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ARTICLE INFO ABSTRACT

Keywords: Enset (Ensete ventricosum) is a multi-use perennial herbaceous crop used as a staple food for over 20 million
Enset people in Ethiopia. Despite its high use values, very few studies have been conducted to improve this crop,
Enset conservation particularly using molecular marker systems. In this context, the study aimed at evaluating the magnitude of
gzzztiox‘:\;riation genetic diversity and population structure of enset germplasm collections from four major enset growing zones in
SSR markers polymorphism southern Ethiopia using 12 simple sequence repeat (SSR) markers. A total of 147 individual leaf samples were
polymorp!
collected from the entire enset populations and gave 289 alleles, ranging from 12 to 41 alleles per locus, with a
mean of 24.5. The polymorphism information content for each locus varied from 0.86 to 0.95, with a mean of
0.91. The number of effective alleles ranged from 5.13 to 11.79 with a mean of 8.27. The expected and observed
heterozygosity showed average values of 0.85 and 0.84, respectively. The greatest genetic distance (1.16) was
between Gurage and wild populations, while the shortest (0.37) was between Gurage and Silte. Among the six
populations, the wild had the highest percentage of polymorphic loci (100%). AMOVA attributed 89% of the
genetic variation to intra-population and only 11% to among populations. The whole set of germplasm indicates
low genetic differentiation and high gene flow (Nm). The UPGMA and principal coordinates largely correspond
to each other and indicate three major groups. Overall, the information gained from this study would be useful
for enset improvements and conservation strategies.

n = 9, whereas Musa species, including edible bananas, have different
ploidy levels and chromosome numbers (diploid, triploid, or tetraploid),

1. Introduction

Ethiopia is recognized as both the center of origin and the center of
diversity for many crops, including enset [1,2]. Enset [Ensete ventricosum
(Welw.) Cheesman] is a large herbaceous monocarpic perennial plant
belonging to the order Zingiberales, family Musaceae, and genus Ensete
[3]. It is sometimes known as a false banana or Ethiopian banana
because of its similar form to the banana (Musa x paradisiaca) [4]. The
huge size, single pseudostem structure, dilated base, and upright leaves
of enset, among other characteristics, set it apart from the banana [5].
Moreover, enset is a diploid plant with a haploid chromosome number of

withn =10 orn = 11 [4,6,7].

Enset domestication, cultivation, and human consumption as food
are restricted to Ethiopia [2,4]. In most of the areas where enset is used
as human food, it is usually a staple or a co-staple crop. It is a multi-
purpose crop that is selected mainly for assurances of food security and
stability for over 20 million of the Ethiopian population [8,9] and also
produces fodder, fiber, and other materials. In addition, some enset
landraces are used in human and livestock medicine [10-12]. Besides
these products and services, enset plays important roles in the
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sociocultural and environmental relations of the central, southern, and
southwestern administrative regions of Ethiopia [13,14]. Furthermore,
it is comparatively drought-resilient, as it can withstand a shortage of
rainfall for a certain period and is highly productive with minimum
labor input [15,16].

Enset-producing farmers have maintained and enriched the diversity
of the crop through identification and selection using their accumulated
indigenous and local knowledge, and for them, the use of enset diversity
is directly linked to the diverse methods of generating products that are
used as food as well as non-food values [17,18]. Furthermore, they are
the primary guardians of enset diversity, and previous authors have
documented hundreds of types [12,13,15,17,19-21]. Enset shows
noticeable variations in terms of morphological characteristics (e.g., the
color of pseudostem, petiole, and midrib, size (width and length), and
angle of leaf orientation), agronomic features (maturity rate, reaction to
different diseases and pests, and agroecological adaptability), use values
(quantity and quality of kocho (qocho) and bulla, use of corms, and fiber
quality), and other attributes [13,15,17,22,23]. However, such features
may change under the influence of ecological conditions [24], and thus,
their use as markers is not fully effective in determining the existing
diversity, and which is crucial in looking for the relevant markers.

Maintaining plant diversity and using it sustainably is vital to
addressing concerns related to food security systems as well as other
issues created by human population growth [25,26]. Genetic diversity is
the degree of genetic variability found among individuals of a variety or
a population within a species [27], and the existence of variation among
or within groups is crucial to improving any plant species either by a
classical or molecular approach [28]. Genetic diversity has partly
resulted from genetic recombination, mutations, gene flow, and genetic
drift [29,30]. In addition, migration, hybridization, and polyploidiza-
tion are responsible for creating variation in plants [31]. These result in
variations in DNA sequence, protein structure or isozymes, physiological
properties, and morphological traits [32].

Sustainable utilization of the genetic diversity of the existing enset
genotypes is expected to play an important role in selecting desirable
genotypes with better yield and quality traits, along with resistance/
tolerance to biotic and abiotic stresses through the breeding system to
increase food security. So far, the extent of enset genetic diversity has
been detected using varied molecular methods such as random ampli-
fied polymorphic DNA (RAPD) [33], amplified fragment length poly-
morphism (AFLP) [34], inter simple sequence repeat (ISSR) [35], and
simple sequence repeats (SSRs) from banana primers [36]. In this re-
gard, the enset genotypes examined by SSR markers in earlier studies
were collected either from a limited geographical and agroecological
range and/or were very limited in number. For example, Olango et al.
[37] worked only on 66 samples maintained at the Areka agricultural
research center that had been originally collected from Wolaita,
Gamo-Gofa, Dawro, and Ari areas; Gerura et al. [38], used 83 samples
from the Gurage Zone, and Nuraga et al. [39] used 38 medicinal and
other 13 enset landraces from southern Ethiopia. A few other markers
have also been conducted recently, such as those using AFLP and SNPs
(single nucleotide polymorphisms) from Dawro, Gurage, Keffa, South
Omo, Sheka, and Sidama [40] and SNPs from the Sidama region, Gur-
age, and South Omo Zones [41], which studied the genetic diversity
among and within wild and cultivated enset landraces of Ethiopia.

Thus, it is essential to assess the genetic diversity of available enset
populations that were not included in the previous studies and that grow
in the diverse environments and farming practices of the Hadiya,
Kembata-Tembaro, Silte, and Gurage zones of southern Ethiopia.
Therefore, the objectives of this study were to evaluate the level of ge-
netic diversity and population structure in germplasm collections from
the above-listed zones and the Areka Agricultural Research Center by
using the SSR molecular marker method, which would back-up the
ethnobotanical and other studies by Dilebo et al. [12] to ultimately
provide the foundation for improvement and sustained conservation of
the enset crop.
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2. Materials and methods
2.1. Plant material and sample collection

For this study, a total of 147 individuals (Table 1, Fig. 1) from newly
emerged central cigar leaf samples (132 cultivated landraces, 6 released
varieties, and 9 wild-growing types) were collected from the four
administrative zones (Gurage (29), Silte (29), Hadiya (42) and Kembata-
Tembaro (32) in the former Southern Nations, Nationalities, and Peoples
Region (SNNPR) and the Areka Agricultural Research Center (AARC)
enset germplasm conservation site, located in Wolaita Zone of southern
Ethiopia. The cultivated landraces were known by farmers with different
local names and were accessed from farmers’ homegardens. The
collected individual samples were grouped into six populations
depending on the administrative zones of collection, each of which is
largely inhabited by a unique ethnic group with its own cultural prac-
tices. In addition, the wild and released samples of enset varieties were
included to represent their own populations (Appendix 1).

Enset-producing farmers recognize each landrace by its unique local
name, which refers to different features such as morphological, agro-
nomic, or quality of end products [12]. Therefore, each landrace was
considered a separate sample, and the identification and description for
sample collection were carefully applied with the help of senior
knowledgeable enset farmers in each zone, and the collection was per-
formed from farmers’ homegardens with the informed con-
sent/permission and support of each man or woman knowledgeable
former. Moreover, landraces having the same local names but origi-
nating from different zones were collected and labeled as separate
samples (Appendix 1) because each farming community considered
them distinct farmers’ varieties or landraces. The collected clean inner
cigar-shaped enset leaf tissue, cut into smaller pieces were kept in
zip-locked plastic bags containing silica gel (JHD, Guangdong Guanghua
Sci-Tech Co, Ltd.) until the extraction of genomic DNA, and to improve
proper desiccation, the silica gel (weight ratio of silica gel to enset leaf
tissue: 10:1) was changed twice. Prior to the excision of the leaf samples,
ethanol (75%) was used for cleaning and to avoid cross-contamination
within the samples. The samples were brought to The Plant Biotech-
nology Research Laboratory, Addis Ababa University, Ethiopia, and kept
there at room temperature until DNA extraction was carried out.

Table 1
List of enset populations used in this study and their altitudes, geographic po-
sitions and collection districts along with their sample sizes.

Population Collection Altitude Latitude Longitude Sample
name districts ranges (m) ranges ranges (E) size
of collection  (N)
sites
Gurage Endegegn, 1850-2790 7°76'- 8° 37,246’ 29
Gumer, 45' —38°71'
Enemore
Ener
Silte Mirab A, 2218-3195 7°49-8°  37,°06° 29
Misraq A, 01 -38°17'
Alicho
Weriro
Kembata Doyogena, 2145-2822 7° 08- 37,°22'- 32
Angacha, 7°30' 38,%04'
Damboya
Hadiya Misha, 2132-2915  7°07- 37,°29- 42
Lemmo, 7°92' 38,°13
Dunna
Released AARC 1774 7° 04’ 37,242 6
wild AARC 1774 7° 04’ 37,042 9
Total 147

Note: A = Azernet; AARC= Areka Agricultural Research Center; Original prov-
enance of the wild populations: Ari District, South Omo Zone (Al and A2),
Dawro Zone (W1-W4), and Keffa Zone (W5-W?7).
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Fig. 1. Map of Ethiopia showing the location of the former Southern Nations, Nationalities and Peoples Region (SNNPR) and the four enset populations’ collec-

tion zones.

2.2. DNA extraction

The silica-dried leaf samples of about 1 g were ground using a Mixer
and Miller (RETSCH Mixer - Mill MM400) for 5 min. The total genomic
DNA was extracted from each powdered leaf sample following the mini-
prep DNA double extraction protocol of Cetyl Trimethyl Ammonium
Bromide (CTAB) with little modification [42]. The quality of the
extracted genomic DNA was checked using 1% agarose gel electropho-
resis in 1 x TBE buffer, which was run for 1 h at 100 V. Similarly, the
quantity (concentration) of the DNA was measured using a NanoDrop
Spectrophotometer (ND-2000, USA). Finally, the DNA was adjusted to a

concentration of 50 ng/pL using molecular-grade water and stored at
—20 °C for further SSR analysis.

2.3. Primer screening and PCR amplifications

In the present study, a total of 15 SSR markers, 11 of which were
developed by Olango et al. [37] and four from the Enset Molecular Data
Base [43] (Table 2), were effectively screened, optimized and used to
reveal the extents of genetic diversity in the populations considered.

The PCR amplifications were conducted in a 96-well thermo-cycler
(Eppendorf AG Mastercycler 22,331, Hamburg, Germany) using a total

Table 2
List and Characteristics of the 15 SSR markers used in the analyses of Genetic Diversity and Population Structure of Enset (E. ventricosum) Populations in the Present
Study.
Marker code Primer sequence of forward (F) and reverse (R) (5-3) Repeat motif References Size (bp) Ta (°C)
Evg-01 F: AGTCATTGTGCGCAGTTTCC (CTT)8 Olango et al. [37] 103-135 56
R: CGGAGGACTCCATGTGGATGAG
Evg-02 F: GGAGAAGCATTTGAAGGTTCTTG (AG)12 Olango et al. [37] 108-158 56
R: TTCGCATTTATCCCTGGCAC
Evg-03 F: ACAGCATAAGCGAAATAGCAG (AG)12 Olango et al. [37] 109-125 58
R: ACAGCATAAGCGAAATAGCAG
Evg-04 F: GCCATCGAGAGCTAAGGGG (AG)21 Olango et al. [37] 106-163 58
R: GGCAAGGCCGTAAGATCAAC
Evg-06 F: CCGAAGTGCAACACCAGAG (GAA)9 Olango et al. [37] 200-219 57
R: TCGCTTTGCTCAACATCACC
Evg-08 F: CCATCGACGCCTTAACAGAG (GA)21 Olango et al. [37] 152-196 58
R: TGAACCTCGGGAGTGACATAAG
Evg-09 F: GCCTTTCGTATGCTTGGTGG (GA)13 Olango et al. [37] 139-179 56
R: ACGTTGTTGCCGACATTCTG
Evg-10 F: CAGCCTGTGCAGCTAATCAC (AG)21 Olango et al. [37] 187-217 57
R: CAGCAGTTGCAGATCGTGTC
Evg-11 F: GGCCTAGTGACATGATGGTG (AO)13 Olango et al. [37] 130-168 54
R: TGATGCTAGATTCAAAGTCAAGG
Evg-12 F: TGCAACCCTTTGCTGCATTC (TG)14 Olango et al. [37] 117-161 58
R: AGCATCATTCGCCATGGTTG
Evg-17 F: GCGTCTGGTATGCTCAACTG (TCA)8 Olango et al. [37] 110-164 58
R: TCGGGAATGATACAGAGGCG
EnO-04 F: ATCTGCATGCACCCTAGCTT (G110 Biswas et al. [43] 120-150 58
R: AAACCCTAACGTCCCTCCTC
EnO-06 F: TGCCCAAAAACTTTGATGTG (AGA)11 Biswas et al. [43] 130-152 54
R; CCACACATCTCAGAGCCTCA
EnB-02 F: ATCAAGGTCATGTGCTGTGC (CMH11 Biswas et al. [43] - 56
R: ATCAAGGTCATGTGCTGTGC
EnB-07 F: AGATCAACCGCATCCATCAT (GAA)15 Biswas et al. [43] 255-272 56

R: GCACGTGTGTCACATTGCAT

En0O-04 = EnOnjSSR049028, EnO-06 = EnOnjSSR061390, EnB-02 = EnBedSSR020585, EnB-07 = EnBedSSR071399.
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reaction volume of 15 pl containing 1.5 pl of genomic DNA (50 ng/pl),
0.25 pl of each primer (10 pmol/pl) (Sigma-Aldrich), 3 pl of 5xFIRPol@
Master Mix ready (5x reaction buffer B: 0.4 M Tris-Hcl, 0.1 M (NH4)2,
and 0.1% w/v Tween-20; 7.5 mM MgCl2; 1 mM dNTPs of each, blue and
yellow dyes, Solis BioDyne, Tartu, Estonia), and 10.0 pl of molecular
grade water. The amplification condition consisted of an initial dena-
turing step of 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s,
optimum annealing temperature (specific to each primer) for 1 min,
primer elongation at 72 °C for 1 min, and a final elongation step of 72 °C
for 15 min. The amplified products were separated by electrophoresis in
a 3.5% (w/v) agarose gel (Sigma) in 1xTBE buffer containing ethidium
bromide (EtBrz) at 100V for 3 h. The generated fragments were visual-
ized using a gel documentation system (BIORAD Gel DocTM EZ System
Imager) and scored against a 100 base-pair DNA ladder (Thermo Fisher
Scientific, Massachusetts, USA).

2.4. Data analysis

Genetic diversity indices such as the total number of alleles (Na), the
number of effective alleles (Ne), observed heterozygosity (Ho), expected
heterozygosity (He), unbiased expected heterozygosity (uHe), Shan-
non’s Information Index (I), percentage of polymorphic loci (PPL), and
Nei’s gene diversity (GD) over the entire loci were computed using
GenAlEx version 6.501 [44]. Other locus-based genetic diversity pa-
rameters, including major allele frequency (MAF) and polymorphic in-
formation content (PIC) were estimated using PowerMarker version
3.25 [45].

To estimate the correlation between observed allelic diversity and
sample size of populations, rarified allelic richness (Ar) and private
rarified allelic richness (Ap) were computed using the rarefaction pro-
cedure applied in the HP-Rare 1.1 software [46]. An analysis of mo-
lecular variation (AMOVA) was computed to analyze the distribution
pattern of genetic variances between groups and individuals within a
group using Arlequin version 3.5.2.2 [47]. Wright’s fixation index (Fsr)
of the total populations and pairwise Fsr among all pairings of pop-
ulations were computed using GenAlEx version 6.501 [44] to estimate
population differentiation and the significance was evaluated using
1000 bootstraps. Gene flow (Nm), which measures the average number
of individuals in each generation migrating among populations, was
computed using the formula, Nm = 0.25 (1—Fst)/Fst [48] Nei’s standard
genetic distance (DST, corrected) [49] based on the Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) [50] tree was con-
structed using DARwin var. 6.0.14 (Perrier and Jacquemoud-Collet) and
POPTREE2 [51], respectively, and significance was tested based on
1000 bootstraps [52]. TreeView (Win32) 1.6.6 program [53] and Fig-
Tree var. 1.4.3 [54] were used to display the produced trees.

To assess the pattern of population structure of the studied enset
populations and to detect the extents of admixture, a Bayesian model-
based clustering algorithm was inferred using STRUCTURE version
2.3.4 [55,56]. A burn-in period of 50,000 was employed in each run, and
data were gathered over 500,000 Markov Chain Monte Carlo (MCMC)
replications for K = 1 to K = 6 using 20 iterations for each K. This was
done to estimate the most likely number of populations (K). The
web-based STRUCTURE HARVESTER version. 0.6.92 [57], was used to
estimate the ideal K value using the simulation method developed by
Evanno et al. [58]. The bar plot for the most probable K was calculated
by employing the Clumpak beta version [59].

3. Results

To develop any conservation strategy for sustainable utilization and
crop improvement programs, knowledge of the genetic diversity and
population structure of any species is indispensable. In the present
study, a total of 15 SSR markers have been used to estimate the extent of
genetic diversity and population structure of enset populations from
different administrative zones of the former SNNPR of Ethiopia. Out of
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which, twelve SSR markers (Table 2) exhibited reproducible poly-
morphic amplification during the screening process and were employed
to analyze the 147 individual genotypes of the enset populations. The
remaining two markers (Evg-03 and EnB-07) were observed to be
monomorphic and hence, omitted from further analysis. The SSR frag-
ment size ranged from 103 bp (Evg-01) to 217 bp (Evg-10) (Table 2).

3.1. Genetic diversity

In the 147 enset genotypes considered, the selected 12 polymorphic
SSR loci yielded a total of 289 alleles, with a mean of 24.5 alleles per
locus. The number of alleles identified per locus ranged from 12 (in EnO-
06) to 41 (in Evg-08) (Table 3). The major allele frequency (MAF)
ranged from 0.09 (in Evg-12) to 0.25 (in Evg-10), with an average value
of 0.154. The polymorphic information content (PIC) values ranged
from 0.86 (in EnO-06) to 0.95 (in Evg-09), with an average of 0.91.
Relatively, the highest effective number of alleles (Ne) (11.79), Nei’s
gene diversity (GD) (0.95), Shannon information index (I) (2.57), ex-
pected heterozygosity (He) (0.91), and unbiased expected heterozy-
gosity (uHe) (0.94) were recorded for Evg-09, while the least parameters
such as Ne, I, He, and uHe were observed in EnO-06. Similarly, Evg-09
revealed the highest value of gene flow (Nm = 7.02) and the lowest
inbreeding coefficient based on genetic differentiation (Fst = 0.03)
(Table 3).

3.2. Extents of genetic diversity in the populations considered

Estimates of genetic diversity in the six enset populations considered
are presented in Table 4. Accordingly, the Hadiya population scored the
highest values with regard to the number of different alleles (Na),
number of effective alleles (Ne), Shannon diversity index (I), and ex-
pected heterozygosity (He). However, the wild population scored the
least in all these diversity indices. Similarly, the highest estimate of
allelic richness (Ar) (7.80) was also recorded in the Hadiya population,
followed by the Kambata-Tembaro (7.73) population. On the other
hand, the highest number of private allelic richness (Arp) (1.29) was
observed in the wild population, whereas, released population con-
tained a lower number of private allelic richness (0.74). Relatively
higher observed heterozygosity (Ho) was recorded in both the wild and
released (Ho = 0.88) populations, while it was least in Gurage and
Hadiya (I = 0.81) populations. The percentage polymorphic loci (PPL)
ranged from 89% (in the Hadiya population) to 100% (in the wild
population), with a mean value of 94.83%.

3.3. Population genetic differentiation and gene flow

Analysis of molecular variance (AMOVA) revealed that 89% of the
total variation is accounted for the individuals within a group (popu-
lation); whereas variation among the six populations and individual
genotypes (samples) in each population contributed to only 5% and 6%
of the total variation, respectively (Table 5). Thus, the heterozygosity of
the individuals within each population accounts for most of the within-
population variation. The overall genetic differentiation among the six
enset populations was limited and significantly low (Fst = 0.05; p <
0.001). On the other hand, the average gene flow among the analyzed
enset populations was high (Nm = 5.14).

3.4. Extents of genetic distance between the populations

The extent of pairwise genetic distances between the six enset pop-
ulations is presented is Table 6. The highest genetic distance (1.16) was
observed between populations from Gurage and wild, followed by
populations from Silte and wild (1.02). Conversely, lower pairwise ge-
netic distance was identified between populations from Gurage and Silte
(0.37) and between Hadiya and Kembata (0.47).
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Table 3

Informativeness and levels of the different diversity indices of the SSR loci across the enset populations considered.
Marker MAF NA GD PIC Ne I Ho He uHe Fst Nm PHWE
Evg-01 0.12 22.00 0.92 0.92 6.45 2.04 0.73 0.82 0.84 0.10 2.22 0.00**
Evg-02 0.12 26.00 0.93 0.93 9.39 2.37 0.88 0.87 0.90 0.08 291 0.00%**
Evg-04 0.15 32.00 0.93 0.92 9.03 2.32 0.85 0.87 0.90 0.06 3.71 0.00**
Evg-06 0.19 18.00 0.87 0.86 6.03 1.95 0.77 0.82 0.85 0.06 4.10 0.00**
Evg-08 0.13 41.00 0.94 0.94 10.53 2.44 0.88 0.90 0.93 0.04 5.54 0.03*
Evg-09 0.10 31.00 0.95 0.95 11.79 2.57 0.86 0.91 0.94 0.03 7.02 0.03*
Evg-10 0.25 18.00 0.90 0.89 7.43 2.15 0.80 0.85 0.88 0.05 4.87 0.00**
Evg-11 0.11 21.00 0.93 0.93 9.05 2.23 0.92 0.85 0.88 0.07 3.19 0.21"
Evg-12 0.09 26.00 0.94 0.94 9.67 2.40 0.88 0.88 0.91 0.06 3.67 0.04*
Evg-17 0.18 27.00 0.92 0.92 8.25 217 0.85 0.85 0.87 0.09 2.41 0.04*
EnO-04 0.20 15.00 0.90 0.89 6.54 1.94 0.89 0.81 0.84 0.10 2.29 0.02*
EnO-06 0.21 12.00 0.87 0.86 5.13 1.78 0.79 0.78 0.80 0.10 2.30 0.00%**

MAF = Major allele frequency; NA=Number of alleles; GD = Gene diversity; Ne = Effective number of alleles; PIC=Polymorphic information content; I=Shannon’s
Information Index; Ho=Observed heterozygosity; He = Expected heterozygosity; uHe = unbiased heterozygosity; Fst = inbreeding coefficient within subpopulations
relative to total (genetic differentiation among subpopulations); Nm = gene flow estimated from Fst 0.25(1- Fst)/Fst; PHWE P-value for deviation from Hardy

Weinberg equilibrium, ns not significant, * = P < 0.05, ** = P < 0.0001 and hence highly significant.

Table 4

Summary of the different diversity indices scored for each population over the 12 loci considered.
Population Na Ne Ar Arp I Ho He uHe PPL% F
Gurage 14.25 8.56 7.09 1.14 2.24 0.81 0.84 0.86 95.00 0.014
Silte 13.25 8.42 7.24 0.89 2.28 0.84 0.87 0.89 99.00 0.032
Kembata 16.00 9.76 7.73 0.91 2.44 0.83 0.88 0.90 96.00 0.060
Hadiya 17.25 10.64 7.80 1.09 2.50 0.81 0.89 0.90 89.00 0.085
wild 6.83 5.44 6.83 1.29 1.72 0.88 0.78 0.85 100.00 —0.116
Released 8.50 6.83 7.06 0.74 1.98 0.88 0.84 0.89 90.00 —0.048
Mean 12.68 8.27 7.29 1.01 2.20 0.84 0.85 0.88 94.83 0.005

NA=Number of alleles; Ne = Effective number of alleles; Ar=Allelic richness; Arp = Private allelic richness; I=Shannon’s Information Index; Ho_Observed hetero-

zygosity; He = Expected heterozygosity; uHe = unbiased heterozygosity; PPL = percentage polymorphic loci; F=Fixation index.

Table 5
AMOVA among and within enset populations based on the 12 SSR markers.
Source Df SS MS Est. % Nm Fo
Var.
Among 5 88.36 17.67  0.26 5.00%
Populations
Among 141 799.69 5.67 0.35 6.00%
Individuals
Within 147 731.00 4.97 4.97 89.00%
Individuals
Total 293 1619.05 5.58 100.00% 5.14 0.05

Df = Degrees of freedom, SS=Sum of squares, MS = mean squares, Est.Var =
Estimated variation, Nm = gene flow.

Table 6
Pairwise population matrix of Nei’s genetic distance scored over the 12 SSR
markers.

Populations Gurage Silte Kembata Hadiya wild Released
Gurage a

Silte 0.37 a

Kembata 0.79 0.59 a

Hadiya 0.74 0.59 0.47 a

wild 1.16 1.02 1.01 0.71 a

Released 0.83 0.63 0.73 0.47 0.74 a

# = Not applicable.

3.5. Cluster analysis

The Unweighted Pair-group Method with Arithmetic Mean (UPGMA)
based cluster analysis using the 12 polymorphic SSR markers grouped
the 147 enset genotypes into three major clusters (I, I, and III) (Fig. 2).
Cluster I had the largest number of genotypes, which consisted of 81
(55.1%) of the total enset genotypes, that formed two separate sub-

clusters (IA and IB). Among these sub-clusters, IA contained 16 land-
races, which represent exclusively Kembata populations. On the other
hand, sub-cluster IB consisted of 65 (44.2%) enset genotypes, of which
35 (53.85%) were from Hadiya, 13 (20.0%) from Kembata, and seven
(10.77%) each from the Released and Wild populations. Cluster II
comprised 60 genotypes, which were further divided into two distinct
sub-clusters (IIA and IIB). Sub-cluster IIB contained 27 (75%) and 9
(25%) enset genotypes representing Gurage and Silte populations,
respectively. In the same pattern, sub-cluster IIA counted 19 (79.17%)
from the Silte population. Cluster III encompassed only six enset land-
races, four from Hadiya and the rest two from Gurage populations. The
grouping pattern revealed some degree of parallelism with the
geographic or administrative region of collections though intermixes
from different geographic or administrative zones of collections have
been evidenced (Fig. 2).

3.6. Principal coordinate analysis

The principal coordinate analysis (PCoA) created using the first two
components showed a similar pattern to UPGMA and followed a weak
pattern of grouping following their geographic location of collections.
Collections from different but adjacent collection zones were lumped
together with their distinctive small group. The majority of the enset
samples collected from Gurage zone are grouped together on the upper
left, and those from Silte administrative zone get clustered at the center.
The predominant enset population obtained from Kembata is clustered
around the lower left and right sides of the axis (Fig. 3). Enset pop-
ulations collected from the Hadiya administrative zone are distributed
on the upper right and lower right of the axis. The wild and released
samples are more or less distributed on the upper right and upper left
sides of Axis 1 (Fig. 3).
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Fig. 2. A dendrogram based on the unweighted pair-group method with the arithmetic mean (UPGMA) of the 147 E. ventricosum individuals representing the six
populations (Gurage, Silte, Kembata, Hadiya, Released, and Wild varieties) grouped in three major clusters (I, II, and III) and sub-clusters (IA, IB, IIA, and IIB).

Principal Coordinates (PCoA)

Coord. 2

Coord. 1

Fig. 3. Two-dimensional (2D) PCoA representation of the genetic relationships
among the 147 individuals of E. ventricosum representing six populations (G,
Gurage = red; S, Silte = deep green; K, Kembata = blue; H, Hadiya = yellow; R,
released = pink; W, wild = light green) from Ethiopia.

3.7. Structure analysis

To further comprehend the genetic structure of the entire 147 enset
samples (genotypes), a Bayesian-based population structure following
the Evanno et al. [58] analysis was determined using STRUCTURE
program outputs. Accordingly, the predicted highest K value was two (K
= 2) (Fig. 4). Based on this value, the Clumpak result (bar plot) revealed
a limited admixtures, and as a result, the populations were largely
structured together according to the closeness of their collection sites or

geographic origin.
4. Discussion

To further enhance enset crop conservation and improvement, the
use of molecular markers, such as SSR markers, is a widely recognized
approach. As enset is a diploid species [4,6,7], an aggregate of two al-
leles per individual sample is anticipated at the single-copy microsat-
ellite locus [60]. The detection of two hundred and eighty-nine alleles
(an average of 24.5 alleles per locus) using the twelve SSR markers, the
present study is indicative of the presence of high genetic diversity in the
populations considered. The number of alleles we detected is high
compared to several of the reports so far. For example; Getachew et al.
[36] reported 61 alleles from 220 enset genotypes by applying 11 ba-
nana SSR markers; Olango et al. [37] reported 202 alleles from 66 enset
genotypes employing 34 enset SSR loci, Gerura et al. [38] reported 77
alleles from 83 enset genotypes using 12 enset SSR microsatellites, and
Nuraga et al. [39] detected 38 alleles from 52 genotypes using 15 SSR
loci. Such a large number of alleles detected in the present study suggest
that the microsatellite markers we selected are appropriate and provide
an excellent chance to assess enset genetic resources for conservation
and breeding.

4.1. Estimates of genetic diversity in the populations

Genetic diversity offers opportunities to understand the genetic
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Fig. 4. Results of the population structure of the 147 E. ventricosum individuals in six pre-determined populations using Evano et al. [58] method and Bayesian
model-based estimation shows Delta K plot for maximum value at K = 2 (a), CLUMPAK plot for K = 2 using the CLUMPP software, G Gurage, S Silte, K Kembata, H

Hadiya, R Released, and W Wild (b).

structure and level of diversity within and among genotypes, pop-
ulations, and species [26]. In comparison to smaller, recently evolved
populations, larger and older populations are predicted to have higher
levels of accumulated and maintained genetic variation [61], which is
crucial for enhancing fitness and consequently decreases the possibility
of local extinction [62]. In the present study, the polymorphic infor-
mation content (PIC) of the 12 SSR markers applied showed larger
values suggesting the high discriminatory power of the SSR markers
employed following recommendations by Prabakaran et al. [63] and
Tiago et al. [64] that suggested a PIC value of greater than 0.5 as very
informative and helpful for determining the degree of polymorphism at
a given locus. Similarly, Dutta et al. [65] had also described a high PIC
value as one of the most critical indications to effectively assess genetic
diversity in a given species. Previous studies had shown slightly incon-
sistent PIC values using different numbers of SSR markers on enset. For
instance, Olango et al. [37] observed a PIC value of 0.41-0.77 by
evaluating the genetic diversity of 66 enset landrace collections; Gerura
et al. [38] described a PIC value of 0.62-0.77 in 83 enset landraces from
the Gurage Zone using 12 SSR markers; and Nuraga et al. [39] obtained
by far a lower PIC value ranging from 0.26 to 0.72 in 52 cultivated enset
landraces using 15 SSR markers. The use of various types and numbers of
genotypes and primers in each of those studies could be the reason for
the disparity. It has further been explained by Biswas et al. [66] who
suggest that the number of genotypes and the genetic background of the
genotypes have a significant impact on PIC values.

Of the total enset populations considered, the wild varieties retained
the highest private allelic richness, which suggests it is a source of novel
alleles for breeding and conservation. Such high private alleles could be
attributed to a relatively high rate of mutation, particularly at SSR loci
[67]. The result corroborates with the reports by Gerura et al. [38].

The estimate of Shannon’s information index (I) in this study also
revealed a high extent of genetic variation within the examined enset
populations, which is an indication of the population diversity in a
specific environment, according to Dido et al. [68]. Overall, the values
we detected were higher as compared to the previous findings by Olango

et al. [37] (1.16), (Gerura et al. [38] (1.17), and Nuraga et al. [39]
(0.74).

The expected (He) and observed (Ho) heterozygosities in the present
study again revealed high extents of genetic diversity in the enset pop-
ulations considered, with the observed and expected heterozygotes
closely matching the same frequency (He = 0.85; Ho = 0.84). Likewise,
the detected mean expected heterozygosity (He = 0.85) is higher than
the values reported by Olango et al. [37] (0.59), Gerura et al. [38]
(0.59), and Nuraga et al. [39] (0.47).

The mean expected heterozygosity (He) within a population is the
most reliable way to quantify genetic variation [69]. Similarly, Jump
et al. [70] stated that heterozygosity is one of the key parameters to
study genetic variation in natural populations in addition to revealing
the structure and even history of a population. In this regard, the present
study indicated that the loci considered exhibited the existence of high
heterozygosity that caused a considerable deviation from
Hardy-Weinberg Equilibrium (HWE). Gadissa et al. [71] described high
heterozygosity as being expected in historically outcrossing plant spe-
cies that preserve their heterozygosity through vegetative propagation.
This was expected considering that the majority of vegetatively propa-
gated crops are highly heterozygous [36,40,41]. Entirely all cultivated
enset crops in general and the samples we collected from the farmers’
homegardens are vegetatively propagating from young mother plants,
but the wild relatives are originally regenerating through sexual repro-
duction and maintained by vegetative propagation for a number of
years, ex-situ conservation sites for the enset crop. The same situations
have been noted in Plectranthus edulis by Gadissa et al. [71], cassava
(Manihot esculenta) by Tiago et al. [64], and banana by Biswas et al.
[66].

The enset populations we considered revealed a low fixation index
(F = 0.005), suggesting accumulation and maintenance of the existing
heterozygosity either through somatic mutation over time or through
other mechanisms [41,72]. On the other hand, the result suggests a
minimized role of inbreeding that could facilitate homozygosity and
hence a larger coefficient [64,73].
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The present study showed a relatively high extent of genetic differ-
ences within populations in terms of gene diversity, Shannon’s infor-
mation index, and heterozygosity. This may be attributed to the very
diverse landrace resources cultivated and maintained for a long period
by local farmers for their livelihood and other different socio-cultural
purposes. Consequently, the regions could be viewed as genetic di-
versity hotspots and one of the potential in-situ conservation sites for the
enset crop. This result also supports the existence of high on-farm or
farmer diversity in the studied regions that have been sustainably
conserved for generations [12,74,75].

In general, the computed genetic diversity of enset in the present
study is greater than that determined by earlier studies using different
DNA markers such as RAPD [33], AFLP [34], and ISSR [35] which is
more likely as SSRs are more variable markers than RAPD, AFLP, and
ISSR [76]. Such a large allelic variability, as other SSR marker studies in
enset may be attributed to the nature of SSR markers since they have a
high mutation rate both forward and backward. However, drawing
general conclusions from a direct comparison of these studies is chal-
lenging due to the differences in the number as well as types of pop-
ulations and DNA markers employed. In the same manner, Hamza et al.
[77] described that comparisons of comprehensive diversity estimates
from marker systems with various properties and origins of difference do
not permit relevant conclusions.

4.2. Implications of population genetic differentiation and gene flow

The computed analysis of molecular variance (AMOVA) demon-
strated a higher within-population variance than among the pop-
ulations, suggesting less impact of the region or zone of origin. The result
is in line with previous reports by Olango et al. [37], Gerura et al. [38],
and Nuraga et al. [39] using SSR marker systems. In the same manner,
Negash et al. [34] and Tesfamicael et al. [40], Birmeta et al. [33], and
Tobiaw and Bekele [35] have reported that the among-population
variance is lower than the within-population variance for enset geno-
types using AFLP, RAPD, and ISSR markers, respectively. Overall, the
result indicates the importance of within-population diversity to initiate
conservation and utilization of the current enset diversity in the country
at large.

Similarly, a low Fgr value (0.046) observed among the analyzed
genotypes once again shows low genetic differentiation among the
studied enset populations. Nkhata et al. [24] indicated that genetic
divergence among populations can be low if the value of Fgr is less than
0.05. This is most likely related to the high rate of gene flow between
enset farming communities in different zones due to the close interaction
between farming households and the deep-rooted tradition of sharing
and exchanging enset germplasm by raising suckers of desired/preferred
genotypes. Local cultures and relatedness of families in the
enset-growing areas of Ethiopia as revealed in their languages and
practices, including collaborations in enset farming and harvesting ac-
tivities of men and women. In general, such commonality in farming is
attributed to the sociological characteristics and psychological make-up
of the enset culture people of Ethiopia. A similar trend and observation
have been documented by other researchers [12,13,15]. Such relatively
high gene flow (mean Nm = 5.14) in the present study, contributes to
the low level of population differentiation. In the same line, Slatkin and
Barton [48] had stated that if the average number of migrants (gene
flow) per generation (Nm) is less than 1, then no random differentiation
across populations may be anticipated. Wright [78] had also observed
an inverse correlation between gene flow (Nm) and population diver-
gence (Fsy). Extensive vegetative propagation practices of enset by
farmers may further restrict the extent of gene flow and consequently
limit its population differentiation.

4.3. Patterns of genetic distance between the populations

In terms of pair-wise population genetic distances, the present study
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showed a relatively higher Nei’s standard genetic distance (1.16) be-
tween Gurage and wild populations. On the other hand, the lowest ge-
netic distance (0.37) was recorded between Silte and Gurage, followed
by Kembata and Hadiya populations. The result suggests that the extent
is parallel to the closeness of the collection administrative zones and vice
versa, which could be attributed to the high sharing of enset genotypes
as a planting source among the adjacent administrative or geographic
regions. A similar pattern was reported in populations from Gamo Gofa
vs. Wolaita and Wild vs. Ari [37] and the enset populations from the
Gurage zone of Ethiopia [38].

4.4. Patterns of grouping and population structure

Understanding the genetic relationships and population structures
between the diverse enset populations collected from different locations
could provide a substantial advantage for improvement programs. In
addition, it offers valuable knowledge regarding the extent of gene flow
or evolutionary linkages in crop species at large. Accordingly, the
UPGMA based cluster analysis confirmed the absence of pronounced
intermixes of the enset samples from different collection sites or sources.
Similar results have been reported by Olango et al. [37] and Gerura et al.
[38]. Similarly, the principal coordinate analysis (PCoA), a multivariate
dataset that allows us to explore the spatial distribution of the genetic
distances between populations using the two-dimensional plan, ac-
cording to Ozkan et al. [79], also revealed the same patterns of grouping,
suggesting low genetic divergence among the populations. As reported
by Tesfamicael et al. [40], PCoA employing AFLP markers revealed that
wild and cultivated enset landraces formed clusters with a significant
number of overlapping individuals from the two groups.

The population structure analysis also showed that the enset col-
lections from the four collection zones and AARC were closely related to
one another and overall, two inferred groups (K = 2) with little ad-
mixtures have been detected. It is remarkable to note that each enset
genotype analyzed has alleles that come from the two groupings, the
cultivated landraces, and wild collections. This signifies the existence of
a higher level of admixture among the different populations, which
confirms the high gene flow and eventually minimal population differ-
entiation. This could result from the exchange of genetic materials be-
tween the local and regional enset farming communities. The result is in
agreement with the previous reports by Birmeta et al. [33], Olango et al.
[37], Gerura et al. [38], Nuraga et al. [39], Tesfamicael et al. [40], and
Haile et al. [41].

4.5. SSR markers for conservation and utilization of enset populations

One of the main uses of the SSR marker is offering a room for eval-
uation of genetic diversity within or among natural populations, which
is essential for effective conservation and utilization of genetic resources
[66]. Moreover, it is an essential tool in maintaining indigenous plant
genetic resources for use in food security, a very important issue in
reducing vulnerability since they have been adapted for centuries to the
local climate, soil, landscape, and cultural heritage of each region [80]
and thus, ensures the future needs of subsistence farmers, breeders, re-
searchers, and the entire community [81]. The SSR marker system also
generates baseline information on local crop diversity that could benefit
farmers in terms of local adaptation to ecological diversity, pests,
pathogens, risk management, rituals, and food culture [82]. In this re-
gard, the present study has established baseline information from the
points of view of genetic diversity estimate in the enset population, one
of the most economically important but neglected indigenous food
crops, to help facilitate its conservation and utilization. In addition to
the SSR markers, other more reliable and evenly distributed markers
may be important, even if the allelic richness may be lower for inferring
long-term evolutionary relationships or ancestry.

According to report, a significant number of the enset populations
and their genetic diversity have decreased in different parts of the
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country over the past 50 years [83]. As a result, maintenance of the
remaining diversity is being undertaken by combining both in situ
(on-farm) and ex-situ (in vitro, or in-field gene banks) conservation ini-
tiatives. Negash [17] and Tsegaye and Struik [15] suggested that
on-farm conservation is an unquestionably important component to be
supported along with the formal (ex-situ) conservation initiatives as it
enables continued maintenance and evolution of landraces using con-
ventional cultivating practices. To supposrt community initiatives to
conserve agro-biodiversity in many indigenous communities, strength-
ening local institutions and farmer leadership has been shown to be
effective. Olango et al. [23] suggested that enset bio-cultural resource
continuity must be based on participatory community approaches and
the mobilization of both the young and the elder groups.

Nowadays, the Areka Agricultural Research Center (AARC) has
maintained over 600 enset germplasm collections from 12 enset culti-
vating areas of Ethiopia in field gene banks. Olango et al. [23] reported
that only 40% of the landraces that were known to the Wolaita agri-
cultural community were represented by the AARC collection, indi-
cating that the actual diversity is still not fully sampled. Similarly,
Yemataw [84] asserted that the Areka collections have not undergone a
thorough assessment. This indicated that there is a need for systematic
collection from the major enset growing regions and other locations of
interest, including wild populations, to apply appropriate conservation
strategies (both in situ (on-farm) and ex-situ (in vitro, or in-field gene
banks), and to undertake full characterization of enset germplasm for its
role in prospective breeding initiatives, and as a source of
better-performing landraces. In this regard, the present study in general
and the marker systems used in particular are essential and could offer
tips to initiate and facilitate maintenance and enhancement of the crop.

5. Conclusions

Given the significance of the enset crop in the central, southern, and
southwestern regions of the Ethiopian agriculture and food production
system, the present study provides additional information on the extent
of genetic diversity and population structure of enset genetic resources
to help implement suitable conservation plans, crop improvement and
breeding programs. The study revealed high genetic diversity among the
enset samples with very low fixation indices among the populations. The
computed AMOVA also showed the occurrence of higher diversity
among individuals within populations than among populations. This can
be explained by a significant gene flow and maintained low genetic
divergence among the populations. The patterns of genetic variability in
cultivated enset landraces showed a weak link with cultivation regions.
The findings of this study have demonstrated that the SSR marker system

Appendix: 1

Indicates the local names of enset landraces or varieties with their code.
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can be applied effectively to identify genetic diversity among enset ge-
notypes and it also suggests including more germplasm collections from
the remaining enset growing areas for conservation and to develop the
best-performing enset varieties. Furthermore, this study inspires re-
searchers to create genomic tools for this crucial crop, to enable faster
delivery of improvements to Ethiopia’s food and nutrition security
through the use of modern breeding techniques like marker-assisted
selection (MAS) and genomic selection (GS).
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Agade Gl Agade S1 Aganche K1 Alabite H1 Endale R1
Ahiro G2 Ahiro S2 Ashura K2 Anchire H2 Gewada R2
Astara G3 Ankfuye S3 Banko K3 Awunada H3 Kelisa R3
Awunad G4 Ashagite S4 Badede K4 Bamba H4 Messena R4
Aywogna G5 Astara S5 Cherquwa K5 Beneje H5 Yambule R5
Bededet red G6 Beneje S6 Degoblack K6 Bequcho H6 Zereta R6
Bezeria G7 Darye S7 Dergeta K7 Boicho H7 Sucker 1 Al
Bitena G8 Dem-worad S8 Dirbo K8 BuchTor H8 Sucker 2 A2
Dem-wored G9 Fengo S9 Etine K9 Dirbo H9 Dawro 1 w1
Feraziya Gl10 Gariye S10 Fecheche K10 Fello H10 Dawro 2 w2
Gegered Gl11 Hanzana S11 Gimbo K11 Gimbo H11 Dawro 3 w3
Gimbuwa Gl2 Hiniba S12 Gishira K12 Ginjowona H12 Dawro 4 w4
Ginnad G13 Kembat S13 Godorete K13 Gogoricho H13 Kaffa-old-Red W5
Gozoda G14 Megribe S14 Gomorsa K14 Gomorsa H14 Kaffa-old-white W6

(continued on next page)
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(continued)

Agade Gl Agade S1 Aganche K1 Alabite H1 Endale R1
Gumbura G15 Merza Kembt S15 Hella K15 Gozoda H15 Kaffa-new-Red w7

Hanzana Gl6 Orad s16 Legeqe K16 Gudere Hl6

Hiniwa G17 Qeshgeshe S17 Merza-black K17 Hella H17

Kemele G18 Qiniware S18 Mesmesa K18 Kaseta mo H18

Lemat G19 Separa S19 Qegille K19 Kekera-red H19

Nechewa G20 Sherafire S20 Qorate K20 Korina H20

Oniya G21 Shigez S21 Quina K21 Laddare H21

Qesewa G22 Shirtye S22 Sebera K22 Mariye H22

Separa G23 Sino S23 Shellege K23 Megelwesa H23

Shewatia G24 Sisqella S24 Sinera K24 Moche H24

Shewora G25 Tegeded S25 Sorpie K25 Oniya H25

Shirafere G26 Wonade S26 Torore K26 Qetegeta H26

Wonadia G27 Woshemaja S27 Unjame K27 Qombotira H27

Zobir-red G28 Zegizig 528 Wachiso K28 Quiena H28

Zogirad G29 Zobir S29 Wohe K29 Separa H29

Xebere K30 Shate H30

Xessa K31 Sinera H31

Zobiro K32 Sisqella mo H32

Sisasura H33

Sogido-Le H34

Suwandiya H35

Tegaded H36

Xiggo H37

Zobira H38

Gariya H39

Wonade H40

Kaseta-Le H41

Sisqella Du H42

G, Gurage; S, Silte; K, Kembata and H, Hadiya administrative zones of farmers homegardens; R, released; A, sucker-wild and W, wild varieties, which are maintained in
the Areka Agricultural Research Center (AARC) (ex-situ conservation site of enset crop) of Ethiopia.
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