Maremmano) clustered with recently
admixed Thoroughbred breeds (Petersen et al, 2013).

Between breeds, the pairwise genetic difference (FST )
indicated that the Traditional Irish Horse was more
different from the Irish Sport Horse with Warmblood
than the two European warmblood breeds (Hanoverian,
Swiss Warmblood) were from each other. These genetic
results indicate that there may be grounds to identify
the Traditional Irish Horse as a distinct breed for
conservation purposes, should this be desired by
breeders. The term ‘breed’ is generally used to describe
a population of animals with common phenotypically
distinct traits, and it has been suggested that a breed
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Figure 3. Principal component analysis plots for PC1 and PC2
(A), and PC2 and PC3 (B) for n = 121 individuals coloured
according to breed: Connemara Pony (CP), Hanoverian (HAN),
Irish Draught (ID), Irish Sport Horse with Warmblood (ISH
WB), Irish Sport Horse (ISH), Swiss Warmblood (SZW), Irish
Thoroughbred (ITB), Traditional Irish Horse (TIH). PC1, PC2
and PC3 explained 7%, 4% and 3% of the genetic variance,
respectively.

Figure 4. Proportion of genetic ancestry assigned to each breed
where a column indicates a single horse and colours represent
the four ancestry clusters. The colour of the primary cluster
representing each breed ancestral component is depicted
in the legend. Breed identifiers are noted at the bottom:
Irish Thoroughbred (ITB), Connemara Pony (CP), Warmblood
breeds (WB), Irish Draught (ID), Irish Sport Horse (ISH).

Figure 5. Proportion of genetic ancestry of 23 Irish Sport
Horses assigned to each cluster where a column indicates
a single horse and colours represent the four clusters. The
colour of the primary cluster representing each breed ancestral
component is depicted in the legend. The Irish Sport Horses
based on genetic classification (top) and pedigree classification
(bottom) are indicated as Warmblood (WB), Irish Draught
(ID), Connemara Pony (CP), Irish Thoroughbred (ITB), Irish
Sport Horse with Warmblood (ISH WB), Irish Sport Horse
(ISH), and Traditional Irish Horse (TIH). The vertical black
lines separate the horses on the basis of pedigree classification.
All except for three horses (yellow highlights) were classified
correctly on the basis of genetics; two horses with Traditional
Irish Horse pedigrees were genetically assigned as Irish
Sport Horse, one horse with Irish Sport Horse pedigree was
genetically assigned as Traditional Irish Horse.

may also be a cultural concept defined by breeders (FAO,
2023). However, genetic analyses now enable the
examination of distinct and/or common genotypes
to provide scientifically informed categorization of
breeds (FAO, 2023).

In order to genetically differentiate the Traditional
Irish Horse from phenotypically similar Irish Sport
Horse with Warmblood, here we evaluated the ances-
tral genetic contributions to various cohorts of the
Irish Sport Horse, defined on the basis of pedigree, to
delineate the maximal ancestry component of Warm-
blood genetics required to determine Traditional Irish
Horse status. We observed four of the eight Irish Sport
Horse with Warmblood to have comparable Warmblood
ancestry to horses in the Hanoverian and Swiss Warm-
blood cohorts; however, a distinguishing feature of the
Irish Sport Horse with Warmblood was a greater Irish
Draught influence compared to the Hanoverian and
Swiss Warmblood cohorts. In some of the Irish Sport
Horse with Warmblood, there was more Warmblood
ancestry component than in some of the European
Warmblood animals.

Since by 2014 more than 37% of registered Irish
Sport Horses had Warmblood ancestry recorded in their
pedigrees, our results indicate that concerns regarding
European Warmblood introgression and the creation of
a homogeneous pan-European sport horse population
are valid. Without a dedicated breeding programme
for the Traditional Irish Horse, the unique genetic
heritage of the Irish Sport Horse may be lost. Current
efforts to recognize and assign Traditional Irish Horse
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status to traditionally bred horses are hindered by
the fact that many Irish Sport Horses may have an
unregistered dam or sire in their pedigree. This is
a situation where ancestral profiling using genomics-
based technologies could provide a basis for identifying
the Irish Sport Horse with traditional lineages. The FAO
practical guide for genomic characterization of animal
genetic resources notes that “Genetic tools now allow
for errors in recording of parentage to be identified
and remedied; this is especially useful in the case of
unknown paternity” (FAO, 2023). This has immediate
practical implications, since in this study there was
one Irish Sport Horse with missing pedigree that had
Warmblood ancestry within the range of the Traditional
Irish Horse (10%), indicating that this individual has
a traditional genetic heritage. Applying a cut-off of ≤
15%, Warmblood ancestry would have an accuracy of
prediction of 87.5% for the Traditional Irish Horse.

Conclusion

Considering the unique position of the Irish Sport Horse
within the international sport horse world, with traits for
elite eventing abilities and versatility as a valued leisure
horse, the Traditional Irish Horse should be conserved
and the genetic legacy of the Irish Hunter protected.
The FAO practical guide for genomic characterization
of animal genetic resources notes that the results of
genomic characterization studies “should also be used to
improve the management of the AnGR [Animal Genetic
Resources] involved” (FAO, 2023). The application of
genetic ancestry testing to identify the Traditional Irish
Horse, particularly in the absence of complete pedigree
information for a horse, would provide a novel route for
conservation efforts and the promotion of the Irish horse
in equestrian sport.
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Introduction

Many researchers in the past have tried to define
the meaning of a landrace, which is also known
as “a local, farmer’s, traditional variety or a local
population” (Zeven, 1998). Recently, a more general
definition for landrace was suggested: “a cultivated,
genetically heterogeneous variety that has evolved in a
certain ecogeographical area and is therefore adapted to

∗Corresponding authors: Styliani V Protonotariou
(s.protonotariou@yahoo.gr), Penelope J Bebeli
(bebeli@aua.gr)

the edaphic and climatic conditions and to its traditional
management and uses” (Casañas et al, 2017).

Landraces have been the main crop genetic resources
used since the emergence of agriculture (Purugganan,
2019). In the last century, with agricultural intensifica-
tion, several landraces have been replaced with high-
yielding cultivars (hereafter the term cultivar means sci-
entifically improved cultivated variety). The main differ-
ences between landraces and cultivars are that the lat-
ter are the results of formal breeding research (when
compared to farmers’ mass selection for landraces) and
they are provided to farmers and growers through for-
mal seed systems (when compared to traditionally infor-
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mal channels, such as exchanges and local markets for
landraces). Landrace cultivation has been almost aban-
doned and many landraces have been lost, leading to
severe genetic erosion (Robbana et al, 2021), which is
the loss of crop variation due to the modernization of
agriculture (Van De Wouw et al, 2010).

In the case of wheat, a study conducted by Haudry
et al (2007), concluded that the estimated initial
biodiversity decreased by 84% for durum wheat and by
69% for bread wheat, although such estimations could
be controversial (Khoury et al, 2022). Genetic erosion of
Triticum aestivum landraces in Ethiopia was found to be
66.7% in 2016 (Gelelcha et al, 2023).

In Greece, only 3% of the total land surface cultivated
with durum wheat was planted with landraces in
1984, and 1.3% in 1991 (Kyzeridis et al, 1995). On
an expedition encompassing 36 villages on Lefkada
island, from 2010 to 2012, researchers were able to
collect only three wheat accessions, two of which were
landraces (Thomas et al, 2013). Although the genetic
erosion of wheat landraces was shown by collecting
expeditions carried out in Greece, they can still be
found cultivated on farms (Thanopoulos et al, 2021).
The study of landrace properties is crucial both for
local communities, which would benefit from the added
value of their products, and their use in breeding
programmes. Thanopoulos et al (2021), who collected
landraces in Arcadia, Greece, estimated wheat genetic
erosion between 1942 and 2021 to be 45.7%. Moreover,
recent research revealed a 97% genetic erosion of winter
wheat for the years 1955–2015 in Central Europe (Cseh
et al, 2021).

Cereal cultivars are high-yielding, but the majority
of them is less resilient to abiotic and biotic stresses
compared to landraces (Newton et al, 2010). Reduced
adaptation to organic, low-input production farming
systems and poorer genetic diversity were observed in
Tunisian improved durum wheat cultivars, in contrast
to landraces (Ayadi et al, 2020). Although further
research is required, there is also evidence that ancient
wheat types, such as emmer wheat, provide health
benefits compared to modern wheat cultivars (Shewry,
2018) and could be a potential source of antioxidants,
carotenoids and phenolics (Newton et al, 2010). For
such ancient species, like T. dicoccum, and neglected and
underutilized species, like T. polonicum, (Bieńkowska
et al, 2020; Carvalho et al, 2019) more research to
investigate their properties is needed.

Currently, climate change, extensive loss of genetic
diversity, increased vulnerability of cultivars to abiotic
and biotic stresses and consumer awareness of the
value of local products, have raised interest in wheat
landraces (Brush, 1995; Moghaddam et al, 1997;
Saleh, 2020; Tomás et al, 2020). Wheat landraces
could play a crucial role in mitigating the negative
effects of climate change due to their ability to
perform sufficiently under high temperatures (Ulukan,
2021) and exhibit higher yield stability under water
stress (Karamanos et al, 2017). Recent research focused

on the collection of landraces, their traits and cultivation
revival as well as the promotion of sustainable
agricultural production (Newton et al, 2010). It also
highlighted the characteristics associated with their
utilization in the production of high-quality products
for consumers (López-Fernández et al, 2021; Ruisi et al,
2021).

The analysis of the agronomic performance of
wheat landraces revealed significant differences in plant
height, seed colour and biological cycle (Gharib et al,
2021). A study of morphological characteristics of old
Sicilian landraces showed high variability among durum
wheat accessions (Sciacca et al, 2014). Similar results
were also obtained for days to emergence, tillering,
booting, flowering and physiological maturity, plant
height, and thousand kernel weight (TKW) in 23
Moroccan durum wheat accessions (Zarkti et al, 2010).
In a study of 63 durum wheat landraces, grain weight
was the most significant criterion for improving their
adaptation to the northern parts of the Mediterranean
basin (Moragues et al, 2006).

Several studies compared grain characteristics of
landraces and other variety types. In one study, ten
obsolete varieties (varieties that were developed by
systematic breeding efforts in the past and now
have been replaced by newer and better-performing
cultivars) (Maxted et al, 2011) and two wheat landraces
from Bosnia and Herzegovina were evaluated for grain
length, width, thickness, volume, surface area, TKW
and protein content, and most of the traits presented
significant interactions among them. Obsolete wheat
genotypes ‘Brkulja’ and ‘Šianka’ showed the most
promising grain characteristics (Kondić et al, 2020).
Kernel morphology is important for manufacturing
final food products, which requires specific grain
characteristics (Dholakia et al, 2008). Machine-vision
techniques (image analysis) were used as a useful tool
for the classification of varieties based on morphology,
colour and seed texture of different species (Smykalova
et al, 2011, 2013; Chaugule and Mali, 2016) and
wheat seed quality assessment (Venora et al, 2009).
Other studies evaluated quality parameters, such as
starch and protein content of wheat flour obtained
from landraces in comparison to cultivars. Boukid et al
(2018) detected higher values of protein and gliadin
in Tunisian durum wheat landraces, while modern
genotypes had significantly higher values of total
starch. Zheng et al (2012) studied 477 Chinese bread
wheat landraces (T. aestivum L.) and concluded that
there was a significant correlation between starch and
protein content. Mediterranean durum wheat landraces
presented a higher amount of protein content but
lower gluten strength than cultivars (Roselló et al,
2018). In addition, a lower content of water-extractable
arabinoxylans, the main non-starch polysaccharides in
cereals, was found in Turkish landraces (T. monococcum,
T. durum and T. aestivum) than in cultivars (T.
aestivum) (Cetiner et al, 2020). The comparison of
different aromatic profiles and the characteristics of the
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processed products showed high diversity in Sicilian
durum wheat landraces in contrast to the uniformity
of cultivars (Ruisi et al, 2021). Recently, some studies
focused on the physical or functional characteristics
of final products made from wheat landraces. For
example, some soft wheat landraces could be used for
biscuit production, since their grain hardness did not
significantly reduce biscuit quality (Igrejas et al, 2002).
Spanish landraces showed lower bread-making quality
properties because of their low-quality protein compared
to cultivars (Gómez et al, 2009). High variability of
Mediterranean landraces could be used for improving
gluten quality (Nazco et al, 2014).

Even though many papers separately examine
either plant agromorphological traits or seed physico-
mechanical properties, there is limited published work
that studies holistically the above traits with both agro-
nomic and food technology approaches. For instance, in
a comparative study of five cultivars and two landraces,
the latter were significantly taller, flowered later, and
had lower yields and gluten index but higher protein
content in comparison to wheat cultivars (Preiti et al,
2022). This field needs more data to critically evalu-
ate this issue. The purpose of the present study was to
characterize wheat landraces and cultivars according to
morphological, agronomical, seed quality and techno-
logical traits and investigate their potential for bread
and/or pasta making. Specifically, the research aimed
to: (1) study the agromorphological characteristics and
seed physical properties, (2) compare T. durum, T. aes-
tivum, T. dicoccum, and T. polonicum wheat landraces
with cultivars, (3) classify all the accessions (culti-
vars and landraces) based on agromorphological traits,
separately or on the whole set of traits (both agro-
morphological and seed physical properties) and (4)
identify the wheat landraces more suitable for bread-
and pasta-making purposes.

Materials and methods

Plant material

The plant material consisted of 15 Triticum spp.
accessions, namely two cultivars and five landraces
of T. aestivum, two cultivars, two landraces and two
accessions of unknown status of T. durum, one landrace
of T. polonicum and one landrace of T. dicoccum. The
latter was collected in the early 20th century in Greece,
it was conserved in USDA-GRIN (Code PI 94682) and
repatriated recently. Landraces were collected from
different regions in Greece and donated to the Plant
Breeding and Biometry Laboratory of the Agricultural
University of Athens (AUA) (Table 1 and Figure 1).
The Institute of Plant Breeding and Genetic Resources
(IPGRB) donated four cultivars, recommended for bread
making (‘Yekora’ and ‘Elisavet’ belonging to T. aestivum)
and pasta making (‘Mexicali 81’ and ‘Elpida’, of T.
durum) which were used as controls.

Figure 1. Map of Greece with collection sites of wheat
landraces characterized in this study (for code explanations
see Table 1).

Experimental design

The experiment was conducted at an experimental
field of the Agricultural University of Athens (location:
37◦ 59’ 06.8” N, 23◦ 42’ 24.7” E, altitude 24m
a.s.l.) during the winter growing season of 2019–2020.
The meteorological data are presented in Figure 2.
The values of mean air temperature and precipitation
for the Athens region during the years 2015–2020
were provided by the Hellenic National Meteorological
Service (HNMS, 2023). A randomized complete block
design with three replications was used. Each replication
consisted of 20 plants of each accession sown in rows
spaced 0.2m apart. Sowing distances among plants
in each row was 20cm. The sowing date was mid-
November, a typical period for sowing in central Greece.

Manipulation of sowing time is one of the most
effective techniques for the production of high-quality
wheat kernels (Butkovskaya and Kozulina, 2021). In the
present study, for comparison reasons, plant sowing was
carried out simultaneously for all accessions, without
considering the best sowing time for each accession.

Measurement of agromorphological traits

During vegetative and reproductive stages, time of ear
emergence (days), total number of tillers, ear length
excluding awns (cm), ear length including awns (cm),
number of spikelets in the spike of the first tiller, plant
length (measured from the base of the plant to the tip
of the highest awn, cm), stem length (measured from
plant base to ear base, cm) and whole plant weight
(physically dried by sun, in g/plant) were measured.
In addition, the qualitative variables ear colour, ear
shape in profile, growth habit and awn colour, were
scored. Agromorphological traits were evaluated on all
the plants per plot to calculate the mean value for the
quantitative traits and the median for the qualitative
traits. The measurements of the following traits: plant
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Table 1. Accession codes, taxonomic classification, names and origin of wheat accessions.1Nomenclature (Hammer et al, 2011).
2About 5% of the sample also contained T. aestivum, 3Institute of Plant Breeding and Genetic Resources (IPGRB)

Accession code Name Triticum species1 Breeding status Origin Collection date
W1 Yekora T. aestivum L. Cultivar IPGRB3 Donated 2019
W2 Elisavet T. aestivum L. Cultivar IPGRB Donated 2019
W3 Elpida T. durum Desf. Cultivar IPGRB Donated 2019
W4 Mexicali 81 T. durum Desf. Cultivar IPGRB Donated 2019
W5 Zoulitsa T. aestivum L. Landrace Arcadia-Peloponnese 2018
W6 Ntopio T. aestivum L. Landrace Arcadia-Peloponnese 2018
W7 Mavragani-

Skyros
T. durum Desf. Unknown status Skyros Island 2012

W8 Grilos T. aestivum L. Landrace Patmos Island 2013
W9 Leventis T. polonicum L. Landrace Messinia-Peloponnese 2013
W10 Kopaida T. dicoccum Schrank Landrace USDA-GRIN, Central

Greece
Repatriation 2013

W11 Asprositi
-Kalavrita

T. aestivum L. Landrace Kalavrita-Peloponnese 2019

W12 Asprositi -
Kozani

T. durum Desf. Landrace Kozani-West
Makedonia

2005

W13 Mavragani-
Lemnos

T. durum Desf. Unknown status Lemnos Island 2019

W14 Aspratheri T. durum Desf.2 Landrace Karpathos Island 2019
W15 Kokkinositaro T. aestivum L. Landrace Milos Island 2019

Figure 2. Mean air temperature (◦C) and total monthly
precipitation (mm) for Athens during the growing period
(November 2019 to July 2020) and the average of the last five
years (2015–2020). Data provided by HNMS (2023).

length, growth habit, ear emergence, ear length, ear
colour, ear shape, and awn colour were carried out using
UPOV descriptors (UPOV, 2012, 2017).

Physical properties of seeds

Before measurements, shrunken, broken kernels, and
other impurities were removed. The weight of 1,000
randomly selected kernels of wheat was measured for
thousand kernel weight (TKW). The same 1,000 selected
kernels were then filled into a volumetric cylinder to
determine their volume. Tap volume was measured after
gently tapping the cylinder 100 times or until there was

no further decrease in the sample level. Bulk density (ρb)
and tap density (ρt) were calculated as weight of sample
per volume and per tap volume of sample, respectively
(g/ml) (Chaloulos et al, 2021).

Determination of flow properties is essential in pro-
cesses such as transportation, mixing and storage (Fitz-
patrick et al, 2004). The Carr index (CI) was used to
calculate the flowability of the seeds (Carr, 1965):

CI (%) = (ρt − ρb) /ρt × 100
The firmness of seed (SF), defined as the force

required to crush the seed, was estimated using
an Instron (Universal Testing Machine, Model 3343,
Nordwood, MA, USA) equipped with a 1kN load cell.
Fifty intact seeds of each accession were compressed to
50% of their initial width with a 4cm diameter probe
and a speed of 1mm/min.

Seed colour was measured using the colourimeters
3nh High-Quality Spectrophotometer NS800S (Shen-
zhen 3nh Technology, China), according to CIE-L*a*b*
uniform colour space, where L* indicates lightness, a*
indicates hue on a green (−) to red (+) axis, and b*
indicates hue on a blue (−) to yellow (+) axis. White
index (WI) was also calculated according to the follow-
ing equation:
WI = 100 −

√
(100 − L∗2) + a∗2 + a∗2

Image analysis-shape factor measurements

One hundred seeds of each accession were scanned
twice using a flatbed scanner (HP scan jet 4370,
Hewlett Packard, USA). Images of the seeds were
captured for further analysis using an image analysis
software (Image Pro Plus 7, Media Cybernetics, USA).
An indicative image of the scanned seeds is presented
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in Figure 3A. Area (mm2), aspect, average optical
density (density/intensity mean), mean, maximum and
minimum diameter (mm), perimeter (mm), roundness,
size length (mm) and width (mm) were determined.
Detailed descriptions and definitions of shape factors are
presented in Figure 3B. The measurements were done in
triplicates.

Statistical analysis

Statistical analysis of the data was performed with
Statgraphics Centurion XV (Statgraphics, Rockville, MD,
USA). For qualitative variables (plant growth habit,
colour of ear, ear shape in profile and awn colour)
frequency percentages (Supplemental Figure 1) and
median values were calculated (Supplemental Table 1).
Friedman Test was used to test the null hypothesis that
the mean ranks of the samples groups are the same
(Supplemental Table 1).

Quantitative trait data were subjected to analysis
of variance after testing the assumptions of normality
and homoscedasticity with Levene’s and Bartlett’s tests
respectively (Supplemental Table 2). The comparisons of
the means were performed using the Tukey HSD criteria
with a level of significance of α = 0.05.

The correlation between quantitative parameters was
assessed by Pearson’s correlation test (significance level
at α = 0.05). The correlation between qualitative
parameters (nonparametric measures) was assessed by
Spearman rank correlation test (significance level at α =
0.05). To correlate quantitative and qualitative variables
the Spearman test was also used (Supplemental Table
3). Cluster analysis was used to group the quantitative
observations with similar characteristics using nearest
neighbour (single linkage) and distance metric of
squared Euclidean on standardized data.

Results and discussion

Agromorphological traits

Mean values of quantitative agromorphological traits for
all studied wheat accessions are presented in Table 2.
Time of ear emergence ranged from 107 to 138 days
(Yekora - T. aestivum, cultivar, and Zoulitsa - T. aestivum,
landrace, respectively). All cultivars, except Elisavet - T.
aestivum, were earlier than landraces. Similarly, Frankin
et al (2021) reported cultivars to be on average
12% earlier than landraces. On the other hand, the
landraces Zoulitsa (T. aestivum), Kopaida (T. dicoccum)
and Leventis (T. polonicum) had the latest heading
time of all accessions. The T. aestivum landraces,
Asprositi Kozani (W12), Ntopio (W6) and Asprositi
Kalavrita (W11) exhibited early maturation compared to
other landraces. Consequently, these landraces have the
potential to be incorporated into breeding programmes
focused on selecting for early maturation traits (Javaid
et al, 2005). Time of ear emergence was positively
correlated with total number of tillers, plant length
(from the base of the plant to the tip of the highest awn)
and stem length (0.584, 0.674 and 0.710, P < 0.05,

respectively) (Table 3). A positive correlation between
days of heading and number of fertile tillers was also
recorded in a study with 64 bread wheat genotypes
in West Shewa and found that days to heading were
positively correlated with the number of productive
tillers (Mecha et al, 2017). In the study of Bilgrami et al
(2020), where bread wheats were used, the total tiller
number was also significantly correlated with days from
sowing to heading (0.22, P < 0.05). Although landraces
had more tillers than cultivars, the difference between
landraces and specific cultivars was not statistically
significant and the number of tillers ranged from 4.18
(Mavragani Lemnos - T. durum, unknown status, W13)
to 10.38 (Grilos - T. aestivum, landrace, W8).

In most cases, the landraces had higher total plant
weight than the cultivars. The weight of the landraces
ranged from 28.97g/plant (Asprositi Kalavrita - T. aes-
tivum, landrace, W11) to 73.01g/plant (Asprositi Kozani
- T. durum, landrace, W12), while cultivars’ weight
ranged from 17.55g/plant (Yekora - T. aestivum, cultivar,
W1) to 25.33g/plant (Elpida - T. durum, cultivar, W3).
This could be attributed to the higher biomass produced
by landraces, a characteristic desirable by farmers who
need straw for their animals (Thanopoulos et al, 2021).
Plant weight was positively and moderately correlated
with the total number of tillers and ear length includ-
ing awns (0.570 and 0.526, P < 0.05, respectively) and
highly correlated with the number of spikelets, plant
length and stem length (0.644, 0.796 and 0.759, P <
0.01, respectively). The number of spikelets per spike of
the first tiller did not differ significantly between acces-
sions.

Cultivars were significantly shorter than the lan-
draces, which is due to the introduction of Rht (Reduced
height) genes in modern wheat varieties. These dwarf-
ing genes have been used in wheat breeding to develop
cultivars with short stature (Acquaah, 2012). Similar
results were recorded in another study, where Italian
landraces were found to have taller culms compared
to cultivars (Preiti et al, 2022). The plant length for
the cultivars was between 83.88cm (Yekora - T. aes-
tivum, cultivar, W1) and 103.87cm (Mexicali 81 - T.
durum, cultivar, W4), while for the landraces the plant
length was between 118cm (Kopaida - T. dicoccum, lan-
drace, W10) and 159.04cm (Aspratheri - T. durum lan-
drace, W14). Mavragani accessions, W7 and W13, of
unknown breeding status, were short, with 87.07cm and
93.18cm, respectively. These values did not differ signif-
icantly from cultivar plant length (W1 - W4) (Table 2).
Low plant height is a desirable trait for commercial vari-
eties, as it is correlated with good standing ability and
resistance to lodging (Würschum et al, 2017). The weak
point of wheat landraces is the lodging, but under cli-
matic change and high temperatures, taller plants could
demonstrate higher yield than short ones (Jatayev et al,
2020).

Plant growth habit was significantly correlated with
weight per plant, total number of tillers, plant length
and stem length (base to ear) (0.525, 0.623, 0.538,
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Figure 3. A) Indicative image from scanned seeds processed with Image Pro Plus 7 analysis software and B) shape factors definitions
and schematic representations.



Genetic Resources (2023), 4 (8), 37–54 Evaluation of Greek wheat landraces for bread and
pasta making

43

Ta
bl

e
2.

M
ea

n
va

lu
es

of
qu

an
ti

ta
ti

ve
ag

ro
m

or
ph

ol
og

ic
al

tr
ai

ts
of

15
G

re
ek

w
he

at
ac

ce
ss

io
ns

.
Fo

r
ea

ch
tr

ai
t,

di
ff

er
en

t
le

tt
er

s
fo

llo
w

in
g

th
e

m
ea

ns
in

di
ca

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

at
a

95
%

le
ve

l
am

on
g

ac
ce

ss
io

ns
,

us
in

g
Tu

ke
y’

s
ho

ne
st

ly
si

gn
ifi

ca
nt

di
ff

er
en

ce
(H

SD
)

m
et

ho
d.

W
1

an
d

W
2,

T.
ae

st
iv

um
,

cu
lt

iv
ar

;
W

3
an

d
W

4
T.

du
ru

m
,

cu
lt

iv
ar

;
W

5,
W

6,
W

8,
W

11
an

d
W

15
,T

.a
es

ti
vu

m
,l

an
dr

ac
e;

W
7

an
d

W
13

,T
.d

ur
um

,u
nk

no
w

n
st

at
us

;W
9,

T.
po

lo
ni

cu
m

,l
an

dr
ac

e;
W

10
,T

.d
ic

oc
cu

m
Sc

hr
an

k,
la

nd
ra

ce
;W

12
an

d
W

14
,T

.d
ur

um
,l

an
dr

ac
e.

A
cc

es
si

on
co

de
an

d
n

am
e

Ti
m

e
of

ea
r

em
er

ge
n

ce
(d

ay
s)

Pl
an

t
w

ei
gt

h
(g

/p
la

n
t)

To
ta

ln
o.

of
ti

ll
er

s
Ea

r
le

n
gt

h
ex

cl
u

di
n

g
aw

n
s

(c
m

)

Ea
r

le
n

gt
h

in
cl

u
di

n
g

aw
n

s
(c

m
)

N
o.

of
sp

ik
el

et
s

in
th

e
fi

rs
t

ti
ll

er
St

em
le

n
gt

h
(c

m
)

Pl
an

t
le

n
gt

h
(c

m
)

W
1,

Ye
ko

ra
10

7.
00

a
17

.5
5a

7.
05

a
b
c
d
e

10
.2

4c
d
e

15
.5

3a
b
c

17
.5

6a
b
c
d

68
.3

5a
83

.8
8a

W
2,

El
is

av
et

11
5.

67
b
c
d

21
.1

1a
5.

91
a
b
c

11
.1

8d
e

14
.9

4 a
b

20
.1

8d
e

73
.6

2a
88

.5
6a

W
3,

El
pi

da
10

7.
00

a
25

.3
3a

b
6.

96
a
b
c
d
e

7.
33

a
b

17
.3

5 a
b
c

14
.9

0a
88

.6
8b

10
6.

03
a
b
c

W
4,

M
ex

ic
al

i
10

8.
00

a
25

.0
2a

b
6.

49
a
b
c
d

7.
14

a
b

17
.9

7a
b
c

15
.5

3a
b

85
.9

0b
10

3.
87

a
b
c

W
5,

Zo
ul

it
sa

13
8.

00
h

35
.7

0a
b
c
d

8.
64

c
d
e

10
.9

7c
d
e

18
.5

4a
b
c

15
.5

7a
b
c

12
2.

06
e
f

14
0.

60
d
e
f
g

W
6,

N
to

pi
o

12
1.

50
e
f

47
.1

4b
c
d

8.
28

b
c
d
e

12
.2

7e
20

.1
6a

b
c

17
.8

8a
b
c
d

13
7.

17
15

8.
25

f
g

W
7,

M
av

ra
ga

ni
Sk

yr
os

11
0.

00
a
b

24
.4

2a
b

5.
18

a
b

6.
53

a
18

.0
4a

b
c

15
.8

0a
b
c

75
.1

4a
93

.1
8a

b

W
8,

G
ri

lo
s

12
1.

33
d
e
f

39
.1

7a
b
c
d

10
.3

8e
11

.4
4d

e
18

.0
1a

b
c

16
.5

7a
b
c

11
0.

41
c
d

12
7.

26
c
d
e

W
9,

Le
ve

nt
is

12
8.

67
g

58
.3

0d
e

7.
11

a
b
c
d
e

10
.6

9c
d
e

23
.8

1c
d

19
.2

6c
d
e

13
0.

12
f
g

15
3.

97
e
f
g

W
10

,K
op

ai
da

13
5.

00
h

31
.2

2a
b
c

10
.2

8e
7.

57
a
b

18
.2

0a
b
c

19
.0

0b
c
d
e

10
1.

62
c

11
8.

00
b
c
d

W
11

,A
sp

ro
si

ti
K

al
av

ri
ta

12
3.

33
f
g

28
.9

7a
b
c

7.
01

a
b
c
d
e

12
.1

1e
12

.6
7a

16
.3

1a
b
c

11
8.

17
d
e

12
5.

15
c
d
e

W
12

,A
sp

ro
si

ti
Ko

za
ni

11
7.

50
c
d
e

73
.0

1e
9.

74
d
e

9.
40

b
c
d

22
.1

6b
c
d

21
.8

1e
11

8.
33

d
e

14
4.

36
c
d
e
f

W
13

,M
av

ra
ga

ni
Le

m
no

s
11

2.
67

a
b
c

20
.4

2a
4.

18
a

6.
52

a
18

.3
6a

b
c

15
.9

7a
b
c

71
.1

2a
87

.0
7a

W
14

,A
sp

ra
th

er
i

12
3.

67
f
g

50
.8

2c
d
e

8.
73

c
d
e

8.
41

a
b
c

21
.7

7b
c
d

20
.2

2d
e

13
7.

27
g

15
9.

04
g

W
15

,K
ok

ki
no

si
ta

ro
12

3.
33

f
g

32
.6

8a
b
c

8.
06

b
c
d
e

11
.5

8d
e

29
.1

7d
17

.6
5a

b
c
d

12
3.

11
e
f

15
2.

28
e
f
g



44 Protonotariou et al Genetic Resources (2023), 4 (8), 37–54

Ta
bl

e
3.

C
or

re
la

ti
on

co
ef

fic
ie

nt
s

be
tw

ee
n

qu
an

ti
ta

ti
ve

ag
ro

m
or

ph
ol

og
ic

al
tr

ai
ts

of
th

e
st

ud
ie

d
w

he
at

ac
ce

ss
io

ns
.T

he
P-

va
lu

es
ar

e
in

br
ac

ke
ts

.V
al

ue
s

in
bo

ld
de

no
te

si
gn

ifi
ca

nc
e

le
ve

la
t

P
<

0.
05

.

Ti
m

e
of

ea
r

em
er

ge
n

ce
(d

ay
s)

Pl
an

t
w

ei
gh

t
(g

)
To

ta
ln

o.
of

ti
ll

er
s

N
o.

of
sp

ik
el

et
s

(fi
rs

t
ti

ll
er

)
Pl

an
t

le
n

gt
h

(c
m

)
St

em
le

n
gt

h
(b

as
e

to
ea

r
ba

se
)

(c
m

)

Ea
r

le
n

gt
h

ex
cl

u
di

n
g

aw
n

s
(c

m
)

Pl
an

t
w

ei
gh

t
(g

)
0.

40
4

(0
.1

35
)

To
ta

ln
o.

of
ti

lle
rs

0.
58

4
(0

.0
22

)
0.

57
0

(0
.0

26
)

N
o.

of
sp

ik
el

et
s

(fi
rs

t
ti

lle
r)

0.
25

6
(0

.3
58

)
0.

64
4

(0
.0

10
)

0.
39

2
(0

.1
48

)

Pl
an

t
le

ng
th

(c
m

)
0.

67
4

(0
.0

06
)

0.
79

6
(0

.0
00

)
0.

60
8

(0
.0

16
)

0.
37

5
(0

.1
68

)

St
em

le
ng

th
(b

as
e

to
ea

r
ba

se
)

(c
m

)
0.

71
0

(0
.0

03
)

0.
75

9
(0

.0
01

)
0.

61
1

(0
.0

16
)

0.
33

0
(0

.2
30

)
0.

98
8

(0
.0

00
)

Ea
r

le
ng

th
ex

cl
ud

in
g

aw
ns

(c
m

)
0.

40
9

(0
.1

31
)

0.
24

2
(0

.3
85

)
0.

34
4

(0
.2

09
)

0.
20

7
(0

.4
59

)
0.

45
6

(0
.0

88
)

0.
49

9
(0

.0
58

)

Ea
r

le
ng

th
in

cl
ud

in
g

aw
ns

(c
m

)
0.

26
7

(0
.3

37
)

0.
52

6
(

0.
04

4)
0.

26
7

(0
.3

37
)

0.
32

5
(0

.2
38

)
0.

64
3

(0
.0

10
)

0.
52

3
(0

.0
45

)
0.

04
2

(0
.8

83
)



Genetic Resources (2023), 4 (8), 37–54 Evaluation of Greek wheat landraces for bread and
pasta making

45

0.529, respectively P < 0.05) (Supplemental Table 3). A
higher number of tillers leads to an increased inclination
of the plant.

Cluster analysis based on the quantitative agromor-
phological traits grouped all cultivars with two Mavra-
gani accessions of unknown status (W7 and W13) in
cluster 1, while all landraces were included in a distinct
cluster (cluster 2) (Figure 4). The similarity of Mavra-
gani durum wheat accessions from Skyros and Lem-
nos, with wheat cultivars indicates that these accessions
could be old cultivars grown and reproduced for years by
farmers, who considered them of local origin (Thomas
et al, 2013). Overall, the quantitative agromorphological
traits based on UPOV descriptors were sufficient to sep-
arate wheat accessions by their breeding status, namely
landraces or cultivars.

Physical properties of seeds

TKW is of great interest (Javaid et al, 2005) as it is an
important index for the prediction of flour extraction
rate (Posner, 2009). Higher values of TKW indicate
a higher percentage of endosperm leading to higher
flour yield (Wiersma et al, 2001). TKW values of the
studied accessions are presented in Figure 5. TKW of
W9 (T. polonicum) was significantly higher (80.45g)
than all other accessions. W10 (T. dicoccum) presented
the lowest value of TKW (26.92g), consistent with
previous research, where the TKW of 38 emmer wheat
accessions, collected in several European countries,
ranged from 22.9g to 42.6g (Mondini et al, 2013). T.
dicoccum presented significantly lower values of TKW
compared to T. durum, 32.02–36.12g and 45.17–46.31g,
respectively (Shoormij et al, 2022). TKW in the rest of
the accessions, either cultivars or landraces, ranged from
34.08g (Elisavet - T. aestivum, cultivar, W2) to 67.16g
(Mavragani Lemnos - T. durum, unknown status, W13)
and were in accordance with Travlos et al (2012) who
studied five Greek bread wheat landraces (30–50.7g).
Specifically, in the present study, W5 (Zoulitsa) had an
average TKW of 43.66g, while in Travlos et al (2012),
TKW in Zoulitsa ranged from 36g to 44g, indicating that
climatic conditions can affect TKW but also the origin
of the genetic material (Papadakis, 1929). Moreover, it
is worth noting that in the present study, T. aestivum
in most cases presented significantly lower values of
TKW compared to T. durum accessions. Landraces
had similar or higher values of TKW compared to
cultivars of the same species, indicating that landraces
could give high flour yield. However, results from
previous research are contrasting as no significant
difference between landraces’ and cultivars’ TKW was
reported for Turkish (Cetiner et al, 2020) and Sicilian
wheats (Ruisi et al, 2021). On the contrary, Spanish
bread wheat landraces showed higher TKW compared to
a reference set (López-Fernández et al, 2021). In another
research, similar TKW values for T. aestivum landraces
and cultivars were detected, while T. durum cultivars,
compared to landraces, had significantly higher TKW
values (Frankin et al, 2021).

Due to their high heritability grain perimeter, area
and volume are important indirect indices for grain
yield improvement (Abdipour et al, 2016). Seed volume
ranged from 48ml to 113ml (Elisavet - T. aestivum,
cultivar, W2 and Leventis - T. polonicum, landrace, W9,
respectively) (Table 4). It is worth noting that W9 (T.
polonicum) had significantly the highest values of TKW,
volume and seed firmness (SF). Although Papadakis
(1929) mentioned that T. polonicum did not provide any
agronomic value, our findings show that this species has
bread-making value.

There are many methods to determine the required
force to evaluate grain mechanical properties. In the
present study, a rapid measurement of the mechanical
properties of a single grain was used, which provided
valuable results (Shewry and Hey, 2016). SF ranged
from 62.96N to 194.85N (W10, Kopaida - T. dicoccum,
landrace and W9, T. polonicum, landrace, respectively)
and was correlated positively with seed weight and
volume (0.840 and 0.791, P < 0.05, respectively)
(Table 5). High values of weight and hardness indicate
healthy seeds. Seed texture determines, to a great
extent, milling properties and end uses. Softer seeds
require more energy to mill and produce finer flours
suitable for biscuit production, while flour from harder
seeds is more appropriate for bread making (Liu, 2008).
As W10 (Kopaida - T. dicoccum, landrace) had the lowest
SF values, it could be suitable for cake and biscuit
production. A recent research concluded that in general
old cultivars of T. aestivum were softer than modern
cultivars (Cetiner et al, 2020). In the present research,
this statement was not fully confirmed, as there was no
clear trend. However, it should be mentioned that fewer
old and modern varieties were used in the present work
compared to the earlier study.

Bulk density could be used as a criterion for yield
improvement, as it was correlated positively with grain
yield (Karimizadeh et al, 2012). In the present study,
density did not differ significantly between accessions
except for W10 (Kopaida - T. dicoccum, landrace), having
the lowest value (0.55g/ml).

Seed flowability for all accessions was very good
as indicated by Carr indices (CI) with values lower
than 15% (Carr, 1965). W11 (Asprositi Kalavrita - T.
aestivum, landrace) had the lowest CI value, 1.79%, and
W13 (Mavragani Lemnos - T. durum, unknown status)
had the highest value, 6.53%.

In general, colour parameters did not differ signifi-
cantly among accessions and were not correlated with
the other physical properties (Table 5). The exceptions
were the green/red hue (a*), which correlated nega-
tively with volume (-0.516, P < 0.05), indicating that
seeds were redder as their volume increased, and light-
ness (L*), blue/yellow hue (b*) and white index (WI),
which were correlated positively with density (0.649,
0.719 and 0.565, P < 0.05, respectively). Increased den-
sity led to increased lightness, yellowness and whiteness
of the seeds. W10 (Kopaida - T. dicoccum, landrace) was
the only accession with a significantly lower value of b*
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Figure 4. Cluster analysis of 15 Greek wheat accessions based on their agromorphological traits. Different colours indicate different
Triticum species: aestivum (orange); durum (blue); polonicum (green); dicoccum (black).

Figure 5. Thousand kernel weight (TKW) of wheat accessions. Different colours indicate different Triticum species: aestivum
(orange); durum (blue); polonicum (green); dicoccum (black). Error bars represent standard deviation. Different small letters state
significantly different values of TKW (P < 0.05). W1, Yekora - T. aestivum, cultivar; W2, Elisavet - T. aestivum, cultivar; W3, Elpida
- T. durum, cultivar; W4, Mexicali 81- T. durum, cultivar; W5, Zoulitsa - T. aestivum, landrace; W6, Ntopio - T. aestivum, landrace;
W7, Mavragani Skyros - T. durum, unknown status; W8, Grilos - T. aestivum, landrace; W9, Leventis - T. polonicum, landrace;
W10, Kopaida - T. dicoccum Schrank, landrace; W11, Asprositi Kalavrita - T. aestivum, landrace; W12, Asprositi Kozani - T. durum,
landrace; W13, Mavragani Lemnos - T. durum, unknown status; W14, Aspratheri - T. durum landrace and W15, Kokkinositaro -
T.aestivum, landrace.

among all other accessions. Colour determines to a great
extent the overall consumer acceptance of food (Man-
dala and Protonotariou, 2021). Wheat kernel colour is
related to different milling and baking attributes of the
final products (Dowell, 1998). Bright yellow or amber
colour of durum wheat results in high-quality pasta
products (Cole et al, 1991), thus sample W10 (Kopaida
- T. dicoccum, landrace) probably is the least suitable for
pasta making among the studied accessions. Probably,
W9 (Leventis - T. polonicum, landrace) and W13 (Mavra-

gani Lemnos - T. durum, unknown status) could be the
most suitable for pasta making considering their high
values of b*, TKW and seed volume. However, further
investigation is needed. Mechanical properties and sen-
sory evaluation of produced pasta could verify our claim.

The determination of kernel morphology is of great
importance for bread making, as kernel shape and uni-
formity may influence the milling quality (Campbell
et al, 1999). Image analysis could play a key role in
distinguishing different wheat varieties by defining the
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Table 5. Correlation coefficients between seed physical properties of all the studied wheat accessions. The P-values are in brackets.
a*, hue on a green (−) to red (+) axis; b*, hue on a blue (−) to yellow (+) axis; CI, Carr Index; SF, Seed Firmness; L*, lightness;
TKW, Thousand Kernel Weight; and WI, White Index. Values in bold denote significance level at P < 0.05.

SF Volume Volume
tap

Bulk
density

Tap
density

TKW CI L* a* b*

Volume 0.791
(0.000)

Volume
tap

0.806
(0.000)

0.998
(0.000)

Bulk
density

0.462
(0.083)

0.283
(0.308)

0.311
(0.259)

Tap
density

0.500
(0.058)

0.401
(0.138)

0.418
(0.121)

0.969
(0.000)

TKW 0.840
(0.000)

0.978
(0.000)

0.982
(0.000)

0.473
(0.075)

0.574
(0.025)

CI 0.223
(0.425)

0.546
(0.035)

0.496
(0.060)

-0.271
(0.328)

-0.053
(0.851)

0.446
(0.096)

L* 0.170
(0.545)

0.214
(0.444)

0.233
(0.403)

0.649
(0.009)

0.651
(0.009)

0.337
(0.220)

-0.215
(0.442)

a* -0.317
(0.249)

-0.516
(0.049)

-0.524
(0.045)

0.100
(0.724)

0.076
(0.787)

-0.456
(0.088)

-0.174
(0.535)

-0.352
(0.198)

b* 0.197
(0.481)

0.192
(0.492)

0.207
(0.460)

0.719
(0.003)

0.731
(0.002)

0.326
(0.236)

-0.166
(0.554)

0.840
(0.000)

0.014
(0.962)

WI 0.160
(0.569)

0.240
(0.389)

0.260
(0.349)

0.565
(0.028)

0.565
(0.028)

0.343
(0.210)

-0.202
(0.472)

0.974
(0.000)

-0.501
(0.057)

0.701
(0.004)

product traceability for wheat landraces (Khoshroo et al,
2014; Grillo et al, 2017). In the present research, mean
seed diameter ranged between 4.17mm (W2, Elisavet
- T. aestivum, cultivar) and 5.66mm (W9, Leventis - T.
polonicum, landrace). Particle size distribution curves
differed between accessions, indicating that some lan-
draces had a more uneven seed population than cul-
tivars (Figure 6). Curve of W12 (Asprositi Kozani - T.
durum, landrace) presented an almost bimodal distribu-
tion, indicating the presence of two distinguished pop-
ulations of seeds, with different sizes, which could be
explained by the fact that sometimes landraces consisted
of two or more populations with different morphological
characteristics (Papadakis, 1929). This could be linked
with seed heteromorphism, characteristic of wild popu-
lations. A similar curve was presented by W13 (Mavra-
gani Lemnos - T. durum, unknown status), where the
bimodal distribution was less evident, but also presented
a shoulder on the left (Figure 6). In contrast, W3 (Elpida
- T. durum, cultivar) presented the narrowest unimodal
distribution curve, with the peak around 5.5mm. All the
other accessions presented frequency curves similar to
W2 (Elisavet - T. aestivum, cultivar) or W9 (Leventis -
T. polonicum, landrace). The main characteristic of these
curves is that distribution is broad, due to the uneven
seed populations. W10 (Kopaida - T. dicoccum, landrace)
presented a similar curve to W2 (Elisavet - T. aestivum,
cultivar), despite the fact that they belonged to different
species.

Bread wheat cultivars (W1, Yekora - T. aestivum
and W2, Elisavet - T. aestivum) had significantly
more roundness and shorter seeds compared to pasta

wheat cultivars (W3, Elpida - T. durum, and W4,
Mexicali 81 - T. durum), as referred to in the
literature (Campbell et al, 1999). Perimeter was
significantly lower for W2, Elisavet - T. aestivum, cultivar
(15.71mm) and significantly higher for W9, Leventis
- T. polonicum, landrace (23.62mm), compared to all
other accessions (Supplemental Table 4). Similar results
were observed for seed length, with W9 having the
longest seeds (9.3mm) and W2 the shortest (5.96mm).
T. polonicum (represented by W9) had characteristically
long seed (Percival, 1921). Regarding the width of the
seeds, the differences were not significant in all the
cases and the values ranged from 2.72mm to 3.94mm
(W10 and W13, respectively). Grain width could be
used as a predictive index for mean grain weight
determination (Haghshenas et al, 2022). However, in
the present study, the most valuable parameter was the
mean diameter.

The average grain area was 18.54mm2 (from
13.85mm2 to 26.08mm2, for W2, Elisavet - T. aestivum,
cultivar and W9, Leventis - T. polonicum, respectively),
in accordance with other studies (Gegas et al, 2010;
Okamoto et al, 2013; Abdipour et al, 2016). Only Kondić
et al (2020) recorded significantly higher values of seed
area, 53.5mm2and 40.17mm2 in two experimental years
in Bosnia and Herzegovina for seeds of T. aestivum.

Correlations among all parameters

In the present study, TKW was significantly positively
correlated with area of seed, mean diameter, SF,
perimeter, length, width and volume of the seeds (0.871,
0.887, 0840, 0.786, 0.677, 0.829, and 0.975, P <



Genetic Resources (2023), 4 (8), 37–54 Evaluation of Greek wheat landraces for bread and
pasta making

49

Figure 6. Indicative particle size distribution curves by frequency based on mean diameters of different wheat seeds (W2 -T.
aestivum, Elisavet; W3 - T. durum, Elpida; W9 - T. polonicum; W10 - T. dicoccum; W12 - T. durum, Asprositi Kozani and W13 - T.
durum, Mavragani Lemnos).

0.05, respectively, Supplemental Table 5). There is
previous research which also associated kernel weight
with its width and length (Campbell et al, 1999;
Kondić et al, 2020), but some of them could not
associate these parameters when they studied only
bread wheats (Schuler et al, 1995). Moreover, Javaid
et al (2005) found that TKW was positively correlated
with plant height in Pakistani bread wheat landraces,
and Moghaddam et al (1997) found a significant
correlation between TKW and number of tillers in Irani
bread wheat landraces, which was not observed in the
present study, suggesting possibly different patterns.

There are several studies evaluating wheat kernels
by compression tests (Ponce-Garćıa et al, 2016).
However, there is a research gap on the correlation
between wheat seed mechanical properties with plant-
agromorphological and seed-morphological traits. In the
present study, SF was significantly correlated with plant
weight, and seed area, mean diameter, perimeter, length,
width, volume and TKW (0.626, 0.711, 0.709, 0.688,
0.615, 0.570, and 0.840, P < 0.05, respectively). Thus,
SF could be used as an additional tool to predict all
the above parameters. Fitting a simple linear regression
model to describe the relationship between SF and TKW
explained 70.58% of firmness variability (P < 0.05)
(Supplemental Figure 2).

Grouping of accessions

Cluster analysis, using all quantitative data, allowed us
to group the wheat accessions in accordance with their
species and breeding status (Figure 7). W9 (Leventis - T.
polonicum, landrace) and W10 (Kopaida - T. dicoccum,

landrace) created a distinct clade each, as anticipated,
considering that they were different species. The control
cultivars of T. durum species (W3 and W4) created a
distinct cluster, along with the T. durum accessions of
unknown breeding status W7 and W13 (Mavragani -
T. durum, unknown status from Skyros and Lemnos,
respectively). Interestingly, except for W11 (Asprositi
Kalavrita) all landraces, whether T. aestivum or T.
durum, formed a separate cluster, related to the T.
aestivum cultivars.

It is worth noting that with the addition of physi-
cal properties in the cluster analysis, the grouping of
Triticum spp. accessions changed compared to Figure 4,
where only observations according to agromorphologi-
cal traits were used. The cluster of landraces was closer
to T. aestivum cultivars, indicating that landraces –
regardless of the species they belonged to – could be
more suitable for bread making, considering their phys-
ical properties, but also the main preference and use
(mainly for bread) by farmers in Greece (Douma et al,
2016).

Conclusion

The agromorphological traits recorded in this study
proved to be sufficient to highlight the differences
between wheat species, landraces and cultivars, group-
ing them into two different clusters. TKW did not dif-
fer significantly between landraces and cultivars, indi-
cating that landraces could also give a high flour yield.
Increased values of TKW and seed volume indicated
higher values of seed firmness. Cluster analysis of all
data separated the wheat accessions into groups accord-
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Figure 7. Cluster analysis of 15 Greek accessions based on all quantitative variables (nearest-neighbour method, square Euclidean
distance). Different colours indicate different Triticum species: aestivum (orange); durum (blue); polonicum (green); dicoccum
(black).

ing to their attributes, indicating that Greek wheat lan-
draces, either T. durum or T. aestivum could be probably
used for bread making. Regarding the W10 (T. dicoccum,
landrace) and W9 (T. polonicum, landrace) wheat acces-
sions, their incorporation in both bread and pasta mak-
ing would be of great interest, as they presented distinct
characteristics. The evaluation of both agromorphologi-
cal and physical properties of wheat seeds provided valu-
able information that could be used to distinguish wheat
varieties for pasta and bread making based on quality
characteristics.
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Analysis-Shape factor measurements of 15 Greek wheat
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between quantitative parameters.
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A., Torres-Chávez, P. I., and Figueroa-Cárdenas, J. D.
(2016). Mechanical Properties in Wheat (Triticum
aestivum) Kernels Evaluated by Compression Tests: A
Review. Viscoelastic and Viscoplastic Materials. doi:
https://doi.org/10.5772/64171

Posner, E. S. (2009). Wheat Flour Milling. In Wheat:
Chemistry and Technology, ed. Khan, K. 119-152. 4th
edition.
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Introduction

Molecular breeding techniques have been used for
nearly four decades to enhance and speed breeding
efforts for major staple food crops like tomato, maize
and barley (Tanksley, 1983; Helentjaris et al, 1985;
Feurerstein et al, 1990; Hasan et al, 2021). Over
time, these techniques have been augmented with
high-quality phenotypic data to perform genome-wide
association studies (GWAS) and genomic selection and
prediction, further fueling breeding for quantitative
or complex traits (Eathington et al, 2007; Lorenzana
and Bernardo, 2009; Heffner et al, 2009). While
these achievements are significant, many crop species
grown for human consumption and livestock feed are

∗Corresponding author: Moira J Sheehan
(moirasheehan@cornell.edu)

still unable to apply these techniques in breeding
efforts. Many breeders would like to adopt molecular
breeding tools and techniques, but sometimes doing
so is hampered by large barriers-to-entry challenges.
The range of barriers and how surmountable they
are, varies from species to species and is impacted by
species-specific challenges in logistics, technical know-
how, biology and the growing environment.

Alfalfa (Medicago sativa L.) is the most widely grown
perennial forage crop worldwide (Undersander, 2021).
In the United States, it was the fourth most cultivated
crop in 2021 with an estimated direct value of US$11.6
billion (Putnam and Meccage, 2022) and ranked first
among forage crops planting area with a total of 14.9
million acres in 2022 (https://www.nass.usda.gov/).
Alfalfa is a key nutritional component for dairy and
beef production because it contains a high amount
of crude protein, provides dietary fibre needed to
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maintain rumen health, and is an excellent source of
vitamins and minerals. In addition, it is unparalleled as
a component of sustainable agricultural systems because
of its ability to fix nitrogen, protect water quality,
interrupt pest and pathogen cycles in annual crops, and
improve soil carbon storage (Fernandez et al, 2019).
Alfalfa is adapted to different growth environments
and depending on location and management, is highly
persistent.

As a highly heterozygous outcrossing autotetraploid
species, alfalfa features a predominant pattern of
random chromosome pairing during meiosis. The
four sets of chromosomes add a layer of complexity
to genotyping endeavours. Traditional SNP marker
systems, primarily designed for diploid species, often
fall short when applied to alfalfa due to their
inability to identify allelic dosages accurately. Thus,
the intricacies of alfalfa’s genetic structure call for
more sophisticated SNP genotyping systems capable
of addressing the unique challenges posed by its
autotetraploid nature. The investment cost and reliance
upon skilled bioinformatics support for each genotyping
run, make this a high-risk technology for breeders to
adopt.

Currently, most alfalfa cultivars are synthetic popula-
tions developed by multiple cycles of phenotypic selec-
tion for desired traits. Evaluation for biomass yield,
winter survival, grow back, disease resistance and for-
age nutritional quality among other traits is a multi-
year process before cultivar registration and commer-
cial seed production. Breeding programmes have oper-
ated with half-sib populations originating from poly-
crosses, where only the maternal parent is known, and
the paternal parent can range from a few individu-
als up to hundreds. Unfortunately, breeding for yield
gains in alfalfa using traditional phenotypic evalua-
tion and recurrent selection methods has hit a plateau
partly due to its highly heterozygous and heterogeneous
population-level breeding. Community genomic tools
like those in the ‘Tools for Polyploids’ project (https://
www.polyploids.org/) or developed in other polyploid
outcrossing crops have shown promise in accelerating
breeding and yield gains (Ferrão et al, 2021). The cre-
ation of genomic tools that account for the biological and
logistic challenges of the crop, has the potential to signif-
icantly improve yield gains in alfalfa through breeding.

The first and typically most tractable place to build
capacity and tools for molecular breeding is to begin
by creating a rapid genotyping pipeline that fits within
both the breeding cycle and the selection cycle and
can deliver on the breeder’s objectives (Hawkins and
Yu, 2018; Mejia-Guerra et al, 2021). As stated here,
a pipeline refers to a complete workflow starting with
a genetic marker platform, vendors for service and
bioinformatic tools to transform returned raw data into
a usable format for breeders. There are several fac-
tors to consider when choosing a genetic marker plat-
form: cost per data point, vendor services, turnaround
times and what genetic analyses can be done with

the resulting data. For alfalfa, we determined that a
targeted-amplicon sequenced-based approach would be
the most beneficial for breeders. Unlike Genotyping-by-
Sequencing (GBS), targeted, amplicon-based genotyp-
ing technologies such as DArTag (Diversity Array Tech-
nology - DArT), and Capture-Seq (LGC Genomics) have
low missing data rates and query the same exact loci
in all samples across genotyping projects, allowing new
data to be easily appended to existing data (Telfer et al,
2019; Darrier et al, 2019; Wang et al, 2020). The amount
of data returned is in the tens of thousands or less, rather
than the millions of reads from GBS, simplifying down-
stream bioinformatics processing (Darrier et al, 2019;
Milner et al, 2019). This in turn speeds up the analysis
time for marker-assisted selection (MAS), introgression
tracking, linkage mapping and genomic prediction (Dar-
rier et al, 2019).

Here, we report the creation of a DArTag panel of
3,000 loci distributed across the alfalfa genome for
use in molecular breeding and genomic prediction.
DArTag is a hybridization/amplicon-based targeted
genotyping platform developed by DArT (Blyton et al
(2023); https://www.diversityarrays.com/services/targ
eted-genotying/). Oligos are custom designed to target
known genetic variants (SNPs and InDels less than
50bp) with its flanking genomic regions, and sequencing
products of 54bp (legacy technology) or 81bp (current
technology) in length are produced.

The DArTag assay consists of four steps based on
principles described in Krishnakumar et al (2008).
Briefly, the pool of 3,000 alfalfa oligos, each targeting
one genetic variant, is hybridized to denatured gDNA
in step 1, followed by SNP/INDEL copying into DArTag
molecules by DNA polymerase in step 2. After ligation
into circular molecule also in step 2, and nucleases
treatment to remove unwanted molecules in step 3,
DArTag products are subsequently amplified in step 4
with simultaneous addition of sample unique barcode
used downstream for demultiplexing. The products
of DArTag assay, after purification and quantification,
are sequenced on NGS platforms (e.g. NovaSeq 6000,
Illumina) to a depth of around 350x per marker
per sample, then demultiplexed and genetic variants
detected using DArT’s proprietary analytical pipeline.

The alfalfa DArTag panel was designed on the legacy
technology to produce 54bp reads but works equally
well with the current technology (81bp reads) with
the caveat that some residual adapter sequences may
be included (read-through of the entire fragment into
the adapter). After trimming of any residual adapter
sequences, the reads can be used to call SNPs, or in the
case of complex genomes like alfalfa, used to identify
microhaplotypes (Figure 1). Sequencing reads can
contain variants beyond the target SNP, which allows
for the detection of more than two alleles at each of
the 3,000 loci. As the amplicons are very short, variants
found within these reads are assumed to be in complete
linkage disequilibrium and therefore can be used for
phasing genotyping calls for genetic map construction.

https://www.diversityarrays.com/services/targeted-genotying/
https://www.polyploids.org/


Genetic Resources (2023), 4 (8), 55–63 A fast and robust genotyping platform for alfalfa breeding 57

Figure 1. DArTag sequencing reads from locus Chr1.1 000194324. Each sequence is a microhaplotype detected in breeding material
tested on the panel. The DArTag assay was designed to detect the target locus (black rectangle) and distinguish the Reference allele
from the Alternative allele. Additional variant nucleotide positions (yellow fill) distinguish the individual microhaplotypes. InDels
are shown in grey fill. PhysPos refers to the physical nucleotide position within the sequencing read from left to right.

In addition, accurate allele dosage can be determined 
for both bi-allelic and multi-allelic haplotypes, allowing 
genetic effect contributions to be determined for each 
unique haplotype for traits of interest. As DArT had 
not tested many polyploid species with DArTag when 
this study was initiated, we agreed to limit the number 
of probes to 3,000 loci, though the optimal max may 
differ by species and genome complexity, and read depth 
required to sufficiently c all g enotypes ( Andrzej Kilian, 
DArT, personal communication).

Results

This alfalfa 3K DArTag panel was developed from a
diversity panel of 40 individual alfalfa clonal geno-
types, focusing on elite breeding and stress-resistant
genotypes used in North America. This panel consisted
of 17 elite parents with various fall dormancy lev-
els, six samples of diploid-cultivated alfalfa, 13 geno-
types with abiotic stress resistance, one genotype with
Aphanomyces root rot disease resistance, and three
other genotypes (Table 1, column 2). Two biological
replicates of the diversity panel were processed, where
the sequencing libraries were prepared using either Illu-
mina Nextera WGS library prep at Cornell Institute of
Biotechnology or NEBNext Ultra DNA Library Prep Kit
with an average insert DNA size of 300bp. The whole-
genome sequencing (WGS) was done using Illumina
NovaSeq 6000 at Novogene (https://en.novogene.com/).
Raw FASTQ sequences were processed by remov-ing
residual adapter sequences and low-quality bases
using Trimmomatic (LEADING:10 TRAILING:10 SLID-
INGWINDOW:4:15 MINLEN:30) (Bolger et al, 2014).
Cleaned reads were then aligned to the haploid set
(the first set out of the four homologous chromosomes)
of XinJiangDaYe reference genome (Chen et al, 2020)
using BWA-MEM (Li, 2012, 2013) and structural vari-
ants (SNPs and indels) were called using the DNAseq
pipeline developed by Sention (https://www.sentieon.
com). A total of 28M SNPs present in both replicates were
discovered from the whole-genome re-sequencing of the
diversity panel, where a high-confidence set of 10K SNPs
(Figure 2) were obtained by requiring them: (1) not
located within 5bp distance to an indel, (2) QUAL > 30,

(3) minimum and maximum read depths of 20 and
1,900, respectively, (4) for each sample, at least one read
supporting reference allele and two reads supporting
the alternative allele, (5) no missing genotype per SNP
position, (6) with a minor allele frequency greater than
0.25, (7) not located in transposable elements and (8)
not within 1Kb of chromosome termini. The 10K SNPs
were assessed by DArT, and from those that passed QC,
a 3K SNP set targeting even genomic distribution was
selected to form a 3K DArTag marker panel. Of the 3,000
loci selected for the panel, 85% (2,542) reside in genic
regions and only 15% (458) reside in non-genic regions
(Supplemental Table 1). Oligo probes were synthesized,
and genotyping done at DArT.

The alfalfa 3K DarTag marker panel was validated
using a bi-parental F1 population (n = 184), a backcross
(BC1) population (n = 94), and a diverse set of elite
genotypes (n = 74) and individual plants from other
Medicago species (n = 20) (Table 1, column 3). It
should be noted that all 40 alfalfa lines used in the SNP
discovery were also included in this validation sample
set. The material selected for validation was to assess (1)
the panel’s ability to construct genetic (linkage) maps
with the data output and (2) to define the usable limit
to the panel with extant species (non-Medicago sativa)
germplasm.

As expected, the missing data (a marker with < 10
reads in a population) is the lowest among the Medicago
sativa genotypes. The alfalfa lines used in SNP discovery
showed the least missing data (an average of ~9% of the
3K markers with no data) and the rest M. sativa lines
of the validation sample set had comparable missing
rates (10%) (Supplemental Figure 2). Other Medicago
species had an average of 51% markers with missing
data, which is approximately five times higher than the
M. sativa genotypes.

https://www.sentieon.com
https://en.novogene.com/
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Table 1. Accessions used in the construction and testing of the alfalfa (Medicago sativa L.) 3K DArTag panel. Germplasm used for
whole genome sequencing and SNP database construction are indicated by ‘Y’ in the ‘SNP discovery’ column. Germplasm used to
validate the 3K panel is indicated by ‘Y’ in the ‘Validation set’ column.

Sample ID SNP discovery Validation set Contributor Note
S&W FD4 Y Y S&W Seed Co. Elite parent; fall dormancy 4
S&W FD5 Y Y S&W Seed Co. Elite parent; fall dormancy 5
Legacy FD4 Y Y Legacy Seeds Elite parent; fall dormancy 4
Legacy FD5 Y Y Legacy Seeds Elite parent; fall dormancy 5
S&W FD6 Y Y S&W Seed Co. Elite parent; fall dormancy 6
S&W FD7 Y Y S&W Seed Co. Elite parent; fall dormancy 7
S&W FD8 Y Y S&W Seed Co. Elite parent; fall dormancy 8
S&W FD9A Y Y S&W Seed Co. Elite parent; fall dormancy 9
S&W SFD9B Y Y S&W Seed Co. Elite parent; fall dormancy 9
CADL-1 Y Y N. Young Cultivated alfalfa at diploid level
CADL-3 Y Y N. Young Cultivated alfalfa at diploid level
CADL-4-5 Y Y N. Young Cultivated alfalfa at diploid level
CADL-5-3 Y Y N. Young Cultivated alfalfa at diploid level
CADL-13 Y Y N. Young Cultivated alfalfa at diploid level
CADL-18 Y Y N. Young Cultivated alfalfa at diploid level
UMN3988-BIP Y Y D. Samac Biomass type
RegenSY27x Y Y D. Samac Regenerator; Ref. genome
I195 Y Y N. Young WAPH5; Aphanomyces root rot
UT14-46 SP Y Y M. Peel Tetraploid Medicago falcata
UT27-62 Y Y M. Peel Elite parent; Salt tolerant
FL99 Y Y E. Rios Elite parent; Fall dormancy 9
Bulldog 505 Y Y A. Missaoui Elite parent; fall dormancy 5
GAMS 1403-FSH Y Y A. Missaoui Elite parent; fall dormancy 7
GAMS 1404-FSH Y Y A. Missaoui Elite parent; fall dormancy 8
GAMS 1405-FSH Y Y A. Missaoui Elite parent; fall dormancy 9
3010 Y Y A. Missaoui Elite parent; fall dormancy 3
CW1010 Y Y A. Missaoui Elite parent; fall dormancy 10
CUF 101 Y Y D. Samac Fall dormancy 10 check
BIP1 Y Y M. Peel Salt tolerant; 27-62
BIP2 Y Y M. Peel Salt tolerant; 31-6
BIP3 Y Y M. Peel SemiP; 1-34
BIP4 Y Y M. Peel SemiP; 6-2
BIP5 Y Y M. Peel SemiP; 14-46
BIP6 Y Y M. Peel Drought (Ut7); 17-43
BIP7 Y Y M. Peel Drought (Ut8); 17-44
BIP8 Y Y M. Peel Drought (Ut9); 18-22
BIP9 Y Y M. Peel Drought (Ut10); 21-3
BIP10 Y Y M. Peel Drought (Ut11); 22-30
BIP11 Y Y M. Peel Drought (Ut26); 7-18
BIP12 Y Y M. Peel Drought (Ut30); 13-14
Wilson N Y L.-X. Yu Elite parent
WA467895 N Y L.-X. Yu Elite parent
Cornell NY1 N Y D. Viands Elite parent
Cornell NY2 N Y D. Viands Elite parent
Cornell NY3 N Y D. Viands Elite parent
Cornell NY4 N Y D. Viands Elite parent
PAF 13 5, 11-1 N Y H. Riday Medicago falcata

Continued on next page
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Table 1 continued
Sample ID SNP discovery Validation set Contributor Note
PAF 13 2, 9-4 N Y H. Riday Medicago falcata
PAF 13 9, 10-5 N Y H. Riday Medicago falcata
PAF 13 7, 21-2 N Y H. Riday Medicago falcata
FAL12 1, 11-5 N Y H. Riday Medicago falcata
FAL12 4, 12-4 N Y H. Riday Medicago falcata
MAV8 N Y D. Samac Elite parent
Aph 2 N Y D. Samac Elite parent
MAV13 N Y D. Samac Elite parent
MAV14 N Y D. Samac Elite parent
MAV15 N Y D. Samac Elite parent
ZG9 N Y D. Samac Elite parent
ZG20 N Y D. Samac Elite parent
ZG21 N Y D. Samac Elite parent
ZG23 N Y D. Samac Elite parent
ZG25 N Y D. Samac Elite parent
Aph 11 N Y D. Samac Elite parent
Aph 47 N Y D. Samac Elite parent
PI 516640 N Y B. Irish Medicago arabica
PI 504540 N Y B. Irish Medicago arborea
PI 495215 N Y B. Irish Medicago bonarotiana
PI 315458 N Y B. Irish Medicago cancellata
PI 498767 N Y B. Irish Medicago ciliaris
W6 32886 N Y B. Irish Medicago daghestanica
PI 538998 N Y B. Irish Medicago hybrida
PI 498849 N Y B. Irish Medicago laciniata
PI 537186 N Y B. Irish Medicago littoralis
PI 516711 N Y B. Irish Medicago marina
PI 287999 N Y B. Irish Medicago monspelliaca
PI 537259 N Y B. Irish Medicago murex
PI 220021 N Y B. Irish Medicago orbicularis
PI 464704 N Y B. Irish Medicago papillosa
PI 253450 N Y B. Irish Medicago pironae
W6 5252 N Y B. Irish Medicago polymorpha
PI 150564 N Y B. Irish Medicago popovii
PI 577446 N Y B. Irish Medicago prostrata
PI 631912 N Y B. Irish Medicago ruthenica
PI 631715 N Y B. Irish Medicago sativa nothosubsp. tunetana
PI 631714 N Y B. Irish Medicago sativa nothosubsp. tunetana
PI 631952 N Y B. Irish Medicago sativa nothosubsp. varia
PI 631920 N Y B. Irish Medicago sativa nothosubsp. varia
PI 631923 N Y B. Irish Medicago sativa subsp. caerulea
PI 631921 N Y B. Irish Medicago sativa subsp. caerulea
PI 641405 N Y B. Irish Medicago sativa subsp. glomerata
PI 631978 N Y B. Irish Medicago sativa subsp. glomerata
PI 631869 N Y B. Irish Medicago sativa var. viscosa
PI 631870 N Y B. Irish Medicago sativa var. viscosa
PI 197356 N Y B. Irish Medicago scutellata
I195 x J432 N Y D. Samac F1 population (184 progeny)
AphBC1 N Y D. Samac BC1 population (94 progeny)

A fast and robust genotyping platform for alfalfa breeding
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Using the 3K panel genotyping results, we generated
linkage maps for two distinct populations, an F1
and a backcross (BC1) that share the parent I195.
For the F1 population, individuals were derived from
a cross between parents I195 and J432, which are
resistant and susceptible to Aphamomyces euteiches,
respectively. Meanwhile, the BC1 population was
obtained through a cross between I195 and a progeny
(85-209) from the above F1 population. Initially,
we constructed individual genetic maps for the F1
and BC1 populations. Genotype dosages for both
were determined using updog software (Gerard et al,
2018). Subsequently, updog-generated objects were fed
into MAPpoly software (Mollinari and Garcia, 2019;
Mollinari et al, 2020) to build separate genetic maps for
each population. A standard screening was performed
based on missing data and Mendelian segregation
fit. W e c alculated t he r ecombination f raction matrix
between all retained markers, using this information
to cluster markers into linkage groups. According to
available genome information, most of these markers
corresponded with specific c hromosomes. N otably, a
few markers that were mapped outside their physical
position still presented consistent linkage with the
markers in their assigned group. This pattern held
true across both F1 and BC1 populations. For each
linkage group formed, we used MAPpoly’s functions,
mds mappoly and est rf hmm sequential to carry out
de novo ordering and phasing to obtain the final F1
and BC1 maps. From all mapped markers, only 2.55%
were assigned to different chromosomes in the F1
map and 0.97% in the BC1 map. After constructing
individual maps for the F1 and BC1 populations, we
merged them using the genome order (Figure 3A;
Supplemental Figure 1A). The mapped markers were
all consistent placed in the two maps, but a few
markers were assigned to different linkage groups
when comparing the linkage and physical assembly in
both maps. These markers were retained in filtering
because they had reasonable Mendelian segregation
behaviour and their association with linkage groups
that do not correspond to their physical chromosome
assignment could indicate potential errors in the
reference assembly (Figure 3B). Markers mapped out of
their physical positions were inserted into the genome-
based map using the multidimensional scaling (MDS)
de novo information. We then reconstructed a joint
map by employing the hidden Markov model (HMM)
algorithm’s extension, as Mollinari and Garcia (2019)
detailed. The implementation for this algorithm can be
found in the GitHub repository https://github.com/
mmollina/highprecHMM. Finally, haplotypes for all
individuals across both F1 and BC1 populations were
reconstructed using the same algorithm (Supplemental
Figure 1B).

Conclusion

This panel is now publicly available and open for any
researcher or breeder to order through DArT (https:

//www.diversityarrays.com). Researchers interested in
using the panel and genotyping services are encouraged
to contact DArT directly for pricing details.

Raw data in FASTQ can be requested as can the Miss-
ing Allele Discovery File (MADC) that indicates the read
depth of each detected haplotype in each sample. The
panel and its resulting data are suitable for marker-
assisted selection, reconstruction of recombination pat-
terns, allele dosage estimation, and parental confirma-
tion in North American cultivated alfalfa, with some
limited application in other Medicago species. The effi-
cacy of the panel on breeding materials outside of North
America has not been tested, nor has its efficacy in
GWAS. Single plant samples were used to create and
test the panel. Subsequent testing on samples that are
genotyped individually and in tissue or DNA bulks (DNA
bulks up to 30 individuals per population) have pro-
duced the same allele frequency ratios in both sample
types but higher read depth in pools (Esteban Rios, per-
sonal communication). More testing is needed to deter-
mine the most efficient n umber o f samples to pool to
achieve population-level allele frequencies with minimal
human labour and monetary costs.

The DArTag assay can be processed from gDNA or
from tissue to genotyping data extraction in a three-
week turnaround time. The genotyping data report
comprises allele dose calls and raw data with custom
report formats available upon request. One benefit that
DArTag has over fixed array platforms i s the ability to
update and improve the panel as required over time.
The panel is a pool of 3,000 oligos, one per locus,
which is used to generate the sequencing libraries from
the assayed material. Because the pool is created from
individual oligo stocks, the removal of suboptimal loci
or the addition of new loci can be easily done by
creating a new pool. To determine which loci should
be considered for removal, extensive genotyping
(> 10,000 samples) is underway to identify those
loci that consistently underperform or fail and flag
them for removal. Independently, as new significant
QTL markers and/or markers specific to other
germplasm are detected, they can be targeted for
inclusion in the original pool in the next version(s)
of the panel. DArT offers re-pooling services once
per year at low or no cost, but more frequent
requests could result in labour surcharges being
applied (Andrzej Kilian, personal communication).
Researchers interested in initiating projects with
DArT are encouraged to contact DArT directly for
consultation.

Another benefit of the deep testing underway is the
ability to detect and catalogue all the microhaplotypes
into a fixed allele database, which will improve combin-
ing data sets across genotyping projects (manuscript in
preparation). If after deep testing it is clear that there
are too few markers for GWAS for given traits of inter-
est, additional panels can be made to complement this
panel. The other option is to add the required loci to the
existing panel up to the technical limit of 7K, which is

https://github.com/mmollina/highprecHMM
https://www.diversityarrays.com/
https://www.diversityarrays.com/
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Figure 2. Filters and criteria applied to produce the 3K DArTag SNP panel from the whole-genome sequencing (WGS) of the alfalfa
diversity panel. M, millions; K, thousands.

Figure 3. Composite genetic maps of a bi-parental F1 and a backcross (BC1) population. A) Regeneration of the eight linkage
groups of alfalfa genome. Scale bar is shown in cM. B) Scatter plots showing the relationship of genetic distance (cM) to physical
distance (Mbp) for each of the eight linkage groups.

a more cost-effective option for the routine genotyping
service with scalability.

We choose to create a panel of 3,000 loci due to
cost and technical reasons, but smaller complementary
panels can be made at lower up-front and downstream
usage costs. The addition of a complementary 3K panel
would nearly double the cost of genotyping per sample
but would result in more granular genotyping data.

Data availability statement

The FASTQ files from the whole-genome skim sequenc-
ing for the 40 Medicago sativa accessions used for
identifying the candidate SNP variants are housed
in the NCBI Short Read Archive under the BioPro-
ject ID PRJNA1014379. The targeted regions used to
create the 3K DArTag markers and the haplotypes
detected as of 31 May 2023 (v17) are available on
DRYAD (https://datadryad.org/stash/share/wJEn32Dfl
94EOYMoeM00PJti6MKUliPBTAtsgbWJyOU). The code
and data for construction of the F1, BC1 and joint
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maps in MAPpoly are available in our GitHub repos-
itory for those interested in reproducing our analy-
sis (https://github.com/Breeding-Insight/alfalfa dartag
panel paper.git).
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Introduction

Ethiopia is a forefront country in Africa with an
important livestock sector. The great diversity of
agroecological conditions and production systems found
in Ethiopia contributes to the country’s large livestock
population and makes it suitable for various forms
of livestock production. The country is home to 32
recognized cattle breeds with an estimated population
of 65 million heads (DAGRIS, 2007; Dessie, 2012;
CSA, 2020). Although livestock farming in Ethiopia
is subsistence-oriented, the sector provides significant
economic and social contributions at household levels
and to the national economy (Tolera et al, 2012; Desta
et al, 2011). For instance, the livestock sector in the

∗Corresponding author: Melkam Aleme
(melekamaleme@gmail.com)

country serves as a source of food, income, employment
opportunities, draught power and savings. The sector
contributed 20% of the total gross domestic product
(GDP), 40% of agricultural GDP, and 20% of national
foreign exchange earnings (World Bank, 2007).

The occurrence of serious diseases also limits cattle
production through increased mortality rates and their
effects on fertility, growth and production. The major
disease affecting cattle in the area is trypanosomiasis,
locally called ‘Gendi’, which is caused by flagellate
protozoa belonging to the genus Trypanosoma and
transmitted by tsetse fly (Glossina spp). The disease
appears at all times of the year but it reaches its
peak point after the rainy season (May–October). Both
direct and indirect loss is brought on by the disease.
Lack of equipment and transport for the field services,
a weak tsetse and trypanosomiasis control unit, and
a shortage of adequately trained workforce are some
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of the problems associated with cattle health in the
area (DAGRIS, 2007).

The direct loss is primarily caused by disease-related
costs, death, morbidity and infertility in infected cattle.
According to Seyoum et al (2013), trypanosomiasis-
related mortality, morbidity and control expenses
result in a yearly direct loss of US$200 million.
More substantial than the direct loss is the indirect
loss, which includes the lack of use of cattle and
animal power for agricultural production in productive
land in tsetse-infested areas. Food security and the
reduction of poverty are both significantly hampered
by trypanosomiasis (Kitila et al, 2017). Blackleg and
other diseases including babesiosis and pasteurellosis
are also present in the area. There is heavy tick
infestation, especially in the lowland areas of south-
west Ethiopia (Dawit, 1992). The Sheko cattle breed
is known for its trypano-tolerance, which makes it
very suitable for areas affected by the disease but
populations are facing conservation challenges. This
paper aims to review and illustrate the current status
and management practices of Sheko cattle towards
conserving and improving the breed and its production
system.

Location and characteristics of Sheko cattle
breed

Indigenous cattle breeds have a multipurpose function
and are distributed across the country’s diverse topo-
graphic and climatic conditions. Sheko is one of the
taurine-known cattle breeds (humpless) found in the
southwestern part of Ethiopia, particularly in the Bench-
Sheko, Sheka and Keffa zones of the Southern Nations
Nationalities and Peoples’ (SNNP) region and adjacent
to the Sudanese border (Hanotte et al, 2000) (Figure 1).
Sheko cattle are also called ‘Mizan’ or ‘Goda’ by the local
community. Phenotypically, the breed is characterized by
short-horned and/or hornless heads, a small body size,
humplesseness, particularly in females, and a diverse
range of coat colours such as red, red-brown, patchy red,
white, and black (Taye et al, 2009; Bayou et al, 2014).

The breed is known for its hardiness, trypano-
tolerance (ability to survive in trypanosomiasis endemic
areas), good mothering ability, better feed conversion
efficiency, fast growth rate and comparable milk produc-
tion to other indigenous cattle breeds in Ethiopia (Taye
et al, 2009; Stein et al, 2011; Desta et al, 2012). Farmers
in the mid-altitude agroecological zone keep the Sheko
cattle breed primarily for draught power followed by
milk and income whereas farmers in the lowland agro-
ecological zones often keep the breed for milk and as
a source of income (Bayou et al, 2014). However, the
breed is endangered, estimated at around 4,000 heads
due to gradual interbreeding with local zebu, castration
of the male at an early age, shift of production systems
and shrinkage of grazing land (Takele, 2005). Studies
done by Hanotte et al (2000) indicated that approxi-
mately 90% of the inspected Sheko bulls had their par-
ticular taurine allele almost 10% replaced by the Zebu-

originated indicine allele, showing an alarming amount
of crossbreeding Zebu.

Conservation and maintenance of pure-breed indi-
viduals are essential to the long-term survival of any
species to withstand the changing environmental condi-
tions and ensure their sustainable use in the future. Con-
servation of animal genetic resources is undertaken to
maintain their diversity, fostering contributions to food
and agricultural production, enhancing productivity and
safeguarding ecological resources and cultural values for
current and future generations. According to Mekuriaw
and Kebede (2015), genetic conservation can be carried
out using different methods. In situ conservation refers
to the conservation of livestock through continued use
by livestock keepers in the production system in which
the livestock evolved or are normally found and bred.
It involves the production of animals in their original
production environment either on-farm or community-
based (Figure 2).

Feeds and feeding

Feed is the main input of livestock production and
largely determines its profitability since it accounts for
65–75% of the total cost of livestock operation (Walli
et al, 2012; Makkar, 2018; Matope et al, 2020).
In addition, feeding is the foundation of livestock
systems as it directly or indirectly affects the entire
livestock sector, including animal productivity, health
and welfare, and the environment (Garg et al, 2014).
Feed sourcing and feeding are at the very interface
where the ‘positive’ and ‘negative’ effects of livestock
production are negotiated (Blummel et al, 2018). Feed
resources in the home area of the Sheko cattle breed
are natural pasture, crop residues, and to a small extent
the cultivation and utilization of cultivated improved
forage. For instance, during cropping season (early
June to late August), tinned maize (Zea mays L.) and
the green stovers remaining after the green cob is
harvested are used for animal feeding (Bayou et al,
2014). Crop residues, such as teff or barley straw
are also major feeds. Improved forage like elephant
grass (Pennisetum purpureum) to some extent, sesbania
(Sesbania sesban), cassava (Manihot esculenta), taro
(Colocasia esculenta), sweet potato (Ipomoea batatas),
leaf and stem parts of enset (Ensete ventricosum),
Steudner’s dragon tree (Dracaena steudneri), banana
(Musa sapientum), sugarcane (Saccharum officinarum)
and homemade conventional feeds are common and
well known. No reports are available regarding the
production of roughage, such as hay for feeding
livestock during the dry season. Straw treatments
to produce feed include cutting and chopping long
stalks and utilizing molasses and urea to enhance
digestibility (Takele and Workneh, 2011; Hailu, 2020).

There is a general lack of feed availability for livestock
production in the area due to the use of grazing
lands for crop production. Feed shortage is rampant
when most of the farmlands are covered with food
crops during the wet season, and grasses are depleted
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Figure 1. Map of the distribution areas of Sheko cattle breed

Figure 2. Sheko cattle breed maintained at the Teppi Agricultural Research Center
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during the dry season (Bayou et al, 2014). The lack
of improved feed conservation knowledge, shortage of
land to plant forage, lack of adequate extension service
to inform farmers on improved forage technology and
unavailability of forage seed or planting materials are
the most common limiting factors in the production and
productivity of Sheko cattle breed (Desta et al, 2011).
Feed resources are declining due to the expansion of
crop fields in the face of fast human population growth.
Consequently, Sheko cattle keepers increasingly resort to
tethered feeding. Therefore, the average cattle herd size
is declining, which also discourages the maintenance of
the Sheko cattle breed (Desta et al, 2011; Mengistu et al,
2017). There is a notable lack of awareness and poor
feed resource management, utilization, preservation,
treatment and development (Hailu, 2020).

Feeding troughs are made of wood clay dishes, and
synthetic materials such as plastic bath and plastic pot
are used (Desta et al, 2011). The challenge lies in
creating linkages between innovation sources, such as
research centres and agricultural extension services, and
the expansion of technology as well as coordination with
budgetary administrations. Accordingly, addressing the
issues related to the quantity and quality of feeds is
essential (MOA, 2013).

Water resources and watering systems

Within the region where the Sheko cattle are grown,
agriculture has actively harnessed water resources, pre-
dominantly drawing from natural resources such as
springs and ponds. However, watering frequency is
an additional limiting factor for Sheko cattle rear-
ing (Bunke, 2019). The irrigation system adds further
challenges, particularly if access, water quality, timing
and frequency of watering are limiting factors (Hailu,
2020).

According to Mengistu et al (2017), water sources
for cattle in the area are rivers, springs and ponds. The
majority of the people give water to their cattle twice
a day during the dry season, others offer water to their
cattle once a day and some of them water their animals
three times a day by tracking the animals to the watering
point.

The majority of producers report there is no water
shortage in the area, but for the remaining 27%, water
is scarce during the dry season. The distance to a
water hole is another factor that limits the rearing
of cattle. About 86.4% of producers travelled 1–4 km
to reach drinking water for their animals (Mengistu
et al, 2017). Some communities need more accessible
watering points and natural mineral licks to fully utilize
the genetic potential of the Sheko cattle breed (Desta
et al, 2011).

Housing system

The majority of cattle keepers in Mejenger (81.2%)
and 47% in Bench-Sheko zones keep their animals in
separately constructed houses made of wood with a

grass-covered roof (Mengistu et al, 2017). At night,
cattle are housed not far from the family house to protect
them from cold, rain, predators and theft (Alemu,
1990). Feeder cattle are well protected from adverse
weather conditions, predator attacks and theft. To keep
the stall warm, the walls are covered with leaves and
grasses. Enough space is provided in the stall to reduce
competition for feed among stall-fed cattle (Takele and
Habtamu, 2009).

Calves are kept separate from their dams, either
within an annex connected to most houses or indepen-
dently situated in and around the family house, typically
within a horse shelter. Often the roof of a cattle house is
made of grasses (Mengistu et al, 2017; Hailu, 2020).

Husbandry practices

Husbandry practices are carried out with family
individuals and sometimes with neighbours. To utilize
manure for trim generation, farmers frequently clean
cattle faeces and urine and bolster refusals from the barn
and the compound (Takele and Habtamu, 2009). Tools
such as nose rings are used to tame aggressive Sheko
bulls and oxen in the area. Traditionally, farmers use ear
rings for the same purpose and this practice needs to be
closely examined for its effectiveness (Lund, 2002).

Breaking and training animals at a younger age
and alternating herding with tethering can soften the
aggressive behaviour of the breed. Larger herd sizes
increase the likelihood of selection and maintenance of
breeding studs in the villages. Male cattle are usually
castrated at an early age. Such males are kept in the
herd for a long time adorned with decorations and are a
source of pride to their owners. Another reason for the
observed high number of castrates in household herds
is that the number of castrated males is an indicator of
social status ranking (Terefe et al, 2012).

Marketing practices

The breed has the potential for high marketability in
large parts of south-western Ethiopia, which are chal-
lenged with medium to high tsetse and trypanosomi-
asis presence. Recent government initiatives, aimed at
relocating smallholder farmers from densely populated
highlands into underutilized fertile and sparsely pop-
ulated valleys in south-western Ethiopia, have created
a demand for adapted breeding cattle with the Sheko
breed emerging as the optimal choice. The dairy and
draught qualities of the breed may be worth investigat-
ing even for other agroecologies. The agriculture exten-
sion services and the national research systems need to
support this effort until market interests gain momen-
tum. In light of the threat of extinction, implementing
an incentive system is essential for the Sheko breed.
Owners who successfully rear a Sheko calf could be
rewarded, promoting efficiency as proposed in some
studies and encouraging breed preservation efforts by
discouraging crossbreeding (Zander et al, 2009).
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Additionally, the creation of a breeders’ society for
Sheko cattle will ensure farmers’ involvement in iden-
tifying elite animals, creating market opportunities,
recruiting herd registration and taking the lead in con-
servation activities (Hegde, 2005). Targeted promotion
outside the existing market niche should focus on the
special merits of the breed, such as its trypano-tolerance
and dairy quality potential. The breed management plan
should also be widely communicated to relevant stake-
holders using appropriate media as part of marketing
strategies (Terefe et al, 2012).

Production system

The livestock production system dominating in
Sheko district and its surrounding areas is a mixed
crop–livestock farming system. Permanent crops like
coffee and bananas are widely produced. Coffee is the
main cash crop. Smaller areas of land are also used
for cereal production like maize and sorghum. Fruits
such as avocado and mango are also highly produced.
Cattle are important as a source of diverse foods such
as milk, butter and meat, and also a source of income
through sales of live animals and animal products like
leather (Fasil, 2004).

The margin for increasing forage production from
pasture is limited. Free grazing is the main animal
management system in the area, but a few farmers
provide supplementary feed at home. Most of the
farmers keep their animals outdoors during the night
near their homestead. Some farmers have enclosures
made for their animals, whereas others keep animals
together within the family house in a partially enclosed
area (MOA, 1984). Sheko cattle are said to be better
milk producers, reproduce faster than other breeds of
cattle in tsetse-infested zones, and have good grazing
and browsing ability during critical periods of forage
scarcity (Workeneh, 2001). The average production
and reproduction performances of the Sheko breed are
presented in Table 1.

The most important characteristics of Sheko cattle
include tolerance to disease especially to trypanosomes,
long lactation length, good milking potential, good
adaptation to heat stress, good traction power and

Table 1. Production and reproduction performances of the
Sheko cattle breed (Takele, 2005)

Parameter and measure Values
Age at first mating (years) 3
Age at first calving (years) 4
Calving interval (years) 1.5
Gestation length (days) 276.8
Body weight at calving (kg) 20
Body weight at weaning (kg) 102
Daily milk yield (litre) 2.3
Lactation milk yield per calving (litre) 698.3
Lactation length (months) 9.9
Females life span calving (in number) 8

adaptation to internal parasitic and tick infestations.
Other positive traits attributed to Sheko cattle include
good mothering ability, less selective feeding behaviour,
attractive coat colour appropriate for the local environ-
ment, tolerance for biting flies, shorter calving interval
and better adaptation to the terrain of the area. On
the other hand, Sheko are known for their aggressive
behaviour and their relatively high feed requirement of
the farm households (Elias, 2008).

Constraints of production

The overall trend indicates a decline in the population
of Sheko cattle in its production region. The reason
for this decline could be identified with Sheko cattle’s
energetic and aggressive behaviour, which decreases
their acceptance by the local community (Alemu,
2002). The lower male-to-female ratio in the Sheko
population might expose the animals to inbreeding
and crossbreeding with bulls of other breeds. This
situation is exacerbated by little consideration given
to maintaining the endangered breed (Alemu, 2002).
Due to their aggressive behaviour, Sheko cattle are
difficult to harness and control by old persons, women,
children and disabled persons. In addition, the early
castration of bulls exercised by some farmers to control
their aggressive behaviour seriously limits pure breeding
of Sheko cattle (Takele, 2005). The most important
constraints affecting Sheko cattle production are their
sparse distribution, absence of conservation efforts,
declining interest of the community in Sheko cattle
due to their aggressive behaviour, inbreeding and
hornlessness, which makes them difficult to restrain
using rope (Elias, 2008; Bayou et al, 2014).

Given that the home area of Sheko cattle is renowned
for coffee plantations, nearly all available land except
for the swampy areas and hill-tops, is utilized for cultiva-
tion. The potential for increased forage production from
pasture is severely limited and cattle rely entirely on nat-
ural pasture. Consequently, natural pastures are over-
grazed causing the proliferation of undesirable plant
species. Seasonal feed shortage is common during the
dry season. Proper management, along with the alloca-
tion of grazing area and conservation of feed, is rarely
practised. All stocks are grazed together with no attempt
to provide special treatment for different classes of the
stock (MOA, 1984).

Conclusion and way forward

In Ethiopia’s rural areas, livestock is the most long-
lasting feature of the way of life. Sheko cattle are
among the three categories of Ethiopian breeds, which
include small East Africa zebu and large East Africa
zebu. Characterized by short horns and lack of hump,
Sheko cattle are predominantly located in the Bench-
Maji area, which was formerly part of the Bench-Sheko
zone. Additionally, they can be found to some extent in
the Sheka and Kefa zones of south-western Ethiopia.
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Sheko cattle are raised within mixed farming sys-
tems and are sustained through natural pasture and crop
residues. The breed’s most important traits include resis-
tance to trypanosomiasis, better milk yield compared
with other local breeds, drought power and better feed
conversion efficiency. Safeguarding the breed is vital
to preserving its distinctive characteristics. To counter-
act the loss of the breed’s genetic diversity, a diverse
array of conservation and management practices needs
to be in place. These include establishing in situ breeding
stations and breed studs in its breeding tract, promot-
ing niche markets and improving husbandry practices.
Crucial measures involve addressing production chal-
lenges like feed shortages during the dry season, ensur-
ing proper housing and feeding management, and allow-
ing the breed to thrive in its natural habitat. The cre-
ation of incentives can encourage owners to keep breed-
ing stock under good management, contributing to the
breed’s preservation. Consequently, the establishment of
a Sheko breed conservation fund may be necessary.
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Introduction

For thousands of years, farmers in Yemen have inherited
and managed their local seeds. In particular, the
sorghum crop shows a remarkable level of diversity,
serving as a clear testament to their commitment. They
have cultivated, conserved, exchanged and managed
the seeds of agricultural crops since the early stages
of history when dams, irrigation canals and highland
terraces were developed across different regions during
the eras of ancient Yemeni kingdoms and states dating
back to between the tenth and fifth centuries BCE (Alafif
Cultural Foundation, 2003). However, the systematic
conservation, characterization and use of plant genetic
resources in a modern scientific manner can be traced
to the establishment of agricultural research work in
Yemen during the mid- to late-1940s.

The first agricultural research station was established
in the El-Kod district of Abyan governorate, which

∗Corresponding author: Maeen Ali Aljarmouzi
(maeen669@gmail.com)

later evolved into the fully-fledged El-Kod Agricultural
Research Center (EARC) in 1955. The first systematic
activities related to the conservation and use of plant
genetic resources in Yemen took place in this centre
in the early 1970s. Since then, various Yemeni govern-
ment bodies, including the Ministry of Agriculture and
Irrigation (MAI), the Ministry of Water and Environ-
ment (MWE), as well as institutions like the Agricultural
Research and Extension Authority (AREA) and the Envi-
ronment Protection Authority (EPA), have made diverse
contributions to the conservation and sustainable use
of genetic resources. These bodies have been actively
involved in supporting the implementation of numerous
national programmes, projects and activities in collab-
oration with local, regional and international organiza-
tions.

In recent decades, there has been an increasing
interest in plant genetic resources due to their
recognition as a national asset and a sovereign resource
for any country worldwide. These resources play a vital
role in achieving food security, sustainable development,
resilience, better livelihoods and higher income. Yemen,
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characterized by diverse climates and a rich and distinct
plant diversity, unfortunately, has not made optimal use
of its traditional plant genetic resources. On the contrary,
these resources have been diminishing and lost due
to various factors, including human interventions such
as urban expansion, road construction at the expense
of agricultural lands, and the expansion of qat (Catha
edulis) cultivation, an important cash crop in Yemeni
social life but with negative effects on human nutrition
and health, as well as the introduction of new crops.

The deterioration and loss of plant genetic resources
can in addition be attributed to factors such as the
absence of legislation, weak institutional frameworks,
limited national programmes and inadequate material
and human capacities to leverage modern technologies
for conservation and sustainable use.

Since 2015, the ongoing war and conflict have also
significantly impacted Yemen’s plant genetic resources,
resulting in severe economic and social consequences.
The collapse of state institutions, the paralysis of
public service agencies and facilities, the internal and
external displacement of millions of citizens, currency
devaluation, limited availability of goods and services,
rising prices, declining investment and the loss of
income sources for many Yemeni families all exert
immense pressure on natural resources, including the
country’s biodiversity in all its forms.

In recent years, amid worsening conditions and the
effects of the war and recurring food crises, official
authorities and decision-makers, prompted by cases of
tampering with plant genetic resources, have called for
more attention to be given to the country’s biodiversity.
The need for implementing relevant research and raising
awareness about these issues has become increasingly
urgent. The present study was undertaken in response
to these calls. The request made by international bodies
and organizations such as the Commission on Genetic
Resources for Food and Agriculture (CGRFA) and the
International Treaty on Plant Genetic Resources for Food
and Agriculture (ITPGRFA), among others, for member
states to contribute to monitoring and assessing the state
of plant genetic resources, served as further justification
for conducting this study.

Materials and methods

To assess the status of plant genetic resource conserva-
tion in Yemen, the authors employed a historical descrip-
tive approach. This involved gathering and reviewing
national and international documents, reports, stud-
ies and surveys related to plant genetic resources. The
authors also utilized the available electronic and paper
information systems, including databases and records,
of the Genebank of the National Genetic Resources Cen-
ter (NGRC) within the Agricultural Research and Exten-
sion Authority (AREA) in Dhamar, Yemen. Furthermore,
various institutions contacted during the study provided
additional information that was incorporated into the
research.

Additionally, the authors relied on their personal
knowledge as co-witnesses, drawing from their exten-
sive experience in research and agricultural technolo-
gies, as well as their involvement in various activities
related to plant genetic resources. They also considered
events and developments they have witnessed or been
exposed to up until the time of preparing this study.

It is worth noting that the authors followed the
methodology established by the Commission on Genetic
Resources for Food and Agriculture of the Food and
Agriculture Organization of the UN (FAO), as well as
the approved indicators, to guide the monitoring of the
implementation of the Second Global Plan of Action
for Plant Genetic Resources for Food and Agriculture
(Second GPA). A total of 55 indicators from this guide
were used in the study to assess the state of conservation
of plant genetic resources in Yemen from 2012 to
2022 (FAO, 2019). The assessment was conducted based
on the themes and activities outlined in the Second
GPA, as well as the medium-term plan of AREA and the
NGRC’s plan.

The execution of this study encountered numerous
difficulties and obstacles, with the most significant ones
being:

• Limited availability of data: The study faced
challenges due to the scarcity of available data.
The existing information was dispersed across
multiple sources and exhibited a diversity of forms
and formats, making it challenging to gather
comprehensive and standardized data.

• Low response rate from contacted agencies:
Despite efforts to collect relevant and available
data, the study encountered a low response rate
from most of the local agencies contacted. This
lack of cooperation hindered the acquisition of
crucial information necessary for the research.

• Impact of war: The study was conducted amidst
the ongoing war, which created adverse conditions
and posed additional challenges. Coordinating
and communicating with relevant entities and
individuals became difficult due to the disrupted
infrastructure and limited resources. Obtaining the
requested information became a daunting task in
such a context.

These difficulties and obstacles significantly influenced
the implementation of the study, impacting the compre-
hensiveness and accuracy of the collected data. Nonethe-
less, the authors made their best efforts to overcome
these challenges and ensure the reliability of the find-
ings within the existing constraints.
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Table 1. Studies surveying natural vegetation in the different Yemeni regions and numbers of species identified.

Study Title No. of species Source

Survey and classification of medicinal and aromatic plants in
Sana’a and Dhamar governorates

858 NGRC (2022)

Survey and classification of the forest-pastoral vegetation cover in
the Al-Jawf governorates

93 RNRRC (2022)

Inventory of the natural plant species in important areas in the
Arabian Peninsula: Bani Omar, Taiz governorate, Yemen

135 Al-Khulaidi et al
(2000)

Survey of the natural flora of some districts in Ibb, Taiz,
Al-Mahweet and Sana’a governorates

1,603 AREA (2015)

Studying the existing natural resources and the climate change
dimension in Taiz governorate using remote sensing and
geographic information systems techniques (second phase)

389 AREA (2014)

Surveying, collecting and classifying the vegetation cover in Bura’a 240 AREA (2014)

Survey of the natural plants in Al-Makha district 167 NGRC (2013)

Survey of the natural plants in Ibb governorate 316 Al-Khulaidi (2013)

Surveying and collecting plant germplasm of pasture and forest,
medicinal and aromatic plants, and the unexploited plants in the
highlands region of Ba’adan and Al-Sher’ar districts, Ibb
governorate

219 NGRC (2011)

Survey and evaluation of the deterioration of the vegetative cover
in the upper stream area of Wadi Rasyan

332 Mufarreh et al (2011)

Surveying and collecting unexploited plant germplasm of pastures,
forests, and medicinal and aromatic plants in the highland region
of Sana’a, Al-Mahweet Amran Hajjah governorates

1,329 AREA (2013)

Surveying and collecting unexploited plant germplasm of pastures,
forests, and medicinal and aromatic plants in Mareb governorate

294 NGRC (2009)

Surveying and collecting unexploited plant germplasm of pastures,
forests, and medicinal and aromatic plants in 14 districts of the
coastal plain of Hadramout and Al-Mahrah governorates

172 NGRC (2008)

Inventory and evaluation of the pastural genetic resources in
Al-Kusumah district of Raymah governorate

289 Mufarreh (2004)

Inventory and evaluation of the pastural genetic resources in Belad
Al-Ta’am district of Raymah governorate

311 Mufarreh (2003)

Survey of the natural vegetative cover of Madinat Al-Sharq – Wadi
Rama’a

78 Al-Khulaidi (1994)
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Results and discussion

State of in situ conservation and on-farm
management

Surveys and inventories of plant genetic resources

Understanding crop diversity, including its distribution
and changes over time, is a crucial prerequisite for
the development and implementation of effective and
efficient conservation strategies. Various studies have
been conducted to survey and inventory plant diversity
across different regions in Yemen by agencies such
as the Agricultural Research and Extension Authority
(AREA), colleges of agriculture and sciences in Yemeni
universities, and institutions like the Social Fund for
Development (SFD).

Al-Khulaidi (2013) reported the identification of
2,838 plant species, as part of the Yemeni flora, of
which 2,602 are native, 129 are cultivated and 107 are
introduced. Among these species, 608 were found to
be endemic or semi-endemic (457 are endemic, among
which 307 on Socotra Island alone), confined to Yemen
or the Arabian Peninsula. The diverse topography of
Yemen’s plains, mountains, plateaus, valleys and deserts,
with varying altitudes, has contributed to the emergence
of this unique plant diversity in the country.

The uniqueness of such diversity extends to the varied
crops grown in the country, which includes both tropical
and temperate crops. Additionally, there is a diversity
within species, with multiple crop varieties adapted to
different environments or agroecological zones in the
country. For instance, sorghum is characterized by a
great diversity of types that mature over a range of
durations (after three, four, five or even six months).

Table 1 presents the results of some recent studies
and surveys, which involved counting and classifying
plant species, compiling lists with their scientific and
local names, providing photographs, and mapping
their distribution in specific areas. These studies also
identified the uses of the plant species, such as food,
fodder, medicine and other purposes. Additionally, they
focused on identifying threatened, rare, endemic and
semi-endemic plants, some of which are introduced
plants.

On-farm management and improvement of plant
genetic resources for food and agriculture

Plant diversity plays a vital role in food security and
adaptation to climate change. Therefore, it is crucial to
focus on on-farm management and improvement of local
crop varieties, including neglected and underutilized
crops. By doing so, the resilience and adaptability
of the cropping systems can be enhanced, enabling
better withstanding of biotic and abiotic stresses and
eventually better production and food security for the
farmers’ households.

NGRC has undertaken various activities to support
the management and improvement of genetic resources
on farm through multiple projects (Table 2). These ini-
tiatives primarily involved the characterization, evalu-

ation and dissemination of local varieties suitable for
different agroclimatic zones. The germplasm collected
by various projects has been safety duplicated at the
national genebank. The aim was to increase genetic
diversity and broaden the range of options available to
farmers for selecting varieties that are well-adapted and
tolerant to biotic and abiotic stresses prevalent in their
specific local conditions.

Providing seeds to farmers and researchers in case
of disasters to restore cropping systems

NGRC is ideally positioned to play an important role
in preserving plant genetic resources, especially in
the face of natural disasters (such as droughts and
floods) and man-made disasters (like conflicts and
wars). NGRC’s mandate includes providing high-quality
seeds adapted to farmers’ environmental conditions in
disaster-affected areas, in coordination with relevant
National authorities and organizations like regional
agricultural research stations, the General Improved
Seed Multiplication Corporation (GISMC), the Public
Corporation for Grain Development and Production
(PCGDP), and provincial MAI offices. However, due to
limited material and human resources, NGRC’s efforts
are constrained, particularly in the current challenging
conditions within the country.

In 2016, the regional station for agricultural research
in the western coastal plain (Al-Kadan, Sardoud, Tihama
region) was severely damaged by airstrikes. The seed
stores in the station were significantly affected, leading
to spoilage and loss of different varieties that had been
collected and preserved by the station’s researchers over
many years (Figure 1).

Nonetheless, NGRC has managed to provide services
to farmers and researchers in conflict and war-prone
zones in some instances. This has been achieved through
quality testing of locally distributed seeds and by
providing seeds of important local strains to research
stations in the respective agricultural regions.

For example, NGRC collaborated with other organi-
zations and international agencies operating in Yemen
to provide seeds of cereal, legumes and vegetable crops
to affected farmers as part of humanitarian relief activ-
ities. Organizations such as FAO, the Red Cross, Acted
and others have contributed to seed distribution efforts.
However, the distribution mechanism faced drawbacks,
including poor coordination with official agencies, poor
seed quality and sometimes unsuitable seeds for the
targeted agricultural climatic zones. These issues cre-
ated a negative impression among farmers and decision-
makers regarding the effectiveness and safety of the dis-
tribution mechanism.

In response, measures were established to mitigate
these negative effects. These measures included con-
ducting seed quality tests in laboratories, seed screening
and purification by GISMC, and ensuring direct coordi-
nation with government authorities and institutions in
the targeted areas.
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Table 2. Projects implemented by the National Genetic Resources Center (NGRC) that have contributed to enhancing the on-farm
conservation of genetic resources in Yemen. AREA, Agricultural Research and Extension Authority; BSF, the Benefit-Sharing Fund;
FAO, Food and Agriculture Organization of the UN; GEF, Global Environment Facility; ICARDA, International Center for Agricultural
Research in the Dry Areas; IFAD, International Fund for Agricultural Development; MAI, Ministry of Agriculture and Irrigation; WB,
World Bank.

Project name Funding
agency

Implementing
agencies

Implementation
period

Implementation
site

Activity

Participation of the rural community
in raising crops (barley and lentils)
in the mountain terraces (Ceccarelli,
2002)

ICARDA AREA/Farmers’
groups in the
selected sites,
Agriculture office

1998–2010 Kuhlan Affar,
Hajjah governorate

Evaluation of strains of barley and lentil
on farmers’ fields. An economic and social
study for the farmers of the selected
villages; study and analysis of gender (the
role of the farm household, male and
females).

The rainfed agriculture and livestock
Project (YRALP, 2005)

WB AREA/GRC-Sana’a
University, GCISM

2006–2013 Sana’a,
Al-Mahweet,
Hajjah,
Al-Hodeidah and
Lahj governorates

Farmer-based seeds improvement and
management system. Evaluation of several
local genotypes of sorghum, millet and
cowpea

The participatory rural development
of the Raimah governorate (IFAD,
2010)

IFAD AREA and Dhamar
MAI office

2001–2007 Raimah
governorate

Evaluation and dissemination of adapted
cereal and legume cultivars

Irrigation improvement project (IIP,
2009)

WB AREA, Agricultural
Services
Corporation,
Tehama
Development
Authority and
Nasser’s Faculty of
Agriculture
Sciences (Lahj)

2005–2007 Al-Hodeidah, Lahj,
and Abyan
governorates

Evaluation and dissemination of adapted
cultivars of cereals, cotton and sesame

The participatory rural development
of Al-Mahrah governorate (IFAD,
2011)

IFAD AREA, MAI office 2002–2006 Al-Mahrah
governorate

Evaluation and dissemination of adapted
maize and sesame cultivars

The participatory rural development
of Dhamar governorate (IFAD, 2012)

IFAD AREA, MAI office 2006–2010 Dhamar
governorate

Evaluation and dissemination of adapted
cereal and legume cultivars

Improvement of the medicinal, and
aromatic plants and underutilized
crops (Gotor and Cherfas, 2012)

FAO NGRC, MAI offices 2009 Sana’a, Dhamar
and Lahj
governorates

Cultivation of neglected and underutilized
crops on farmers’ fields

Continued on next page
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Table 2 continued

Project name Funding
agency

Implementing
agencies

Implementation
period

Implementation
site

Activity

Enhancing food security in the Arab
countries (Yemen) (Communication
Team ICARDA, 2018)

ICARDA AREA and Dhamar
MAI office

2012–2019 Dhamar Dissemination of wheat, lentils and peas
varieties on farmers’ fields

Agricultural biodiversity and
adaptation to climatic
changes (YACCAP, 2010)

GEF AREA, Sana’a
College of
Agriculture, and
the GCISM

2014 Sana’a, Taiz, Ibb
and Al-Mahweet
governorates

Evaluation of local sorghum strains on
farmers’ fields

Participatory conservation and
sustainable use of landraces to
improve farmer’s livelihood and their
resilience in adapting to climate
changes in Yemen (FAO, 2023)

BSF AREA and MAI
offices

2019–2023 Dhamar and
Hadramout
governorates

Evaluation and characterization of local
strains of sorghum, wheat, barley, lentils
and peas on farmers’ fields
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Unfortunately, there have been instances where poor-
quality seeds have been distributed. In April 2021,
MAI destroyed a large quantity of rotten seeds that
were provided by FAO for distribution to farmers in
Al-Hodeidah governorate. The spoiled quantity was
estimated to be more than 240 tonnes. These seeds,
intended as donated assistance to Yemeni farmers,
were infected with fungi and deemed unsuitable for
cultivation.

This incident highlights the importance of strict
quality control measures and coordination among
relevant authorities and organizations to ensure the
effective and safe distribution of seeds in Yemen in
line with the recommendation of the International
Plant Protection Convention (IPPC) on “ensuring safe
provision of seed during humanitarian assistance
disbursement” (IPPC, 2021).

Changes and trends in on-farm genetic resources
conservation

Yemen is known as one of the main countries that are
growing qat. Qat or khat or khata (Catha edulis) is a mild
stimulant plant consumed by most Yemenis in a daily
afternoon session by chewing its fresh leaves (Zahran
et al, 2019). The expansion of qat cultivation at the
expense of the main cereals and legumes (sorghum,
millet, wheat, barley, lentil and pea) poses a significant
threat to crop diversity in Yemen. The yearly agricultural
statistics book indicates a decline in the cultivated area
of cereal crops over the years, while qat cultivation
has increased (GDSID/MAI, 2022). However, the actual
increase in qat cultivation may be even greater than
what is reflected in the official figures (Figure 2). Due
to the war and resulting consequences, including the
institutional divide and ineffectiveness, no agricultural
census has been conducted for the past two decades.

The urban population expansion on agricultural lands
is another factor threatening crop diversity. Figure 3
shows the trend in population growth over the past 70
years.

A study conducted by the Renewable Natural
Resources Research Center (RNRRC) in 2021 on the
urban expansion in Dhamar governorate revealed a
dramatic increase over the past 50 years.

Reports from field surveys conducted by NGRC and
RNRRC highlight the expansion of urban centres and
population at the expense of agricultural lands (Fig-
ure 4). This phenomenon is considered one of the most
critical factors endangering agricultural biodiversity.

The disappearance of certain plant species and fruit
varieties (quince, walnuts, pear, peach, apricot, fig and
grapes) from areas like Sana’a governorate, which used
to be known for cultivating them, further emphasizes
the negative impact of urban expansion on agricultural
biodiversity. Parks and orchards (for example of walnuts,
peach and grapes) have been replaced by commercial
and residential areas, resulting in a significant decrease
in green coverage.

On the other hand, there has been an expansion in
the cultivation of some vegetable crops (tomato, onion,

potato, pepper, carrot, cucumber, zucchini, cabbage),
including varieties introduced from abroad. Although
the cultivated area of vegetable crops fluctuates, the
number of greenhouses in different regions of Yemen
has increased. Strawberry cultivation has also grown in
response to high demand from fresh juice shops in major
cities.

The cultivation of fruit crops, particularly almonds,
has expanded due to relatively low water requirements
and the profitability of production. The almond cultiva-
tion area has increased between 2011 and 2020, with
significant expansion in Sana’a governorate, particularly
in the districts of Al-Haima and Bani Matar.

Coffee cultivation has also expanded due to increas-
ing demand for Yemeni coffee locally and internation-
ally. The cultivation area has increased over the past
few years much more than the estimated figures made
in the agricultural census book for 2020, which indi-
cated an increase of 2,000 hectares in the coffee area
between 2016 (33,900ha) and 2020 (35,900ha). Also,
there has been a focus on improving agricultural pro-
cesses and post-harvest operations to meet desired qual-
ity standards. High government authorities and MAI
have shown increased interest in the coffee sector, estab-
lishing the National Center for Coffee Research and sup-
porting farmers’ associations. A decree was issued in
2022 banning the import of both processed and unpro-
cessed coffee from abroad to encourage domestic culti-
vation and increase the income of coffee farmers.

Overall, while there is an expansion in certain crops,
the threats to crop diversity posed by the expansion of
qat cultivation, urbanization and population activities
remain significant challenges in Yemen.

Status of ex situ conservation of plant
genetic resources (genebanks)

The NGRC in Yemen operates under the umbrella
of AREA and has its headquarters outside Dhamar
city, about 100km from the Yemeni capital Sana’a. In
addition, there are two other genetic resource centres
working under the faculties of agriculture sciences of
Sana’a and Aden universities and some field genebanks
as detailed in Table 5.

Supporting the targeted collection of plant genetic
resources

The primary drivers for implementing targeted collect-
ing of genetic resources were the risk of loss of on-farm
diversity, opportunities for use, and the need to address
deficiencies in ex situ conservation. Bawazir (2004) con-
ducted a study on cereal diversity in southern Yemen and
emphasized the importance of surveying and collecting
genetic resources of cereal crops and their wild relatives
across different agroclimatic zones in Yemen. The study
aimed to document these resources and utilize them in
breeding and genetic improvement programmes.

The study’s findings revealed that sorghum varieties
in these areas exhibited genetic variation within each
environmental zone, as evidenced by differences in
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Figure 1. Examples of the effects of the air raids of the war coalition against Yemen on the buildings, equipment and seed stores
of the Tehama regional agricultural research station in the western coastal plain, Al-Kadan, Sardoud, Tihama zone, Al-Hodeidah
governorate (A and C), including damage to the preserved seed samples of various crops (B).

Figure 2. Expansion of qat cultivated area from 1990 to 2020.
Source: CSO (2020)

phenotypic characteristics, anatomical features and
resistance to environmental stress conditions. The
researcher pointed out that the varieties of sorghum
grown in coastal areas showed early maturity (100–120
days), while the varieties grown in the highland areas
matured late (160–180 days). According to the study,
sorghum varieties in the highland areas were tallest
(300cm) while in the coastal areas plant height ranged
from 250–300cm.

Figure 3. Trend of population growth in Yemen over the past
70 years. Source: Macrotrends (2023)

The study also demonstrated that local wheat
varieties possessed drought tolerance. This may be
accounted for by their morphological and anatomical
traits, such as the smaller number of seminal roots
and the small size of seminal root vessels. Most of the
local varieties of wheat grown in the southern, medium-
altitude regions of Yemen belong to Triticum aestivum. In
some areas, there may be a mixture of T. aestivum and
T. durum.

The local varieties of millet grown in the southern
Yemeni regions belong to Pennisetum glaucum (pearl
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Figure 4. Urban sprawl on fertile agricultural lands in Dhamar
City (km2) (1973–2021)

millet), Pennisetum setaceum, Pennisetum rigidum (little
millet) and Eleusine coracana (finger millet). Misibli is
the local name for pearl millet throughout Yemen, Kanab
is the local name for finger millet, and Heba is the local
name for small (short) millet (and an early-maturing
type) on Socotra Island.

The efforts made in collecting and conserving plant
genetic resources in Yemen can be divided into three
phases:

1) First phase (1970s and 1980s): During this
period, international organizations collaborated with
researchers from the El-Kod Research Station in Abyan
governorate and the Southern Highlands Regional
Agricultural Research Station (SHRAR) in Osaiferah,
Taiz governorate to collect hundreds of samples. Notable
collecting missions during this period in the different
Yemeni regions are presented in Table 3.

Unfortunately, all the samples collected during this
period were lost due to inadequate storage conditions,
except for those preserved outside Yemen by supporting
organizations, such as FAO, the International Plant
Genetic Resources Insitute (IPGRI), the United States
Agency for International Development (USAID), the
International Maize and Wheat Improvement Center
(CIMMYT) and others (Al-Mua’alem et al, 1993).

2) Second phase (1990s): During this period,
a specialized unit for plant genetic resources was
established under RNRRC of AREA in Dhamar. Over
2,000 plant samples were collected during this phase.
Notably, a joint team from AREA and the International
Center for Crop Research in the Semi-Arid and
Arid Tropical Areas (ICRISAT) conducted significant
collecting trips. They collected 685 seed samples, mostly
of sorghum and millets, from Al-Dhalea, Radfan, Yafe’a,
Abyan, Lahj and Tehama. Details on this collection trip
and other trips are presented in Table 3.

Despite having a refrigeration room for cold storage
(-18°C), frequent power shortages and blackouts led to
the loss of many collected samples, despite their data
being recorded in NGRC’s records.

3) Third phase (2000s to present): This stage wit-
nessed the establishment of NGRC in 2002, an increase
in specialized staff and the establishment of various
departments within the centre. FAO stated that NGRC
in Dhamar held 3,281 samples in its genebank (FAO,
2009). The number of samples collected from different

regions of the country has increased to over 6,500 acces-
sions at present. Notable collecting operations, covering
most Yemeni governorates, conducted by NGRC during
this phase are displayed in Table 3.

The collecting trips conducted by NGRC between
1989 and 2013 to collect seeds from natural and
cultivated plants, targeting all geographical regions in
Yemen are shown in Figure 5.

Most of the collection activities previously reviewed
were carried out with support and funding within
bilateral or multilateral cooperation or joint work
projects between Yemen and several partners over the
previous decades, and copies of samples of genetic
resources that were collected found their way abroad
and have been preserved by institutions outside Yemen.
Early reports indicate that over 8,000 samples were
deposited in various genebanks abroad (Al-Ghouri et al,
1996). The Second National Report on the State of Plant
Genetic Resources for Food and Agriculture stated that
international organizations held 8,619 samples from
Yemen (FAO, 2009). Currently, data on the Genesys
platform show 8,958 samples from Yemen conserved in
19 genebanks, covering 44 plant species, with a focus
on grain crops (Genesys, 2021). Data from FAO WIEWS
and the Svalbard platform also align closely with these
figures (Table 4).

Expanding diversity in genebanks

It is crucial to expand ex situ conservation efforts
for neglected crops, crop wild relatives and forages
to facilitate research and crop improvement. The
genebank of NGRC currently conserves seeds from
45 different crops. These crops encompass cereals
such as sorghum, maize, millet, wheat and barley;
legumes including lentils, beans, kidney beans, cowpeas,
peas and fenugreek; vegetables like onions, tomatoes,
chilli peppers, cucumbers, zucchini, mallow, radishes,
eggplant and okra; oil-producing crops like sesame
and peanuts; less commonly utilized crops, such as
black seed (Nigella sativa), henna (Lawsonia inermis),
coriander (Coriandrum sativum), caladium, arugula
(Eruca sativa) and mustard (Brassica juncea L.).

Additionally, field genebanks situated in various
regions hold a diverse range of crops, including date
palms, mangoes, citrus fruits, almonds, grapes, bananas
and papayas, along with forage and forest crops. There
are eight field genebanks in various regions – the
northern, central and southern highlands, the Tihama
coastal plains region, the southern coast region (Al-
Kud, Abyan) and the Eastern Plateau region (Marib and
Sayun). More details are provided in Table 5.

It is important to note that the acquisition of new
species and samples to expand the genetic resources
reserve at NGRC was temporarily halted between 2014
and 2018 due to the prevailing conditions of the
war and the resultant socioeconomic deterioration and
institutional ineffectiveness in the country.
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Table 3. Details of the main phases of plant genetic resource collection and conservation in Yemen

Main Genus/Species No. of accessions Location(s) Year Project/programme Reference

Phase 1: 1970s–1980s

Sorghum, millet and Sudan grass 4,500 Northern Yemeni
Governorates

1975–1977 The American Sorghum
Improvement Assistance
Project

Hakimi and
Ya’ni (2008);
Jaradat (1997)

Wheat, barley and some legumes 490 1978–1979 The German Technical
Cooperation Agency
(GTZ)

Field crops (Sorghum, millet, wheat, barley and
some legumes)

783 1980–1981 The International Board
for Plant Genetic
Resources (IBPGR)

30 crops of human and animal food 351 Southern and
Eastern Yemeni
Governorates

1969–1989 IBPGR Hakimi and
Ya’ni (2008);
Guarino (1989)

Phase 2: 1990s

70 plant species 617 Tehama, central
and south
highlands, and east
regions

1990–1999 AREA programme
Jaradat (1997)

Sorghum and millets 685 Al-Dhalea, Radfan,
Yafe’a, Abyan, Lahj,
and Tehama.

1992 Sorghum and Millet
Improvement Project

Sorghum and millet 294 Saada, Taiz,
Sana’a, Al-Dhalea,
Ibb and Socotra

1992 Sorghum and Millet
Improvement Project

Amer and
Al-Dahmashi
(1997)

Continued on next page
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Table 3 continued

Main Genus/Species No. of accessions Location(s) Year Project/programme Reference

Phase 3: 2000–present time

Sorghum bicolor, Pennisetum americanum, Zea mays,
Vigna spp., Cajanus cajan, Phaseolus vulgaris,
Trigonella foenum-graecum, Sesamum indicum,
Raphanus spp. Corchorus olitorius, Abelmoschus
esculentus, Eruca sativa, Cyamopsis tetragonoloba,
Cucumis spp, Nicotiana spp., Capsicum annuum,
Gossypium spp.

629 Sana’a, Hajjah,
Al-Mahweet,
Al-Hudiedah and
Lahj

2007 The Rainfed Agricultural
Project

NGRC (2008)

36 species of human and animal food 390 Western and
Eastern Coastal
Plain

2008 AREA research
programme

NGRC (2009)

Sorghum bicolor, Zea mays, Pennisetum americanum,
Triticum aestivum, Hordeum vulgare, Lens culinaris,
Trigonella foenum-graecum, Vicia faba, Pisum
sativum, Vigna spp., Lablab vulgaris, Phaseolus
vulgaris, Trifolium spp., Abelmoschus esculentus,
Corchorus olitorius, Capsicum annuum, Sesamum
indicum, Brassica napus, Linum usitatissimum, Coffea
arabica

330 Sana’a, Amran,
Ibb, Dhamar,
Hajjah,
Al-Mahweet and
Al-Hodeidah

2009 AREA research
programme

NGRC (2010)

Fruit crops (Vitis vinifera, Prunus amygdalus, Prunus
persica, Cydonia oblonga, Ficus carica, Malus
sylvestris, Morus alba, Pyrus spp., Olea spp.,
Ceratonia siliqua, Mangifera indica, Citrus spp.,
Manilkara achras (Mill), Musa spp., Psidium guajava
L., Carica papaya L., Passiflora edulis Sims, Annona
spp., Opuntia ficus-indica, Phoenix dactylifera)

150 Sana’a, Amran,
Al-Mahweet and
Hajjah

2009 AREA research
programme

NGRC (2010)

Honeydew pumpkin (Cucurbita spp.) 70 Belad Alrous
District, Sana’a
governorate

2010 AREA research
programme

NGRC (2011)

Sorghum bicolor (30), Pennisetum americanum (2)
Zea mays (14), Triticum durum (1), Hordeum vulgare
(2), Faba bean (1), Vigna spp. (14), Sesamum
indicum (1), Trigonella foenum-graecum (1),
Phaseolus spp. (1), Cajanus cajan (5)

72 Al-Salafiya
Directorate and
Bilad Al-Ta’am in
Raymah
governorate

2012 AREA research
programme

NGRC (2013)

Continued on next page
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Table 3 continued

Main Genus/Species No. of accessions Location(s) Year Project/programme Reference

Sorghum bicolor (33), Zea mays (7), Triticum durum
(26), Hordeum vulgare (16), Lens culenaris (11),
Vigna spp. (11), Pisum sativum (6), Trigonella
foenum-graecum (9), Brassica spp. (1), Linum
usitatissimum (3), Allium spp. (1), Cucumis sativum
(1), Phaseolus spp. (1)

126 Sabah district in
Al-Bayda
governorate

2012 AREA research
programme

NGRC (2013)

Sorghum bicolor (33), Zea mays (7), Triticum durum
(32), Hordeum vulgare (20), Lens culenaris (4),
Vigna spp. (3), Pisum sativum (8), Trigonella
toeniccum (1)

108 Ans, Jahran and
Al-Hada’a in
Dhamar
governorate

2012 AREA research
programme

NGRC (2013)

Cereals, vegetables and fruits 282 Sana’a, Al Mahwit,
Ibb and Taiz
governorates

2014 The Agricultural
Biodiversity and Climate
Adaptation Project

NGRC (2013)

The project team collected a total of 368 landraces
(228 from Dhamar and 140 from Hadramout and
Almahrah governorates) and more than 20 species:
sorghum, maize, wheat, barley, millet, cowpea, pea,
bean, fava bean, lentils, fenugreek (Trigonella, spp.),
sesame, Lablab purpureus, mustard (Brassica spp.),
flax (Linum spp.), pepper (Capsicum annum),
Eleusine spp., Pennisetum spp., Roselle (Hibiscus
sabdariffa), Plectranthus spp., black caraway (Nigella
sativa L.), fennel (Foeniculum vulgare)

383 Several districts in
the governorates of
Dhamar,
Hadramout and
Al-Mahra
governorates

2019 The conservation and
sustainable use of local
landraces project - BSF

NGRC (2022)
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Efforts have also been made to conserve genetic
resources of threatened and endemic species ex situ in
various research stations located in different agricultural
regions. Notably, a specialized team from the El-Kod
research station in Abyan governorate collected the
Socotra wild pomegranate (Punica protopunica Balf.
f.) in 1989 and 1990. This threatened species, which
is endemic to the Island, has been confirmed by
international organizations such as the International
Union for Conservation of Nature (IUCN) to be one
of the species at risk of overexploitation without
natural regeneration. The collected seeds were grown,
and the trees were nurtured at the El-Kod research
farm (Bazara’a, 2000).

Regeneration and multiplication of genebank seed
samples

Even under optimal storage conditions, it is necessary
to periodically regenerate and multiply seed accessions
due to the decline in viability over time and the
limited quantity of preserved seeds resulting from their
distribution to users such as researchers and farmers.

Hence, NGRC carries out annual processes to regen-
erate seed accessions that are at risk of viability loss
and to multiply accessions with limited quantities. The
most recent regeneration and multiplication initiative
was conducted by NGRC in 2014. Due to the prevail-
ing war conditions, regeneration operations were sus-
pended from the beginning of 2015 until 2020, result-
ing in no activity in this regard during that period.
Subsequently, with the initiation of the ‘Participatory
Conservation and Sustainable Use of Local Varieties’
project, funded by the Benefit Sharing Fund (BSF) of the
ITPGRFA, approximately 200 plant accessions (mainly
cereal crops) were regenerated in the governorates of
Dhamar and Hadramout (Seiyun) (FAO, 2023).

Table 6 shows the numbers of seed samples that have
been regenerated until 2014 and those still requiring
regeneration, as reported by NGRC in Dhamar.

Conservation changes and trends in genebanks

The study period witnessed several notable positive
changes and trends in the field of genebank conserva-
tion, including:

• Increase and expansion of plant samples: The
number of seed accessions in the NGRC genebank
increased from 3,281 in 2006 to approximately
6,500 accessions in 2021. Similar growth was
observed in the Genetic Resources Center (GRC)
of Sana’a University, with the number of accessions
rising from 1,528 to over 3,000 (Table 5).

• Improved energy security: Noteworthy progress
was made in securing electrical energy for cold
storage in the NGRC genebank in Dhamar. Solar
energy systems were introduced in 2016, funded
by the Agricultural and Fisheries Production
Encouragement Fund (AFPEF). Additionally, the
Public Corporation for Grain Development and
Production (PCGDP) provided a solar energy

system for the GRC at the Faculty of Agriculture,
Sana’a University, in 2019.

• In 2022, with support from the Crop Trust and
the ITPGRFA, the NGRC genebank in Dhamar was
provided with several solar energy batteries to
improve the electricity supply for cooling the long-
term seed storage.

• Safety duplication: Copies of seed accessions from
cereal and leguminous crops were sent to ICARDA
in 2013 and subsequently stored in the Svalbard
Seed Vault (Table 4).

However, there were also negative changes and trends
observed in germplasm conservation in genebanks.

Negative impact on field genebanks: The conserva-
tion of plant genetic resources in field genebanks man-
aged by research stations across the various regions
was significantly affected by the war and its associ-
ated socioeconomic and institutional consequences. The
lack of operational budgets hindered essential agricul-
tural activities such as ploughing, levelling, weeding,
pruning, grafting, fertilizing and irrigation. Fuel short-
age and high prices further exacerbated the challenges
faced by research stations in adequately maintaining
the field genebanks. In certain field genebanks in the
northern (Al-Errah) and central highlands (Dhamar),
some fruit trees were cut down by residents for fire-
wood during periods of gas shortage and high prices
resulting from the war and siege (Figure 6). Complete
destruction of field genebanks occurred in the South-
ern Highlands Agricultural Research Station (Osaiferah,
Taiz) for mango, guava and coffee varieties, as well as in
the Southern Coast Agricultural Research Station in El-
Kod, Abyan governorate. Similarly, the field genebank
for pomegranate at the College of Agriculture and Vet-
erinary Medicine, University of Dhamar, experienced the
same fate, with all preserved trees being cut down due
to war and siege conditions.

Limited implementation of biotechnologies: The
use of biotechnologies, such as tissue culture, for the
conservation of plant genetic resources has not been
possible due to a lack of resources, including electrical
energy sources, laboratory materials and equipment.
Thus, no duplicates of the accessions maintained in field
genebanks had been maintained in tissue cultures and
thus, as safety duplicates.

Limited multiplication and regeneration of seed
samples: Except for a limited number of seed accessions
regenerated and multiplied through funded projects
such as the ‘Participatory Conservation and Sustainable
Use of Landraces’ (2019–2023) (NGRC, 2022) and
activities supported by the General Corporation for
Grain Production and Development, the war’s economic
effects halted vital regeneration programmes and seed
multiplication activities. Improper storage conditions,
insufficient seed quantities and difficulties in providing
seeds to farmers and researchers have led to a decline
in seed viability. Hundreds of samples are currently at
risk of spoilage and loss, requiring regeneration and
multiplication.
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Figure 5. Areas of plant genetic resources collection in various parts of Yemen (1989–2019). Source: NGRC (2021), NGRC database
(2021) and FAO (2023)

Table 4. Number of accessions of some types of Yemeni plant genetic resources preserved outside Yemen (SGSV, 2023). ICRISAT,
The International Crops Research Institute for the Semi-Arid Tropics; CIMMYT, The International Maize and Wheat Improvement
Center; ICARDA, The International Center for Agricultural Research in the Dry Areas; IITA, International Institute of Tropical
Agriculture; US NPGS, United States National Plant Germplasm System. *, includes the following genera: Capsicum, Nigella,
Citrullus, Linum, Coriandrum, Medicago, Teramnus and Ricinus.

Crop ICRISAT ICARDA IITA CIMMYT US NPGS Others Svalbard
Sorghum 2,144 3,376 45 5,565
Maize 2 1 3
Wheat 13 33 12 115 173
Barley 66 25 55 146
Millet 289 49 338
Cowpea 25 12 37
Lentil 38 48 86
Bean 3 3
Peas 50 50
others* 2 7 33 88 130
Total 2,435 127 25 35 3,446 463 6,531
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Table 5. Changes in the number of species and accessions of genetic material in seed and field genebanks in Yemen (2006–2020).
Source: FAO (2009) and AREA (2021).

Centre/Reserve Institution Site
No. of species No. of accessions
2006 2020 2006 2020

National Genetic Resource
Center (NGRC)

Agricultural Research and
Extension Authority

Dhamar 56 47 3,281 6,300

Genetic Resource Center College of Agriculture, Sana’a
University

Sana’a 38 54 1,528 > 3,000

Genebank Nasser’s College of Agricultural
Sciences, University of Aden

Lahj 9 0 136 0

Field genebank of date palm and
lemon

The Valley and the Desert
Agricultural Research Station,
Seiyun

Seiyun 1 1 67 48

Field genebank of coffee, guava
and mango

The Southern Highlands
Agricultural Research Station

Osaifr, Taiz 16 0 36 0

Field genebank of pomegranate The College of Agriculture and
Veterinary Sciences, Dhamar
University

Dhamar 1 0 22 0

Field genebank of mango and
date palm

Tihama Plateau Agricultural
Research Station

Al-Kadan,
Surdud, Al-
Hudeidah

5 2 64 47

Field genebank of apricot,
grapes, almond, pomegranate,
fig and olive

The Northern Highlands
Agricultural Research Station

Al-Errah,
Sana’a

11 6 218 78

Field genebank of apple, olive
and almond.

The Central Highlands
Agricultural Research Station

Dhamar – 65 55 144

Field genebank of banana,
papaya, mango and date palm

The Southern Coast Agricultural
Research Station

Al Kod-
Abyan

65 67 230 > 400

Field genebank date palm,
coconut and Jasminum sambac

The Eastern Coast Agricultural
Research Station

Mukalla,
Hadramout

15 24 68 > 200

Total 217 266 5,705 10,217

Figure 6. Remains of the field genebank of mango, coffee and guava crops in the field genebank of the Osaifera experimental farm,
Taiz
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Table 6. Number of seed accessions in NGRC in Dhamar that have been regenerated until 2014 and those that need regeneration.
Source: Data were collected during the genetic resources inventory of NGRC in 2014 (NGRC, 2022).

Crop Scientific name No. of
accessions

No. of regenerated
accessions

No. of accessions
needing regeneration

Cereals
Sorghum Sorghum bicolor 2,436 679 1,757
Millet Pennisetum glaucum 589 225 364
Maize Zea mays 505 108 397
Barley Hordeum vulgare 362 164 198
Wheat Triticum aestivum 351 229 122
Finger millet Eleusine coracana 36 0 36
Al-Tahf Eragrostis spp. 11 0 11
Legumes
Cowpea Vigna unguiculata 451 88 363
Lentils Lens culinaris 180 78 102
Fenugreek Trigonella foenum-graecum 141 141 0
Beans Vicia faba 100 40 60
Kidney beans Phaseolus vulgaris 90 90 0
Peas Pisum sativum 80 80 0
Lablab Lablab purpureus 45 0 45
Vegetables
Okra Abelmoschus esculentus 95 0 95
Radish Raphanus sativus 47 33 14
Eggplant Solanum melongena 42 0 42
Tomatoes Solanum lycopersicum 41 0 41
Carrot Daucus carota 19 0 19
Cumin Cuminum cyminum 20 0 20
Arugula Eruca sativa 10 7 3
Onion Allium cepa 10 0 10
Leek Allium porrum 3 0 3
Chilli Capsicum spp. 40 0 40
Cucumber Cucumis sativus 8 0 8
Pumpkin Cucurbita spp. 6 0 6
Melon Cucumis melo 60 0 60
Watermelon Citrullus lanatus 10 0 10
Calabash/Squash Cucurbita maxima 53 0 53
Mallow Corchorus olitorius 37 0 37
Oil and cash crops
Sesame Sesamum indicum 88 71 17
Peanut Arachis hypogaea 9 0 9
Underutilized crops
Coriander Coriandrum sativum 50 24 26
Black seed Nigella sativa 49 23 26

Gaps and challenges facing the
conservation of genetic resources in Yemen

This list of gaps and challenges in the conservation
of plant genetic resources in Yemen, in addition to
the recommendations and conclusions, is based on
government documents, including the first, second and
third country reports prepared as contributions to
the FAO Reports on the State of the World’s Plant
Genetic Resources for Food and Agriculture. AREA,
as a national public agricultural research institution

in Yemen, has asked the national focal point of the
ITPGRFA and CGRFA to prepare a working paper to
be presented at the planned National Conference on
Genetic Resources but postponed it to an undefined
future time after preparatory efforts of more than a year.
Such a paper was prepared and reviewed by the steering
committee and included a set of gaps, conclusions
and recommendations. Moreover, the recently prepared
documents on a road map of the agricultural research
programmes and projects (AREA, 2022), prepared
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by a specialist team, discussed thoroughly with the
AREA management, and endorsed by higher agricultural
authorities, are compatible with what is stated in this
article. However, the content of this paper and other
developments will serve as a background primary paper
for any national symposium or conference when the time
comes after the resumption of peace in the country.

Based on the above-reported situation, the most
significant points can be summarized as follows.

In situ conservation gaps and challenges

• Limited knowledge about rich areas/regions of
plant genetic diversity and regions at risk of
extinction and loss of diversity

• Inadequate methodologies for monitoring and
evaluating genetic diversity, including geographi-
cal and plant species gaps

• Lack of a policy for restoring cropping systems
after disasters and wars

• Absence of targeted collecting, propagation and
reintroduction of rare and threatened species to
their natural habitats

• Insufficient sustainable use of economically
promising plant species

• Absence of in situ conservation and management
of crop wild relatives and wild food plants

• Weak technical capabilities, including a shortage
of specialized staff in farm systems management,
biodiversity, environmental systems management,
plant taxonomy, remote sensing, control and mon-
itoring, and evaluation systems. Additionally, lab-
oratories in agricultural research, environmental
protection and university science colleges lack cer-
tain devices and equipment.

• Lack of support and funding for managing
natural sites, and inadequate funding for scientific
research activities

• Lack of coordination between relevant authorities,
particularly between AREA and EPA, which serve
as the national focal points for the ITPGRFA and
CBD, respectively.

Ex situ conservation gaps and challenges

• Weak integration between on-farm/in situ and ex
situ conservation

• Absence of a plan for regeneration and multiplica-
tion under normal and emergency circumstances.

• Lack of a specialized supportive unit for commu-
nication, publication and coordination of genetic
resources

• Genetic collection operations are not comprehen-
sive and do not cover most geographical areas,
genera or plant species

• Weak human, technical and institutional capabili-
ties in NGRC

• Weakness in the basic infrastructure for managing
plant genetic information

• Weak participation of local partners and govern-
ment institutions in collecting, preserving and
using plant genetic resources

• Lack of annual budgets to cover the expenses of
collecting and preserving plant genetic resources

• Weak cooperation and participation in regional
and international initiatives in the field of conser-
vation and use.

Conclusion and recommendations

Based on the preceding results and discussion, the
plant genetic resources system in Yemen faces numerous
problems and gaps, which have been exacerbated by
the ongoing war since 2015. However, it is possible to
identify a set of needs to develop conservation processes
for both in situ and ex situ plant genetic resources
in the country. In this regard, the most important
recommendations can be summarized as follows:

On farm/in situ
• Assess the impact of threats and pressures on crop

diversity based on scientific foundations
• Identify areas of diversity and threats and develop

an action plan for their conservation
• Conduct targeted collecting of threatened and rare

species
• Reintroduce threatened or rare species and vari-

eties into Yemen through a coordinated effort
• Conduct inventory and survey operations for

crop wild relatives, in coordination with ex situ
activities

• Promote in situ conservation and management of
crop wild relatives and wild food plants

• Develop a national seed policy that includes provi-
sions for seed distribution mechanisms during and
after disasters and wars

• Enhance technical expertise in plant taxonomy,
agriculture and environmental systems manage-
ment, and monitoring and evaluation

• Provide adequate funding and financial support
for programmes and projects focused on managing
natural sites and on-farm conservation

• Develop effective mechanisms to enhance coop-
eration and coordination among various relevant
agencies.

Ex situ (genebanks)

• Improve storage conditions in genebanks by
providing electricity, preservation equipment and
materials, and conducting seed quality tests

• Establish a centrally organized seed health system
by providing resources and expertise

• Enhance the national genetic resources informa-
tion system, documentation and data exchange,
and encourage the use of available information
and accumulated knowledge

• Allocate operational budgets to cover the expenses
of genebanks

• Implement seed regeneration and multiplication
programmes for accessions at risk of loss

• Develop the capabilities of genebank personnel for
routine genebank operations including informa-
tion management systems
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• Provide NGRC with young male and female pro-
fessionals and enhance their scientific and techni-
cal capacities in various crucial areas such as labo-
ratory conservation using biotechnologies, genetic
data and information management, plant taxon-
omy and characterization (particularly wild rela-
tives), among others. It is also important to fos-
ter NGRC to assume coordinating responsibilities
across the different areas and activities.

• Develop an awareness-raising strategy and plan
highlighting the importance of the country’s
genetic resources and biodiversity

• Establish and strengthen communication, cooper-
ation and coordination among all relevant local,
regional and international organizations involved
in genetic resources and genebanks

• Conduct inventory and survey operations for crop
wild relatives, in coordination with on-farm or in
situ activities.
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