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Abstract: Tomato (Solanum lycopersicum L.) is a broadly consumed fruit vegetable globally. It is one of the research mandate
vegetable of the National Horticultural Research Institute (NIHORT), Ibadan, Nigeria. The institute’s genebank contains
diverse collections of tomato accessions and wild relatives, without utilization information for the African continent. With
the decline in diversity and potential of cultivars, a robust tomato breeding pipeline with broad genetic base that eliminates
redundancy in the development of lines with desired horticultural traits is paramount. This study evaluated the mean
performance and variations of thirteen wild tomato accessions obtained from the C.M. Rick Tomato Genetic Resource Center,
University of California, Davis, USA, evaluated for agronomic, nutritional and physicochemical traits under a rain forest
agro-ecology zone in Nigeria. The accessions were planted and grown in three replications with randomized complete block
design. Agronomic traits, physicochemical and nutritional parameters were measured and analyzed. There was significant (P
< 0.001) variation among accessions for all traits measured. Accession LA0130 was separated from others by cluster analysis
and was outstanding for its unique attributes which include: fruit yield parameters, total soluble solids, titratable acidity
and lycopene content. The principal component analysis suggests fruit yield related traits, titratable acidity and lycopene
contributed most to the variation among the 13 accessions. The results obtained can be used to breed materials adapted to a
rain forest agro-ecology. These wild tomato accessions have genes with desirable agronomic, nutritional and physicochemical
traits that could be introgressed into breeding lines to improve commercial tomato varieties.
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Introduction

Tomato (Solanum lycopersicum L. formerly Lycopersicon
esculentum Mill.) is one of the most famous and
broadly consumed vegetable crops throughout the
world (Nowicki et al, 2013; Ajayi and Hassan, 2019).
Nigeria was ranked the largest producer of tomato
in West Africa and the 16th largest producer in the
World with 4.2 million metric tonnes FAO (2016).

∗Corresponding author: Adesike O. Kolawole
(aokolawole@lautech.edu.ng)

These data suggest prospects for Nigeria tomato
breeding programmes to enhance production efficiency
by improving the quantity and quality of tomato fruit.
However, extensive breeding efforts and selection over
the years have modified tomato (Blanca et al, 2015).
The decline in diversity and potential of cultivated
germplasm has been reported (Jatoi et al, 2008; Chen
et al, 2009). To enlarge the gene pool of cultivars,
breeders now focus on introgression of desirable genes
from wild relatives (Singh, 2006) .

Wild tomato species have a rich reservoir of use-
ful genetic traits needed to improve cultivated toma-
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toes and serve as sources of genetic variability (Han-
son et al, 2007). Miller and Tanksley (1990) reported
that the genomes of cultivated tomato contain 5 % of
the genetic variation of their wild relatives. These wild
tomato species are native to western South America and
distributed from central Ecuador, through Peru to north-
ern Chile, and in the Galápagos Islands (Darwin et al,
2003). There are 16 wild species of tomato, namely
Solanum habrochaites, S. pennellii, S. pimpinellifolium,
S. cheesmaniae, S. galapagense, S. peruvianum, S. cor-
neliomulleri, S. chilense, S. chmielewskii, S. arcanum, S.
neorickii, S. huaylasense, S. lycopersicoides, S. ochran-
thum, S. jugandifolium, and S. sitiens (Rick and Fobes,
1975; Peralta et al, 2008; Zuriaga et al, 2009). The clos-
est wild ancestor to cultivated tomato is S. pimpinelli-
folium L. found in the centre of origin of tomato from the
northern part of Chile to Colombia. Most of these wild
relatives are vulnerable to extinction because of their
small population sizes (Bai and Lindhout, 2007; Onyia
et al, 2019). Therefore, wild tomato accessions stored
in genebanks need to be evaluated in time and space in
order to identify significant traits and valuable potential.
Documented information about the performance of wild
tomato accessions will aid future use in tomato breeding
programmes.

Currently, the breeding programme at the National
Horticultural Research Institute (NIHORT), Ibadan,
Nigeria has made diverse collections of landraces,
cultivars and wild tomato accessions. Only the landraces
and cultivars have been extensively studied for their
agronomic performance and resistance to abiotic and
biotic stresses (Olaniyi et al, 2010; Nnabude et al,
2015). However, the wild accessions obtained from the
C.M. Rick Tomato Genetic Resource centre, University
of California, Davis, USA have not been studied for the
identification of useful agronomical traits, nutritional
and physicochemical parameters in Nigeria.

In addition to fruit yield and improved agronomical
traits, the fruit quality and nutritional parameters are
essential breeding objectives from a consumer’s point
of view and even in the processing industries (Bauchet
and Causse, 2012; Bergougnoux, 2014). Fruit qual-
ity and physicochemical parameters are cultivar depen-
dent (Riahi et al, 2009; Ilahy et al, 2011; Domı́nguez
et al, 2012). Fertilization, cultural practices and post-
harvest storage could influence fruit quality and physic-
ochemical parameters (Rosales et al, 2011; Beckles,
2012). Production of quality tomato fruits depends on
the climatic conditions, sunlight availability, good agro-
nomic practices and genetic variability among culti-
vars (Causse et al, 2003; Peixoto et al, 2018).

In order to identify, select and develop novel tomato
lines with desired horticultural traits for a Nigerian
breeding programme, it is crucial to evaluate tomato
accessions which are wild to the Nigerian germplasm.
These could then be subjected to diverse breeding
methodologies and agronomic practices (Chitarra and
Chitarra, 2005). Knowledge of desirable traits from the
evaluated tomato accessions will help to identify those

that could be used as parents in a tomato breeding
programme, hence, promoting improved nutrition and
increased production (Causse et al, 2003; Álvaro Toledo
and Burlingame, 2006).

This study evaluated mean performance and variation
among wild tomato accessions based on agronomic,
nutritional and physicochemical traits under rainforest
agro-ecology in Nigeria.

Materials and Methods

Germplasm

The accessions evaluated in this study are from the
C.M. Rick Tomato Genetic Resource Centre (TGRC),
University of California, Davis, USA (Table 1). They
are part of the tomato wild relatives core collection
of the NIHORT germplasm bank without previous
utilization information that could be included in
breeding programmes.

Nursery and field operations

Seeds were sown into perforated nursery trays filled
with sterilized soil and grown for three weeks in a
greenhouse at NIHORT, Ibadan, Oyo State (Rain forest
zone; 3◦ 56’E, 7◦ 33’ N; 168 meters above sea level).
The perforated nursery trays were kept moist by regular
watering on daily basis at sunrise and sunset with tap
water using a watering can. Seedlings were transplanted
to the field in paired rows in plots that were 2 m
long with spacing of 0.5 m between rows and 0.5 m
between plants within a row. Spacing between plots was
1 m. Seedlings were arranged in a randomized complete
block design with three replications. N-P-K (15-15-15)
fertilizer was applied at the rate of 120 kg/ha three
weeks after transplanting. The plants were trellised to
prevent lodging and loss of fruits due to diseases and
pests. Manual weeding was carried out at two-week
intervals. To protect the leaves from defoliating pests,
plants were sprayed with the pyrethroid insecticide
Cymbush containing cypermethrin at 2, 6, and 9 weeks
after transplanting at the rate of 450 ml of active
ingredients per 100 liters of water per hectare using a
knapsack sprayer. No disease infestation was observed
during the experiment and data were collected on five
randomly selected plants per plot.

Sample preparation

Uniformly ripe, healthy fruit at the red-ripe stage
were harvested (Hanson et al, 2004). A total of 10-
15 representative fruit were collected from pre-tagged
plants (from the first 3 clusters) to minimise intra-plant
variability (Borja et al, 1998). Tomato samples (100
g) were homogenized in 50 mL of water in a water
bath at 4◦C and low light (to reduce antioxidant loss)
for physicochemical analysis. All analyses were done in
triplicate for each sample at the Product Development
Laboratory of NIHORT.
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Table 1. Description of the 13 species of wild tomato accessions used for the experiment

No. Accession ID Species Origin (Area of collection)

1 LA0103 Solanum peruvianum (L.) Miller Cajamarquilla Lima, Peru
2 LA0130 Solanum chilense Dunal Moquegua, Peru
3 LA0411 Solanum pimpinellifolium (L.) Miller. Pichilingue, Los Rios, Ecuador
4 LA1028 Solanum chmielewskii (C.M. Rick et al.) Casinchichua, Apurimac, Peru
5 LA1041 Solanum cheesmanii L. Riley Santa Cruz, El Cascajo, Galapagos

Islands, Ecuador
6 LA1136 Solanum cheesmanii L. Riley Gardner st, Floreana Islet, Galapagos

Islands, Ecuador
7 LA1208 Solanum esculentum var. cerasiforme Dunal Sierra Nevada, Colombia
8 LA1272 Solanum pennellii (Correll) D’Arcy Pesquera, Lima, Peru
9 LA1293 Solanum peruvianum f. glandulosum (C.F. Mull) Matucana, Lima, Peru
10 LA2641 Solanum parviflorum (C.M. Rick et al.) Apurimac, Peru
11 LA4113 Solanum sitiens I.M. Johnst. Estación Ceres, Antofagasta Chile
12 LA4115 Solanum sitiens I.M. Johnst. Quebrada Desde Cerro, Oeste De Paqui,

Antofagasta, Chile
13 LA4138 Solanum pimpinellifolium (L.) Miller El Corregidor, La Molina, Lima, Peru

Physicochemical and nutritional analyses

Total soluble solid (◦Brix) (g 100 g−1) of the juice
was measured using the Eclipse hand-held refractometer
[PN# 45-01 (0-15 ◦Brix)] and the pH of the fruit
juice was measured using a benchtop pH meter (Sper
scientific benchtop) with the pH meter calibrated with
standard buffers pH 4 or 9. For determination of
titratable acidity (g 100 g−1) and vitamin C content
(mg 100 g−1), 10 mL of juice from 10 fruits was
diluted in 100 mL of distilled water and titrated with
NaOH (0.1 N) to pH 8.2. For vitamin C, the solution
was titrated with iodine (0.1 N) until a colour change
was observed (International Plant Genetic Resources
Institute, 1996) .

To determine lycopene content (mg 100 g−1), 5 mL
of acetone-n-hexane mixture in the ratio 4:6 was added
to 0.8 g of tomato pulp for each sample and mixed well.
The mix was centrifuged at 5000 rpm for 5 min at 4◦C;
the supernatant was extracted and absorbance measured
with a spectrophotometer (model 6400, Jenway) at 503
nm using the acetone-n-hexane mix as blank (Rosales
et al, 2006). Lycopene content was calculated using an
extinction coefficient (E%) of 3150.

Agronomic data collection

Data were collected on the following traits: number of
leaves at maturity (NLM), plant height at maturity (PH),
number of clusters per plant (NCP), number of fruits per
cluster (NFC), fruit weight (FW), fruit length (FL), fruit
circumference (FC), number of fruits per plant (NFP)
and fruit size index (FSI). Fruit yield of tomato was
adjusted to t ha−1using the following formula: Fruit
yield (t ha−1) = fruit yield per plot (kg) x 10,000 / plot
area (m2) x 1,000.

Statistical analysis

The data was subjected to analysis of variance (ANOVA)
using PROC GLM in SAS (SAS Institute, 2010) . Means
were separated using Fisher’s least significant difference
(LSD) test (P < 0.05). A rank summation index
(RSI) (Mulumba and Mock, 1978) was constructed
to create the aggregate trait by ranking accessions
with regard to high fruit weight, fruit yield, improved
agronomics, nutritional and physicochemical traits.
Ranks were summed for each accession to select the
top five. Pearson’s correlation analysis was done to
determine associations among all traits measured with
SAS. Hierarchical cluster analysis was performed using
SAS PROC CLUSTER based on centroid distance and
a dendrogram constructed by PROC TREE in SAS
to identify divergent groups. To identify patterns of
morphological variation, principal component analysis
(PCA) was conducted. Those PCs with Eigen values >1
were selected (Jeffers, 1967). The PCA analysis reduces
dimensions of a multivariate data to a few principal axes,
generates an Eigen vector for each axis and produces
component scores for characters (Sneath and Sokal,
1973).

Results

The ANOVA produced significant mean squares for all
agronomic, nutritional and physicochemical traits of the
tomato accessions indicating genetic variations for all
measured traits (Table 2). The coefficient of variation
(CV) used to measure the precision of the experiment
indicated the data was reliable (Table 2). Phenotypic
variation in the biological growth stages of tomato
accessions revealed that LA4113 was tallest and LA2641
shortest (Table 3). The most fruits per cluster were
observed for accession LA0103 and least for LA1041.
The most fruits per plant were observed for accession
LA0411, the least for LA4138. For fruit yield related
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Table 2. Mean squares from analysis of variance of agronomic, nutritional andphysicochemical traits of wild tomato accessions

Source df NLM PH
(cm)

NCP NFC FW (g) Fruit yield
(t/ha)

FL (cm) FC (cm

Replication 2 752.03 65.89 4.58 31.57∗∗ 57571.79∗∗ 1.44∗∗ 0.19∗ 0.15
Accessions 12 3254.65∗∗∗ 148.54∗∗∗ 31.89∗∗ 28.52∗∗∗ 24458.12∗ 0.61∗ 0.37∗∗∗ 0.65∗∗∗

Error 24 408.16 37.18 10.53 4.80 11010.68 0.28 0.05 0.11
CV 17.77 13.67 33.11 29.22 68.32 68.32 13.20 19.79

Source df NFP FSI VIT C
(mg/100 g)

TSS (oBrix)
(g/100 g)

TA
(g/100g)

Fruit juice
pH

Lycopene
(mg/100 g)

Replication 2 1381.87 0.02 2.3 0.0004 0.0003 0.003 0.51
Accessions 12 4605.24∗∗∗ 0.08∗∗∗ 147.40∗∗∗ 0.51∗∗∗ 0.17∗∗∗ 0.08∗∗∗ 106.12∗∗∗

Error 24 841.79 0.02 2.54 0.03 0.002 0.002 0.31
CV 42.25 12.37 4.94 4.14 4.74 0.95 2.38

*, **, *** Significant at 0.05, 0.01 and 0.001 probability levels, respectively.
CV = Coefficient of variation, NLM = Number of leaves at maturity, PH = Plant height at maturity, NCP = Number of cluster per plant, NFC =

Number of fruits per cluster, FW = Fruit weight, FL = Fruit length, FC = Fruit circumference, NFP = Number of fruits per plant, FSI = Fruit size
index, VIT C = Vitamin C, TSS = Total soluble solids, TA = Titratable acidity.

traits, tomato accession LA0130 had the heaviest fruit
and most fruit yield, LA1293 had the lowest fruit weight
and least fruit yield. Accession LA0411 had the highest
concentration of vitamin C. LA1028 had the highest
levels of total soluble solids while accessions LA4113,
LA4138, LA1041 had the lowest levels. Accessions
LA1208 and LA4133 had the lowest titratable acidity,
LA2641, LA1293 and LA0130 had the lowest fruit juice
pH. Lycopene content was highest in tomato accession
LA0130 and lowest in LA1208 (Table 3).

Based on a rank summation index (RSI) of 13
accessions, LA0130 was identified as best performing
among all tested accessions, with the best fruit
yield performance, desirable agronomic, nutritional and
physicochemical traits. Tomato accession LA0130 was
characterized by moderate plant height, highest number
of fruits per cluster, fruit weight and fruit yield (Table 3).
Accession LA0130 also had the highest titratable acidity
and lycopene content, but moderate fruit juice pH
(Table 4).

Pearson’s correlation coefficient was calculated to
determine associations among traits and showed vari-
ation for some trait combinations (Table 5). Fruit yield
was significantly positively correlated with fruit weight
coupled with a significant negative correlation with
number of leaves at maturity. Fruit size index was sig-
nificantly negatively correlated with fruit circumference
and significantly positively correlated with vitamin C
content. Total soluble solid was significantly positively
correlated with number of leaves at maturity and vita-
min C content. Titratable acidity was significantly pos-
itively correlated with number of fruit per plants and
total soluble solid. Fruit juice pH was significantly neg-
atively correlated with number of fruit per plant, total
soluble solid and titratable acidity. Lycopene content was
positively significantly correlated with vitamin C content
and titratable acidity.

All agronomic traits, nutritional and physicochemi-
cal parameters measured which showed significant vari-

ations were adopted to construct a hierarchical clus-
ter based on the centroid distances among the 13 tomato
accessions as in Figure 1. Cluster analysis differentiated
the accessions into 4 distinct groups, where LA0130 dif-
fered from the other three groups. Cluster I consisted
of five accessions, cluster II had four accessions, and
clusters III and cluster IV had three and one accessions,
respectively indicating variation among the accessions.

Additionally, contribution of each measured trait to
the total variation within the accession was further
determined through Principal Component Analysis
(PCA) based on correlation matrix of the variables.
The Scree plot of the PCA indicated six eigenvalues
corresponding to the entire percent variance with
eigenvalues >1. PCA1 accounted for about 22 % of
variation, PCA2 for 19 %, PCA3 for 15 %, PCA4 for
11 %, PCA5 for 10 % and PCA6 for 6 % (Table 6).
The first principal component axis (PCA1) was mainly
loaded positively by fruit yield, fruit yield related traits
and titratable acidity. In PCA2 traits which had positive
contribution were number of leaves at maturity, plant
height at maturity, titratable acidity and lycopene.
Fruit length, fruit circumference, total soluble solids
and lycopene had positive contributions in PCA3. In
PCA4 plant height at maturity, number of clusters
per plant, fruit weight, fruit yield and fruit juice pH
had positive contributions were. In PCA5 number of
clusters per plant, number of fruits per cluster, fruit
length, fruit circumference and total soluble solids had
positive contributions. In PCA6 traits which had positive
contributions were fruit length, fruit size index and
Vitamin C content.

Discussion

Significant phenotypic variations among the accessions
for all agronomic, nutritional and physicochemical
traits validate availability of genetic diversity in
the collection from the C.M. Rick Tomato Genetics
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Table 3. Mean ranking of agronomic traits of wild tomato accessions evaluated under the rainforest agro-ecology zone in Nigeria

S/N Accession PH
(cm)

NFC NFP FW (g) Fruit yield
(t/ha)

NLM NCP FL
(cm)

FC
(cm)

FSI RSI

1 LA0130 44.14 11.72 95.42 380.00 1.90 99.67 9.72 2.30 2.05 1.15 30
2 LA0411 52.97 8.64 143.78 113.33 0.57 137.67 9.78 1.22 1.17 1.05 51
3 LA1136 45.22 8.50 79.33 236.67 1.18 109.67 8.44 1.33 1.20 1.13 63
4 LA2641 29.64 10.94 106.72 140.00 0.70 96.00 7.28 1.67 1.40 1.19 65
5 LA0103 48.39 10.20 86.23 143.33 0.72 108.00 18.39 1.85 1.90 0.98 67
6 LA1272 35.96 9.39 94.50 156.67 0.78 107.00 7.73 1.60 1.90 0.86 69
7 LA1208 39.74 4.28 28.95 220.00 1.10 49.00 8.55 1.50 2.27 0.67 71
8 LA1028 46.29 5.67 28.83 93.33 0.47 171.67 8.89 2.35 2.79 0.84 79
9 LA1293 50.92 6.34 95.72 40.00 0.20 145.00 10.11 1.38 1.45 0.99 80
10 LA4115 44.96 3.95 27.94 200.00 1.00 138.33 9.39 1.58 1.67 0.95 83
11 LA4138 40.85 3.67 20.72 90.00 0.45 138.33 7.16 1.78 1.37 1.31 83
12 LA1041 44.91 3.33 30.50 130.00 0.65 68.00 7.17 1.71 1.69 1.02 84
13 LA4113 56.00 10.89 53.98 53.33 0.27 110.00 14.78 1.32 1.40 0.95 85

Minimum 17.92 2.67 11.25 10.00 0.05 34.00 5.83 1.20 1.00 0.66
Maximum 62.08 15.83 205.83 500.00 2.50 176.00 29.17 2.41 2.90 1.46
Mean of Top 5 44.07 10.00 102.30 202.67 1.01 110.20 10.72 1.67 1.54 1.10
Grand mean 44.61 7.50 68.66 153.59 0.77 113.72 9.80 1.66 1.71 1.01
Sel. Differential (%) -1.22 33.32 48.98 31.95 31.95 -3.09 9.41 0.78 -9.83 9.40
LSD (5 %) 10.28 3.69 48.89 176.83 0.88 34.05 5.47 0.37 0.57 0.21

PH = Plant height at maturity, NFC = Number of fruits per cluster, NFP = Number of fruits per plant, FW = Fruit weight, NLM = Number of leaves
at maturity NCP = Number of cluster per plant, FL = Fruit length, FC = Fruit circumference, FSI = Fruit size index. RSI = Rank Summation Index.
Sel. Differential = Selection differential is estimated as a proportion (%) of mean of all accessions

Table 4. Ranking of the mean performance of nutritional and physicochemical parameters of wild tomato accessions evaluated
under the rainforest agro-ecology zone in Nigeria

S/N Accession Vit C (mg/100 g) TSS (oBrix) TA (g/100 g) Fruit juice pH Lycopene (mg/100 g) RSI

1 LA0130 42.46 4.50 1.38 4.85 32.54 30
2 LA0411 46.28 4.50 1.26 4.9 31.02 51
3 LA1136 29.21 3.75 0.76 5.3 24.42 63
4 LA2641 32.07 3.88 0.98 4.8 15.11 65
5 LA0103 33.63 3.75 0.74 5.15 21.57 67
6 LA1272 21.02 3.75 0.95 5.00 16.13 69
7 LA1208 26.01 4.00 0.63 5.30 13.43 71
8 LA1028 34.56 4.85 0.82 5.05 22.16 79
9 LA1293 25.53 4.50 1.31 4.85 26.16 80
10 LA4115 25.38 3.75 1.02 5.10 27.65 83
11 LA4138 40.21 3.50 0.70 5.05 26.51 83
12 LA1041 31.38 3.50 0.85 5.30 31.24 84
13 LA4113 30.64 3.50 0.69 5.15 18.63 85

Minimum 20.90 3.25 0.6 4.80 12.64
Maximum 46.29 5.20 1.39 5.30 32.81
Mean of Top 5 36.73 4.08 1.02 5.00 24.93
Grand mean 32.18 3.98 0.93 5.06 23.58
Sel. Differential (%) 14.13 2.42 10.01 -1.22 5.73
LSD (5 %) 2.95 0.31 0.08 0.09 1.04

VIT C = Vitamin C, TSS = Total soluble solids, TA = Titratable acidity. RSI = Rank Summation Index. Sel. Differential = Selection differential is
estimated as a proportion (%) of mean of all accessions
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Table 5. Pearson’s correlation coefficient (r) of agronomic, nutritional and physicochemical traits of wild tomato accessions
evaluated under a rainforest agro-ecology in Nigeria

NLM FW (g) Fruit yield
(t/ha)

FC (cm) NFP FSI VIT C
(mg/100 g)

TSS
(oBrix)

TA
(g/100 g)

pH

FW -0.32∗

Fruit
yield

-0.32∗ 1.00∗∗∗

FC 0.03 0.01 0.01

NFP -0.05 0.18 0.18 -0.34∗

FSI 0.18 0.05 0.05 -0.60∗∗∗ 0.18

VIT C 0.19 0.08 0.08 -0.07 0.22 0.40∗

TSS 0.37∗ 0.08 0.08 0.30 0.30 -0.10 0.38∗

TA 0.24 0.15 0.15 -0.08 0.50∗∗∗ 0.18 0.32 0.66∗∗∗

pH -0.35∗ 0.04 0.04 0.03 -0.49∗∗∗ -0.21 -0.31 -0.51∗∗∗ -0.76∗∗∗

Lycopene 0.27 0.15 0.15 -0.14 0.10 0.35∗ 0.58∗∗∗ 0.32∗ 0.57∗∗∗ -0.14

*, *** Significant at 0.05 and 0.001 probability levels, respectively.
NLM = Number of leaves at maturity, FW = Fruit weight, FC = Fruit circumference, NFP = Number of fruits per plant, FSI = Fruit size index, VIT

C = Vitamin C, TSS = Total soluble solids, TA = Titratable acidity, pH = Fruit juice pH.

Table 6. Eigenvalue, proportion of variability and estimated traits of wild tomato accessions contributing to first six principal
components

Traits PC1 PC2 PC3 PC4 PC5 PC6

NLM -0.08 0.31 0.20 -0.04 0.00 -0.07
PH (cm) -0.16 0.34 0.06 0.32 -0.07 -0.20
NCP -0.08 0.18 -0.12 0.48 0.21 0.13
NFC 0.29 0.07 -0.28 0.12 0.24 0.15
FW (g) 0.37 -0.26 0.06 0.27 -0.06 -0.08
Fruit yield (t/ha) 0.37 -0.2 0.06 0.27 -0.06 -0.08
FL (cm) 0.03 -0.05 0.41 0.07 0.30 0.51
FC (cm) -0.09 -0.13 0.32 0.09 0.54 0.09
NFP 0.32 0.22 -0.21 -0.05 0.06 -0.08
FSI 0.14 0.11 0.03 -0.10 -0.48 0.53
VIT C (mg/100 g) 0.16 0.25 0.22 0.16 -0.16 0.33
TSS (oBrix) 0.19 0.21 0.31 -0.11 0.24 -0.29
TA (g/100 g) 0.30 0.26 0.20 -0.18 0.02 -0.24
Fruit juice pH -0.24 -0.27 -0.10 0.29 -0.17 -0.08
Lycopene (mg/100 g) 0.13 0.19 0.34 0.12 -0.34 -0.11
Eigenvalue 4.15 3.68 2.82 2.12 1.98 1.08
Proportion (%) 22 19 15 11 10 6
Cumulative (%) 21 41 56 67 78 83

NLM = Number of leaves at maturity, PH = Plant height at maturity, NCP = Number of cluster per plant, NFC = Number of fruits per cluster, FW
= Fruit weight, FL = Fruit length, FC = Fruit circumference, NFP = Number of fruits per plant, FSI = Fruit size index, VIT C = Vitamin C, TSS =
Total soluble solids, TA = Titratable acidity.
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Figure 1. Dendrogram of 13 wild tomato accessions based ona-
gronomic traits, nutritional and physicochemical parameters
generated by centroid hierarchical cluster analysis

Resource Center (Chetelat, 2004, 2006). Previous
research reported significant variations for agronomic
traits for cultivated tomato varieties grown in various
environments in Africa (Chernet and Zibelo, 2014;
Shiberu, 2016; Regassa et al, 2016). This study indicates
a wealth of genetic variability for fruit quality traits of
wild tomato accessions. Accessions LA0411 and LA2641
had the highest number of fruit per plant which could be
ascribed to genetic variation in flower abortion (Kanneh
et al, 2017). Numbers of fruit per plant from this
study were higher than the values reported by Ceballos-
Aguirre and Vallejo-Cabrera (2012), but similar with the
report of Agong et al (2001). The mean performances
for fruits per cluster and fruit weight in our study
were higher than the results presented by Ceballos-
Aguirre and Vallejo-Cabrera (2012) who worked on
wild tomato accessions from the Tomato Genetics
Resources Center (TGRC), University of California-
Davis. Disparities in the results from this study may be
due to difference in the accessions evaluated, number
of days before transplanting, agronomic practices used,
and the environment.

Important quality traits that determine flavor, shelf
life and market-related attributes of tomato are total
soluble solids, fruit juice pH, titratable acidity, lycopene
and Vitamin C content. The quality of tomato fruit
for industrial processing and paste production depends
on a high value of total soluble solids. Total soluble
solids recorded in this present study ranged from 3
to 5 ºBrix which is comparable to the minimum value
of total soluble solids (4.5 ºBrix) reported by Campos
et al (2006) but considered low for industrial tomatoes.
Previous studies have reported a range from 4 to 6
ºBrix for total soluble solids of tomato fruits (Alcántar
et al, 1999; Cramer et al, 2001; Pascale et al, 2001).
High total soluble solid increases tomato paste efficiency
and must be between 5.0 and 6.5 % in industrial
tomatoes (Teka, 2013). The range of 4.80 – 5.30
for tomato fruit juice pH reported in this study is
considerably high. Tomato fruit juice pH values can
vary from 4.25 to 4.78 and fruits with high pH values

may not be recommended for fresh tomato consumption
or industrial processing (Paulson and Stevens, 1974;
Anthon et al, 2011; Rajae et al, 2018). A pH below
4.50 is desirable because it reduces proliferation of
microorganisms and indicates quality (Mohammed et al,
1999; Tigist et al, 2013). However, the pH of ripe
tomatoes may exceed 4.50 because a higher pH value
is associated with flavor (Stevens, 1972). Titratable
acidity in this study was higher than previously
reported (George et al, 2004; Tigist et al, 2013;
Rajae et al, 2018). Tomatoes are considered the main
source of lycopene compounds and a major source of
carotenoids in the human diet (Willcox et al, 2003).
Lycopene imparts the red color to tomato and affects
quality. The range for lycopene content reported in the
literature is between 0.58-6.50 mg 100 g−1 (Rickman
et al, 2007; Saha et al, 2010), which is lower than
reported in this study. The Vitamin C concentrations
reported in this study for all accessions were higher
than reported by Aoun et al (2013), but consistent with
the range reported by Franke et al (2004) and Saha
et al (2010). Our results show that wild tomato
accessions contain significant antioxidants and may be
useful for nutritional improvement in tomato breeding
programmes (Tigchelaar, 1986) . All fruit quality and
nutritional traits measured in this study reveal the value
of the wild tomato accession as a source of useful alleles
and their utilization as interesting donor parents in
cultivar development.

Selection of the top outstanding five accessions with
RSI may be useful as donor parent through intra
and interspecific hybridization (Ghani et al, 2020) and
may result in a significant increase in tomato fruit
weight and fruit yield. This gain in fruit weight and
yield could also be associated with improvement in
number of fruits per cluster, number of fruits per plant,
titratable acidity, lycopene content and fruit juice pH.
To improve breeding efficiency and selection indices in
crop improvement, knowledge about correlation among
traits is essential (Nzuve et al, 2014). Results from
Pearson’s correlation coefficients indicate that as tomato
fruit yield increases, number of leaves at maturity
decreases significantly. Selection based on fruit weight
and reduction in number of leaves at maturity could
lead to tomato fruit yield improvement. There were
significant negative correlations between fruit juice pH
and titratable acidity. This implies that increased fruit
juice pH was accompanied by a decrease in titratable
acidity and acid concentrations and is associated with
maturity (Teka, 2013). Significant positive correlations
between total soluble solids and titratable acidity in
this study corroborate findings of Aoun et al (2013),
and also indicated that plants with high sugar content
have more free organic acids than plants with low sugar
content (Saliba-Colombani et al, 2001; Georgelis, 2002;
Getinet et al, 2008). With positive correlations, genes
controlling these traits could be linked to, or be under
control of, pleiotropic effects (Boćanski et al, 2009).
Positive and/or negative desirable relationships among
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some agronomic, nutritional and physicochemical traits
indicate that desirable genes in these wild accessions
could be exploited in further breeding activities for
cultivar improvement (Sujiprihati et al, 2003).

Furthermore, the wild tomato accessions were
arranged in 4 clusters; with cluster IV appearing as
the most phenotypically diverse. The best performing
accession LA0130 in cluster IV has the highest
number of fruits per cluster; highest fruit weight,
fruit yield, vitamin C concentration, lycopene content,
and moderate total soluble solids, titratable acidity
and fruit juice pH. This accession might harbor novel
traits that are lacking in cultivated tomato and may
be used as potential parent in tomato breeding to
develop high yielding cultivars with desirable nutritional
and physicochemical traits. The eigenvalue from PCA
indicates importance of each principal component axis
and its contribution to variability in traits of the tomato
accessions. Fruit size index and vitamin C concentration
play a role in explaining the variation but are less
important than the first four factors.

Conclusion

This study identifies variability among the 13 wild
tomato accessions evaluated. Accession LA0130 was out-
standing for its unique attributes which included high
number of fruits per cluster, fruit weight, fruit yield, total
soluble solids, titratable acidity and lycopene content
amongst others. Thus, this wild tomato accession may
be considered promising to broaden the genetic variabil-
ity for tomato improvement programmes. Consequently,
this accession may be incorporated into the tomato
breeding programme in the national institutes and could
be used in hybridization for developing lines with desir-
able horticultural traits. Documentation of the agro-
nomic, nutritional and physicochemical performance of
the evaluated wild tomato accessions is informative for
their utilization in breeding programmes. These results
are useful for breeders working on the development and
improvement of tomato, as desirable traits from these
wild tomatoes can be transferred into the commercial
tomato varieties suitable for the growth conditions in
the rainforest agro-ecology zone of Nigeria and to boost
production and diversity.
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Introduction

The Ethiopian livestock sector, which is mainly dom-
inated by indigenous animal genetic resources, con-
tributes significantly to the economy and food security
of the country (Central Statistical Agency, 2018), pro-
viding livelihood for 37-87% of the country’s popula-
tion (Central Statistical Agency, 2005). This sector con-
tributes 15 — 17% and 35 — 49% of the total and agri-
cultural Gross Domestic Product, respectively (Michael
et al, 2016). Within the livestock sector, small rumi-
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nants, especially sheep, provide a sustainable option
for smallholder low input-output production systems.
Indigenous sheep genetic resources play a major role
in developing countries like Ethiopia, as are better
adapted to environments which are harsh, marginal and
degraded, have low body weight and excellent grazing
skills (Misra and Singh, 2002; Degen, 2007). The indige-
nous sheep genetic resources account for 99.81% of the
total sheep population in Ethiopia (Central Statistical
Agency, 2018).

Conducting phenotypic characterization is a pre-
requisite for sustainable utilization, conservation and
improvement of a breed through designing appropriate
sheep breeding programs (FAO, 2012). This will fur-
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ther maximize sustainable food security while minimiz-
ing pressure on the environment. Ethiopia, one of the
major gateways for domestic sheep to Africa (Devendra
and Mcleroy, 1982), is believed to have the largest live-
stock population in Africa with 31.3 million sheep (Cen-
tral Statistical Agency, 2018) categorized into 14 tra-
ditionally recognized and phenotypically distinct sheep
populations (9 breeds within 6 breed groups) (Gizaw
et al, 2008; EBI, 2016). The 9 sheep breeds of Ethiopia
are Simien, Short fat tailed, Washera, Gumz, Horro, Arsi,
Bonga, Afar and Black Head Somali (BHS) (Gizaw et al,
2008). In literature, sheep populations of the current
study area were generally classified as Sekota traditional
population and further categorized under the Short fat
tailed breed (Gizaw et al, 2008). However, samples were
not taken from nearby areas of the current study areas.

Sekota sheep populations were characterized as short
fat tail turned-up at end and fused with main part.
The population is medium-sized, predominantly brown
or white coat color, few blacks with brown belly. The
white animals have finer hair or wooly udder-coat,
semi-pendulous or rudimentary ears in Wag Himra
and Tigray while predominantly rudimentary in Tekeze
valley. Sekota sheep population were reared by Agew,
Tigray and Amhara communities (Gizaw et al, 2008).

However, due to the country’s high ecological and
production system variations, some of the breeds
were re-characterized in more recent studies, including
Simien sheep (Melaku et al, 2019), Short fat tailed
sheep (Hayelom et al, 2014; Bimerow et al, 2011;
Getachew et al, 2009), Washera sheep (Mengistie et al,
2010), Arsi sheep (Worku, 2018); Afar sheep (Getachew
et al, 2009). In addition to these studies, some work was
done in the Tigray region on Abergelle sheep (Tajebe
et al, 2011) and Tigray Highland sheep (Gebreyowhens
and Tesfay, 2016).

Despite the efforts made to characterize the Ethiopian
indigenous sheep genetic resources as mentioned above,
they have not yet been exhaustive in covering all regions
of the country in general and the Tigray region in
particular. They also focused on only a few specifically
well-known sheep populations. As a consequence, a
high sheep diversity remains unstudied, along with
the associated diversified ecology, production systems
and ethnic groups. Therefore, there is an urgent need
for continued characterization and identification to
understand the relationships within and among breeds.
Thus, the present study was initiated to cover these
gaps and phenotypically describe the indigenous sheep
populations of Tahtay Maichew district, Central Tigray
zone, Ethiopia.

Materials and methods

Study Areas

The study was carried out in the Tahtay Maichew
district, which is located in the central zone of Tigray
National Regional State (Figure 1). The district covers
a total area of 18,618 km2 with estimated livestock

Table 1. Climatic factors and sheep population size of the
threeagro-ecological zones in the Tahtay Maichew district of
Tigray region, Ethiopia.

Variables Highland Midland Lowland

Altitude in
meters

> 2500 1500 –
2500

< 1500

Temperature in
◦C (mean)

9.9 19.9 30.3

Annual rainfall
in mm (mean)

600 – 700 500 – 600 400 – 500

Sheep
population size

11,816 8,903 4,476

population size of 247,907, consisting 75,707 cattle,
55,517 goats, 110 mules, 6,716 donkeys, 25,195 sheep
and 84,102 poultry (Atsbeha et al, 2015). The studied
areas were categorized as highland, midland and
lowland based on the climatic factors in Table 1.

Site selection and data collection

Available background information on the existence
of unstudied sheep populations adapted to different
agro-ecological zones was captured through short pilot
survey and focus group discussions with livestock
experts and keepers. Two sites (kebeles) were sampled
randomly from each agro-ecological zone (see Table 1).
Quantitative and qualitative data were recorded from
a total of 306 adult sheep (57 rams and 249
ewes) based on data collection procedures outlined
in FAO guidelines (FAO, 2012). Studied animals were
carefully handled by trained personnel. Quantitative
measurements were taken early in the morning of the
day before feeding and watering when the animals were
calm and standing in an upright position on flat ground.

Eighteen quantitative measurements were collected:
body length (cm), body weight (kg), heart girth (cm),
height at withers (cm), chest depth (cm), shoulder
point width (cm), subs height (cm) rump length (cm),
rump width (cm), tail length (cm), tail width (cm),
head length (cm), head width (cm), shin circumference
(cm), horn length (cm), hair length (cm), canon bone
length (cm), ear length (cm), testis circumference (cm).
Fourteen qualitative characteristics were also collected:
coat color pattern, coat color, skin color, fiber type, ear
orientation, head profile, back profile, rump profile, tail
type, tail shape and presence of toggle, horn, beard and
ruff were recorded.

Statistical Analysis

Data were entered and managed using Microsoft
Excel© worksheet. Detection of outliers and testing
the normality of the quantitative measurements data
was performed using the UNIVARIATE procedure of
Statistical Analysis Software (SAS) 9.0 (SAS Institute,
2002). Analysis of data on quantitative measurements
and qualitative characteristics was carried out using
the General Linear Model (GLM) procedure and the
frequency (FREQ) procedure of SAS 9.0 software,
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Figure 1. Map of the studied areas.

respectively. Linear measurements Least Square Means
(LSM) were separated using the adjusted Tukey-Kramer
test (SAS Institute, 2002). Quantitative and qualitative
data were analyzed using the following model:Yijk =
µ+Ai+Bj +Ck+eijk where Yijk is an observation, µ is
the overall mean, Ai is the fixed effect of environment,
Bj is the fixed effect of the sex, Ck is the fixed effect of
age group and eijk is the random error attributed to the
nth observation. Environment, sex and age group were
fitted as class variables throughout the analysis, while
sex effect was removed from the class variables when
the analysis was done separately for each sex.

Multivariate analysis was performed on quantitative
measurements. Stepwise discriminant function analysis
(STEPDISC) with forward selection procedure was
used to find out the quantitative variables that better
discriminate populations from different environment.
Percentage assignment of observations to environment
and probabilities of misclassifications were evaluated
by discriminant function analysis (DISCRIM). Canonical
discriminant function analysis (CANDISC) was also
performed to find out linear combination of quantitative
variables that provide maximal separations between
environments. The scored canonical variables were
used to plot pairs of canonical variables to get visual
interpretation of environmental differences. Pairwise

squared Mahalanobis distances between environments
were computed as:D2 (i|j) = (xi − xj)

′
cov−1 (xi − xj).

Where D2 (i|j) is the distances between environments
zones i and j, cov−1 is the inverse of the covariance
matrix of measured variables, xi and xj are the means
of variables in the ith and jth populations.

Results

Quantitative measurements

Level of significance (P-values) outputs of the class
variables for both the overall analysis and separately
for each sex are presented in Table 2. Overall, most of
the studied traits were significantly affected by agro-
ecological zone, age and sexual differences. Effect of
agro-ecological zone on some quantitative traits (heart
girth, height at withers, shoulder point width, rump
length, tail length, head length, hair length, canon bone
length, and ear length) was more significant on ewes
than rams.

The overall mean with the respective standard error
and deviation, and the effect of agro-ecological zone, sex
and age on the quantitative measurements are presented
in Tables 3, 4 and 5. The highland sheep population
had the shortest height at withers, widest shoulder
points and longest hair, while midland sheep population
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Table 2. Level of significance for the overall analysis and separately for both sexes

Traits
Overall Rams Ewes

Agro-eco zone Age Sex Agro-eco zone Age Agro-eco zone Age
BL (cm) 0.2688 <0.0001 0.3394 0.3930 0.0028 0.3873 0.0004
BW (kg) 0.5309 <0.0001 0.9515 0.3384 0.0061 0.6135 <0.0001
HG (cm) 0.0330 <0.0001 0.6983 0.0772 0.0002 0.0399 <0.0001
HAW (cm) 0.0005 0.0250 0.0617 0.0562 0.0009 0.0075 0.5451
CD (cm) 0.0486 0.0013 0.0267 0.1216 0.0120 0.2068 0.0397
SPW (cm) 0.0012 <0.0001 0.0017 0.8511 0.0008 <0.0001 0.0078
SH (cm) 0.5553 0.5924 0.2194 0.1241 0.9660 0.8881 0.7606
RL (cm) <0.0001 0.2364 0.2377 0.8307 0.8157 <0.0001 0.1604
RW (cm) 0.7008 0.0028 0.4727 0.2884 0.0001 0.3402 0.0504
TL (cm) 0.0003 0.9584 0.0040 0.1598 0.2868 0.0007 0.2635
TW (cm) 0.3219 0.3538 <0.0001 0.5269 0.0064 0.2726 0.8968
HL (cm) <0.0001 0.0002 0.0410 0.2124 0.0213 <0.0001 0.0062
HW (cm) 0.0283 0.0092 <0.0001 0.2161 0.9169 0.0597 0.0122
SC (cm) 0.4564 0.0003 <0.0001 0.5994 0.0001 0.6909 0.2794
HRL (cm) <0.0001 0.0076 0.0007 0.1643 0.3147 <0.0001 0.0123
CBL (cm) <0.0001 0.0377 0.2666 0.6187 0.0349 <0.0001 0.1417
EL (cm) <0.0001 0.0365 0.6856 0.5261 0.4147 0.0002 0.0153
TC (cm) - - - 0.0253 0.0114 - -

BL = body length, BW = body weight, HG = heart girth, HAW = height at withers, CD = chest depth, SPW = shoulder point width, SH
= subs height, RL =rump length, RW = rump width, TL = tail length, TW = tail width, HL =head length, HW = head width, SC = shin
circumference, HRL = hair length, CBL = canon bone length, EL = ear length, TC = testis circumference.

possessed the shortest tail and ear. Almost half of the
measured traits were affected by sex of the animals
showing higher values for males.

Most of the overall agro-ecological zone differences
were due to the differences within the ewes. However,
testis circumference, the only trait among the rams
which is affected by agro-ecological zone, increases
significantly as we shift from highland to lowland.

The majority of the quantitative measurements
were significantly affected by the age of the animals
(Figures 2, 3 and 4). Accordingly, values of some traits
(body weight, chest depth, shoulder point width, rump
width, testis circumference, body length, heart girth,
and height at withers) gradually increased towards the
optimum age of three years and then decreased towards
the oldest age (5 years; Figures 2 and 3). However, this
was not true in some traits (head length, head width,
shin circumference, hair length, canon bone length, and
ear length; Figure 4). On the other hand, age did not
affect subs height, rump length, rump width, tail length,
and tail width.

Qualitative characteristics

The outputs of the chi-squared tests, if the qualitative
characteristics of the sheep populations from the three
agro-ecological zones differ, are presented in Table 5.
Accordingly, ear orientation, back profile, head profile,
rump profile and coat color of the three agro-ecological
zones were significantly different (Table 5). On the other
hand, the coat color pattern, fiber type, skin color, tail
type, tail shape and presence of toggle, horn, beard

Figure 2. Effect of age on body weight(BW), chest depth (CD),
shoulder point width (SPW), rump width (RW), and testis
circumference (TC).

Figure 3. Effect of age on body length (BL), heart girth (HG),
and height at withers (HAW)
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Table 3. Overall mean (X), standard error (SE), standard deviation (SD) and pairwise mean comparison (least square means and
standard errors) for the effect of agro-ecological zone and sex. Means within a column bearing different superscripts are significantly
different; a is given to the highest value.

Traits
Overall Agro-ecological zone Sex

X±SE SD Highland Midland Lowland Rams Ewes
N 306 102 102 102 57 249
BL (cm) 55.2±0.2 4.0 54.7±0.5 55.4±0.4 55.5±0.4 55.6±0.6 54.9±0.3
BW (kg) 23.5±0.2 3.4 22.9±0.4 23.4±0.3 23.3±0.4 23.2±0.5 23.2±0.2
HG (cm) 71.0±0.3 4.9 71.8±0.5a 70.1±0.5b 70.7±0.5ab 71.0±0.7 70.7±0.3
HAW (cm) 63.9±0.2 3.2 63.2±0.4b 64.5±0.3a 64.9±0.4a 64.8±0.5 63.7±0.2
CD (cm) 29.8±0.2 3.1 30.0±0.4 30.0±0.3 30.8±0.3 30.9±0.5 29.6±0.2
SPW (cm) 18.7±0.1 2.3 19.7±0.3a 18.6±0.3b 19.0±0.3b 19.8±0.3 18.4±0.2
SH (cm) 32.9±0.1 2.5 32.8±0.3 33.1±0.3 33.1±0.3 33.3±0.4 32.7±0.2
RL (cm) 14.9±0.1 2.2 15.6±0.3a 15.2±0.2a 14.1±0.2b 15.2±0.3 14.7±0.2
RW (cm) 21.3±0.1 2.3 21.2±0.3 21.4±0.2 21.2±0.3 21.1±0.4 21.4±0.2
TL (cm) 16.8±0.2 3.1 17.5±0.4a 16.3±0.3b 18.0±0.3a 18.1±0.5 16.4±0.2
TW (cm) 16.8±0.2 3.0 18.0±0.3 17.5±0.3 17.5±0.3 19.0±0.5 16.3±0.2
HL (cm) 13.9±0.1 1.5 14.4±0.2a 14.0±0.2a 13.4±0.2b 14.2±0.2 13.6±0.1
HW (cm) 10.2±0.1 1.3 10.4±0.1b 10.8±0.1a 10.4±0.1b 11.1±0.2 9.9±0.1
SC (cm) 6.8±0.1 0.8 7.0±0.1 7.1±0.1 6.9±0.1 7.3±0.1 6.6±0.1
HRL (cm) 4.5±0.1 1.3 5.2±0.1a 4.6±0.1b 4.5±0.1b 5.2±0.2 4.4±0.1
CBL (cm) 12.3±0.1 1.2 12.7±0.1a 12.5±0.1a 11.8±0.1b 12.5±0.2 12.2±0.1
EL (cm) 7.6±0.2 3.0 7.8±0.4a 6.4±0.3b 8.4±0.4a 7.7±0.5 7.4±0.2

N = number of observations, BL = body length, BW = body weight, HG = heart girth, HAW = height at withers, CD = chest depth, SPW =
shoulder point width, SH = subs height, RL =rump length, RW = rump width, TL = tail length, TW = tail width, HL =head length, HW = head
width, SC = shin circumference, HRL = hair length, CBL = canon bone length, EL = ear length.

Table 4. Pairwise mean comparison (least square means and standard errors) for the effect of agro-ecological zonewithin each sex.
Means within a column bearing different superscripts are significantly different; a is given to the highest value.

Traits
Rams Ewes

Highland Midland Lowland Highland Midland Lowland
N 14 26 17 88 76 85
BL (cm) 56.3±1.3 56.1±0.9 57.6±1.0 54.7±0.5 55.5±0.5 55.3±0.5
BW (kg) 23.2±1.1 23.7±0.7 24.8±0.8 23.3±0.4 23.7±0.4 23.3±0.4
HG (cm) 73.2±1.5 70.6±1.0 73.3±1.2 72.2±0.6a 70.6±0.6b 70.6±0.6b

HAW (cm) 65.0±1.1 65.7±0.7 67.6±0.8 63.1±0.4b 64.4±0.4a 64.4±0.4a

CD (cm) 30.2±1.2 30.8±0.8 32.5±0.9 29.7±0.3 29.4±0.4 30.2±0.4
SPW (cm) 20.0±0.9 19.9±0.6 20.3±0.7 19.6±0.2a 18.1±0.3b 18.5±0.2b

SH (cm) 32.0±1.0 34.0±0.6 33.3±0.7 32.7±0.3 32.7±0.3 32.8±0.3
RL (cm) 15.3±0.8 14.8±0.5 14.9±0.6 15.5±0.3a 15.2±0.3a 13.7±0.3b

RW (cm) 22.6±0.8 21.4±0.5 22.1±0.6 21.6±0.3 21.9±0.3 21.4±0.3
TL (cm) 19.2±1.2 17.2±0.8 18.7±0.9 16.9±0.3a 15.7±0.4b 17.4±0.3a

TW (cm) 19.9±1.1 18.7±0.7 19.3±0.8 16.9±0.3 16.4±0.4 16.3±0.3
HL (cm) 15.2±0.6 14.6±0.4 14.1±0.4 14.2±0.2a 13.8±0.2a 13.2±0.2b

HW (cm) 10.4±0.6 11.4±0.4 11.2±0.5 9.8±0.1 10.2±0.1 9.7±0.1
SC (cm) 7.4±0.3 7.7±0.2 7.5±0.3 6.7±0.1 6.7±0.1 6.6±0.1
HRL (cm) 4.9±0.5 5.4±0.3 4.5±0.4 5.0±0.1a 4.1±0.2b 4.2±0.1b

CBL (cm) 12.6±0.4 12.9±0.2 12.6±0.3 12.8±0.1a 12.4±0.1a 11.7±0.1b

EL (cm) 7.6±1.1 7.2±0.7 8.3±0.8 7.5±0.4a 6.1±0.4b 8.2±0.4a

TC (cm) 23.2±1.1b 24.0±0.7ab 26.1±0.8a - - -

N = number of observations, BL = body length, BW = body weight, HG = heart girth, HAW = height at withers, CD = chest depth, SPW =
shoulder point width, SH = subs height, RL = rump length, RW = rump width, TL = tail length, TW = tail width, HL = head length, HW = head
width, SC = shin circumference, HRL = hair length, CBL = canon bone length, EL = ear length, TC = testis circumference.



17 Hailu et al Genetic Resources (2020), 1 (2), 12–22

Figure 4. Effect of age on head length(HL), head width (HW),
shin circumference (SC), hair length (HRL), canon bone length
(CBL), and ear length (EL)

and ruff were not significantly different among the
studied agro-ecological zones. Accordingly, the sheep
populations can be characterized as hair type sheep
with plain coat color pattern. Additionally, all of the
studied sheep populations possess cylindrical thin tail
with turned up at end, and straight head profile. The
results also revealed that almost none of the sheep
sampled have pigmented skin, horns, toggle, ruff and
beard. Tan coat color was dominantly observed in the
high and midland agro-ecological zones while white
and brown colors were dominant in the lowland sheep
(Figures 5, 6 and 7).

Multivariate analysis for discrimination of
sheep populations

According to stepwise discriminant function analysis,
canon bone length, height at withers and tail length
were the three most important morphometric variables
used in discriminating the sheep populations from
different agro-ecological zones (Table 6). Chest depth,
subs height, body length, and tail width were found not
to be useful variables due to their lowest discriminatory
power (Table 6).

The probabilities of all main multivariate tests over
the canonical structures were significant (Table 7).

Figure 5. Coat color of sheep populations from different
agro-ecological zones; significant (p<0.0001) effect of agro-
ecological zones was observed over the coat color of the
studied sheep populations.

Table 5. Percentages and their respective chi-squared proba-
bilities of some qualitative characteristics of the sheep popu-
lations from different agro-ecological zones. χ2values in bold
are statistically significant.

Qualitative
traits

Agro-ecological zones
Highland Midland Lowland χ2

Coat color
pattern

0.1445

Plain 77.5 85.3 82.4
Patchy 17.6 12.7 17.6
Spotted 4.9 2.0 NR
Fiber type 0.8211
Hairy 85.3 86.3 88.2
Wooly 14.7 13.7 11.8
Ear
orientation

0.0127

Erect 1.0 1.0 4.9
Semi-
pendulous

48.0 34.3 37.2

Pendulous 25.5 16.7 21.6
Carried
horizontal

25.5 48.0 36.3

Head profile 0.0100
Straight 71.6 65.7 85.3
Concave 12.7 11.8 8.8
Convex 15.7 22.5 5.9
Back profile 0.0002
Straight 70.5 40.2 62.8
Slopes up
towards the
rump

25.5 56.9 34.3

Slopes down
from withers

2.0 2.9 2.9

Curved 2.0 0 0
Rump profile <0.0001
Flat 27.5 59.8 50.0
Sloping 72.5 40.2 48.0
Roofy 0 0 2.0
Toggle 0.0987
Present 3.9 11.8 10.8
Absent 96.1 88.2 89.2

Canonical correlation coefficients of the quantitative
variables and class means outputs from the two
canonical structures are shown in Table 8. The first
canonical structure (Can 1) explains the majority (69%)
of the variability with eigenvalue of 0.48. The first
canonical correlation (57%) was the greatest multiple
correlation with the classes that was achieved by using
the linear combination of the quantitative variables.
The results revealed that Can 1 separates the sheep
populations (class means) from different agro-ecological
zones.

Results of a discriminant function analysis (Table 9)
shows the classification of data into a known agro-
ecological zone. Accordingly, an average of 66% of the
sampled animals were classified into their respective
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Table 6. Summary of the stepwise discriminant function analysis; ascending order of traits used in discriminating the sheep
populations from different agro-ecological zones.

Step Variables entered Partial R-squared F value Pr > F Wilk’s Lambda Pr < Lambda

1 Canon bone length 0.1237 21.39 <0.0001 0.8763 <0.0001
2 Height at withers 0.0564 9.02 0.0002 0.8269 <0.0001
3 Tail length 0.0557 8.87 0.0002 0.7809 <0.0001
4 Rump length 0.0554 8.79 0.0002 0.7376 <0.0001
5 Head width 0.0529 8.36 0.0003 0.6986 <0.0001
6 Hair length 0.0460 7.18 0.0009 0.6664 <0.0001
7 Head length 0.0525 8.23 0.0003 0.6315 <0.0001
8 Shoulder point width 0.0308 4.70 0.0098 0.6120 <0.0001
9 Shin circumference 0.0258 3.91 0.0210 0.5962 <0.0001
10 Heart girth 0.0172 2.58 0.0777 0.5860 <0.0001
11 Body weight 0.0268 4.03 0.0188 0.5703 <0.0001
12 Rump width 0.0147 2.18 0.1154 0.5619 <0.0001
- Chest depth 0.0073 1.07 0.3432 - -
- Subs height 0.0013 0.18 0.8314 - -
- Body length 0.0010 0.15 0.8595 - -
- Tail width 0.0008 0.12 0.8876 - -

agro-ecological zone. The overall error rate was 34%,
while higher error rates were obtained from the
classification of midland sheep populations.

Pairwise squared distances between agro-ecological
zones are shown in Table 10. All distances were
significant. Highland sheep populations are distantly
related to the lowland sheep. On the other hand,
midland sheep relates more towards lowland sheep than
highland sheep.

Table 7. Multivariate statistics and F approximates

Statistic Value F
Value

Num
DF

Den
DF

Pr > F

Wilks’
Lambda

0.5559 6.14 32 576 <0.0001

Pillai’s Trace 0.5015 6.04 32 578 <0.0001
Hotelling-
Lawley
Trace

0.6957 6.24 32 510.82 <0.0001

Roy’s
Greatest Root

0.4811 8.69 16 289 <0.0001

Table 8. Eigen values, canonical correlations and class means

Can 1 Can 2

Multivariate Statistics
Canonical correlation 0.5699 0.4203
Eigenvalue 0.4811 0.2146
Proportion 0.6916 0.3084
Class (agro-ecological zones)
Highland 0.9139 -0.2290
Lowland -0.7539 -0.4141
Midland -0.1600 0.6430

Discussion

Along with the most observable qualitative traits, quan-
titative measurements produce reliable information in
characterization and differentiation of sheep popula-
tions. In our current study, more traits showed signifi-
cant differences among ewes than among rams in differ-
ent agro-ecological zones. This might be due to either
the larger sample size taken for ewe populations or due
to the similarity of rams over the studied agro-ecological
zones, which could be attributed to common markets

Table 9. Number and percent of observations classified into
agro-ecological zones.

From Highland Lowland Midland Total

High-
land

70 (68.6) 20 (19.6) 12
(11.8)

102
(100)

Lowland 12 (11.8) 71 (69.6) 19
(18.6)

102
(100)

Midland 19 (18.6) 23 (22.6) 60
(58.8)

102
(100)

Total 101
(33.0)

114
(37.3)

91
(29.7)

306
(100)

Error
rate

0.31 0.30 0.41 0.34

Priors 0.33 0.33 0.33

Table 10. Squared Mahalanobis distance between agro-
ecological zones; output of the multivariate analysis calculated
using the quantitative measurements

From Highland Lowland Midland

Highland 0
Lowland 2.82*** 0
Midland 1.91*** 1.47*** 0

*** shows the significance of the distance calcula-
tions at p<0.0001.
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Figure 6. Lowland sheep flock in Tahtay Maichew district.

where farmers select and purchase rams for sire pur-
poses.

Most of the studied traits were affected by agro-
ecological zone differences, which might be due to the
differences in physiological adaptation mechanism of
sheep types to different environments, management,
availability of different feed and nutrition and/or the
variations being caused by genetic factors. For example,
the majority of lowland sheep possess higher values for
height at withers, testis circumference and short hair
which might help them to adapt to a hot environment.
These results are in line with the results of Getachew
et al (2009) and Gizaw et al (2008) for Menz and
Afar sheep who reported that such measurements of the
lowland Afar sheep were higher than the highland Menz
sheep populations.

Most of the body measurements were higher for
rams than ewes, which might be attributed to enhanced
muscle mass and skeletal development in males due to
testosterone hormone secretions (Baneh and Hafezian,
2009). These results follow Rensch’s rule where the
males of a particular species are usually heavier than
the females (Rensch, 1950). Size differences may be
ascribed to the differences in the endocrine system
of the two sexes; estrogen hormone was shown to
have a limited effect on growth in females (Baneh
and Hafezian, 2009). These results are in agreement

with Mustefa et al (2019) and Getachew et al (2009)
who reported that males were higher than the females
in most growth traits in goats and sheep respectively.

In agreement with the results of the current study,
most scholars report differences in traits between the
sexes with rams being dominant over ewes (Rensch,
1950; Baneh and Hafezian, 2009; Mustefa et al,
2019; Getachew et al, 2009). However, differences
due to sex was not observed in Tigray Highland
sheep populations (Hayelom et al, 2014). In contrast
to this, Hayelom et al (2014) report the dominance
of ewes over the rams on most of the linear body
measurements of Elle sheep populations. In a different
study, no significant differences were observed among
body weight of Simien sheep ewes and rams (Melaku
et al, 2019).

The overall mean body weight (23.50 kg) presented
in the current study was higher than those reported
by Tajebe et al (2011) for Abergelle sheep (21.25 kg),
and by Gebreyowhens and Tesfay (2016) for Tigray
Highland sheep (22.10 kg), while the values were lower
than those reported by Hayelom et al (2014) for Tigray
Highland sheep (27.52 kg), and Melaku et al (2019) for
Simien sheep (24.90 kg) which show their difference
from the sheep populations of the neighboring areas.
Although the body weight of rams and ewes presented
in this study were higher than those reported for
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Figure 7. Highland sheep flock in Tahtay Maichew district.

Abergelle and Tigray highland sheep (Tajebe et al, 2011;
Gebreyowhens and Tesfay, 2016), other traits such as
body length, height at withers, heart girth and tail length
were comparable between these sheep populations. On
the other hand, higher values for all morphological
measurements were reported by Edea et al (2010) for
the country’s most known sheep breeds (Bonga and
Horro sheep).

The results also revealed that linear body measure-
ments among the studied sheep population differ with
age. Three-year-old sheep showed the highest values
for most of the measurements, reflecting the optimum
growth age. These results are in contrast with results
of Getachew et al (2009) for Menz and Afar sheep
and Melaku et al (2019) for Simien sheep who reported
that the body weight of the sheep continued to increase
with age.

In addition to the quantitative measurements, the
qualitative characteristics of a population also allow
to easily differentiate genetic resources. Among the
obvious qualitative characteristics which differentiate
the current sheep populations from the previously
characterized sheep populations are the complete
absence of beard, horn, ruff, toggle and pigmented
skin. Similarly, variations in coat color were also
observed among the different agro-ecological zones.
Accordingly, the majority of the highland and midland

sheep populations from the current study possess tan
coat color which makes them unique among the other
Tigray highland sheep populations. Sheep populations
sampled from the lowland area display dominantly
white and light colors which is in agreement with the
report of Getachew et al (2009) for the lowland Afar
sheep. The majority of the sheep populations from the
current study possessed hairy fiber type coats, which
was in contrast to the results of Hayelom et al (2014),
who report course wool for Tigray Highland sheep.
However, huge variations were not observed among the
other qualitative characteristics of the sheep types from
the current study and earlier studies of Gebreyowhens
and Tesfay (2016) and Hayelom et al (2014) for Tigray
Highland sheep.

Discriminant function analysis allowed the classifi-
cation of an average 66% of the studied animals into
their respective environments zone. Lowest classifica-
tion of individuals into their respective agro-ecological
zone was observed in midland sheep populations, indi-
cating a lack of uniqueness within them. All of the pair-
wise comparisons between populations from different
agro-ecological zones were found to be highly signifi-
cant with the largest difference observed between the
highland and lowland sheep populations. These results
reflect the large altitudinal differences between the two
agro-ecological zones. The shortest distance calculated
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between the lowland and midland sheep populations
show their relative similarities as compared with the
highland sheep. These differences among different agro-
ecological zones show the presence of potential genetic
resource variations which can be useful for maintaining
diversity and further selection-based genetic improve-
ment programs.

In conclusion, using a combination of quantitative
and qualitative characteristics we were able to discrim-
inate the sheep populations from three agro-ecological
zones in the Tahtay Maichew district, Tigray region of
Ethiopia and to group them into two distinct populations
(the highland and the lowland sheep). Sheep popula-
tions from the midland agro-ecological zone were con-
sidered to be part of the lowland group. Therefore, it is
better to consider the highland and lowland sheep as dif-
ferent traditional populations until molecular character-
ization results provide further evidence for population
differentiation. Additionally, the molecular characteri-
zation studies will show the within population genetic
diversity and level of inbreeding which can be used for
selecting appropriate genetic improvement plans (selec-
tion or crossbreeding). According to the reports of Gizaw
et al (2008), the sheep genetic resources of most parts
of the Tigray region were generally referred as Sekota
sheep population under the short fat tailed breed. How-
ever, results from our study indicate that there are sev-
eral sheep populations that cannot be categorized under
the Sekota traditional sheep population. Therefore, it
is advisable to include these genetic resources for fur-
ther molecular studies to understand the genetic diver-
sity within and among populations.
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Oscar J Rocha *,a, Dawa Méndez-Álvarez b, Fabiana Rojas Parajeles b and Olman Murillo
Gamboa b

a Department of Biological Sciences, Kent State University, Ohio, 44242, Kent, USA
b School of Forest Engineering, Instituto Tecnológico de Costa Rica, 159-7050, Cartago, Costa Rica

Abstract: Gmelina arborea (melina) is a valuable tree species throughout tropical areas, and there are extensive commercial
plantations of this species in Southeast Asia, West Africa, and Latin America. As part of a research program for the genetic
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Introduction

Gmelina arborea (melina) is a valuable timber species
that grows throughout tropical areas. Native to South-
east Asia and India, it is an important commercial tim-
ber species in tropical regions worldwide, particularly in
Southeast Asia, West Africa, and South America, where
G. arborea is grown in large plantations. Its low-density
wood is durable and yields reasonable quantities of rel-
atively uniform, stable, and light color pulp (Dvorak,
2004; Wee et al, 2012). The Panel of Experts on Forest
Genetic Resources of the Food and Agriculture Organi-
zation (FAO) describes G. arborea as an important tree

∗Corresponding author: Oscar J Rocha (orocha@kent.edu)

species with high potential and utility (Lauridsen and
Kjaer, 2002).

G. arborea is the second most planted timber
species in Costa Rica because of its rapid growth
rate, easy establishment, high productivity, a wide
range of tolerance to site conditions and excellent
regrowth capacity (Rosero et al, 2011; Ávila Arias et al,
2015a,b; Vergara et al, 2017). This species was first
introduced into Costa Rica in 1966 for pulp production
by the local paper company and to serve as a seed
source for the establishment of plantations in the
Jari Project in Brazil in Eastern Amazonia (Rounda,
1988). This initial introduction consisted of seeds from
twenty independent origins, i.e., provenances from
different regions throughout its native range in Asia
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(India, Pakistan, and Bangladesh), and commercial
plantations in Africa (Nigeria and Cameroon) and
British Honduras (now Belize). These provenances were
planted separately in >100 ha blocks, to provide a broad
base for genetic improvement. More than 20 years later,
seeds from this plantation were collected from healthy
trees with desirable phenotypes, initiating its spread
throughout the region.

Breeding efforts of G. arborea in Costa Rica started
in the early ’90s, leading to the development of highly
productive genetic stock for timber production at a
regional scale (Ávila Arias et al, 2014, 2015a,b). The
most successful melina breeding programs in the region
use clonal propagation to establish their commercial
plantation, as this strategy provides a reliable stock
of propagules that are easy to produce and plant
and results in fast-growing trees and high productivity.
Moreover, researchers have used variables such as trade
volume and quality of wood and other indicators of
each clone line’s performance for the selection of the
genetic stock to be planted in sites with different soil
characteristics, flooding, and land use-history (Ávila
Arias et al, 2015a,b).

Here, we describe fifteen microsatellite loci developed
to support ongoing breeding programs of melina in
Costa Rica using a small number of clones selected for
their rapid growth and high productivity. These markers
will be used for clone identification and potentially for
marker-assisted breeding of G. arborea.

Materials and Methods

Development of Microsatellite Markers

The microsatellite markers were developed using the
magnetic bead protocol described by Cullings (1992)
and Li et al (1997) and modified by Glenn and Sch-
able (2005). Genomic DNA from a sample of five G.
arborea trees was digested using HaeIII/PshA1 restric-
tion enzymes (Invitrogen; Carlsbad, CA). Two link-
ers were added to the digested genomic DNA (M28
5’CTCTTGCTTGAATTCGGACTA 3’ and M29 5’pTAGTC-
CGAATTCAAGCAAGAGCACA 3’) and M28 was used as
a primer for subsequent polymerase chain reactions
(PCR). Finally, the digested genomic DNA was ampli-
fied in multiple PCR reactions and their product con-
centrated to gain enough DNA for the following bead
hybridization process.

Two arbitrary repeat motifs (CA20 and AG17) were
selected as probes for the bead hybridization reactions
based upon Cardle et al (2000). The short tandem
repeat (STR) probes from Integrated DNA Technologies
(Coralville, IA, USA) had a biotin label on the 5’ end.
The STR probes were added to a bead hybridization
reaction to select for DNA fragments that contained
the repeat motif of the probe. This bead hybridization
process aimed to allow the fragments containing repeats
to anneal to the biotin-labeled probes. After the
hybridization, the selected fragments were isolated from
the rest of the genomic DNA using streptavidin-coated

magnetic beads, which bind to the biotin-labeled probes.
These fragments were then eluted and re-amplified
using the M28 primer in additional PCR reactions. The
bead hybridization and PCR pre-amplification processes
were repeated one more time to enrich for genomic DNA
containing the selected repeats.

After completing the bead hybridization and selection
process, the repeat sequences enriched DNA was
ligated into a pGEM-T vector from Promega (Madison,
WI, USA) to begin the sequencing phase of this
protocol. We cloned the vectors into electrocompetent
Escherichia coli cells. We later plated transformed E.
coli cells onto selective media containing 0.1 mg/mL
ampicillin, 0.05 mg/mL X-Gal, and 1mM IPTG. All
positive clones were sequenced on an ABI PRISM 377
DNA Sequencer using universal M13 forward (F) and
reverse (R) primers (Schuelke, 2000). The sequencing
reactions were standard 20 ml reactions using the
ABI PRISM BigDye Terminator sequencing kits (Applied
Biosystems, Foster City, CA, USA) and 3.2 pmol of
PCR product for the template. Primers for each of the
fifteen microsatellite loci were designed from sequences
containing multiple copies of the repeated motif and
with sufficiently long flanking regions on the 5’ and the
3’ end of the repeated region pairs using Primer 3.0
software (Rozen and Skaletsky, 2000).

Microsatellite Loci Characterization

All primer pairs were tested for amplification and
polymorphism using DNA obtained from 23 promising
genotypes (clones) of G. arborea belonging to five
different privately operated clonal breeding programs.
Two ramets from each clone were gathered from a clonal
collection maintained in a greenhouse at the Instituto
Tecnológico de Costa Rica to validate all alleles by
genotyping them separately. As described above (Doyle
and Doyle, 1987; Lodhi et al, 1994), total genomic
DNA was extracted at the Forest Molecular Genetic
Laboratory, in the Forest Innovation Research Center
(CIF) at the Instituto Tecnológico de Costa Rica, Cartago,
Costa Rica. Copies of these clones are maintained in the
mini clonal garden facility and could be made accessible
upon request.

PCR Amplification and Fragment Analysis

Polymerase chain reactions were performed in a final
volume of 15 µl, containing approximately 50 ng of
genomic DNA, 10 mM Tris buffer, pH 8.0, 10 mM
MgCl2, 0.2 mM dNTPs, 0.4 µM of each primer, and 1 U
of Taq polymerase (Fermentas®) using an Eppendorf®

Mastercycler EP thermal cycler. The PCR program used
included an initial step of 2 min of denaturation at
94 ◦C, 30 cycles of 15 s at 94 ◦C, 15 s at 55 ◦C
and 30 s at 72 ◦C, and a final extension cycle
of 1 min at 72 ◦C. To genotype each individual,
we conducted electrophoresis for fragment separation
using a QIAxcel Advanced fragment analyzer from
QIAGEN® at Centro de Investigación en Bioloǵıa Celular
y Molecular (CIBCM) at Universidad de Costa Rica. Once
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all of the data scorings were complete, random samples
were re-amplified and re-ran to assess reproducibility
and confirm scoring and allele sizes.

Genetic analysis

GenAlex 6.3 (Peakall and Smouse, 2006) was used
to calculate common indicators of genetic diversity,
including the number of alleles (Na) per locus and
the expected (He) and observed heterozygosity (Ho).
GenAlex was also used to calculate deviations from
Hardy–Weinberg equilibrium (HWE) and linkage dis-
equilibrium. Genotype errors due to stutter bands,
allele dropout, and null alleles were estimated using
the MICRO-CHECKER software (van Oosterhout et al,
2004).

To examine the potential of these loci for discrimi-
nation among the 23 clones, the multilocus genotype
of each clone was determined using the presence and
absence of alleles to estimate genetic similarities for all
pairwise comparisons among clones. Genetic similarity
among each pair of clones was calculated based on the
number of alleles common among the clones accord-
ing to the following equation proposed by Dice (1945),
where
GSxy = 2a/(2a + b + c) ,
where a is the number of alleles common to clones

x and y, b the number of alleles present only in clone
x, and c the number of alleles present only in clone y.
A cluster analysis based on sequential, agglomerative,
hierarchical, and nested clustering methods (SAHN,
UPGMA; NTSYS-pc-p package; (Rohlf, 1993) was
conducted to describe the relationship between the
clones.

Results

Microsatellite loci

Table 1lists the loci names, corresponding accession
numbers in Genbank, repeated motifs, forward and
reverse primer sequences, the size range of PCR
products, and annealing temperatures for each of the
fifteen microsatellite loci isolated for Gmelina arborea.
All loci were polymorphic, with the number of alleles
per locus ranging from 2 to 7 (Table 2). We found 75
different alleles across all loci (Supplemental Table 1),
with an average of 5.00 ± 0.41 alleles per locus. Average
observed and expected heterozygosities were also high
(Ho = 0.504 and He =0.645, Table 2). Moreover, our
findings did not show evidence of scoring error due to
stuttering or significant allele dropout for any of the
fifteen polymorphic loci.

Our analyses revealed significant deviations from
Hardy-Weinberg proportion in most loci (Table 2). We
observed heterozygote deficiencies in eleven loci and an
excess of heterozygotes in one locus (Meldi-12; Table 2).
However, given the small sample size used to validate
these loci and the high number of alleles found in most
of them, it is reasonable to expect that they will not be
in Hardy-Weinberg equilibrium (HWE). Moreover, the

Figure 1. Dendrogram of the 23 clones of Gmelina arborea
based on Dice similarity coefficient (Dice, 1945). Letters
preceding the clone identification number indicate the
breeding programs from which each clone was obtained.
Clones from two programs (PC and CA) tended to cluster
together while one clone from each of the other three
programs (MC, N, and T) clustered with clones from the other
programs.

clones used to validate these microsatellite loci do not
represent a sample of a natural population of G. arborea,
but a collection of promising genotypes selected by the
timber industry. We also caution that two loci; namely,
Meldi11 and Meldi11.2, which include different tandem
repeats, were derived from the same sequence.

Our analysis using the software MICRO-CHECKER
did not reveal evidence for genotype errors due to
stutter bands or allele dropout. Our analysis suggested
the presence of null alleles in nine loci (Table 2),
but such findings might result from a deviation from
Hardy-Weinberg proportions. MICRO-CHECKER uses
deviations of Hardy-Weinberg proportions to identify
loci likely to have null alleles. We need to reiterate
that our sample did not represent a natural population
of G. arborea. For that reason, deviations from Hardy-
Weinberg proportions are likely to occur in multiple loci.

Our results also showed that all 23 clones exhibited
a unique combination of alleles (Supplemental Table 1),
resulting in genetic similarities (Dice) ranging from 0.36
to 0.83 (Figure 1). Overall, most of the clones clustered
according to their origin or breeding program. All clones
from programs PC and CA clustered together while some
clones from programs MC, N, and T grouped with clones
from the other programs.

Discussion

We described fifteen polymorphic microsatellite loci for
the fast-growing timber tree Gmelina arborea. These
new microsatellite loci proved to be very informative,
accurate, and with a reliable discrimination power
for assessing genotype identity. The process of allele
validation provides confidence for utilizing this set of
microsatellite loci for multiple purposes. Overall, we
found high levels of allelic diversity, suggesting a broad
genetic base in the original material from which these
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Table 1. Development and optimization of microsatellite markers for Gmelina arborea. Locus name, accession number, repeat
motifs, oligonucleotide primer sequences, PCR product size range, and annealing temperatures for the fifteen microsatellite loci
isolated for G. arborea.

Locus
name

Accession no. Repeat motif Primer sequence Range of PCR
products (bp)

Annealing
Temp (◦C)

Meldi1 MH249250 CT12
R: 5’-CCCCACTTTTGATGCTCTCT-3’

113-131 56
F: 5’-TAGTTGGTGAAATGAAAATTCGC-3’

Meldi2 MH230082 TC9.GA15.GA9
R: 5’-TAGTCGCATAAGGAAAAGTTAG-3’

299-317 55
F: 5’-CCAATTCTGTGCTGCTAAGG-3’

Meldi4 MH249251 TC17
R: 5’-ACTCCAGACCTTTCTCGCTC-3’

214-237 58
F: 5’-CCTTCTTCAAAATCCGATCTTTC-3’

Meldi5 MH249252 GA10
R: 5’-CAATTTCCTTCAGTTATTCCCAC-3’

283-307 50.8
F: 5’-CAAAATAGATTAAGCCCACATC-3’

Meldi6 MH249253 TC12TC9.TC10
R: 5’-CCCATATCACCTGCTCTTAG-3’

292-320 56
F: 5’-GGATGTCACGATGTCGGATG-3’

Meldi7
MH249255
MH249254

CT22. . . CT19
R: 5’-CCTAACAATCATGGAAAAGAG-3’

352-376 54
F: 5’-CACTCAGCGTGGCAAAGAG-3’

Meldi10 MH249256 CT19
R: 5’-CAATTTCTCCCTAGCAAGTTC-3’

174-210 56
F: 5’-AGTACATCTACTCAAAGGAGGT-3’

Meldi11 MH249257 GA12
R: 5’-GCTTGTGGTTTGGGTGACGA-3’

168-182 57
F: 5’-AGTGATGCTCCTCATTCAGGA-3’

Meldi11.2 MH249257 TC9
R: 5’-TTCATAATGAGCAAAGGGGAC-3’

140-160 56
F: 5’-GGCCACTTCAGTATCCACAC-3’

Meldi12 MH249258 TC15
R: 5’-CCTAGATTAGCCATTTATATTG-3’

206-214 56
F: 5’-GGTGGAGCAGAAGAAGAGAGA-3’

Meldi16 MH249260 TG23
R: 5’-ACCAGGACACCCTCGACAC-3’

213-225 55.2
F: 5’-GTTGAGGAGCAGTTTATAAGAC-3’

Meldi17 MH249261 TG10.GA17
R: 5’-GGTTATTATAATCACTTCTGCC-3’

153-167 55
F: 5’-CCAATGTAATAGGACAAAACTC-3’

Meldi20 MH249263 GT8.GA17
R: 5’-GGGAAAATCAGATACACTGCC-3’

205-231 57
F: 5’-ATCAACCAAGGGGACAAGCC-3’

Meldi21 MH249264 GA14..TGn
R: 5’-GCATGCAACAGAGAAAAGAAG-3’

231-262 55
F: 5’-GATAATCGTACTAAAGTTGAGG-3’

Meldi24 MH249267 CA6..GA17
R: 5’-CCTTTCCCTAAGTCCACACA-3’

211-219 53
F: 5’-TTTTGTCCAAATGAGGCTCC-3’

23 clones were selected. We expected to encounter
high genetic diversity among the clones used in this
study because they represent a sample taken from
collections of G. arborea selected by growers because
of their performance. Moreover, the plantations where
these clones were selected have different soil types,
precipitation regimes, and topography.

We found that all clones from two clonal breeding
programs clustered together in the dendrogram (PC
and AC; Figure 1). However, this is not true for
clones from all breeding programs, as clones from the
same program may not group in the same cluster. For
example, clone T-27 did not cluster together with the
other four genotypes in the same program (T-26, T-
28, T-29, and T-30). Similarly, clones N-15 and MC-
1313 did not group with the other trees from their
program. However, clones from the same breeding
program tended to group, suggesting that the process
of selecting promising clones, based on what breeders

considered desirable phenotypes, varies among breeding
programs. Furthermore, this finding also implies that
promising clone lines could perform well in a given
environment. Therefore, it suggests that the degree
of similarity of allelic composition among clones may
indicate similarities in their ability to respond to
environmental conditions.

Ávila Arias et al (2014) conducted a field trial using
different clone lines planted in two locations in south-
western Costa Rica. They found significant differences
in diameter at breast height (DBH), commercial height,
commercial volume of the trunk over bark, trunk qual-
ity, and the volume and quality of the wood among
clone lines two years after planting. Their analysis also
showed significant genotype by environment interaction
in clonal performance, as some accessions grew well in
their site of origin but not in other locations. Murillo-
Gamboa et al (2016) reported differences in the toler-
ance to melina’s wilt, a critical disease in Costa Rica,
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Table 2. Genetic analysis of microsatellite loci on 23 Gmelina arborea clones. Observed number of alleles per locus, observed and
expected heterozygosity, significance value for test for the deviation from Hardy-Weinberg proportions (χ2 test), and test for null
alleles are listed for each of the fifteen polymorphic loci developed for G. arborea.

Number Heterozygosity χ2 test Test for Null Alleles
Locus name of alleles Observed Expected P-value P-value
Meldi1 3 0.435 0.446 ns †
Meldi2 5 0.348 0.712 *** ***
Meldi4 6 0.652 0.671 ns †
Meldi5 6 0.652 0.750 ** ns
Meldi6 7 0.217 0.774 *** ***
Meldi7 7 0.550 0.839 *** **
Meldi10 6 0.435 0.722 *** **
Meldi11 3 0.227 0.404 *** †
Meldi11.2 6 0.500 0.792 * **
Meldi12 2 0.609 0.423 * †
Meldi16 3 0.565 0.542 * †
Meldi17 4 0.348 0.661 *** ***
Meldi20 6 0.522 0.705 ns *
Meldi21 5 0.435 0.746 *** **
Meldi24 6 0.435 0.775 *** ***

ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, †A single allele contributed to more
than 50% of the observation in this locus. Binomial analysis could not be performed.

among clone lines used in the field trial conducted
by Ávila Arias et al (2015b,a). These findings indicate
that clone selection is biased toward genotypes perform-
ing well in particular environments, thus suggesting that
genetic markers could play a role in identifying promis-
ing genotypes.

In summary, the fifteen polymorphic microsatellite
markers we described here have great potential use for
the breeding of G. arborea, including genotyping the
breeding collections, as well as keeping the identity and
assessing the purity in clonal gardens. In this respect,
there are eleven additional loci available to expand
the multilocus genotype of each clonal line (Liao et al,
2010) to increase the possibilities for genetic analysis
and marker-assisted selection of G. arborea.
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Introduction

Hybridization between wild species and their do-
mesticated relatives has been detected in multiple
environments across the globe (Pierpaoli et al, 2003;
Godinho et al, 2011; Goedbloed et al, 2013a). In-
vasive species and hybridized individuals compete with
native populations, and cause negative impacts to
biodiversity (Rhymer and Simberloff, 1996; Randi,
2008; Harrison and Larson, 2014). Invasive pigs are
known to successfully disperse in wild environments
and cause considerable impact on the gene pool of native
wild boar populations (Vernesi et al, 2003; Kout-
sogiannouli et al, 2010; Goedbloed et al, 2013b). Multi-
ple countries have implemented management programs
to reduce wild boar population expansion

(Waithman et al, 1999; Scandura et al, 2008; Saito
et al, 2011), but hybrid individuals may have in-
creased litter sizes, aggression, and growth rates
(Goedbloed et al, 2013b; Dzialuk et al, 2018). Areas
of suspected hybridization between invasive pigs and
wild boar populations should be continuously moni-
tored to understand the extent of introgression of pig
genes in the wild boar gene pool.

Microsatellite marker analysis is a well-established
monitoring tool to evaluate possible introgression of
invasive species and hybridization detection (Nijman
et al, 2003; Randi, 2008; Uemura et al, 2018).
The selection of reliable microsatellite markers by
optimizing amplification protocols prior to monitoring
a target population is of great importance because it
has consequences for subsequent genotyping (Hoffman
and Amos, 2005; Kolodziej et al, 2012). However,
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genotyping hybrid individuals (e.g. crossed pig and
boar) can be challenging due to common or shared
alleles at multiple loci (Larson et al, 2005; Grossi
et al, 2006; Choi et al, 2014) and it is necessary
to select suitable loci with lineage specific alleles
for hybridization detection. Validating appropriate
microsatellite markers with possible hybridized wild
boar and the pigs involved in the hybridization will
provide the necessary genetic composition data to
develop a cost-efficient monitoring tool to evaluate the
introgression of pig genes to the wild boar gene pool.
Such cost-efficient analyses have provided monitoring
opportunities to estimate abundancy of hybrids (Qi
et al, 2010; Matsumoto et al, 2019), population
characteristics (Goedbloed et al, 2013a; Sharma et al,
2013) and local genetic structures (Tadano et al, 2016;
Touma et al, 2020) in animals.

Genetic diversity and ancestry of wild boar have been
well studied, including areas of South East Asia, and
information from hybridization occurrences with domes-
tic pigs is of increasing interest due to possible genetic
alterations (Choi et al, 2014; Todesco et al, 2016). Wild
boar populations inhabiting Fukushima prefecture, in
Japan, are suggested to be threatened by hybridiza-
tion following the uncontrolled release of domesticated
pigs after mandated evacuations due to the Fukushima
nuclear disasters in 2011 (Okuda et al, 2018; Ander-
son et al, 2019). Additionally, hybridization in this area
has not altered the morphological characteristics of wild
boar (Anderson et al, 2019) and possible hybrids can
only be detected using DNA. Thus, estimating appropri-
ate genotypes of wild boar from the period prior to 2011,
after 2011, and from domestic pigs in this area, with
microsatellite markers will provide an important source
of information for better understanding hybridization
effects with native species following such events. Ade-
quate selection of microsatellite markers from this area
will establish a cost-efficient tool to easily distinguish if
a wild boar population has been impacted by hybridiza-
tion.

In this study, we selected robust microsatellite
markers used in European and Asian pig studies (Rohrer
et al, 1994; Krause et al, 2002; Karlskov-Mortensen et
al, 2007; FAO, 2011) that could differentiate wild boar
or pig alleles. Our goal for this study was two-fold:
First, we aimed to select useful microsatellite mark-
ers for hybrid analysis between domesticated pig and
wild boar populations; and second, to use these loci
to perform a preliminary check of the introgression
of pig alleles into wild boar populations in
Fukushima prefecture following the disasters in 2011.

Materials and Methods
Analysed samples and DNA extraction

Thirty-one muscle tissue samples were collected from
three populations (hereafter referred to as Pop1, Pop2
and Pop3) and were selected based on mitochondrial
DNA (mtDNA) haplotype and year sampled. Sample
haplotype and date were prioritized for optimal determi-

nation of reliable microsatellite screening of hybridiza-
tion between wild boar and domesticated pigs after
the Fukushima disasters in 2011. Pop1 samples were
from 10 unrelated domestic pigs (Sus scrofa domesti-
cus) that were collected from a local pig slaughter-
house or local markets within Fukushima prefecture in
2016-2017. Pop2 samples were from 13 wild boar (Sus
scrofa) muscle samples that were collected in 2003-
2004, prior to the evacuations and Fukushima disasters,
from a wild boar population in northern Ibaraki pre-
fecture, south of Fukushima prefecture. The mtDNA
analysis has shown that this population is the same
haplotype (D42172) and has extremely high genetic
similarity to the wild boar population in eastern
Fukushima prefecture (Nagata et al, 2006). Pop3
samples were collected in 2015-2016, after the
Fukushima disasters, from eight suggested hy-
bridized wild boar that had a typical mtDNA
haplotype of pig (suggested pig ancestor in maternal
lineage; MK801664, see Anderson et al (2019)). All
animals were legally culled by licensed hunters, and
this entire study was approved by Fukushima Uni-
versity’s Institutional Animal Care and Use Commit-
tee. All experiments were performed in accordance
with relevant guidelines and regulations. All samples
were stored individually at −20 ◦C in 99.5%
ethanol until extraction. Total genomic DNA was ex-
tracted from muscle tissue using the Gentra Pure-
gene Tissue Kit (QIAGEN), according to manufacturer’s
instructions.

Microsatellite loci genotyping
A total of 52 unlinked microsatellite loci were se-

lected from previously developed phage libraries
(Rohrer et al, 1994; Krause et al, 2002; Karlskov-
Mortensen et al, 2007) and recommended
microsatellite markers from the Food and Agriculture
Organisation of the United Nations database
(FAO, 2011) and screened for amplification success on
all 31 samples.

PCR amplification was performed in 5 µL reactions
using the QIAGEN Multiplex PCR Kit (QIAGEN) and a
protocol for fluorescent dye-label (Blacket et al, 2012).
Each sample reaction contained 10 to 20 ng of genomic
template DNA, 2.5 µL of Multiplex PCR Master Mix, 0.1
µM of forward primer, 0.2 µM of reverse primer, and
0.1 µM of fluorescently labeled primer. Amplification
conditions consisted of 95 ◦C for 15 minutes followed
by 33 cycles of denaturation at 94 ◦C for 30 seconds,
annealing at 57 ◦C for 1.5 minutes, and extension at
72 ◦C for 1 minute and an extension at 60 ◦C for 30
minutes. All thermal cycling conditions used in T100
thermal cycler (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Product sizes were determined using an
ABI PRISM 3130 Genetic Analyzer and GeneMapper
software (Applied Biosystems, Foster City, CA, USA).

Characterization of microsatellite markers

Successful markers were identified after our initial
screening by clear peak patterns following amplifica-
tions. Number of alleles (NA), observed heterozygosity
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Table 1. Characteristics of 32 microsatellite markers selected. Ta = annealing temperature

Locus Primer sequence (5’ → 3’)
Forward/Reverse

Repeat
motif

Range of
alleles (bp)

Ta (◦C) Fluorescent
label

Genebank
accession No.

Sw632 TGGGTTGAAAGATTTCCCAA (AC)21 115-138 55 FAM AF225099

GGAGTCAGTACTTTGGCTTGA

S0090 CCAAGACTGCCTTGTAGGTGAATA (AC)24 227-253 55 FAM M95002

GCTATCAAGTATTGTACCATTAGG

Sw24 CTTTGGGTGGAGTGTGTGC (GT)13 99-135 55 VIC AF235245

ATCCAAATGCTGCAAGCG

Swr1941 AGAAAGCAATTTGATTTGCATAATC (TG)20 215-255 55 VIC AF253904

ACAAGGACCTACTGTATAGCACAGG

Sw857 TGAGAGGTCAGTTACAGAAGACC (CA)22 165-187 55 NED AF225105

GATCCTCCTCCAAATCCCAT

S0228 GGCATAGGCTGGCAGCAACA (AC)17 93-112 55 PET L29195

AGCCCACCTCATCTTATCTACACT

Sw2008 CAGGCCAGAGTAGCGTGC (GT)25 148-170 55 FAM AF253773

CAGTCCTCCCAAAAATAACATG

Sw240 AGAAATTAGTGCCTCAAATTGG (TG)17 164-186 55 VIC AF235246

AAACCATTAAGTCCCTAGCAAA

S0097 GACCTATCTAATGTCATTATAGT (AC)28 135-155 55 NED M95020

TTCCTCCTAGAGTTGACAAACTT

UMNp147 GCCTTCGTTACATGGCATTC (GT)23 151-167 58 PET AF511119

TCTCTGTGAGGTCATGGTGG

UMNp239 CTTACAAAACCACCACCATCG (AC)18 96-112 60 FAM AF511146

TCAATATCAACATTGCGTGTTG

UMNp296 CAGGGAACTCTCTTCAATATCC (TG)13 151-181 58 NED AF511184

ACATTTGATTTCCAAAGTTGTG

UMNp298 GCTATAAGAACCGCCTCATTG (GT)22 157-169 58 NED AF511185

TGTGTGCTGCTGAAGCATG

UMNp351 TCAGTGTCACCCCTCATCAC (AC)15 143-169 58 FAM AF511222

TCTCCTTGACCTTCTAAGCACC

UMNp358 AAGTCATTTCACACCTCTGTGC (CA)22 160-176 58 VIC AF511230

CGTTGCAGTTACTATTCCAAGC

UMNp362 GATGTGTAGCTGATTTGCAATG (AC)21 125-135 60 PET AF511231

GACAAGAATCTGAAAAGGAGCG

UMNp381 CCGATTAGACCCCTAGTCTGG (AC)22 169-185 60 NED AF511244

Continued on next page
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Table 1 continued

Locus Primer sequence (5’ → 3’)
Forward/Reverse

Repeat
motif

Range of
alleles (bp)

Ta (◦C) Fluorescent
label

Genebank
accession No.

CAGATTAGCGTTCCCTGTTTG

UMNp405 CAGAGTTCACCTCTCCCTTTAC (AC)21 148-162 62 VIC AF511255

TCCTTGCTGAGTCCCAGG

UMNp442 ATCCAAGCTGCTGAAGTTGG (TG)12 122-124 60 NED AF511283

AAACATTTCCACAAGAAAATGG

UMNp453 TCATTCTCTATCTCAAGATGCATG (AC)17 122-140 58 PET AF511291

CTGAGGTACCTTTGCCTAGAGG

UMNp480 AGTGATTTCTGCCCAGGATG (TG)21 143-155 58 VIC AF511308

CCTAGGAATTTCCCTCTGCC

UMNp485 CCTCAGGCTCAGCTCTGC (TG)17 187-213 57 PET AF511313

GTTGTCCGTGAGTCCCTAGC

UMNp489 AAGCACCATAGGAGAAGACTGG (AC)12 115-141 60 PET AF511317

CTCGGAAGCAAGTAAGTGGG

UMNp494 CTGCCTGATTGGCACATTAG (AC)23 114-142 60 FAM AF511320

GGTAATGGGAAAGCCTAGCC

UMNp500 TGAGGCTATCACCTGCAGTG (AG)24 229-251 60 FAM AF511324

GACTGAACCCTTAACAGATGGG

UMNp502 TGGCAAACGTTGCTTTAGG (GT)22 164-172 60 VIC AF511325

TAGGGAAATATCTGAAATCTAAAATG

UMNp509 AAACTACATCCATTCTCTTGGG (GT)21 138-164 60 FAM AF511328

GTTGTGCCAGTTACACTTCTGC

UMNp511 GATCACTGTGTGAGTGCATGC (GT)14 107-117 60 VIC AF511329

AACAGAGTTCCATTTTGCGG

UMNp539 CAACGTTGCTGTGGCTGTAG (CA)32 171-181 60 NED AF511346

TTCTGGTTTATGGTTCCCATG

UMNp548 TCCAAGTTAGACTGCCTGCC (CA)14 172-180 60 NED AF511353

ACTGCTGCTTATTTCTCAAGGG

UMNp610 CTTTGGCTCAATCTCATTCATG (AC)33 168-178 60 VIC AF511389

TGGGCTTTTGAAAATTTAAATG

UMNp640 TATGCCATGTGCGTGGTC (AC)13 123-145 60 FAM AF511399

ACAAACTGCACCACAGAATAGC
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(HO), and expected heterozygosity (HE) were calcu-
lated using GenAIEX version 6.5 (Peakall and Smouse,
2012) for successfully amplified loci. Calculation of
inbreeding coefficients (FIS) and test of deviation from
Hardy–Weinberg equilibrium (HWE) for polymorphic
loci were tested using FSTAT version 2.9.3 (Goudet,
1995). Allele frequency in each locus for Pop1,
Pop2, and Pop3 was calculated using GenAlEx ver-
sion 6.41 (Peakall and Smouse, 2006). Genetic differ-
entiation among Pop1, Pop2, and Pop3 (i.e. differen-
tiation among pig, wild boar, and hybrids) was eval-
uated using AMOVA, calculating pairwise codominant
genotypic distances (Smouse and Peakall, 1999),
and performing principal coordinates analysis
(PCoA) using GenAlEx version 6.41 (Peakall and
Smouse, 2006).

Results

Of the initial 52 microsatellite loci selected, 32 loci
were successfully amplified with all wild boar and pig
samples. Marker information is provided in Table 1.
Twenty loci were eliminated based on low amplification
success or unclear peak patterns in wild boar DNA
samples collected from Pop2 and Pop3. Polymorphism
measurements for the 32 amplified microsatellite loci
in Pop1, Pop2, and Pop3 are summarized in Table 2.
For Pop1, HO and HE per locus ranged from 0.10 to
1.00 (mean, 0.64) and from 0.10 to 0.82 (mean, 0.65),
respectively. The range of FIS was -0.46 to 0.47 (mean,
0). For Pop2, HO and HE per locus ranged from 0.00
to 0.77 (mean, 0.36) and from 0.00 to 0.73 (mean,
0.39), respectively. The range of FIS was -0.28 to 0.85
(mean, 0.07). For Pop3, the HO and HE per locus ranged
from 0.00 to 0.88 (mean, 0.45) and from 0.00 to 0.76
(mean, 0.44), respectively. The range of FIS was -0.62
to 1.00 (mean, -0.01). All 32 loci showed no evidence of
significant deviation from HWE (P > 0.05).

In total, 231 putative alleles were identified that
ranged from 1 to 8 per locus (mean, 4), as outlined in
Table 2 (No. alleles). The mean number of alleles was
5.1, 3.2, and 3.3 for Pop1, Pop2, and Pop3, respectively.
Of the 231 alleles, 52 (23%) were putative to the
wild boar populations and 95 (41%) were putative
to domestic pigs (Table 3). Additionally, 68 (30%)
alleles were shared by pigs and one of the wild boar
populations or by all three populations. Among the 68
shared alleles, 21 were shared by pigs and the wild
boar population from the period after the Fukushima
disasters in 2011 (bolded alleles in Table 4), indicating
introgression of pig genes into the wild boar gene
pool. The allele frequencies of amplified microsatellite
markers, including those that distinguished these shared
alleles between Pop1 and Pop3, are provided in Table 4.
AMOVA suggested strong genetic differentiation
between the three populations (FST = 0.318, p <
0.001). Genetic differentiation is also well-supported by
clear divisions among the three populations with PCoA
(Figure 1). Pop1 is uniquely distinguished along the first
axis and Pop2/Pop3 are distinguished along the second
axis. Furthermore, codominant genotypic distances

describe 35.40% and 7.4% of the variation with the first
and second axes, respectively. Taken together, our data
strongly indicate genetic differentiation of pigs, wild
boar from the period prior to, and after, the disasters in
Fukushima in 2011.

Discussion
All 32 loci selected from previous studies (Rohrer et

al, 1994; Krause et al, 2002; Karlskov-Mortensen et
al, 2007; FAO, 2011) showed pig putative alleles sug-
gesting they can be useful for wild boar and pig hy-
brid analysis in Fukushima and elsewhere. The pres-
ence of pig-specific alleles at certain loci depends on
the genetic composition of the target population and
the pig population involved in the hybridization. In
this study, pig samples were from slaughterhouses and
farms nearby the evacuated area to improve the likeli-
hood of detecting newly introgressive pig alleles in the
hybridized wild boar. One of the pigs sampled had
the mtDNA haplotype that was the same as hybrid
wild boar in Fukushima (Anderson et al, 2019),
and the sampled pig population in this study had
high genetic variation (mean NA = 5.1). Therefore, we

were confident in the representation of the pig ge-
netic composition involved in the hybridization for
this study and were able to distinguish an appropriate
set of markers for hybrid analysis. Our selective use
of markers with low frequencies of common alleles in
source pig individuals and target wild boar populations
is highly suggested for cost-effective analysis.

The highest number of alleles was observed in the
pig population, which was expected because of human
mediated translocations of domestic populations with
high genetic diversity (Scandura et al, 2008; Yang et al,
2017). Additionally, if the 95 pig putative alleles were
excluded, then 27% of the detected alleles were shared
by all three populations in this study (Table 3). The high
percentage of shared alleles between pig and wild boar
verifies the challenge of identifying appropriate markers
for hybridization analysis.

Seventeen of the 32 microsatellite loci distinguished
hybridization between pigs and wild boar in this study
and these can be used as robust markers, specifically for
wild boar populations in Fukushima. These seventeen
markers detected at least one of the 21 alleles that were
only shared between Pop1 and Pop3 (bolded alleles in
Table 4). Alleles only shared by Pop1 and Pop3, and
not detected in Pop2, would suggest that the alleles
were introgressive through mixing of pigs and wild
boar during the period after the 2011 evacuations and
Fukushima disasters. The higher percent of total shared
alleles between Pop1 and Pop3 (9%), compared to Pop1
and Pop2 (4%), indicates that there is likely more
genetic mixing between Pop1 and Pop3 (Table 3), which
would also support the hypothesis of hybridization
occurring after disasters in 2011.
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Table 2. Polymorphism measurements of microsatellite loci of each sampled population. n = No. samples, NA = No. alleles, HO =
observed heterozygosity, HE = heterozygosity, FIS = breeding coefficient

Locus
Pop1 (n = 10) Pop2 (n = 13) Pop3 (n = 8)

NA HO HE FIS NA HO HE FIS NA HO HE FIS

Sw632 5 0.80 0.79 -0.01 2 0.38 0.50 0.23 3 0.50 0.40 -0.25
S0090 6 0.90 0.77 -0.17 2 0.08 0.07 -0.04 3 0.43 0.36 -0.20
Sw24 6 0.56 0.77 0.27 4 0.31 0.39 0.21 6 0.88 0.76 -0.15
Swr1941 5 0.60 0.72 0.16 2 0.15 0.26 0.41 2 0.14 0.13 -0.08
Sw857 6 1.00 0.75 -0.33 3 0.31 0.27 -0.14 3 0.38 0.32 -0.17
S0228 5 0.40 0.59 0.32 5 0.77 0.69 -0.11 4 0.38 0.66 0.44
Sw2008 5 0.90 0.70 -0.29 4 0.31 0.38 0.19 3 0.63 0.48 -0.31
Sw240 6 0.70 0.77 0.08 2 0.31 0.43 0.28 3 0.50 0.55 0.10
S0097 6 0.60 0.79 0.24 4 0.38 0.48 0.19 4 0.63 0.63 0.01
UMNp147 7 0.80 0.81 0.01 4 0.08 0.51 0.85 3 0.13 0.23 0.45
UMNp239 4 0.50 0.62 0.19 4 0.62 0.56 -0.10 4 0.75 0.68 -0.10
UMNp296 7 0.80 0.81 0.01 3 0.69 0.61 -0.14 5 0.75 0.66 -0.14
UMNp298 6 0.80 0.76 -0.05 3 0.23 0.21 -0.10 2 0.13 0.49 0.75
UMNp351 5 0.40 0.76 0.47 5 0.62 0.49 -0.26 3 0.50 0.57 0.12
UMNp358 7 0.60 0.81 0.25 4 0.31 0.33 0.08 2 0.50 0.38 -0.33
UMNp362 2 0.30 0.38 0.20 1 0.00 0.00 N/A 1 0.00 0.00 N/A
UMNp381 2 0.10 0.10 -0.05 5 0.62 0.73 0.15 3 0.13 0.23 0.45
UMNp405 3 0.40 0.34 -0.19 1 0.00 0.00 N/A 2 0.13 0.12 -0.07
UMNp442 3 0.30 0.27 -0.13 1 0.00 0.00 N/A 2 0.00 0.22 1.00
UMNp453 6 0.80 0.73 -0.10 2 0.08 0.07 -0.04 1 0.00 0.00 N/A
UMNp480 5 0.80 0.60 -0.34 2 0.31 0.36 0.13 2 0.38 0.30 -0.23
UMNp485 6 0.80 0.61 -0.32 3 0.38 0.52 0.26 3 0.88 0.54 -0.62
UMNp489 4 0.56 0.52 -0.07 3 0.54 0.48 -0.13 5 0.86 0.65 -0.31
UMNp494 4 0.50 0.59 0.15 4 0.62 0.48 -0.28 4 0.75 0.67 -0.12
UMNp500 5 0.70 0.76 0.07 4 0.46 0.63 0.27 6 0.88 0.64 -0.37
UMNp502 4 0.80 0.67 -0.20 5 0.31 0.34 0.09 5 0.50 0.50 0.00
UMNp509 5 0.70 0.67 -0.05 4 0.38 0.49 0.21 5 0.63 0.50 -0.25
UMNp511 4 0.90 0.62 -0.46 4 0.77 0.67 -0.16 4 0.38 0.62 0.39
UMNp539 8 0.70 0.82 0.14 3 0.46 0.41 -0.12 4 0.63 0.55 -0.13
UMNp548 3 0.50 0.51 0.01 2 0.15 0.36 0.57 2 0.13 0.12 -0.07
UMNp610 6 0.60 0.72 0.17 3 0.15 0.14 -0.06 4 0.38 0.41 0.09
UMNp640 7 0.70 0.70 -0.01 3 0.69 0.54 -0.27 4 0.75 0.65 -0.16

Table 3. Number of putative and shared alleles by population with putative allele origin. Percentage indicates proportion of alleles
related to total alleles detected in this study.

Population(s) Putative allele origin Number of alleles (% of total alleles)

Pop1 (pig) Pig 95 (41%)
Pop2 (wild boar) Wild boar 18 (8%)
Pop3 (hybrid boar) Pig and/or wild boar 16 (7%)
Shared Pop1 and Pop2 Pig and/or wild boar 10 (4%)
Shared Pop1 and Pop3 Pig 21 (9%)
Shared Pop2 and Pop3 Wild boar 34 (15%)
Shared Pop1, Pop2, and Pop3 Pig and/or wild boar 37 (16%)

Total alleles 231
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Table 4. Allele frequencies for selected microsatellite markers. Pop1 n=10; Pop2 n=13; Pop3 n=8. AlleleP indicates putative pig
alleles. AlleleB indicates putative wild boar alleles. Bolded alleles indicate pig alleles putatively introgressed into the wild boar
population.

Locus Allele
Frequency

Locus Allele
Frequency

Pop1 Pop2 Pop3 Pop1 Pop2 Pop3

Sw2008 102B 0 0.15 0.69 UMNp362 124P 0.25 0 0

106B 0 0.77 0.19 126P 0.75 0 0

108 0.05 0.04 0 132B 0 1 1

110P 0.25 0 0 UMNp381 165P 0.05 0 0.06

112 0.45 0.04 0 167B 0 0.35 0

114P 0.1 0 0.13 173 0.95 0.27 0.88

116P 0.15 0 0 175B 0 0.08 0.06

Sw24 121 0 0 0.06 179B 0 0.27 0

123P 0.28 0 0 181B 0 0.04 0

125 0.06 0.77 0.13 UMNp405 140 0 0 0.06

127B 0 0.08 0.06 144 0.15 1 0.94

129 0.33 0.08 0.38 148P 0.05 0 0

131 0.17 0.08 0.25 156P 0.8 0 0

133P 0.11 0 0 UMNp442 118 0 0 0.13

135P 0.06 0 0 120 0.1 1 0.88

139 0 0 0.13 122P 0.85 0 0

Sw240 107P 0.1 0 0 124P 0.05 0 0

111P 0.4 0 0 UMNp453 122 0.05 0.96 1

113P 0.15 0 0 130P 0.05 0 0

119B 0 0.69 0.5 132P 0.1 0 0

121P 0.1 0 0 134P 0.1 0 0

123P 0.1 0 0 136 0.3 0.04 0

125 0.15 0.31 0.44 138P 0.4 0 0

127 0 0 0.06 UMNp480 136P 0.15 0 0

Sw632 160 0 0.5 0.75 138B 0 0.77 0.81

172P 0.25 0 0 144P 0.6 0 0

174 0.2 0.5 0.19 146 0.1 0.23 0.19

180P 0.25 0 0 148P 0.1 0 0

182P 0.15 0 0.06 152P 0.05 0 0

184P 0.15 0 0 UMNp485 185B 0 0.58 0.38

Sw857 156P 0.05 0 0 193B 0 0.38 0.56

164P 0.15 0 0 195B 0 0.04 0

166P 0.35 0 0 203P 0.1 0 0

168 0.05 0.12 0.06 207P 0.6 0 0

170 0.3 0.85 0.81 209P 0.1 0 0

172 0.1 0.04 0.13 211P 0.05 0 0.06

219P 0.05 0 0

225P 0.1 0 0

Continued on next page
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Table 4 continued

Locus Allele
Frequency

Locus Allele
Frequency

Pop1 Pop2 Pop3 Pop1 Pop2 Pop3

Swr1941 224B 0 0.85 0.93 UMNp489 116P 0.11 0 0.07

228 0.3 0.15 0.07 126P 0.67 0 0.07

232P 0.4 0 0 128 0.11 0.65 0.5

234P 0.15 0 0 130 0.11 0.04 0

236P 0.1 0 0 134 0 0 0.07

238P 0.05 0 0 140B 0 0.31 0.29

S0090 252P 0.05 0 0 UMNp494 108P 0.5 0 0

254 0.35 0.96 0.79 114 0 0 0.06

256 0.15 0.04 0.07 126B 0 0.15 0.31

258P 0.2 0 0.14 128B 0 0.12 0.19

260P 0.2 0 0 130 0.4 0.69 0.44

262P 0.05 0 0 132P 0.05 0 0

S0097 230P 0.1 0 0 134P 0.05 0 0
232P 0.2 0 0 141B 0 0.04 0
238 0 0 0.13 UMNp500 219P 0.3 0 0
240B 0 0.08 0 221P 0.15 0 0
244B 0 0.04 0 223 0.05 0.12 0.06

250P 0.3 0 0 225P 0.3 0 0.13
252B 0 0.69 0.5 227B 0 0.54 0.56
254P 0.1 0 0 229 0 0 0.13
256P 0.25 0 0.06 237B 0 0.12 0.06
258P 0.05 0 0 239B 0 0.23 0.06
260B 0 0.19 0.31 245P 0.2 0 0

S0228 239P 0.6 0 0 UMNp502 156 0.2 0.81 0.69
241P 0.05 0 0 158 0.05 0.04 0.06
243B 0 0.42 0 160 0.45 0.04 0.06
245 0.05 0.04 0 162P 0.3 0 0

247B 0 0.23 0.19 164 0 0 0.13

251 0 0 0.19 166B 0 0.08 0.06

255B 0 0.27 0.13 168B 0 0.04 0

257 0.2 0.04 0.5 UMNp509 133 0 0 0.06

259P 0.1 0 0 141B 0 0.08 0.13

UMNp147 141P 0.3 0 0 143B 0 0.12 0.69

147P 0.1 0 0 145B 0 0.69 0.06

148P 0.05 0 0 147P 0.05 0 0

149P 0.2 0 0 151 0.4 0.12 0

153B 0 0.04 0.06 153P 0.4 0 0.06

157P 0.2 0 0 155P 0.1 0 0

159 0.05 0.23 0.88 157P 0.05 0 0

163 0 0 0.06

165B 0 0.65 0

167 0.1 0.08 0

Continued on next page
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Table 4 continued

Locus Allele
Frequency

Locus Allele
Frequency

Pop1 Pop2 Pop3 Pop1 Pop2 Pop3
UMNp239 90B 0 0.54 0.31 UMNp511 98 0 0 0.13

92P 0.35 0 0 102B 0 0.46 0.56
94P 0.5 0 0.13 106P 0.35 0 0.13
96P 0.1 0 0 108 0.1 0.12 0.19
98P 0.05 0 0.13 110 0.5 0.31 0

104B 0 0.38 0.44 112 0.05 0.12 0
106B 0 0.04 0 UMNp539 159P 0.05 0 0
108B 0 0.04 0 161P 0.05 0 0

UMNp296 147B 0 0.15 0.06 165P 0.25 0 0

149P 0.1 0 0.06 167 0.05 0.23 0.19

151P 0.15 0 0 169P 0.2 0 0
155P 0.2 0 0.06 171 0.05 0.04 0
159P 0.3 0 0 173 0.25 0.73 0.63

161P 0.05 0 0 175 0 0 0.13
167P 0.15 0 0 177P 0.1 0 0.06
171 0.05 0.35 0.44 UMNp548 168P 0.65 0 0.06
177B 0 0.5 0.38 170 0.25 0.23 0

UMNp298 153 0.25 0.88 0.56 176B 0 0.77 0.94
155 0.2 0.08 0.44 178P 0.1 0 0

167 0.35 0.04 0 UMNp610 162P 0.45 0 0.06
169P 0.05 0 0 164 0.2 0.92 0.75
185P 0.1 0 0 166B 0 0.04 0

191P 0.05 0 0 170B 0 0.04 0.06

UMNp351 130P 0.1 0 0 174P 0.15 0 0.13

136P 0.3 0 0 178P 0.05 0 0
140 0.3 0.15 0.56 180P 0.05 0 0
142 0.2 0.08 0 186P 0.1 0 0
144P 0.1 0 0.13 UMNp640 113P 0.05 0 0
156B 0 0.04 0 117 0.45 0.23 0.38

162B 0 0.69 0.31 119 0 0 0.06
166B 0 0.04 0 121P 0.3 0 0

UMNp358 154 0.05 0.81 0.75 127 0.05 0.62 0.44

158 0.25 0.08 0.25 129P 0.05 0 0.13
160P 0.2 0 0 135P 0.05 0 0

164P 0.05 0 0 137P 0.05 0 0
166B 0 0.08 0 139B 0 0.15 0
168B 0 0.04 0

169P 0.05 0 0

170P 0.15 0 0

172P 0.25 0 0
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The loci identified in this study (Table 4) provide a
unique tool to contribute to determining a timeline of
hybridization for these populations. Similar frequencies
of pig alleles in other wild boar populations may suggest
early stages of hybridization, as our data indicates recent
occurrence of hybridization in Fukushima prefecture,
following the release of domestic pigs into the wild boar
populations in 2011 (Okuda et al, 2018). Additionally,
the identified loci can contribute to determining if the
introgressive alleles are being retained or lost due to
natural causes (e.g. backcross) in the hybridized wild
boar population using introgressive allele frequencies
over time.

Studies have been published to determine wild boar
and pig hybridization hotspots, recent occurrences,
and genetic impacts using variable genetic markers,
such as mtDNA sequence (Ishiguro et al, 2002;
McCann et al, 2014), RAD-seq analysis (Goddard and
Hayes, 2007; Iacolina et al, 2018) or microsatellite
markers (Murakami et al, 2014). However, Next
Generation Sequencing (NGS), such as RAD-seq, have
disadvantages including that a large amount of
high quality DNA is required, and the amount of
data to be analyzed becomes demanding. Therefore,
general genetic markers, such as microsatellite mark-
ers, are still useful for analysis of degraded DNA ex-
tracted from feces in the field and old specimens of
bones (Kierepka et al, 2016). Selected robust markers
from our study will show their advantages in future hy-
brid analysis and are cost-effective for immediate or
continuous monitoring for small sample sizes or DNA
analysis of degraded samples. Also, comparing NGS and
microsatellite marker data from a common popula-
tion in future studies will not only give more in-
depth information about that target population, but
will more clearly show the advantages and disadvan-
tages of each marker.
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Abstract: In Rwanda, the most prevalent livestock farming activity carried out to improve livelihoods in rural areas is poultry
farming. The most common bird species raised for egg and meat production is indigenous chicken (IC). Despite its economic
significance, the improvement programs in Rwanda have given IC little attention. There is, therefore, little documentation
on their production and disease resistance performance. This study aimed at evaluating the growth performance and
immunologic response of IC against Newcastle disease vaccine in four gene pools in Rwanda. One hundred eighty-nine (189)
IC from four gene pools were kept on-station using a completely randomized design. Thereafter, the IC were vaccinated
with a live commercial Newcastle disease virus. Data on body weight were collected weekly for 20 weeks whereas serum
samples were collected after 35 days. Antibody responses were determined using indirect ELISA. Analysis of variance was
performed using the SAS Generalised Linear Model procedure. Growth patterns were modelled using the logistic function.
Results revealed a highly significant difference (P<0.001) for growth performance and antibody response to Newcastle
disease vaccine among the four gene pools. Gene pool A was the heaviest (1.6 kg) in the period of 20 weeks and gene
pool C expressed the highest immune response (8,161antibody titres) for Newcastle disease vaccine (P<0.001). The results
indicated that the selection of gene pool A in breeding could yield IC with good growth performance trait whilst gene pool C
could be selected for its higher immunity against Newcastle disease virus.
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Introduction

Indigenous chicken (IC) contribute considerably to the
rural farmers’ livelihood by providing excellent animal
protein (Gebreselassie et al, 2015). Though these birds
are predominant in most Rwanda households, their
production and genetic potential have not been fully
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(hrichard86@yahoo.fr)

exploited (Padhi, 2016). Low genetic potential and high
occurrence of diseases like Newcastle disease (ND) are
among the main features affecting IC productivity in
the tropics (Lwelamira and Katule, 2005). Despite their
low egg productivity and growth rate (Mbuza et al,
2016), they have a prodigious potential to improve
rural livelihoods (Ministry of Agriculture and Animal
Resources (MINAGRI), 2012).

Growth identified as an increase in weight, length
and height with age (Aggrey, 2002; Yang et al, 2006)
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is very significant in any IC production systems. An
improvement in this trait is expected to have a countless
positive impact on farmers livelihoods (Magothe et al,
2010). Several mathematical functions are used to
describe growth and provide biologically interpretable
parameters. In order to estimate the growth of
chicken, growth models coupled with fitted longitudinal
experimental data are used. The most growth models
frequently used are nonlinear functions (Mignon-
Grasteau and Beaumont, 2000; Hyánková et al, 2001;
Karkach, 2006; Ndri et al, 2018). The nonlinear models
have been utilized because of their several advantages,
which include describing weight per age (Hyánková
et al, 2001), and estimating the association between
body weight and feed requirement (Fiengül and Kiraz,
2005). The growth curve parameters determined by the
nonlinear models are used to decide the appropriate age
whereat to select chicken and to design management
approaches for breeding (Fiengül and Kiraz, 2005).

Growth performance is influenced by genes and
management practises, especially nutrition and
health (Mwalusanya et al, 2002; Gondwe and Wollny,
2005; Dana et al, 2010). Newcastle disease (ND) is
among the most severe problems encumbering IC
growth performance in Rwanda (Mazimpaka et al,
2018). Newcastle disease, which affects many bird’s
species globally is brought about by single-strand, non-
segmented, negative-sense RNA virus also called Avian
paramyxovirus 1 (APMV-1) (Cattoli et al, 2011). This
disease is an issue of great concern to the farmers
because its outbreak can cause a high economic loss
of up to 100% flock mortality. Newcastle disease has
no effective cure. The spread of this virus is, however,
contained by appropriate management strategies such
as vaccination (Alexander, 2001). The possibility of
eradicating this avian disease currently is completely
questionable. This is because pathogen virulence, which
renders the vaccine ineffective increases with time. Con-
sequently, requiring new vaccines to be developed (Wit-
ter, 1998). Although new vaccines lessen ND epidemics,
frequent research to develop the vaccine makes the
strategy expensive. Breeding using indirect selection
for the development of immunological response trait
is, therefore, the best long-term strategy for mitigating
diseases (Gavora et al, 1983); in this case, immune
response trait will be used to develop IC breeds with a
high-level of biosecurity (Padhi, 2016).

Although body weight and disease tolerance are the
highly preferred traits by poultry farmers (Banerjee,
2012), in Rwanda there is no established structure for
breeding programmes, nor for genetic improvement,
nor for conservation (Mahoro et al, 2018). In an
effort to improve genetic potential through within
breed selection of IC in Rwanda (Shapiro et al,
2017), preliminary studies have been conducted (Mbuza
et al, 2016; Mahoro et al, 2017; Hirwa et al,
2019; Habimana et al, 2020). Research on the
morphological characterisation of IC ecotypes showed
a very huge variation among IC in Rwanda (Hirwa

et al, 2019). Subsequently, a study on genetic diversity
and population structure unveiled the presence of four
different gene pools among IC in Rwanda (Habimana
et al, 2020). There is, however, no information on the
diversity in growth performance and immune responses
to ND among those four gene pools. Availability of such
information would be necessary for designing breeding
strategies for increased IC productivity in Rwanda.
Increasing IC performance would contribute towards
improved food security and secure livelihoods. This
study aimed at evaluating the growth performance and
ND immunity of IC among four gene pools in Rwanda.

Materials and methods

Ethical approval

This study was conducted in line with the principles
of the Declaration of Helsinki. Approval was granted
by the Research Screening and Ethical Clearance
Committee of the College of Agriculture, Animal
Sciences and Veterinary Medicine, University of Rwanda
(Ref: 031/19/DRI September 2, 2019).

Study sites

The study was carried out on-station at the University
of Rwanda-Nyagatare campus in Nyagatare district,
Rwanda. The coordinates of the area of study are 1◦ 18’
0.00”S, 30◦ 19’ 30.00”E (Latitude: -1.3000; Longitude:
30.3250). The location of study is characterized by
two main seasons: one long dry season that varies
between 3 and 5 months with an annual average
temperature varying between 25.3◦C and 27.7◦C. The
monthly distribution of the rains varies from one year
to another. Annual rainfalls are very low (827mm/year)
and unpredictable to satisfy agriculture and livestock
needs.

Study population

Indigenous chickens were selected from four gene pools
previously identified (Habimana et al, 2018). These
gene pools are distributed across the five agro-ecological
zones in Rwanda, which are Central North and North
West, South West, South West and Central South and
East. The aforementioned gene pools were designated
as letters A, B, C and D, respectively.

Sampling, data collection and management
of experimental chicken

Seven hundred and twenty (720) fertile eggs were
collected from four IC gene pools previously identi-
fied (Habimana et al, 2018) and only 707 eggs were
viable to be incubated. Eggs were concurrently incu-
bated but separated based on gene pool within the incu-
bator (LDG-1200). After 21 days, 189-day old chicks
were obtained from hatch (Table 1). Each chick was
weighed, wing tagged with an identification number,
and allocated into a house with four equal compart-
ments (5m x 3m for each one). Brooding of chicks was
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done from hatching to week six (Ngeno et al, 2010;
Sayed et al, 2016), in deep litter brooders containing
infrared electric bulbs (230V, 250W). Initial brooding
temperature, at the level of the chicks, was 36 to 35◦C
and reduced by approximately 2 to 3◦C per week until
21◦C was reached. The IC gene pools were reared in dif-
ferent brooders. All birds were kept under the same envi-
ronmental conditions and management practices. Feeds
were provided ad libitum on a starter diet (20% crude
protein and 12.9 MJ ME /kg diet) for the first six weeks
and a growing diet (16.8% crude protein and 12.5 MJ
ME /kg diet) from the 7th to 20th week. Clean water
was provided daily ad libitum. Disinfection of the brood-
ing and rearing pens was done procedurally. The IC were
then immunized with two commercial ND virus live vac-
cines, which were AVI ND HB1 in drinking water at 2
days of age and AVI ND Lasota (Intervet International
B.V., Boxmeer, Netherlands) by eye drop at 28 days of
age according to manufacturer’s instructions. At 7 days
after the second immunization (35 days of age) as per
the protocol outlined by Al-Garib et al (2003), blood
samples were collected without anticoagulant for sep-
aration of sera to detect the titre of antibody against
ND vaccine. The Ab responses to ND were detected
using indirect ELISA (ID Screen® Newcastle Nucleopro-
tein Indirect Version 2, IDvet, Grabels, FRANCE). The
IDSoftTM data analysis programme was used to compute
the Ab titres.

Data analysis

Descriptive statistics were generated using the SAS
Generalised Linear Models procedure (SAS Institute,
2011). Body weights and Ab response were subjected
to analysis of variance (ANOVA) with gene pools as the
main variable in a completely randomized design and
fixed effects model (Equation (1)). For the analysis of
body weight at hatch, egg weight was fitted in the model
as a covariate, whereas in other ages; body weight at
hatch was also fitted as a covariate. Tukey’s test was used
for means separation between gene pools.

Yijk = µ+Gi ++Sj + (GS)ij + eijk (1)

where: Yijk: record of kth chicken at particular age from
ith gene pool with jthsex, µ: overall mean;Gi: fixed effect
of ith gene pool; Sj: fixed effect of jth sex; (GS)ij:
interaction between gene pool and sex; eijk: random
error.

The analysis of longitudinal growth data was
performed using non-linear regression. The following
logistic regression model (Equation (2)) using PROC
NLIN of SAS (SAS Institute, 2011) was fitted to get
growth curve parameters (a, b and k).

yt = a(1− b e−kt)
−1 (2)

where: yt: live weight at age t, a: asymptotic or mature
weight, b: scaling parameter, k: maturity index and t:
age in weeks.

Figure 1. Body weight within and between indigenous chicken
gene pools in Rwanda. Colors refer to gene pools: blue = A;
red = B; grey = C; yellow = D.

Results

Growth performance

Body weights (BW) from hatch to 20 weeks of age
among the four gene pools of IC in Rwanda are
presented in Figure 1. The mean BW were significantly
different (p < 0.001) across gene pools from week 0
to week 20. At hatch, gene pool A and B had the
highest body weight (29.63±3.78 and 29.78±3.69g,
respectively) and the lowest BW (24.29±3.39g) was
recorded in gene pool C. At week one, Gene pool D and A
exhibited higher BW (58.24±10.70 and 62.94±11.59g,
respectively) followed by gene pool B (55.95±7.79g).
At week 2, gene pool A showed the highest BW
(116.32±27.73g) and gene pool C exhibited the lowest
BW (87.51±24.06g). At week three, gene pool A showed
the highest BW (208.19±56.16g) followed by gene pool
D (170.69±43.43g) and the lowest BW was recorded
in gene pool C (140.40±37.49g). During the remaining
rearing period, the trend observed in week 3 was
maintained.

The least-square means of the growth parameters (a,
b and k), coefficient of determination (R2) are given
in Table 2. The fitted parameters for the logistic model
revealed a significant gene pool effect (P < 0.001) in
the asymptotic weights (a), scaling parameter (b) and
the maturity index (k). The lowest for these parameters
were found for gene pool C.

Antibody titres for Newcastle disease
vaccine

Antibody titres to Newcastle disease were statistically
different (p < 0.001) across the gene pools. Gene pool
C was found to be significantly higher in Ab titre for the
ND virus vaccine (8,161). Lower Ab titre to ND vaccine
was recorded in gene pool A (4,879) (Table 3).
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Table 1. Sampling and management of experimental chicken

Gene pools Collected fertile eggs Incubated eggs Hatched eggs Chicks in brooder

A 180 179 72 72
B 180 177 34 34
C 180 175 36 36
D 180 176 47 47
Total 720 707 189 189

Table 2. Least-square means (±SE) of growth parameters of indigenous chicken gene pools in Rwanda. Parameters: a, asymptomatic
size body weight (g); b, scaling parameter; k, maturity index; R2, coefficient of determination. abLeast means in a row with one or
more letter superscripts in common are not significantly different (P >0.05).

Parameters
Gene pools

Overall P-value
A B C D

a 1446.57±62.42a 1286.31±58.88ab 1086.38±66.64b 1350.13±69.16a 1309.46±59.82

0.000
b 15.41±5.19a 16.33±4.13a 13.65±3.93b 15.15±4.87a 15.02±4.41
k 0.35±0.05a 0.30±0.04a 0.29±0.04b 0.32±0.05a 0.321±0.04
R2 0.96 0.97 0.96 0.96 0.96

Discussion

This experiment sought to evaluate diversity in growth
performance and Ab response to ND among four
different gene pools of IC in Rwanda.

Growth performance

This experiment compared the growth performance of
four gene pools of IC in Rwanda. The results of this
study showed the existence of a large variation in
growth between the four IC gene pools in Rwanda.
Growth is a quantitative trait that is influenced by
genes and production environment such as health
and nutrition (Mwalusanya et al, 2002; Gondwe and
Wollny, 2005; Dana et al, 2010). Since the IC were
kept under the same environmental conditions in this
study, the witnessed differences between the IC gene
pools could result in genetic diversity among these IC
populations. In addition to that, gene pool A and gene
pool C are morphologically different (Hirwa et al, 2019).
These results affirmed the previous study undertaken
on IC genetic diversity and population structure

Table 3. Antibody titres (mean, maximum, minimum,
geometric mean and coefficient of variation) for Newcastle
disease vaccine. GMT: geometric mean titre, CV: Coefficient of
variation. Antibody titre distribution is significantly different
across gene pools (P<0.05) based on analysis of variance.
abcMeans in a row with one different letter superscripts are
significantly different (P < 0.05).

Parameters
Gene pools P-

ValueA
(n=56)

B
(n=33)

C
(n=35)

D
(n=46)

Mean 4,879a 5,089a 8,161b 6,070c

0.000
Minimum 1,105 2,019 2,119 1,615
Maximum 8,225 7,784 11,758 9,788
GMT 4,428a 4,748a 7,742b 5,599c

CV 39% 35% 28% 37%

using microsatellite markers in Rwanda (Habimana
et al, 2020). The difference in growth performance
of four gene pools is due to the difference in
feed conversion efficiency (FCE), with heavier gene
pool having higher FCE and perhaps due to smaller
maintenance requirements (Tadelle et al, 2003). Feed
conversion efficiency is normally influenced by the
climate, feed properties, gut microbiota and genetic
predispositions (Reyer et al, 2015). In this situation
where the IC were kept under similar environment,
the difference in FCE is likely due to their genetic
constitution. Indigenous chickens in the tropics have
major genes which affect their performance (Ibe, 1993).
There are typically a big number of genes involved
in growth which leads to differences in BW. These
genes can be activated or deactivated at different
stage depending on the development of the genetic
background of the IC (Rouzic et al, 2008). Certain
genes regulating BW in gene pool A are not found in
gene pool C. This occurrence is attributed to mutations
and recombination, which are the most important
factors responsible for the genetic variances between
breeds and populations of chicken (Weigend and
Romanov, 2001). The significant differences observed
between gene pools in this study for BW measured
were confirmed also in Ethiopia (Tadelle et al, 2003;
Dessie and Ogle, 2001), Tanzania (Msoffe et al, 2001),
Zimbabwe (McAinsh et al, 2004), Botswana (McAinsh
et al, 2004), Kenya (Ngeno et al, 2010, 2013, 2014)
and Bangladesh (Bhuiyan et al, 2011). These differences
among IC gene pools enable selection of parent lines for
practical IC breeding (Ngeno et al, 2010), which results
in their genetic improvement (Li et al, 2002).

The growth rate among gene pools varied for the first
three weeks. Thus, their ranking was not consistent. This
implies that a gene pool by age interaction occurred.
For this reason, a constant criterion cannot be used
in genetic selection for BW between the gene pools.
The genetic relationship between immature BW and
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age when selection decisions are made and desired
matured weight may not be the same for different gene
pools. There was an increase in the BW measurements
during the birds’ maturity period, demonstrating a direct
positive relationship between BW and age. This was
confirmed by the observed differences in growth curve
parameters among the gene pools. This result agrees
with previous reports from Nigeria (Ojedapo, 2013),
Ethiopia (Tadelle et al, 2003) and Kenya (Ngeno et al,
2010, 2013).

Growth parameters were also determined to obtain
a better description of the growth performance of
Rwandese IC gene pools. The overall coefficient of
determination (R2= 0.964) was high in this study,
demonstrating the sufficiency of the model in fitting
and describing growth data effectively. The objective
of a curve fitting was to describe body weight
increase in respect to age using equations with few
parameters (Ricklefs, 1985). Curve parameters provide
information on growth characteristics (Ndri et al, 2018)
and can be used for pre-selection (Eleroǧlu et al,
2014). Growth curve patterns have been performed to
increase the performance of domestic poultry. Growth
parameters are also heritable (Mignon-Grasteau and
Beaumont, 2000). Selection approaches have been used
to change the shapes of growth curves, leading to quick
growth in poultry (Hyánková et al, 2001; Maruyama
et al, 2001). In addition, a detailed understanding of
growth characteristics will contribute to design feeding
schemes to minimise production costs while maximising
production efficiency of IC.

Immune Response

The findings showed that all IC had good immunity
ranging from 4,879 to 8,161 (> cut-off: 993), but
the chickens in gene pool C had a comparatively
higher immunoglobulin titre against ND than the others
(p<0.05) (Table 3). The high Ab found in the gene
pool C may have resulted from their genetic make-
up. Genetic diversity in Ab responses of the chicken
could be due to the major histocompatibility complex
(MHC) (Lwelamira et al, 2008), immunoglobulin
allotypes, and to genes not associated with either
MHC or allotypes (Gavora et al, 1983). This result
complements Palladino et al (1977) study, which showed
a quantitative variance between Ab responses. The
Ab response to the similar virus varies between IC
populations (Pitcovski et al, 2001) and selection for
an Ab response may increase disease resistance in
chicken (Gross et al, 1980). The levels of Ab in
appropriate response to a pathogen is known as immune
competence; the higher the levels, the greater the
immune competence (Star et al, 2007). A standard
immune response to a pathogen results in a disease
resistance. This aptitude plays a key role in controlling
disease occurrences (Lamont et al, 2009). The reduction
of disease outbreaks contributes to increased animal
production and profitability (Wakchaure and Ganguly,
2016). This result on significant differences between

gene pools for Ab responses to ND virus concurs with
previous reports, (Hassan et al, 2004; Chang et al, 2011;
Taha et al, 2012)

A noticeable trend observed in this research was
that gene pool A, the heaviest had a low ND Ab
titre, while the slowest growing gene pool C had the
highest ND Ab titre, reinforcing the negative genetic
correlation between BW and Ab response (Martin
et al, 1990; Parmentier et al, 1998; Siegel et al,
2009). The negative correlation between BW and Ab
response is caused by pleiotropic effects between genes
associated with immunoresponsiveness (Martin et al,
1990). The negative relationship between Ab production
and BW occur as a result of resources allocation to
immune responses rather than growth (Hassan et al,
2004; Dunnington and Siegel, 1996). Increasing Ab
response consumes large quantities of energy that the
IC could have used in increasing the BW (Rauw,
2012). An animal, as an entire organism, has various
physiological functions which may be competitive for
its inadequate resources during its lifetime (Lamont
et al, 2009). Protein secretion in antibodies and
protein deposition in muscle compete for the restricted
accessible nutrient resources (Hassan et al, 2004). To
achieve a delicate equilibrium of optimal productivity
and immunoresponsiveness, knowledge of the nutrient
requirements of an activated immune system with
respect to individual genes regulating protein synthesis
in lymphocytes and muscle tissue is needed (Lamont
et al, 2009).

The existence of diversity in body weight and immune
response to ND among gene pools of IC populations in
this study is attributed to the geographical isolation and
eras of artificial and natural selection. Earlier studies
in Rwanda (Habimana et al, 2018), Senegal (Missohou
et al, 1998); Ethiopia (Halima et al, 2007) and
results by Hauser et al (1995) reported that ecological
zones lead to the establishment of population traits
with probable variations in genetic effect. This also
confirms the genotype by environment interaction
(GxE) revealed in previous studies (Mathur and Horst,
1994; James, 2009; Lwelamira, 2012). The genetic
variances observed in these different gene pools could be
utilised in crossbreeding programmes targeting IC with
better growth performance and higher immunoglobulins
against the ND virus. Consequently, gene pools A and C
could be considered.

Conclusion

This study revealed that gene pool A was the heaviest
and the gene pool C expressed the highest immune
response for Newcastle disease vaccine. This research
work provides the basis for choosing a suitable IC
gene pool for breeding programme. From this result,
it was evident that the selection of gene pool A in
breeding would yield IC with good growth performance
trait whilst gene pool C could be selected for its
higher immunity against Newcastle disease. For further
studies, there is a need to contemplate diversity in
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egg production and other important poultry’s diseases
among IC gene pools in Rwanda. Besides, with regard to
immune response, immunoglobulins Y (IgY), M (IgM)
and possibly A (IgA) should be examined separately
across IC gene pools in Rwanda.
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Introduction

Research related to forage genetic resources at the
International Center for Tropical Agriculture (CIAT),
Cali, Colombia, has been a continuing activity since
the inception of the center in 1969. CIAT was
the third of the international agricultural research
centers established within the Consultative Group on
International Agricultural Research (CGIAR), one of
its missions being the development of beef cattle
production in the lowlands of tropical America (Lynam
and Byerlee, 2017). When looking at the development
of the CIAT forages collection and its achievements,
two phases can be distinguished: the first phase
focused on assembling the collection and some initial,
however intensive, characterization and utilization of
the collected materials (1972−1993); and the second
phase consisted of continuing utilization of germplasm,

∗Corresponding author: Rainer Schultze-Kraft
(Rainer@Schultze-Kraft.de)

diversity studies and routine germplasm management
and its optimization (1993−2020).

This paper summarizes the assembling of the
collection during the first phase as well as its utilization
and germplasm distribution. Furthermore, research
on forage diversity and knowledge sharing, including
training, are addressed. Data presented were compiled
mainly from information accessible via the CIAT
website (https://ciat.cgiar.org/), CIAT annual reports
(accessible at https://cgspace.cgiar.org/handle/10568/
35699), unpublished reports on germplasm collecting
missions, research bulletins of CIAT´s national partner
institutions and the like.

It should be noted that in the past years there have
been changes in plant nomenclature for numerous taxa
of particular interest, even at the genus level (Cook
and Schultze-Kraft, 2015). In this paper we are still
referring to the earlier used names. Supplemental
Table 1 lists new names of species mentioned in
this report, following the taxonomy of GRIN, the
database of the USDA Genetic Resources Information
Network (https://npgsweb.ars-grin.gov/gringlobal/
taxon/taxonomysearch).
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Assembling the forage germplasm
collection

At the beginning of research at CIAT in the early 1970s, a
focus of the then Beef Production Systems Program was
forage-based livestock production on acid, low-fertility
soils in humid and sub-humid lowlands of tropical
America, particularly savanna areas. The lack of edaphic
adaptation of available, mainly Australian commercial
pasture grass and legume cultivars, was soon identified
as the main constraint to their use in Neotropical
savannas. In the case of legumes, diseases, such as
anthracnose in the promising genus Stylosanthes, were
an additional restriction. It was consequently recognized
that available species and genotype pools of grasses
and legumes needed to be broadened for screening for
adaptation to abiotic (mainly soil) and biotic (pests and
diseases) constraints.

Missions were thus initiated in 1972/73 to collect
germplasm of wild species with forage potential
throughout tropical America. The objective was to create
a diverse germplasm pool that can be tapped for cultivar
development, either by identifying suitable accessions
for direct use or through genetic improvement. These
collecting missions ranged from short excursions,
particularly within the Center´s host country, Colombia,
to field expeditions over several weeks. Another source
of germplasm material was through opportunistic
collecting undertaken by CIAT scientists during field
visits. The missions were largely funded by CIAT,
at the beginning of the collecting phase, also with
support from the former International Board for Plant
Genetic Resources (IBPGR; later International Plant
Genetic Resources Institute (IPGRI), now part of the
Alliance of Bioversity International and CIAT). There
was a focus on acid-soil regions and plant genera of
known value. Emphasis was on legumes, in many cases
including associated rhizobia, taking into account that
the Neotropics are the main center of diversification of
the Fabaceae (Leguminosae) family. The particular value
of legumes lies in their ability of symbiotic fixation of
atmospheric nitrogen and the subsequent provision of
protein-rich forage to livestock.

From 1979 onwards, collecting missions within
the new Tropical Pastures Program expanded to
Southeast Asia, a minor yet important center of
legume diversification (e.g. the genera Pueraria and
Desmodium), and in 1984/85 and 1989 also to
Africa, with focus on grasses (particularly the genus
Brachiaria). The latter took into account that Sub-
Saharan Africa is the main center of diversification of
those genera with forage potential in the Poaceae family.

All missions were organized as joint ventures
in association with national research institutions.
Table 1 provides an overview of the countries where
the collecting efforts were undertaken; the main
genera collected are summarized in Table 2. The
germplasm collectors who participated in the missions
are acknowledged in Supplemental Table 2.

Alongside the collecting activities, the introduction
of germplasm in the form of donations from existing
collections held by national and international research
and development (R&D) institutions around the globe
has been an ongoing activity since the inception of the
CIAT forages collection. It became the sole source of
additions to the collection, when germplasm collecting
with the involvement of CIAT scientists came to an end
in the 1990s. A total of more than 9,000 accessions
were received as donations; among them, in 2006, a
significant part of the former Australian Tropical Forages
Collection of CSIRO (Commonwealth Scientific and
Industrial Research Organisation) (Table 3).

Two factors contributed to the cessation of collecting
missions: (1) a sustained decline in funding for tropical-
forages research and (2) the fact that hardly any
tropical-forage species are included in Annex 1 of the
International Treaty on Plant Genetic Resources for
Food and Agriculture (ITPGRFA; FAO, 2001), which
streamlines germplasm distribution through the use
of a Standard Material Transfer Agreement (SMTA).
Instead, most tropical forage species are regulated by
legal frameworks that require case-by-case negotiations
of individual material transfer agreements, which would
create unmanageable legal overheads given the frequent
germplasm exchange in agricultural research.

Some concluding remarks on the
assembling of the forage germplasm
collection

With more than 22,000 accessions from a total of 75
countries of origin, the CIAT collection is the largest
tropical forages germplasm collection worldwide. Its
particular value lies in its focus on: (1) plants adapted
to acid, low-fertility soils; (2) legumes; and (3) the large
and diverse collection of Brachiaria. This grass genus
comprises currently the economically most important
tropical forage species worldwide. The CIAT Brachiaria
collection stems mainly from the Center´s collecting
activities in the 1980s in East Africa and has become
an important source of germplasm for selection and
breeding programs throughout the tropics.

It is recognized that there are still important gaps in
terms of countries and regions where germplasm has
been collected. The collection is likely far from being
representative of the geographic diversity of tropical
Poaceae and Fabaceae (Leguminosae).

Table 4 provides a summary of the current tropical
forages collection conserved at the CIAT genebank.
Differences of numbers in Table 4 in comparison with
Tables 2 and 3 are due to initial misidentifications and
losses of accessions due to a range of reasons, including
a limited number (or low viability) of collected seeds,
lack of seed setting in the environments available for
regeneration, and insufficient funds for regenerating
large numbers of accessions between the 1990s and the
launch of the CGIAR Research Program on Genebanks in
the 2010s.
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Table 1. Forage germplasm collecting missions conducted by CIAT with national research institution partners during 1972−1993.
See Supplemental Table 2 for collector names

Year Region and countries (No. of missions) Genera collected

1972-73 South America: Colombia (2), Venezuela (1) Legumes: Mainly Stylosanthes, also Centrosema, Desmodium
& others

1974-75 South America: Bolivia (1), Brazil (4),
Colombia (1), Venezuela (1)

Legumes: Mainly Stylosanthes, also Centrosema, Desmodium
& others

1976-77 South America: Brazil (1), Colombia (3),
Venezuela (1)

Legumes: Mainly Stylosanthes, also Centrosema, Desmodium
& others

1978-79 Mesoamerica: Panama (1)
South America: Brazil (1), Colombia (1),
Venezuela (1)
Southeast Asia: Thailand (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Centrosema, Desmodium, Stylosanthes & others

Legumes: Desmodium, Pueraria & others

1980-81 South America: Brazil (3), Colombia (2),
Venezuela (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others

1982-83 South America: Colombia (1), Peru (1)
Southeast Asia: Malaysia (1), Papua New
Guinea (1), Thailand (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Desmodium, Pueraria & others

1984 South America: Brazil (1), Colombia (3),
Venezuela (1)
Africa: Ethiopia (1), Kenya (1)
Southeast Asia: China (1), Indonesia (1),
Thailand (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others

Grasses: Mainly Brachiaria
Legumes: Desmodium, Pueraria & others

1985 Mesoamerica: Panama (1)
South America: Colombia (1), Venezuela (1)
Africa: Burundi (1), Rwanda (1), Tanzania
(1), Zimbabwe (1)
Southeast Asia: Indonesia (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Centrosema, Desmodium, Stylosanthes & others
Grasses: Mainly Brachiaria

Legumes: Desmodium, Pueraria & others

1986 Mesoamerica: Costa Rica (1), Mexico (1)
South America: Colombia (3), Venezuela (2)
Southeast Asia: Indonesia (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Desmodium, Pueraria & others

1987-88 South America: Brazil (1), Colombia (5)
Southeast Asia: China (1), Thailand (1)

Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Desmodium, Pueraria & others

1989-90 Mesoamerica: Honduras (1)
South America: Colombia (1)
Africa: Cameroon (1)

Legumes: Centrosema, Desmodium & others
Legumes: Centrosema, Desmodium, Stylosanthes & others
Grasses: Hyparrhenia, Andropogon & others

1991-93 South America: Colombia (2)
Southeast Asia: Thailand (1), Vietnam (2)

Legumes: Centrosema, Desmodium, Stylosanthes & others
Legumes: Desmodium, Pueraria & others
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Table 2. Most frequently collected genera with numbers of species and samples (accessions) and target countries, obtained through
collecting during 1972−1993 (CIAT missions with national research institution partners and opportunistic collecting) and conserved
at the CIAT genebank.

Genus No. of
species

No. of
accessions

Countries of origin1

Legumes

Aeschynomene 36 821 BDI, BRA, CHN, CMR, COL, CRI, ETH, HND, IDN, KEN,
MEX, MYS, PAN, PER, PNG, THA, VEN, VNM

Alysicarpus 6 193 BDI, BRA, CHN, CMR, COL, ETH, HND, IDN, KEN,
MYS, PAN, PNG, TGO, THA, VEN, VNM, ZWE

Cajanus 5 75 BRA, CHN, COL, ECU, IDN, PAN, PNG, THA, VNM

Calopogonium 5 446 BOL, BRA, CHN, COL, CRI, ECU, HND, IDN, KEN, MYS,
PAN, PER, THA, VEN, VNM

Canavalia 14 185 BRA, CHN, COL, CRI, ECU, HND, MEX, PAN, PER, THA,
VEN

Centrosema 33 1,677 BRA, CHN, COL, CRI, DOM, ECU, GTM, HND, IDN,
MEX, MYS, PAN, PER, THA, VEN, VNM

Chamaecrista 16 257 BDI, BRA, CHN, COL, CUB, ECU, ETH, HND, KEN, MEX,
MYS, NGA, PAN, PER, TGO, VEN, VNM, ZWE

Crotalaria 16 192 BRA, CHN, CMR, COL, CRI, ECU, ETH, HND, IDN,
MEX, PAN, PER, PNG, THA, VEN, VNM

Desmanthus 9 110 BRA, COL, ECU, HND, MEX, PAN, PER, VEN

Desmodium 56 2,085 AUS, BDI, BLZ, BOL, BRA, CHN, CMR, COL, CRI, ECU,
ETH, GUF, HND, IDN, IND, KEN, MEX, MYS, PAN, PER,
PNG, PYF, SLV, TGO, THA, VEN, VNM, ZWE

Dioclea 15 191 BRA, COL, HND, MEX, PAN, PER, VEN

Flemingia 8 130 CHN, CMR, COL, HND, IDN, MYS, PAN, PNG, THA,
VNM

Galactia 14 462 BOL, BRA, CHN, COL, CRI, CUB, ECU, HND, MEX, PAN,
PER, PNG, VEN, VNM

Indigofera 12 147 BDI, BOL, BRA, CHN, COL, ECU, ETH, KEN, PAN, PER,
PNG, TGO, THA, VEN, VNM

Macroptilium 10 445 ATG, BLZ, BOL, BRA, CHN, COL, CUB, DOM, ECU,
GTM, HND, MEX, PAN, PER, SLV, THA, VEN,

Phyllodium 5 130 CHN, IDN, PNG, THA, VNM

Pueraria 6 187 BRA, CHN, COL, CRI, ECU, HND, IDN, MYS, PAN, PNG,
THA, VEN, VNM

Rhynchosia 17 303 BOL, BRA, CMR, COL, CRI, ECU, ETH, HND, IDN, KEN,
MEX, PAN, PER, PNG, RWA, THA, VEN

Continued on next page
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Table 2 continued

Genus No. of
species

No. of
accessions

Countries of origin1

Stylosanthes 24 2,263 ATG, AUS, BOL, BRA, CHN, CMR, COL, CRI, DOM,
ECU, ETH, GUY, HND, KEN, MEX, MYS, NGA, PAN,
PER, RWA, TGO, VEN, VNM, ZWE

Tadehagi 3 99 CHN, IDN, PNG, THA, VNM

Tephrosia 14 112 BDI, BRA, CHN, COL, ECU, ETH, KEN, MYS, PAN, PNG,
THA, VEN, ZWE

Teramnus 9 304 BDI, BOL, BRA, CHN, COL, CRI, ECU, ETH, HND, IDN,
KEN, MEX, PAN, PER, THA, VEN, ZWE

Uraria 6 109 CHN, IDN, MYS, PNG, THA, VNM

Vigna 39 481 BDI, BRA, CMR, COL, CRI, ECU, ETH, HND, IDN, KEN,
MEX, MYS, PAN, PER, PNG, TGO, THA, VEN, ZWE

Zornia 12 812 AUS, BRA, CHN, CMR, COL, ETH, HND, KEN, MEX,
MYS, NGA, PAN, PER, TGO, THA, VEN, ZWE

59 further legume genera with a total
of:

693

Total of legume samples 12,909

Grasses

Andropogon 2 20 BDI, TGO, ZWE

Brachiaria 17 472 BDI, CMR, COL, ECU, ETH, KEN, RWA, TGO, TZA, ZWE

Hyparrhenia 12 35 BDI, ETH, KEN, NGA, TGO, TZA, ZWE

Panicum 5 20 BDI, ETH, COL, KEN, RWA, ZWE

Paspalum 11 55 BDI, BRA, CHN, COL, DOM, IDN, KEN, MYS, PAN, PER,
PHL, VEN, ZWE

Pennisetum 5 23 BDI, CHN, CMR, ETH, KEN

24 further grass genera with a total of: 127

Total of grass samples 752
1Country abbreviations: ATG = Antigua and Barbuda; BDI = Burundi; BLZ = Belize; BOL = Bolivia; BRA = Brazil; CHN = China, People’s Republic;

CMR = Cameroon; COL = Colombia; CRI = Costa Rica; CUB = Cuba; DOM = Dominican Republic; ECU = Ecuador; ETH = Ethiopia; GTM =
Guatemala; GUF = French Guyana; GUY = Guyana; HND = Honduras; IDN = Indonesia; IND = India; KEN = Kenya; MEX = Mexico; MYS =
Malaysia; NGA = Nigeria; PAN = Panama; PER = Peru; PHL = Philippines; PNG = Papua New Guinea; PYF = French Polynesia; RWA = Rwanda;
SLV = El Salvador; TGO = Togo; TZA = Tanzania; THA = Thailand; VEN = Venezuela; VNM = Vietnam; ZWE = Zimbabwe.
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Utilization

Germplasm collecting and introduction activities were
the responsibility of the former CIAT Beef Production
Systems Program (renamed Tropical Pastures Program
(TPP) in 1979) until the late 1980s. Maintenance
of the collection passed on to the CIAT Genetic
Resources Unit (GRU) after its foundation in 1977
(in 2009 renamed Genetic Resources Program, GRP).
Maintenance encompasses activities such as seed
testing, seed increase, germplasm preservation at
different cold storage levels, safety back-ups of the
collection, maintenance of living collections, seed
distribution, etc. Standard Operating Procedures (SOP)
for each of these areas are available upon request.
The collection is conserved in the GRP´s genebank
at CIAT Headquarters, Cali, Colombia. At the time of
writing (2020), 90% of CIAT’s tropical forages collection
is backed-up in the Svalbard seed vault and 77% at
CIMMYT (https://ciat.cgiar.org/what-we-do/crop-cons
ervation-and-use/tropical-forage-diversity/) .

For effective utilization of the germplasm collection,
the close interaction between the genebank and CIAT´s
TPP (today: Tropical Forages Program, TFP) played a
key role, particularly in the 1980s, in view of the TPP’s
germplasm-focused research agenda and its alliances
with national R&D institutions. The main research
approaches were:

• Multidisciplinary germplasm characterization and
evaluation by the TPP with involvement of
specialists in the fields of agronomy, plant
pathology, entomology, plant and animal nutrition,
legume rhizobiology, soils, pasture establishment,
pasture utilization, farming systems, economics,
plant breeding, and seed production;

• Stepwise categorization of promising accessions
as germplasm evaluations proceeded from small-
plot observations to ultimately animal production
experiments under grazing;

• Multi-site testing of germplasm in different eco-
climatic zones at: CIAT-Quilichao (Colombia),
Colombia-Llanos (with ICA, at Carimagua), Brazil-
Cerrados (with EMBRAPA, at Planaltina), Peru-
Humid Tropics (with IVITA, at Pucallpa), and later
Central America (with Ministerio de Agricultura y
Ganadeŕıa, in Costa Rica);

• Networking: multi-location testing of elite
germplasm within the networks:

– RIEPT (Red Internacional de Evaluación de Pas-
tos Tropicales), with national research insti-
tution partners in Latin America and the
Caribbean);

– RABAOC/WECAFNET (Reseau de Recherche en
Alimentation du Bétail en Afrique Occidentale et
Centrale/West and Central African Forage Eval-
uation Network), with national research institu-
tion partners in West and Central Africa and in
cooperation with ILCA/ILRI (International Live-

stock Centre for Africa/International Livestock
Research Institute);

– SEAFRAD (South East Asian Forage and Feed
Resources Network), with national research
institution partners in Southeast Asia; this
network developed in the 1990s into the ACIAR
(Australian Centre for International Agricultural
Research) funded Forages for Smallholders
project;

• Development, publication and use of network-
wide common research methodologies (see section
Publications below);

• Publication of research results in RIEPT reports
(accessible at https://cgspace.cgiar.org/discover?
scope=%2F&query=riept) and the TPP’s journal
Pasturas Tropicales (accessible at https://tropical
grasslands.info/index.php/tgft/pages/view/Pastu
ras).

As a result of the germplasm evaluation and selection
research conducted by CIAT and its partners, a number
of grass and legume accessions that had been provided
by the CIAT forages collection were developed into
cultivars by national R&D institutions worldwide, in a
few cases after incorporating them in national breeding
programs (Table 5). Several issues should be pointed
out:

• In relation to cultivars selected from genebank
accessions, formal release and/or registration has
been and is the exclusive responsibility of national
institutions. In the case of bred lines developed
at CIAT (not included in Table 5), cultivar
release/registration is done by the private sector,
with authorization by CIAT.

• Some cases are mentioned where CIAT accessions
were adopted by end users without a formal
and documented cultivar release; the real number
is probably much higher. On the other hand,
it is most likely that not all released cultivars
were or are actually used by farmers to a major
extent. The use of materials from tropical forages
genebanks is further discussed by Hanson et al
(2020) and Duncan et al (2020).

• Several important grass varieties, which had
been developed by institutions in Brazil [(e.g.
Brachiaria brizantha cv. Marandu (CIAT 6294) and
Panicum maximum cvv. Tanzânia (CIAT 16031),
Mombaça (CIAT 9692) and Tobiatã (CIAT 6299)]
and subsequently introduced to CIAT, are not
included in Table 5. Nonetheless, CIAT, within its
network evaluation activities in Latin America and
SE Asia, was instrumental for eventual release and
adoption of these cultivars by non-Brazilian end-
users.

• Mentioning of cultivar releases of the accessions
Brachiaria decumbens CIAT 606 and B. humidi-
cola CIAT 679 is restricted to countries other than
Brazil: Both accessions represent early Australian
cultivars (‘Basilisk’ and ‘Tully’, respectively) and,

https://ciat.cgiar.org/what-we-do/crop-conservation-and-use/tropical-forage-diversity/
https://cgspace.cgiar.org/discover?scope=%2F&query=riept
http://tropicalgrasslands.info/index.php/tgft/pages/view/Pasturas


57 Schultze-Kraft et al Genetic Resources (2020), 1 (2), 51–68

Table 3. Forage germplasm donations received during 1972−2006 from national and international institutions and conserved at
the CIAT genebank, highlighting main genera and number of samples (accessions).

Period Total no. of
accessions

Main genera Main donor institutions1

1972−75 176 Centrosema, Desmodium, Stylosanthes,
Vigna

INIAP (Ecuador), CSIRO (Australia), QDPI
(Australia), IDRC projects (West Indies, Belize),
Univ. Florida (USA), FAO-David (Panama)

1976−80 1,424 Andropogon, Centrosema, Desmodium,
Panicum, Stylosanthes, Zornia

Instituto de Pesquisas IRI (Brazil), IDRC projects
(West Indies, Belize), EPAMIG (Brazil), INIAP
(Ecuador), EMGOPA (Brazil), Univ. Florida (USA),
EMBRAPA (Brazil), CSIRO (Australia)

1981−85 1,971 Brachiaria, Calopogonium, Centrosema,
Crotalaria, Desmanthus, Desmodium,
Galactia, Leucaena, Macroptilium,
Macrotyloma, Panicum, Pueraria,
Stylosanthes, Vigna, Zornia

ORSTOM (France), CSIRO (Australia), EMBRAPA
(Brazil), EMGOPA (Brazil), INTA (Argentina),
QDPI (Australia), EPAMIG (Brazil), FAO-Kitale
(Kenya), IBPGR-SE Asia

1986−90 1,238 Alysicarpus, Brachiaria, Centrosema,
Desmodium, Pseudarthria, Pueraria,
Stylosanthes, Uraria, Vigna

EMBRAPA (Brazil), CSIRO (Australia), Instituto de
Zootecnia (Brazil), FONAIAP (Venezuela), Univ.
Florida (USA), USDA (USA), IBPGR-SE Asia

1991−95 212 Arachis, Cajanus, Panicum EMBRAPA (Brazil), ICRISAT (India), ICA
(Colombia)

1996−00 218 Arachis, Calliandra, Cratylia, Paspalum,
Stylosanthes

EMBRAPA (Brazil), OFI (UK)

2001−06 3,858 Aeschynomene, Centrosema,
Desmanthus, Desmodium, Lablab,
Macroptilium, Stylosanthes, Vigna

CSIRO (Australia)

2007−20 0

Total 9,157
1Abbreviations of main donor institutions: CSIRO = Commonwealth Scientific and Industrial Research Organisation; EMBRAPA = Empresa

Brasileira de Pesquisa Agropecuária; EMGOPA = Empresa Goiana de Pesquisa Agropecuária; EPAMIG = Empresa de Pesquisa Agropecuária de Minas
Gerais; FAO = Food and Agriculture Organization of the United Nations; FONAIAP = Fondo Nacional de Investigaciones Agropecuarias; IBPGR =
International Board for Plant Genetic Resources; ICA = Instituto Colombiano Agropecuario; ICRISAT = International Crops Research Institute for
the Semi-Arid Tropics; IDRC = International Development Research Centre; INIAP = Instituto Nacional de Investigaciones Agropecuarias; INTA
= Instituto Nacional de Tecnoloǵıa Agropecuaria; OFI = Oxford Forestry Institute; ORSTOM = Office de la Recherche Scientifique et Technique
Outre-Mer; QDPI = Queensland Department of Primary Industries; USDA = United States Department of Agriculture.

unlike the other countries where CIAT-coordinated
network evaluations were instrumental for selec-
tion and release, adoption in Brazil was an entirely
CIAT-independent process.

• Brachiaria spp. accessions that were used by
CIAT internally to produce Brachiaria breeding
lines and from which hybrid cultivars were
developed by globally operating seed companies
(Grupo Papalotla, Dow AgroSciences) within
public-private-partnership (PPP) agreements, are
not included either. Information on those hybrid
cultivars (e.g. ‘Mulato’, Mulato II’, ‘Cayman’,
‘Cobra’, ‘Camello’) is available in Cook et al (2020).

• Table 5 also provides information on the timespan
between germplasm acquisition (collection or
introduction) and cultivar release.

In the early 1990s, CIAT gradually changed its
germplasm utilization research priority from develop-
ment of grass/legume pastures for acid soils to selec-
tion of multipurpose plants for smallholders. This adjust-
ment took into account the need for forage plants to
maintain and restore soil fertility, including in mixed
(crop-livestock) production systems, and to contribute
to increased small-farmer livelihoods. Since 2006/07 the
research focus of the CIAT Tropical Forages Program was
further refined and includes the adaptation of forages
to climate change and their potential contribution to
ecosystem services, including the mitigation of green-
house gas emissions. Within these new developments,
species selection is benefiting from the broad diversity
represented in the CIAT forages collection.
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Table 4. The tropical forages collection conserved at the CIATgenebank (as of July 2020).

Genus No. of accessions No. of species

Grasses:

Brachiaria 592 22

Panicum 544 11

Paspalum 140 19

Andropogon 89 2

Hyparrhenia 44 12

Pennisetum, Cenchrus, Echinochloa, Axonopus, Setaria, Eragrostis and Chloris
(more than 10 accessions each) and 19 other genera

202 68

Total grasses 1,611 134

Legumes:

Stylosanthes 4,198 31

Desmodium 3,484 71

Centrosema 2,849 33

Aeschynomene 1,182 33

Macroptilium 1,052 11

Vigna 1,026 36

Zornia 947 14

Galactia 561 13

Calopogonium 550 4

Rhynchosia 384 13

Teramnus, Chamaecrista, Desmanthus, Crotalaria, Alysicarpus, Pueraria,
Canavalia, Dioclea, Leucaena, Indigofera, Flemingia, Uraria, Arachis, Clitoria,
Lablab, Tephrosia, Phyllodium, Cajanus and Tadehagi (between 100 and 384
accessions each) and 59 other genera

4,848 378

Total legumes 21,081 637

Grand total 22,692 771
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Table 5. Formally and informally released cultivars developed from accessions provided by the CIAT tropical forages collection.

Species CIAT Accession no. Year of
acquisition1

Cultivar name Country Year of
registration/
release

Comments

Legumes:

Aeschynomene
americana

CIAT 7026 C: 1978 Lee Australia 1984 Collected in Panama in cooperation with IDIAP
(Instituto de Investigación Agropecuaria de
Panamá)

Arachis pintoi CIAT 17434 I: 1983 Mańı Forrajero
Perenne

Colombia 1992 Introduced as CPI 58113 from CSIRO; = cv.
Amarillo, released 1987 in Australia

Pico Bonito Honduras 1993

Mańı Mejorador Costa Rica 1994

CIAT 18744 I: 1984 Porvenir Costa Rica 1998 Introduced as BRA-012122 from EMBRAPA

Mix of CIAT 17434
and CIAT 18744

I: 1983
resp. 1984

Mańı Forrajero Panama 1997 See information on CIAT 17434 and CIAT 18744
above

CIAT 22160 I: 1993 Reyan No. 12 PR China 2004 Introduced as BRA-031143 from EMBRAPA

Centrosema
acutifolium

CIAT 5277 C: 1979 Vichada Colombia 1987 Collected in Colombia

Centrosema
macrocarpum

CIAT 25522; = mix
of 12 accessions

C: 1980-84 Ucayali2 Peru 1992 Individual accessions collected in cooperation
SE Asia3 1990s with national institution partners in Colombia

	 	 (8 accessions), Venezuela (3) and Brazil (1)

Centrosema
pubescens

CIAT 15160 C: 1984 Barinas2 SE Asia3 1990s Collected in Venezuela in cooperation with
FONAIAP

Chamaecrista
rotundifolia

CIAT 21565 C: 1989 Minyin 2 PR China 2011 Collected in Colombia in cooperation with ICA;
released after introduction as ATF 3248 from
Australia to China

Codariocalyx
gyroides

CIAT 3001 I: 1975 Belize2 SE Asia3 1990s

Cora Cora2 Colombia 1990s

Mix of CIAT 18516
and CIAT 18668

I. resp. C.:
1985, 1984

Veranera Colombia 2002
Veraniega Costa Rica 2001

Continued on next page

Introduced as CF-29 from IDRC-Belize

Cratylia argentea CIAT 18516 introduced from EMGOPA, CIAT 18668
collected in Brazil in cooperation with EMBRAPA
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Table 5 continued

Species CIAT Accession no. Year of
acquisition1

Cultivar name Country Year of
registration/
release

Comments

Mixture of unknown
CIAT accessions

Venezuela 2000s

Bolivia 2000s

Desmodium
heterocarpon
subsp.
ovalifolium4

CIAT 13651 C: 1984 Maquenque Colombia 2002 Collected in Thailand in cooperation with TISTR
(Thailand Institute of Scientific and Technological
Research)

CIAT 350 I: 1973 Itabela Brazil 1989 Commercial cover crop variety, introduced from
FAO Seed Exchange Unit, RomeReyan No. 16 PR China 2005

Desmodium
strigillosum

CIAT 13158 C: 1982 Reyan No. 27 PR China 2010s Collected in Thailand in cooperation with TISTR

Flemingia
macrophylla

CIAT 17403 C: 1982 Chumphon2 SE Asia3 1990s Collected in Thailand in cooperation with TISTR

Leucaena
leucocephala

CIAT 21888; mix of
CIAT 17481, 17482,
17491 and 17492

C. resp. I.:
1982

Romelia Colombia 1992 CIAT 17481 and 17482 collected as naturalized
populations in Brazil; CIAT 17491 and 17492
introduced as K8 and K72, respectively, from
University of Hawaii at Manoa

Stylosanthes
capitata

CIAT 10280; mix of 5
accessions

C: 1975-77 Capica Colombia 1983

Alfalfa Criolla2 Venezuela 1990s

Stylosanthes
guianensis var.
guianensis

CIAT 184 C: 1973 Pucallpa Peru 1985 Collected in Colombia

Reyan No. 2 PR China 1991 Also known as ’Pi Hua Dou 184’, ‘Zhuhuacao’

Reyan No. 5 PR China 2000 Selected from CIAT 184

Stylo 1842 SE Asia3 1990s

CIAT 136 C: 1973 Reyan No. 7 PR China 2000 Collected in Colombia

Unidentified CIAT
accession number

Reyan No. 13 PR China 2003 Origin: mislabeled seed bags or a physical
contaminant in a sample (“CIAT 1044”) of a
different species

Continued on next page

C. argentea (cont.) Cratilia2

All accessions (CIAT 1315, 1318, 1342, 1693
and 1728) collected in Brazil in cooperation
with EMBRAPA and CSIRO



61
Schultze-K

raft
et

al
G

enetic
Resources

(2020),1
(2),51–68

Table 5 continued

Species CIAT Accession no. Year of
acquisition1

Cultivar name Country Year of
registration/
release

Comments

CIAT 2340 C: 1980 Ubon stylo Thailand 2002 Selection (GC 1480) used for the 4-line mix cv.
Ubon stylo; see below; original accession CIAT
2340 collected in Colombia

Stylosanthes
guianensis var.
pauciora5

CIAT 11833 (= cross
CIAT 10136 × CIAT
2031)

C: 1974
C: 1978
Cross:
1991?

Ubon stylo Thailand 2002 3 selections from CIAT 11833 (GC 1463, GC 1517,
GC 1579) used for the 4-line mix cv. Ubon stylo; see
above; original accessions CIAT 10136 and CIAT
2031 collected in Brazil in cooperation with
EMBRAPA

CIAT 1283 C: 1975 Reyan No. 10 PR China 2001 Collected in Brazil in cooperation with EMBRAPA

Stylosanthes
seabrana

CIAT 10033 C: 1981 Unica Australia 2000 Collected in Brazil in cooperation with EMBRAPA

Grasses:

Andropogon
gayanus

CIAT 621 I: 1973 Carimagua 1 Colombia 1980 Original seed sample introduced from Shika
Research Station, NigeriaPlanaltina Brazil 1980

Sabanero Venezuela 1983

Veranero Panama 1983

San Mart́ın Peru 1984

Llanero Mexico 1986

Andropogon Cuba 1988

Veranero Costa Rica 1989

Otoreño Honduras 1989

Gamba Nicaragua 1989

ICTA-Real Guatemala 1992

Brachiaria
humidicola

CIAT 679 I: 1976 Humid́ıcola Colombia 1992 CIAT 679 is cv. Tully (Koronivia grass), released
1981 in AustraliaINIAP-NAPO

701
Ecuador 1985

Continued on next page

S. guianensis var.
guianensis (cont.)
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Table 5 continued

Species CIAT Accession no. Year of
acquisition1

Cultivar name Country Year of
registration/
release

Comments

Chetumal Mexico 1991

Humid́ıcola Panama 1990

Aguja Venezuela 1989

CIAT 26149 C: 1985 BRS Tupi Brazil 2012 Collected in Burundi in cooperation with ISABU
(Institut des Sciences Agronomiques du Burundi)

Brachiaria
humidicola
(former species
name for the
accession
concerned: B.
dictyoneura)

CIAT 6133 I: 1978 Llanero Colombia 1987 Introduced as B. dictyoneura CPI 59610 from CSIRO

Yanero2 SE Asia3 1990s

Ganadero Venezuela 1992

Gualaca Panama 1992

Brunca Costa Rica 1994

Reyan No. 14 PR China 2004

Brachiaria
decumbens

CIAT 606 I: 1973 Brachiaria Cuba 1986/87 CIAT 606 is cv. Basilisk, released 1966 in Australia

Señal Panama 1986

Chontalpo Mexico 1989

Barrera Venezuela 1989

Peludo Costa Rica 1991

Reyan No. 3 PR China 1991

Brachiaria
hybrid

CIAT 16309
(B. brizantha)

C: 1984 BRS Ipyporã Brazil 2017 B. brizantha CIAT 16309/ILCA 13619 (B4 at
Embrapa), collected in Ethiopia in cooperation with
ILCA, is one of the parental lines in the
hybridization B. brizantha × B. ruziziensis that led
to this Brazilian cultivar

Brachiaria
ruziziensis

Unidentified CIAT
accession number

Reyan No. 15 PR China 2005 Origin: mislabeled seed bags or a physical
contaminant in a sample (“CIAT 6095”) of a
different species

Brachiaria
brizantha

CIAT 16125/ILCA
13372

C: 1984 BRS Piatã Brazil 2007 Collected in Ethiopia in cooperation with ILCA

Continued on next page

B. humidicola
(cont.)

CIAT 679 (cont.)
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Table 5 continued

Species CIAT Accession no. Year of
acquisition1

Cultivar name Country Year of
registration/
release

Comments

CIAT 16467/ILCA
12751

C: 1984 BRS Paiaguás Brazil 2013 Collected in Kenya in cooperation with ILCA

CIAT 26110 C: 1985 Toledo Colombia 2002 Collected in Burundi in cooperation with ISABU

Costa Rica 2001

Xaraés, MG5
Vitória

Brazil 2000/01

CIAT 6387 I: 1981 Serengeti2 SE Asia3 1990s Introduced as K-75232A-E from FAO-Kitale, Kenya

CIAT 16835 C: 1985 Karanga2 SE Asia3 1990s Collected in Zimbabwe in cooperation with
Grasslands Research Station Marondera

CIAT 16315/ILCA
13635

C: 1984 Capiporã Brazil 2003 Collected in Ethiopia in cooperation with ILCA

CIAT 16488/ILCA
13079

C: 1984 Arapoty Brazil 2003 Collected in Kenya in cooperation with ILCA

Panicum
maximum

CIAT 6901 I: 1988 Reyan No. 8 PR China 2000 Introduced as K 71 from ORSTOM; origin: Kenya

CIAT 6172 I: 1988 Reyan No. 9 PR China 2000 Introduced from Ecuador

CIAT 6799 I: 1983 Agrosavia
Sabanera

Colombia 2018 Introduced as G 27 from ORSTOM; origin: Angola

CIAT 16051 I: 1983 Agrosavia
Michaya

Colombia 20206 Introduced as T 90 from ORSTOM; origin: Tanzania

Pennisetum
purpureum × P.
glaucum

CIAT 6263 I: 1979 Reyan No. 4 PR China 1998 King Grass; introduced from IDIAP, Panama

1C = year of collection; I = year of introduction of a donated accession; 2no formal release; 3several countries; 4formerly known as D. ovalifolium; 5taxon var. pauciflora not recognized by GRIN; 6release
programmed.

B. brizantha
(cont.)
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Distribution

The basis for effective and efficient utilization of
CIAT’s forage germplasm has been, and still is, the
production and distribution of germplasm samples for
plant introduction work by the Center´s GRU/GRP.
Since 1980 a total of 93,222 germplasm samples,
representing 14,695 accessions, were distributed to 110
countries. Approximately 41% of these samples went
to CIAT’s TPP/TFP. The remainder was distributed to
users in Colombia (33%), Brazil (9%), Peru, China,
Venezuela (4% each), Australia, Mexico, USA (3%
each), and 102 other countries. Approximately 47%
of all externally distributed samples went to national
agricultural research institutes, 23% to universities, 16%
to farmers, with the remainder going to CGIAR centers,
NGOs, companies, regional organizations, and other
genebanks worldwide (Figure 1). Seed samples were
predominantly used for agronomic evaluations (64%),
but also for basic research (13%), capacity building
(12%) and other purposes such as applied research,
genetic improvement and conservation, in alignment
with the ITPGRFA and the SMTA. The list of accessions
included in each seed shipment is linked to available
passport data and more recently to accession-specific
Digital Object Identifiers (DOI).

For evaluation trials and on-farm experimentation
with accessions that were considered as highly promis-
ing by CIAT, its network partners and/or development
agencies, seed in larger amounts has been/is being pro-
vided by the Tropical Forages Program (Tropical Pas-
tures Program until 1992). Between 1982 and 2014,
the TPP/TFP produced and distributed almost 64 tons
of grass and legume seeds, either free of charge for
research purposes or at cost price for larger quantities,
representing a total of 27,325 samples, to 88 countries
worldwide.

Some concluding remarks on the utilization
and distribution of the CIAT forage
germplasm collection

A strong multidisciplinary research program (TPP/TFP)
at CIAT and its alliance with national partners and
international networks was instrumental for effective

Figure 1. Historical distribution of 51,850 tropical-forage
samples to different categories of germplasm users outside
CIAT since the inception of CIAT’s tropical forages collection.

and efficient utilization of the collection. This includes
the capacity to supply sufficiently large seed samples for
research beyond small-plot level and eventually for on-
farm testing.

The PPP arrangements between CIAT and the seed
industry are proving to be conducive to increased
adoption of improved-forage technology based on
breeding lines.

The number of legume species (15), of which
cultivars were released (33), contrasts with the number
of grass species (9) and released cultivars (44). We
suggest that this reflects, on the one hand, the particular
focus of CIAT and its research partners on legumes in the
past; on the other hand it reflects, to some extent, that
the user community of tropical forages seems to be more
receptive to grasses as they are easier to manage and
have a better developed commercialization pathway.

Diversity in the forage germplasm
collection

Basic plant descriptors have been used during both
the germplasm multiplication phase by the GRU/GRP
and the primary evaluation phase by the TPP/TFP to
provide information on phenotypic diversity within a
species and subsequent reduction of accession numbers
for evaluation (e.g. the formation of core collections).
In addition, molecular marker studies have been used
to assess the genetic (= intraspecific) diversity and to
elucidate species relationships for species of particular
interest. On species that are little-known but of interest,
basic floral-biology studies have been performed with
the objective of optimizing germplasm management and
enabling breeding. The main publications resulting from
such research are listed below (section Publications).

The need for basic botanical and genetic studies to
expand our knowledge about genera and species of
forage interest must be stressed. Any future diversity
research is recommended to focus on relevance for:
(1) enhanced germplasm management and utilization
(e.g. identification of duplicates, establishment of
core collections); (2) relationships between traits and
geographic origin of populations; and (3) identification
of genes responsible for particularly important plant
traits.

Sharing of knowledge

Training

During the period 1978−1990, the CIAT Tropical
Pastures Program, within its coordinating role in
the RIEPT network, held a yearly course ‘Programa
de Capacitación Cient́ıfica en Investigación para la
Producción de Pastos Tropicales’. The course, aimed
at researchers from Latin America and the Caribbean,
consisted of an intensive multi-disciplinary phase in
which all participants were provided with lectures
and practical training in all disciplines represented in
the TPP (thus including the field of genetic resources
of forage plants and germplasm handling) and a
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specialization phase. With an average of 20 participants
per course, a total of around 250 researchers were
trained during the 13-year period, with about 10
specializing in genetic resources. In addition, several
dozen students from both Colombian and foreign
universities conducted research for their theses (BSc,
MSc and PhD) with focus on genetic diversity of for-
ages under the supervision of TPP/TFP scientists.

From 1990 onwards, training activities in forage
germplasm management were essentially taken over
by CIAT’s GRU/GRP, mainly in the area of germplasm
management and in the form of field days for
Colombian university students and technicians, with
demonstrations on field, greenhouse and laboratory
activities. Several hundred students, technicians and
researchers participated in this scheme.

Selected Publications

The following list comprises a selection of publications
that, with regard to research topics and regions, we
consider representative of the CIAT forage germplasm
work during the past four decades:

Botanical studies

Schultze-Kraft, R., Williams, R.J. (1990). Una nueva
especie de Centrosema (DC.) Benth. (Leguminosae:
Papilionoideae) del Orinoco. Caldasia 16(77), 133–137.
https://revistas.unal.edu.co/index.php/cal/article/view
/35508

Torres, A.M. (1996). Un herbario de referencia para
la colección de germoplasma de forrajes tropicales
conservada por el Centro Internacional de Agricultura
Tropical. Pasturas Tropicales Bolet́ın 18(3), 71–74. https:
//cgspace.cgiar/handle/10568/87998

Maass, B.L., Torres González, A.M. (1998). Off-
types indicate natural outcrossing in five tropical forage
legumes in Colombia. Tropical Grasslands 32, 124–130.
https://www.tropicalgrasslands.info/public/journals/4
/Historic/Tropical%20Grasslands%20Journal%20archi
ve/Abstracts/Vol_32_1998/Abs_32_02_98_p-
p124_130.ht ml

Bystricky, M., Schultze-Kraft, R., Peters, M. (2010).
Studies on the pollination biology of the tropical forage
legume shrub Craylia argentea. Tropical Grasslands 44,
246–252. https://www.tropicalgrasslands.info/public/j
ournals/4/Historic/Tropical%20Grasslands%20Journal
%20archive/PDFs/Vol_44%20(1_2_3_4)/Vol%2044
%20(4)%20Bystricky%20et%20al%20246.pdf

Calles, T., Schultze-Kraft, R. (2010). Re-
establishment of Stylosanthes gracilis (Leguminosae)
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over the last decades. Ex situ conservation of forages
is substantially more expensive on a per-acces-
sion basis than conservation of other crops such as
grains and pulses because cross-pollinating, wild
and/or weedy accessions with long, asynchronous
life cycles are substantially more expensive to re-
generate thaninbred crops with short, synchronous
life cycles (Koo et al, 2003), yet funding for tropi-
cal-forage research and deployment has declined
considerably over the last decades. Accordingly, to
ensure the long-term conservation and availability
of critically important tropical-forage genetic re-
sources, genebanks need to focus on the species with
the greatest forage potential. A panel of well-known
tropical-forage experts has grouped the species con-
served at the CIAT and ILRI collections into priority
categories based on the species’ proven or suspected
forage potential (Pengelly, 2015). Lowpriority acces-
sions of both collections will be archived to focus con-
servation efforts on more promising species, with a view
towards multiplying selected groups of ‘bestbet’ acces-
sions so that larger quantities of starter seeds can be
provided for research projects to shorten the path be-
tween the genebank and germplasm use in the field.

Compared with tropical-forage collections at ILRI
in Ethiopia (17K accessions), USDA in the US (15K
accessions), KARI (Kenya Agricultural Research Insti-
tute) in Kenya (15K accessions), the Australian Pas-
tures Genebank (APG) in Australia (13K accessions),
EMBRAPA in Brazil (9K accessions), INTA in Argentina,
and IGFRI (Indian Grassland and Fodder Research Insti-
tute) in India, CIAT’s collection is particularly rich in
legumes adapted to infertile, acid soils. A full list of
accessions, including passport data, photos of plants,
flowers and seeds and images of herbarium specimens,
can be accessed on the Genesys web portal by filtering
for ‘COL003’ for CIAT and ‘forages’ as a crop (https://
www.genesys-pgr.org).

In 2021, the CIAT genebank will achieve all the
CGIAR Genebank Platform’s ‘performance targets’ for
its forage collection (Crop Trust, 2016). One of these
targets is making more than 90% of all accessions
available for immediate distribution, which means the
genebank holds sufficient numbers of seeds that have
been tested and found to be free of more than 40
different pathogens of quarantine importance. The
collection, therefore, will qualify for long-term funding
from the Endowment Fund of the Global Crop Diversity
Trust to ensure its in-perpetuity conservation.

Although increasing germplasm collections by further
collecting is currently difficult to justify, the policy
framework may change over time, for example through
an expansion of the ITGPRFA’s scope to include all plant
genetic resources for food and agriculture. Efforts to
identify the most important collection gaps, therefore,
are indicated to prepare for future collections. As
suggested above, the forage germplasm collections
currently conserved at the aforementioned genebanks,

in addition to those at the CGIAR centers
ICARDA (International Center for Agricultural Re-
search in the Dry Areas) and World Agroforestry
Centre (ICRAF) cannot be considered adequately
representative of the geographic and taxonomic/
genetic diversity of the tropical and subtropical
Poaceae and Fabaceae (Leguminosae), neither at
the level of the individualcollections nor at that of
their consolidated total. It is suggested that such gap
analyses:

• Consider both neglected areas/regions and gen-
era/species of particular interest with emphasis on
potential as forage and for environmental services.

• Be based on ecogeographical surveys paying
particular attention to regions where biodiversity
loss (including danger of genetic erosion) has been
identified and/or is likely to occur.

• Consider the need for germplasm with focus
on adaptation to the particular environmental
challenges of the future in terms of the effects
of climate change, such as increasing soil salinity,
rising water table (including flooding), drought,
temperature extremes etc. Collecting is suggested
in areas of currently similar conditions under
the assumption that germplasm occurring there
has genetic adaptation to the respective limiting
factors.

Such gap analyses can be the basis for future
internationally coordinated collecting actions — when
they become feasible — but independently may also
stimulate immediate plans of action at national levels.
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