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Abstract
Background Genetic diversity is crucial for conservation efforts as well as breeding programs targeted at the 
development of improved varieties. Taro, a climate-resilient crop, plays a vital role in the nutritional and economic 
livelihoods of many households in Nigeria, but its yield is very low due to inadequate genetic improvement efforts. A 
diversity assessment of Nigerian taro is therefore required to create a premise for its improvement in yield, quality and 
disease tolerance. In this study, the genetic diversity and population structure of 490 taro cultivars comprising two 
main gene pools: Dasheen (215) and Eddoe (275), collected from farmers and marketers across seven states in Nigeria 
was assessed using 3047 Diversity Array Technology single nucleotide polymorphism (DArT-SNP) markers. A subset 
of 114 taro cultivars, comprising 30 Dasheens and 84 Eddoes were further phenotyped using 24 agro-morphological 
descriptors.

Results Both phenotypic and molecular characterization revealed higher genetic diversity among the Eddoes than 
Dasheens. Estimates of gene flow (Nm = 0.353) revealed intermixing of cultivars among the States of collection, 
with the highest gene flow occurring between cultivars from Anambra and Ondo states and the lowest between 
Anambra and Kwara states. Population structure and Ward’s minimum variance hierarchical cluster based on DArT-
SNPs identified four groups, one comprising Dasheen and three comprising Eddoe cultivars. Hierarchical clustering 
based on phenotypic traits delineated three clusters. Variation between gene pools (49%) was higher than within 
gene pools (32%). Variation among States of collection was high (41%), while variation among individuals within gene 
pools (18%) and States of collection (19%) was relatively low. Correlation between phenotypic and genotypic diversity 
assessments was low (r = 0.01), indicating that both approaches were necessary for assessing genetic diversity in taro. 
However, genotypic assessment provided better information about genetic diversity of the taro cultivars.
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Introduction
Taro [Colocasia esculenta (L.) Schott] is a tuber crop from 
the family Araceae, known for its edible corms and corm-
els. It is one of the ancient food crops originating from 
the Indo-Malayan region over 50,000 years ago [1], where 
many related species and subspecies are found [2–4]. It is 
believed that the voyagers of East coast of Africa brought 
taro to West Africa some 2000 years back [3]. Two main 
gene pools of taro are identified: Colocasia esculenta var. 
esculenta, called as Dasheen, and Colocasia esculenta var. 
antiquorum called as Eddoe [2, 5], which are differenti-
ated based on origin, ploidy, and corm shape [2, 3, 6]. The 
Dasheens are of Pacific origin, diploids, and have a large 
central corm with few or no cormels, while the Eddoes 
are from Asia, triploids, and have globular corms with 
several cormels [2, 6]. The diploids have a chromosome 
number of 2n = 2x = 28 while triploids have 3n = 3x = 42 [7, 
8]. The entire plant of taro is useful as food, feed, medi-
cine, and fuel [9, 10], and is highly digestible [11–13]. It 
is an essential component of the socio-cultural life in the 
Pacific [2, 14], and ethnic groups in south-east and south-
south regions of Nigeria [15–17].

Nigeria, with a history of 2000 years of taro cultivation 
[18], is the largest producer in the world [19], where it is 
grown both as a sole crop and an intercrop [20]. In 2021, 
Nigeria produced 26% of the total global taro compris-
ing of 12.4  million tons from 1.8  million hectares [19]. 
Despite the high contribution of Nigeria to global taro 
production, taro yield (3.9 t/ha) in Nigeria is low com-
pared to other taro-producing regions of the world, such 
as Oceania (8.5 t/ha) and Asia (16.1 t/ha). This low yield, 
which can primarily be attributed to losses due to dis-
eases and lack of improved planting materials [21–23], 
calls for genetic improvement of taro in Nigeria for resis-
tance to diseases, increased yield, and quality.

Assessment of genetic diversity for crop improvement 
is a pre-requisite, and different strategies have been used 
to evaluate the extent of genetic variability among crop 
cultivars. Phenotypic descriptors are extensively used, 
both for their low cost, and usefulness in the identifi-
cation and selection of desirable traits [24–26]. In taro, 
agro-morphological descriptors such as plant height, 
plant span, leaf area index, number of suckers per plant, 
time to maturity, and yield per plant have been used to 

discriminate among cultivars in Togo [27], Ghana [28], 
Burkina Faso [29], and Nigeria [21]. However, agro-mor-
phological traits are less efficient due to environment and 
genotype x environment interactions, making it difficult 
to distinguish between closely related individuals [30]. 
It is therefore important to complement with molecular 
markers, which are not subject to such limitations [31]. 
Kreike et al. [2] used amplified fragment length polymor-
phism (AFLP) markers to evaluate the genetic diversity 
of 255 taro accessions from seven countries in Asia and 
the Pacific and identified two gene pools, one in Asia and 
the other in the Pacific. Similarly, Chaïr et al. [3] deployed 
simple sequence repeat (SSR) markers on 357 taro acces-
sions from 19 countries in Asia, America, Africa, and the 
Pacific, and found the highest genetic diversity within the 
Asian accessions. In addition, the authors reported that 
taro in Africa has a narrow genetic base and is clonally 
propagated which further limits the genetic diversity of 
the crop.

Recently, high throughput sequencing technologies, 
characterized by high reproducibility such as Diversity 
Array Technology sequencing (DArTseq) [32], provides 
a large pool of both SNP and SilicoDArT markers [33]. 
DArTseq reduces the complexity of the genome via use 
of restriction enzymes and sequencing short reads while 
replacing the hybridization step, and sequencing is con-
ducted using the Illumina system [34]. DArTseq tech-
nology have been successfully used for the assessment 
of genetic diversity and population structure of different 
crops including wheat [35, 36], maize [37, 38], cowpea 
[39], cassava [40], yam [41, 42], and even taro [23]. Fufa et 
al. [23] assessed the genetic diversity among 282 taro cul-
tivars which included 188 cultivars from Nigeria and 94 
from Vanuatu using DArTseq SNP markers, and reported 
low genetic diversity among the cultivars from Nigeria.

Previous attempts to assess the diversity of taro in Nige-
ria [21, 23] were based on collections from the south-
east region of the country and those from the National 
Root Crops Research Institute (NRCRI), Umudike. It is 
well known that most of these collections are lost due to 
taro leaf blight disease [22]. Additionally, in Nigeria, taro 
is predominantly grown across the south-east, south-
west, and south-south geopolitical zones of the country, 
which span from the derived savanna to the humid forest 

Conclusion This is the first study that represented germplasm collection across the major taro growing regions 
of Nigeria. The findings from this study based on agro-morphological characterization and DArT-SNP genotyping 
are critical for genetic characterization, conservation and breeding of taro in Nigeria, mainly initiating hybridization 
between the two genepools after careful assessment of ploidy levels of the accessions collected in this study. This will 
facilitate in developing improved taro varieties with desirable traits, such as higher yield, better disease resistance, and 
improved nutritional quality.
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agro-ecological regions [20, 22, 43]. Therefore, to ensure 
adequate coverage of taro-growing regions, it is expedi-
ent to extend the collections of taro cultivars to other 
regions of the country, particularly within the derived 
savanna and humid forest, which are the main taro pro-
duction agroecologies in Nigeria. In this study, therefore, 
an attempt has been made with the objectives to (i) col-
lect taro germplasm from diverse areas within the major 
taro production zones of Nigeria; and (ii) assess genetic 
diversity and population structure based on agro-mor-
phological descriptors and DArT-SNP genotyping.

Materials and methods
Plant material
Leaf and corm/cormels of 459 taro cultivars which com-
prised 215 Dasheen and 275 Eddoe cultivars were col-
lected from farmers across seven states: Kwara (110 
Dasheens), Oyo [177 (105 Dasheen and 72 Eddoes)], Ekiti 
(32 Eddoes), Ondo (48 Eddoes), Akwa Ibom (49 Eddoes), 
Ebonyi (30 Eddoes), and Anambra (13 Eddoes). Addi-
tionally, 31 corms (all Eddoes) from five markets across 
four states (Akwa Ibom: 1 market, 14 corms; Ekiti: 1 mar-
ket, 4 corms; Ebonyi: 2 markets, 11 corms; Anambra (1 
market, 2 corms) were collected and grown at the Inter-
national Institute of Tropical Agriculture (IITA), Ibadan, 
Nigeria, and leaf samples were collected. Table  1 shows 
the collections from each State, the gene pools, and the 
proportion that was genotyped and phenotyped. Figure 1 
shows the location where the collections were made. The 
source, gene pool, and local name of each cultivar are 
provided in Supplementary Table S1. The 490 cultivars 
represent a sum of the collections made in two expedi-
tions: between August and September 2021 representing 
the growing season (159 cultivars), and between Decem-
ber 2021 and January 2022 representing the harvesting 
season (331 cultivars). The leaves from all 490 cultivars 
were collected in properly labeled envelopes and brought 
to IITA, Ibadan, Nigeria, where these were freeze-dried 
and stored at the Bioscience Center.

Agro-morphological evaluation
A subset of 114 taro cultivars was used for agro-morpho-
logical characterization, and this selection was based on 
the availability of corms and cormels, germination rate, 
and survival of cultivars after one month of planting. The 
114 cultivars comprised 14 Dasheens from Kwara, 16 
Dasheens and nine Eddoes from Oyo, 21 Eddoes from 
Ekiti, 11 Eddoes from Ondo, 25 Eddoes from Akwa Ibom, 
14 Eddoes from Ebonyi, and four Eddoes from Anam-
bra States (Table  1). These genotypes were planted in 
two stages, first in a screenhouse at IITA following their 
collection times, in September 2021 (65 corms), and in 
March 2022 (49 corms). The seedlings/plants of each 
cultivar were then transplanted on the field at IITA, 
Ibadan (N 7° 29’ 56.562’’ and E 3° 54’ 27.5868’’), Nigeria. 
The experiment was laid out on the field using an aug-
mented randomized complete block design wherein each 
cultivar was randomly placed within three blocks. Weed-
ing was done manually as necessary to keep the experi-
mental field clean. Supplemental irrigation was provided 
to ensure the plants were not moisture-stressed, while 
mulching was carried out to reduce water loss from the 
soil.

Data was recorded on 24 agro-morphological traits, 
which comprised 14 qualitative and 10 quantitative traits 
following the IPGRI descriptor [44] and Andarini et al. 
[45] for taro with minor modifications (Supplementary 
Table S2).

DNA extraction and genotyping
Four leaf discs of approximately 5  mm diameter from 
freeze-dried leaf samples of each 490 genotypes were 
punched into labeled 8-strip 1.1 mL propylene tubes 
with strip caps, up to 12 strips placed on 96-well boxes. 
A total of six labeled 96-well boxes were then shipped to 
Intertek, Sweden for DNA extraction and DArTseq geno-
typing. Total genomic DNA was extracted at Intertek, 
Sweden using an in-house DNA extraction protocol [46]. 
The quality and quantity of the DNA were checked on a 
0.8% agarose gel and Nanodrop 2000c spectrophotom-
eter (Thermo Scientific, Waltham, MA, USA), respec-
tively. Genotyping was done at Intertek, Sweden using 
DArT-SNP markers following an in-house protocol [47]. 
Two blank controls were included in each box during 
genotyping.

The sequencing was carried out using Hiseq2500 and 
scoring of DArTseq markers was done using DArT-
soft14, an in-house marker scoring software at Intertek. 
DArTseq markers were scored in binary form as pres-
ence/absence (1 and 0, respectively), and aligned to the 
reference genome of Taro (Taro_V1) [48] to identify 
chromosome positions.

Table 1 Taro cultivars collected from different states in Nigeria
State Total cultivars 

collected
Total cultivars 
genotyped

Total cultivars 
phenotyped

Kwara 110 Dasheens 110 Dasheens 14 Dasheens
Oyo 177 (105 Dasheens 

and 72 Eddoes)
177 (105 Da-
sheens and 72 
Eddoes)

25 (16 Da-
sheens and 9 
Eddoes)

Ekiti 36 Eddoes 36 Eddoes 21 Eddoes
Ondo 48 Eddoes 48 Eddoes 11 Eddoes
Akwa Ibom 63 Eddoes 63 Eddoes 25 Eddoes
Ebonyi 41 Eddoes 41 Eddoes 14 Eddoes
Anambra 15 Eddoes 15 Eddoes 4 Eddoes
Total 490 (215 Dasheens; 

275 Eddoes)
490 (215 
Dasheens; 275 
Eddoes)

114 (30 
Dasheens; 84 
Eddoes)
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Data Analysis
(a) Agro-morphological data
The data obtained from 114 cultivars were pooled 
together for analysis. Data on 14 qualitative traits were 
subjected to descriptive statistics in the Excel sheet. Anal-
ysis of variance and computation of genetic parameters 
for the 10 quantitative traits were carried out using the 
augmented RCBD package in R v 4.1 [49]. The adjusted 
means of the 10 quantitative traits were used to compute 
correlation coefficients among the traits and displayed as 
a choropleth map. The Gower algorithm in Philentropy 
package in R v 4.1 [50] was used to construct the genetic 
distance matrix and Ward’s minimum variance was used 
for hierarchical clustering from the adjusted means of the 
10 traits.

(b) DArT-SNP marker data
The DArT-SNP genotyping of 490 taro cultivars resulted 
in a total of 4748 SNPs. The raw data was filtered using 
VCFtools [51] in R v 4.1 software to eliminate markers 
with < 60% marker information and < 0.05 minor allele 
frequency (MAF). After filtering, 3047 SNP markers were 
retained for further analysis. PowerMarker v 3.25 [52] 
was used to compute the diversity parameters including 
expected heterozygosity (He), observed heterozygosity 
(Ho), minor allele frequency (MAF), and polymorphic 
information content (PIC). A binary file was gener-
ated from the filtered variant call format (VCF) file and 
was then subjected to cross-validation approaches for 
population structure analysis. The population structure 
analysis was conducted based on Admixture [53] using 

Fig. 1 Map of Nigeria with red dots depicting the sampling sites
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the Bayesian Information Criterion (BIC). The optimum 
number of clusters was inferred using k-means analysis 
after varying the possible number from 2 to 20. A cut-off 
value of 50% ancestry suggested through the Admixture 
analysis was used to estimate membership probabilities of 
the cultivars for the groups identified, while those lower 
than 50% were considered as admixed. Subsequently, the 
discriminant analysis of principal component (DAPC) 
was carried out on the identified clusters using the first 
40 principal components in the adegenet package in R v 
4.1 [54]. A genetic distance matrix based on Ward’s mini-
mum variance was generated for hierarchical clustering 
of the 490 cultivars using the phylogenetics and evolution 
(ape) package analysis in R v 4.1 [55, 56].

The genetic differentiation among and within groups 
(gene pools and States of collection) was estimated using 
the analysis of molecular variance (AMOVA), and the 
significance was tested with a non-parametric approach 
with 99 permutations using GenAlex v. 6.503 [57]. The 
gene flow (Nm) and fixation index (FST) among gene 
pools and States of collection, were computed using 
GenAlEx 6.503.

(c) Combined analysis of phenotypic and genotypic data
All combined analyses was carried out only on 114 taro 
cultivars for which both phenotypic and genotypic data 

was available. The genetic distance matrices of both 
phenotypic and genotypic data was combined to gener-
ate a composite distance matrix. A hierarchical cluster 
dendrogram (HC) was further generated based on the 
composite distance matrix to examine the relationships 
between the composite genetic distance and the indi-
vidual phenotypic and genotypic genetic distances. The 
Mantel test was used to estimate the correlation among 
the phenotypic, genotypic, and composite genetic dis-
tance matrices, using the Monte-Carlo method with 9999 
permutations for significance estimation. The similarity 
between the phenotypic and molecular HC was exam-
ined using the tanglegram function implemented in the 
dendextend package in R v 4.1 [58].

Results
Phenotypic diversity and differentiation
(a) Qualitative traits
The frequency distribution of the 14 qualitative traits is 
presented in Table 2. The Eddoes showed variation for all 
the qualitative traits except corm fiber color. However, 
the Dasheens were less variable as they showed no vari-
ation across six out of 14 traits, such as Leaf main vein 
color (all purple), Petiole junction color (all purple), Peti-
ole color of top third (all purple), Petiole color of basal 

Table 2 Phenotypic variation among 14 qualitative traits assessed on 114 taro cultivars
Trait Descriptor Proportion of 

genotypes
Proportion of each gene 
pool

Trait Descriptor Frequency of 
genotypes

Frequency of each gene 
pool

LC Green 31% Dasheen: 26%; Eddoes: 74% PCU Green 41% Eddoes: 100%
Dark green 69% Dasheen: 26%; Eddoes: 74% Purple 59% Dasheens: 45%; Eddoes: 55%

LO Drooping 40% Dasheen: 39%; Eddoes: 61% PCL Green 75% Dasheens: 35%; Eddoes: 65%
Horizontal 5% Dasheen: 17%; Eddoes: 83% Purple 25% Eddoes: 100%
Cup-shaped 15% Dasheen: 63%; Eddoes: 37% CFC Light yellow 74% Eddoes: 100%
Erect-apex down 40% Dasheen: 2%; Eddoes: 98% Purple 26% Dasheens: 100%

LMC Green 24% Eddoes: 100% CSS Smooth 1% Eddoe: 100%
Purple 76% Dasheens: 34%; Eddoes: 66% Scales present 31% Dasheens: 48%; Eddoes: 52%

LM Entire 33% Dasheens: 42%; Eddoes: 58% Fibrous and 
scales present

68% Dasheens: 17%; Eddoes: 83%

Undulate 67% Dasheens: 18%; Eddoes: 82% CS Conical 3% Dasheens: 67%; Eddoe: 33%
LVP Y pattern 40% Dasheens: 24%; Eddoes: 76% Round 34% Dasheens: 8%; Eddoes: 92%

Y pattern extend-
ing to secondary 
veins

60% Dasheens: 28%; Eddoes: 72% Elliptical 1% Dasheen: 100%

LMVC Green 60% Eddoes: 100% Dumbbell 38% Eddoes: 100%
Whitish 6% Eddoes: 100% Cylindrical 2% Dasheen: 50%; Eddoe: 50%
Purple 34% Dasheens: 77%; Eddoes: 23% Elongated 22% Dasheens: 92%; Eddoes: 8%

PJP Absent 19% Eddoes: 100% CBC White 34% Eddoes: 100%
Small 42% Dasheens: 14%; Eddoes: 86% Purple 34% Dasheen: 77%; Eddoe: 23%
Medium 39% Dasheens: 52%; Eddoes: 48% Yellow/ green 25% Eddoes: 100%

PJC Green 51% Eddoes: 100% Pink/ red 7% Eddoes: 100%
Purple 49% Dasheens: 54%; Eddoes: 46%

LC: Leaf lamina color, LO: Leaf lamina orientation, LMC: Leaf lamina margin color, LM: Leaf lamina margin, LVP: Leaf vein pattern, LMVC: Leaf main vein color, PJP: 
Petiole junction pattern, PJC: Petiole junction color, PCU: Petiole color of top third, PCL: Petiole color of basal third, CFC: Corm fiber color, CSS: Corm skin surface, CS: 
Corm shape, CBC: Corm bud color
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third (all green), Corm fiber color (all purple) and Corm 
bud color (all purple).

(b) Quantitative traits
Significant differences among the cultivars was observed 
for days to emergence (EM), leaf length to width ratio 
(LLWR), and number of cormels per hill (NCMPH) ) 
(Supplementary Table S3). There was a high and posi-
tive correlation (79%) between total yield (TY) and 
NCMPH. However, there was a moderate (> 45%) corre-
lation between TY and Petiole length (PL), Plant height 
(PH), and Leaf area (LA) (Supplementary Figure S1). The 
genetic parameters of the measured traits showed mod-
erate [42.73% for Plant span (PS)] to high heritability 

(95.24% for NCMPH). A low (0.96 for LLWR) to moder-
ate [43.46 for Number of stolons per plant (NST)] envi-
ronmental coefficient of variation (Table  3) was also 
observed.

The hierarchical clustering based on 10 quantitative 
traits grouped the cultivars into four clusters (Fig.  2). 
Cluster I had the least number of cultivars (7) with high-
est agronomic performance. The cluster included one 
Dasheen (from Kwara) and six Eddoes (one from Ekiti, 
two from Akwa Ibom, and three from Ebonyi). This clus-
ter recorded highest average Total yield (TY) (1.93 Kg per 
plant), Number of cormels per hill (NCMPH) (54 corm-
els), Leaf area (LA) (1346.39 m2) and number of Days to 
emergence (EM) (73 days). In contrast, Cluster II repre-
sented cultivars with least agronomic performance, and 
showed lowest average EM (31 days). This cluster had 
28 cultivars, which included 8 Dasheens and 20 Eddoes 
from all seven States: Akwa Ibom (11 Eddoes), Anambra 
(1 Eddoe), Ebonyi (3 Eddoes), Ekiti (2 Eddoes), Kwara (4 
Dasheens), Ondo (1 Eddoe), and Oyo [6 (4 Dasheens and 
2 Eddoes)]. The average TY was 0.43 Kg/plant, NCMPH 
was 11 cormels, and the LA was 140.36 m2.

Cluster III had 14 cultivars comprising five Dasheens 
and nive Eddoes from six States, namely Kwara (4 
Dasheens), Oyo (1 Dasheen; 1 Eddoe), Ondo (3 Eddoes), 
Ekiti (2 Eddoes), Akwa Ibom (2 Eddoes) and Anambra 
(1 Eddoes). The average TY was 1.24 Kg/plant, NCMPH 
was 26, LA was 908.44 cm2 while the EM was 38 days. 
Cluster IV had the highest number of cultivars (65), 
comprising 16 Dasheens and 49 Eddoes from the seven 
States, namely Akwa Ibom (11 Eddoes), Anambra (2 

Table 3 Variance component, heritability, and genetic advance 
for ten quantitative traits on 114 taro cultivars
Traits Mean PV GV Heritability (%)
EM 34.20 732.96 644.67 87.95
PL 43.87 288.43 196.20 68.02
NST 4.88 16.27 11.77 72.34
LLWR 1.13 0.01 0.01 98.38
LA 544.41 144924.69 118400.46 81.70
PH 54.21 430.93 307.51 71.36
NLPP 18.25 146.15 119.61 81.84
PS 63.66 667.75 285.33 42.73
NCMPH 21.39 318.90 303.74 95.24
TY 0.86 0.45 0.35 78.27
PV: Phenotypic variation, GV: Genetic variation, EM: Days to emergence, PL: 
Petiole length, NST: Number of stolons per plant, LLWR: Leaf length to width 
ratio, LA: Leaf area, PH: Plant height, NLPP: Number of leaves per plant, PS: Plant 
span, NCMPH: Number of cormels per hill, TY: Total yield

Fig. 2 Ward’s minimum variance hierarchical cluster dendrogram using ten quantitative traits on 114 taro cultivars
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Eddoes), Ebonyi (8 Eddoes), Ekiti (16 Eddoes), Kwara (5 
Dasheens), Ondo (6 Eddoes), Oyo [17 (11 Dasheens and 
6 Eddoes)]. The cultivars of this cluster showed moderate 
agronomic performance with average TY (0.92 Kg/plant), 
NCMPH (22 cormels), LA (616.56 m2), and EM was 32 
days.

Genetic diversity indices and population structure
For filtered 3047 DArT-SNPs, the minor allele frequency 
(MAF) ranged from 0.050 to 0.490 with an average of 
0.249. The expected heterozygosity (He) ranged from 
0.002 to 0.533 with an average of 0.347, whereas the 
observed heterozygosity (Ho) varied from 0.160 to 0.500 
with an average of 0.150. The polymorphic information 
content (PIC) ranged from 0.140 to 0.380 with an aver-
age of 0.281. Based on gene pools, the Eddoes recorded 
higher diversity metrics than Dasheens (Table  4). The 
diversity indices of the Eddoes exceeded the average of 
the entire collection, indicating that the Eddoes were the 

main contributors to the diversity observed among 490 
taro cultivars (Table 4).

Inference on the population structure of 490 cultivars 
was made at K = 4 (Fig.  3). All 215 Dasheen cultivars 
grouped in Cluster I, while 272 Eddoes were distrib-
uted among Cluster II (153), III (11) and IV (108). Three 
Eddoe cultivars, TR0455, TR0537 and TR0113 from 
Ondo, Akwa Ibom and Ekiti, were not classified into any 
of the four clusters because their ancestry percentage was 
less than 50%, and were considered as admixed.

Similarly, based on BIC and using DAPC, the 490 taro 
cultivars were grouped into 4 clusters (Fig. 4). Cluster 1 
had 46 Eddoe cultivars [40 from Oyo and 6 from Akwa 
Ibom]. Cluster 2 had the highest number of cultivars 
(221), with 110 Dasheens from Kwara, 105 Dasheens 
from Oyo, two Eddoes from Ekiti, one Eddoe from Ondo 
and three Eddoes from Akwa Ibom. Clusters 3 and 4 
comprised only Eddoes. Cluster 3 had cultivars from Oyo 
(26), Ekiti (31), Ondo (45), Akwa Ibom (7), Ebonyi (36), 
and Anambra (15), while Cluster 4 represented cultivars 

Table 4 Average diversity metrics for 490 taro cultivars using 3047 DArT-SNPs
Taro cultivars Number of cultivars Minor allele frequency Expected

heterozygosity
Observed
heterozygosity

Polymorphic information content

Eddoes 275 0.304 0.398 0.244 0.314
Dasheen 215 0.017 0.025 0.03 0.021
Entire cultivars 490 0.249 0.347 0.15 0.281

Fig. 3 Graphical representation of population structure of 490 taro cultivars’ at K = 4, based on the membership coefficient of ≥ 50%
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from Oyo (10), Ondo (1), Akwa Ibom (47) and Ebonyi 
(5). All Dasheens (215 cultivars) grouped in Cluster 2, 
while the Eddoes (275 cultivars) were distributed across 
all four clusters.

The hierarchical clustering based on 3047 SNP markers 
on 490 cultivars also revealed four major sub-groups: I, 
II, III, and IV (Fig. 5). Similar to admixture and DAPC, all 
215 Dasheen cultivars grouped together in sub-group IV, 
while the Eddoes were distributed in the other three sub-
groups. Among Eddoes, 162 cultivars grouped together 
in sub-group I, 64 grouped in sub-group III, and 46 
grouped in sub-group II. The three admixed cultivars in 
population structure, were found in Cluster 2 (1), Cluster 
3 (1), and Cluster 4 (1) of DAPC, and sub-group I (1) and 
III (2) of HC.

The genetic distances (GD) among the cultivars 
(Supplementary Table S4) were lowest (0.0087) among 
Dasheens, between TR0724 and TR0744, and TR0724 
and TR0664. TR0724 and TR0744 were collected from 
the same farmer’s field in Kwara State, while TR0664 was 
collected from a farmer’s field in Oyo State. The high-
est GD (0.57631) was observed among Eddoes, between 
TR0035 and TR0449, and TR0035 and TR0203. The 

cultivars were collected from Ebonyi (TR0035), Oyo 
(TR0449) and Ekiti (TR0203) States.

The AMOVA analysis revealed significant genetic varia-
tion between the two gene pools (49%), within gene pools 
(32%), and among cultivars within gene pools (18%). The 
FST was 0.492, and gene flow (Nm) was 0.2403 (Table 5). 
The AMOVA among States of collection revealed that 
41% of the variation was among the States, 39% within 
the States, and 19% among the cultivars within the 
States. The FST and Nm was 0.415 and 0.353, respectively 
(Table  6). The pairwise FST ranged from 0 (Ondo and 
Anambra cultivars) to 0.9 (Kwara and Anambra culti-
vars), while the gene flow was highest between Ondo and 
Anambra cultivars (1458.98) and lowest between Kwara 
and Anambra cultivars (0.028) (Table  7). The pairwise 
genetic distance was lowest between cultivars from Ondo 
and Anambra (0.01), and peaked between Anambra and 
Kwara cultivars (0.413) (Table 8).

Combined analysis of phenotypic and molecular data
The hierarchical clustering based on composite matrix 
[combining both morphological (10 quantitative traits) 
and molecular data (3047 DArT-SNPs)] delineated 114 

Fig. 4 Discriminant analysis of principal components (DAPC) using 3047 DArT-SNP markers. The axes represent the first two linear discriminants (LD). 
Each color depicts a cluster, and each dot represents a cultivar. The numbers represent the different subpopulations identified by DAPC analysis
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Table 5 Analysis of molecular variance for 490 cultivars across two gene pools using 3047 DArT-SNP markers
Source Degree of freedom Sum of squares Mean squares Estimated variance Percentage variance p value
Among Gene Pools 1 168252.10 168252.10 347.60 49% 0.001
Among Cultivars 488 237892.60 487.50 129.30 18% 0.001
Within Gene Pools 490 112154.50 228.90 228.90 32% 0.001
Total 979 518299.20 705.80 100% 0.001
FST 0.492 0.001
Nm 0.258 0.001
GD among pops 0.240 0.001

Table 6 Analysis of molecular variance among the States of collection of 490 taro cultivars using 3047 DArT-SNP markers
Source Degree of freedom Sum of squares Mean squares Estimated variance Percentage variance p value
Among States 6 187318.16 31219.70 241.60 41% 0.001
Among Cultivars 483 218811.19 453.00 112.07 19% 0.001
Within States 490 112154.50 228.9 228.89 39% 0.001
Total 979 518283.85 582.56 100% 0.001
FST 0.415 0.001
Nm 0.353 0.001

Fig. 5 Ward’s minimum variance hierarchical cluster of 490 taro cultivars using 3047 DArT-SNP markers
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cultivars into four clusters (Fig. 6). Cluster I comprised 16 
cultivars including three Eddoes and two Dasheens from 
Oyo, four Eddoes from Ekiti, three Eddoes from Ebonyi, 
two Eddoes from Ondo, one Eddoe from Anambra, and 
one Dasheen from Kwara. Cluster II had 44 cultivars con-
sisting of six Dasheens and five Eddoes from Oyo, eight 
Eddoes from Akwa Ibom, eight Eddoes from Ekiti, eight 

Dasheens from Kwara, four Eddoes from Ebonyi, three 
Eddoes from Ondo, and two Eddoes from Anambra. 
Cluster III had 25 cultivars consisting of seven Eddoes 
from Akwa Ibom, six Dasheens and one Eddoe from 
Oyo, three Eddoes from Ebonyi, three Eddoes from Ekiti, 
three Dasheens from Kwara, one Eddoe from Anambra, 
and one Eddoe from Ondo. Twenty-nine cultivars which 

Table 7 Pairwise FST (lower diagonal) and estimates of gene flow (upper diagonal) among states of collection of 490 taro cultivars 
using 3047 DArT-SNP markers

Oyo Ekiti Ondo Kwara Akwa Ibom Ebonyi Anambra
Oyo - 0.549 0.33 1.195 0.944 0.398 0.301
Ekiti 0.313 - 7.445 0.088 0.372 16.331 5.824
Ondo 0.431 0.032 - 0.06 0.234 39.087 1458.980
Kwara 0.173 0.74 0.806 - 0.167 0.07 0.028
Akwa Ibom 0.209 0.402 0.516 0.599 - 0.311 0.21
Ebonyi 0.386 0.015 0.006 0.781 0.446 - 20.705
Anambra 0.453 0.041 0.000 0.900 0.544 0.012 -

Table 8 Pairwise genetic distance among States of collection
Oyo Ekiti Ondo Kwara Akwa Ibom Ebonyi Anambra

Oyo -
Ekiti 0.088 -
Ondo 0.157 0.019 -
Kwara 0.085 0.279 0.349 -
Akwa Ibom 0.05 0.127 0.192 0.167 -
Ebonyi 0.132 0.016 0.008 0.323 0.143 -
Anambra 0.215 0.043 0.01 0.413 0.25 0.023 -

Fig. 6 Ward’s minimum variance hierarchical clustering based on composite distance matrix of 114 taro cultivars
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comprised 10 Eddoes from Akwa Ibom, six Eddoes from 
Ekiti, five Eddoes from Ondo, four Eddoes from Ebonyi, 
two Dasheens from Kwara, and one Eddoe and one 
Dasheen from Oyo grouped in Cluster IV.

The Mantel test between phenotypic and genotypic 
genetic distances showed a correlation (r) value of 0.01, 
while the correlation between the phenotypic and com-
posite distance matrices was 0.00. However, the r-value 
between the molecular and composite genetic distances 
was 0.70. There was little (1.7%) similarity between phe-
notypic and molecular hierarchical cluster dendrograms, 
as shown in the tanglegram (Fig. 7).

Discussion
Knowledge of genetic diversity for the available germ-
plasm is a pre-requisite for genetic improvement of taro 
in Nigeria. In this study, we collected taro cultivars across 
major taro growing States representing most important 
agro-ecological regions in Nigeria. A total of 490 cul-
tivars were collected from seven States, and were char-
acterized with both agro-morphological and molecular 
markers to assess the extent of genetic diversity and pop-
ulation structure.

The high level of variability was majorly observed for 
qualitative traits such as Lamina orientation (LO), Corm 
bud color (CBC), Corm shape (CS) and Corm skin 

surface (CSS). These four traits are important for cultiva-
tion practices and crop utilization; plant health, growth 
stage and visual appeal; yield, storage and culinary use; 
and disease resistance [22, 59, 60]. Amadi et al. [21] 
reported similar variability for LO, CBC and CS on Nige-
rian taro cultivars.

Although Eddoes showed more morphotypes than 
Dasheens, Corm fiber color (CFC) was the main dis-
tinguishing morphological trait between these two 
gene pools, the Eddoes had light yellow fibers while the 
Dasheens had purple fibers. Similar variability in CFC 
among the two taro gene pools was reported from the 
Republic of Benin by Quenum et al. [61]. Furthermore, 
the Dasheen cultivars in this study were characteristically 
similar to Dasheen cultivars from China [24], South-
East Asia and Oceania [62] and Republic of Benin [61]. 
Additionally, farmers and consumers prefer specific traits 
such as Petiole color, Corm shape and Corm bud color 
in a cultivar since these traits contribute towards plant 
health, vigor and culinary attributes [22]. Therefore, these 
traits should be considered as important selection crite-
ria in any breeding program. For example, in this study, 
the “drooping” and “erect-apex down” type of Lamina 
Orientation (LO) was most prominent among the taro 
cultivars. These LOs are desirable morphological traits as 
“drooping” LO allows for better light penetration to lower 

Fig. 7 Comparison of phenotypic (A) and genotypic (B) hierarchical cluster dendrograms of 114 taro cultivars. The grey lines between the dendrograms 
are the mismatched cultivars, while the orange lines are the cultivars in the same position in the phenotypic and genotypic hierarchical clusters
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leaves increasing photosynthesis and water also falls eas-
ily from the leaves reducing the risk of fungal infection, 
while the “erect apex down” LO reduces weediness due 
to quick canopy formation [59, 63]. This is in agreement 
with Oladimeji et al. [64] who in their review reported 
the prominence of these two lamina orientations among 
Nigerian taro. Similarly, Lebot et al. [62] also reported the 
prominence of both LOs in taro cultivars of Asian origin.

The delineation of 114 cultivars into four groups based 
on ten quantitative traits is important for initiating 
taro breeding program in the country as parents can be 
selected from different clusters for targeted traits such as 
Cluster I cultivars for high yield and Cluster II for weed 
control due to early emergence. Parental lines can be 
selected from Clusters I, II and III to generate bi-paren-
tal mapping populations for targeted traits such as yield 
and days to emergence. Cluster IV had the most diverse 
group of cultivars, therefore parental selection from this 
cluster will meet the aim of adaptation to varying climatic 
conditions and consumer preferences. There was a high 
positive and significant correlation between Total yield 
and the Number of cormels per hill in this study. This 
implies that there is enhanced yield potential and farm-
ers can manipulate planting density and nutrient applica-
tion to increase the number of cormels for yield increase. 
Similar high correlation between Yield and Number of 
cormels was reported by Amadi et al. [21] (0.54) and by 
Cheema et al. [65] (0.83). The majority (90%) of the quan-
titative traits measured in this study showed high herita-
bility, consistent with the report of Mulualem et al. [66] 
on Ethiopian taro.

This study used 3047 DArT-SNP markers to dissect the 
genetic diversity among 490 taro cultivars. Three com-
plementary approaches were combined here: admixture 
ancestry (population structure), the DAPC, and hier-
archical cluster dendrogram to assess the genetic diver-
sity and population structure among 490 cultivars. All 
approaches grouped cultivars into four distinct clusters 
with Dasheen cultivars grouped together in the same 
cluster across all three methods indicating low variability 
among the cultivars. The DAPC and hierarchical cluster-
ing showed high consonance, validating the presence of 
genetically related individuals which can help guide the 
selection of parents in breeding programs. Similar con-
sistency between hierarchical clustering and DAPC in 
genetic diversity studies has been reported on yam [67, 
68] and maize [31]. The level of admixture among the 
taro cultivars in this study was very low, possibly because 
taro is clonally propagated, resulting in high genetic uni-
formity [69]. It has been well documented that clonality 
reduces genetic variation as a result of the absence of seg-
regation and genetic recombination [70, 71]. This is cou-
pled with the lack of active breeding program in Nigeria 

that could introduce genetic variation through gene flow 
and/or genetic recombinations.

The 3047 DArT-SNPs used in the study was able to 
distinguish among the cultivars. Low genetic diversity 
observed among Dasheens is in agreement with the study 
from Thailand (0.007) wherein AFLP markers were used 
[2]. On the other hand, the Eddoes were highly diverse. 
Miyasaka et al. [4] reported that triploid taro (Eddoes) 
is common in Africa while diploids (Dasheen) are not, 
this could be the reason for the higher diversity among 
Eddoes when compared to Dasheens in Nigeria and the 
latter could be a recent introduction. This is also sup-
ported by AMOVA analysis, which revealed that about 
half of the variation was between the gene pools which 
may be mainly contributed due to the genetic diversity 
observed among the Eddoes compared to Dasheens. High 
molecular differences between the Dasheens and Eddoes 
is well established and reported in several studies [2, 4, 
64]. Furthermore, high genetic divergence has also been 
observed between the Eddoes and Dasheens among the 
States of collection. The genetic distances (GD) among 
Kwara cultivars (all Dasheen) and other states with only 
Eddoe cultivars were high. However, low GD between 
cultivars from Kwara and Akwa Ibom, despite belong-
ing to different gene pools, indicated some degree of 
similarity (for most qualitative traits except Corm shape 
and Corm fiber color) and lack of movement of cultivars. 
Lebot et al. [62] classified the two gene pools (Dasheen 
and Eddoes) as different ideotypes, and suggested that 
breeders should make improvement independently, and 
it is needless to interbreed the two owing to their mor-
phological differences and consumer preferences. Addi-
tionally, Dasheens are diploids and Eddoes are triploids 
[4], making intermating difficult among them.

The analysis of molecular variance among the culti-
vars from different States also revealed substantial varia-
tion indicating that geographical isolation may be the 
reason for genetic diversity. It also indicated that differ-
ences among the cultivars from the States was the great-
est cause of genetic variation, which are unique to their 
geographical environment meeting required consumers’ 
preferences. Fufa et al. [23] reported 1% among-popula-
tion molecular variance in their study while in this study, 
the among-population variance was to the extent of 41% 
and variation among individuals was 19% indicating that 
collection of taro cultivars from diverse agro-ecological 
regions covering larger number of States contributed 
towards this variation.

A low correlation was found between the genotypic 
and phenotypic-trait-based distance matrices which is 
in agreement with other studies in maize (0.05) [31] and 
sweetpotato (0.13) [72], while it was moderate in winged-
yam (0.4) [62]. This suggests that it is always better to 
assess genetic diversity based on both phenotypic traits 
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and molecular markers [31]. The low correlation can be 
further explained by the phenotypic plasticity exhibited 
in phenotypic traits wherein a genotype can produce sev-
eral phenotypes due to environmental effects [73, 74].

Conclusion
In this study, taro cultivars representing major growing 
regions and States of Nigeria were collected to assess 
genetic diversity and population structure. This is the 
first study that included taro cultivars from all the agro-
ecological regions of the country where taro is currently 
grown and marketed. The characterization of taro cul-
tivars using both morphological and molecular mark-
ers provided a broader perspective on genetic diversity 
within and between the two gene pools presently avail-
able in the country. Generally, higher genetic diversity 
was observed among Eddoes than Dasheens based on 
both morphological as well as molecular characteriza-
tion. This could be attributed to the recent introductions 
of Dasheens into Nigeria (personal communications with 
farmers) compared to Eddoes. It is believed that Eddoes 
were the first introductions to Nigeria 2000 years ago. 
Furthermore, additional data based on multi-location 
evaluation of the germplasm collected in this study is 
necessary to validate and understand the factors respon-
sible for low genetic correlations between phenotypic and 
genotypic diversity observed in this study. Nevertheless, 
the findings are useful to facilitate conservation efforts 
and initiate a strong breeding program for taro improve-
ment in Nigeria and beyond. The corms and cormels of 
490 taro cultivars are currently conserved at the Genetic 
Resource Center (GRC) of IITA, Ibadan, Nigeria.
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