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Abstract 

Background  Ethiopian highland bamboo [Oldeania alpina (K. Schum) Stapleton] (Poaceae: Bambusoideae: Arun-
dinarieae) is one of the economically and environmentally important plants in Ethiopia. Despite its wide presence 
in the country, nothing is known about genetic diversity and population structure of the species.

Methods  The study relied on 150 DNA samples representing 15 O.alpina populations collected across major O.alpina 
harboring forests of Ethiopia. Following total genomic DNA isolation SSR primer screening was conducted using PCR, 
gel electrophoreses, gel doc imaging, allele scoring, and statistical analysis. Accordingly nine SSR primers from Chi-
nese Phyllostachys edulis and seven from Ethiopian Oxytenanthera abyssinica were found informative and used 
to investigate the extent of genetic diversity and structure of O.alpina populations.

Results  The study revealed the presence of moderate genetic diversity (Ho = 0.262; I = 0.639) within populations 
and very low genetic differentiation among populations (Fst = 0.019). Cluster (UPGMA), PCoA, and STRU​CTU​RE 
analysis did not group the populations into clearly defined genetically distinct clusters according to their geographic 
origins, more likely due to the reproductive biology of the species since vegetative propagation is the main means 
of reproduction associated with 50–100 years of flowering and low viability of seeds.

Conclusions  Despite limitations connected with employing only 15 SSR markers, the study suggested the presence 
of moderate genetic diversity within populations and highly mixed population structure resulting in very low genetic 
differentiation among O. alpina populations. This information could serve as a basis for designing suitable conserva-
tion strategies and conducting further research using more SSRs and other sequences-based informative markers.
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Introduction
Bamboos are found in Asia, America, and Africa 
and belong to the family Poaceae and subfamily 
Bambusoideae. There are roughly 1670 species within 
125 genera (Chaomao et  al. 2006; Basak et  al. 2021; 
Rohilla et  al. 2023). Bamboos are one of the most 
versatile renewable resources in the plant kingdom. 
The majority of bamboos are distributed in tropical and 
subtropical climates around the world (Das et  al. 2008; 
Qiao et  al. 2014). In Africa, Madagascar is home to 43 
bamboo species. Ethiopia, Tanzania, Malawi, Uganda, 
Sudan, and Zambia are among the African countries 
with bamboo resources. Only two species of bamboos 
are present in Ethiopia: Oldeania alpina (previously 
known as Arundinaria alpina or Yushania alpina) and 
Oxytenanthera abyssinica (Embaye 2003; Bekele 2007). 
Due to their excellent carbon fixation potential and high 
strength-to-weight ratio, bamboos are attracting more 
attention in the ecological and economic realms from 
time to time (Ohrnberger 1999; Fu 2001; Peng et al.2013). 
Furniture, fiber and textile poles, buildings, utensils, 
roofing material, food, pipes, animal fodder, ornamental, 
soil conservation, basketry and fence materials are a few 
of the bamboo uses. Because of easily splits, O. alpina 
is frequently used to make mats, chairs, sofas, and 
tables (Bekele 2007). Bamboo is an interesting model 
for addressing fundamental biological questions, due to 
its fastest-growing ability on earth, approximately two 
inches per hour and 60 feet in three months (Khalil et al. 
2012), unique rhizome-dependent systems, expansion 
of gene families as a result of polyploidization, having 
both regular and irregular flowering habit followed by 
mass synchronous flowering and subsequent mass death 
(Tao et al. 2018; Guo et al. 2019; Zheng et al. 2020; Basak 
et al.2021).

Most of the woody bamboos studied are polyploids 
(Peng et  al. 2013). Research indicated that the majority 
of woody bamboos have 12 (x = 12) chromosomes (Clark 
et  al. 1995). Woody bamboos belong to two distinct 
polyploidy groups: temperate woody bamboos are 
primarily tetraploid (2n = 4x = 48) while tropical woody 
bamboos are primarily hexaploid (2n = 6x = 72). The 
findings by Gielis et  al. (1997) confirmed that tropical 
woody bamboos have a higher genomic DNA content 
than temperate woody bamboos.

Plant genetic diversity, population genetic structure, 
genetic differentiation, cultivar identification, and 
evolutionary genetics all benefited from microsatellite 
markers, also known as simple sequence repeats 
(SSR). SSR are favored because they are polymorphic, 
co-dominant, have high information content, and are 
relatively abundant (Gui et al. 2007; Rohilla et al. 2023). 
SSR markers can be developed for plant species with 

entire genome sequences or by exploring existing SSRs 
from related species, as several plant species show 
sufficient homology between genomes in microsatellite-
bearing regions (Kalia et  al. 2011; Tu et  al. 2011; 
Sataya et  al. 2016). Despite losing the advantage of 
co-dominance in polyploid species, SSR markers remain 
a powerful tool for genotyping of polyploid species due 
to the vast number of reproducible alleles available per 
locus (Bhandawat et  al. 2014, 2019; Meena et  al. 2020). 
The distribution of SSR is determined by selection 
pressure during evolution, hence SSR markers from 
transcriptome data most likely offer a higher degree of 
resolution in population genetic studies (Du et al. 2013; 
Yang et  al. 2022.) The flowering cycle of O. alpina is 
about 45–50 years, as a result, vegetative propagation is 
the most common means of reproduction. This tends to 
support the hypothesis that O. alpina populations reveal 
very low genetic differences among populations.

Appropriate conservation and exploitation strategies 
are devised based on the genetic diversity status of the 
species (Bhandawat et al. 2015). SSR markers have been 
developed for several bamboo species (Bhandawat et al. 
2014; Zhao et al. 2015; Satya et al. 2016; Jiang et al. 2017) 
and have been used to determine genetic diversity; 
population differentiation and population structure of 
various bamboos species (Miyazaki et  al.2009; Jiang 
et  al.2013; Bhandawat et  al. 2015; Rohilla et  al. 2023). 
SSR markers developed from Phyllostachys edulis are 
highly conservative and transferrable to some closely 
related bamboo species (Liu et al. 2022). To examine the 
extent of genetic diversity, various statistical approaches 
including expected and observed heterozygosity, 
polymorphic information content and F statistics such 
as genetic differentiation, principal coordinate analysis, 
population structure, and analysis of molecular variance 
have been used. Despite conservation intervention 
of a species heavily relying on the knowledge of the 
genetic diversity status and the enormous ecological 
and economic importance of the species, the population 
genetic diversity status of O. alpina populations remains 
elusive. This research is conducted with the objective of 
investigating the degree of genetic diversity, population 
differentiation and structure of O. alpina populations, 
which could serve as an important input for conservation 
measures, utilization and further studies.

Materials and methods
Ethiopian highland bamboo (O. alpina) habitats 
and descriptions
Ethiopian highland bamboo (O. alpina) is a giant 
grass belonging to the tribe Arundinarieae, subfamily 
Bambusoideae, of the grass family Poaceae (Gramineae). O. 
alpina is harbored in the altitude range between 2200 and 
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3500 m above sea level, with temperatures ranging from 10 to 
20 °C and annual rainfall ranging from 1500 to 2500 mm. It is 
common in Ethiopia’s moist agroclimatic zones, such as the 
Gojam, Shoa, Gedeo, Sidama, Awi, Illubabor, Gamo Gofa, 
Jima, Arsi and Bale zones (Liese 2008; Kidane et  al. 2023). 
The woody grass according to (Bekele 2007) grows in dense 
stands with a leafy canopy and stems so close together that 
passing through is impossible. O. alpina is best described as a 
large hollow-stemmed grass that grows to a height of 6–8 m 
but can reach 12–25  m. The stems (culms) are smooth, 
woody, hollow, yellow-green to brown, growing from swollen 
underground stems (rhizomes). Stems can reach 7–10 cm in 
diameter (Liese 2008; Mulatu 2021). In various regions of 
Ethiopia, there is no well-documented information about the 
flowering cycle of O.alpina, however, it has been reported 
that in the Kosober/Injibara area of Northwest Ethiopia O. 
alpina has been flowering gregariously and intermittently in 
small patches without being recognized by the general public 
for three decades (Sertse et al. 2011).

Plant materials and sample collections
Young leaf samples from 150 Ethiopian O. alpina plants, 
representing 15 populations (10 samples from each pop-
ulation) were collected separately and gently dried using 
silica gel. The distance between the two samples was 
dependent on the width of the forest. Each sample was 
composed of ~ 12 leaves inserted with silica gel in the 
zipped plastic bag, which corresponds to 120 leaves from 
each locality/population. Samples were collected to cover 
the country’s major O. alpina growing areas (Table 1 and 

Fig. 1). The habitat and stand structure of O. alpina pop-
ulations are displayed in (Fig. 2).

Genomic DNA extraction and SSR marker screening
Total genomic DNA was extracted from 50  mg silica 
gel dried young leaves using a modified CTAB protocol 
as described by Doyle and Doyle (1987). A Nanodrop 
spectrophotometer (ND-8000, Thermo Scientific) and 
1% percent agarose gel electrophoresis were used to 
check the quantity and quality of the isolated DNA. 
After screening and procedure optimization a total of 16 
SSRsprimer pairs (9 from Phyllostachys edulis and 7 from 
Oxytenanthera abyssinica (Zhao et al. 2015; Adem et al. 
2019)) with clear and reproducible bands were selected 
and used to investigate the within and among the 
population genetic diversity and structure of O. alpina 
(Table 2).

PCR, agarose gel electrophoresis and SSR alleles scoring
PCR amplification was done in a 12.5  μl reaction, 
containing a mixture of 2 μl of genomic DNA,

1 μl of each of the two primers (at a concentration of 
10  μM), 2.25  μl nuclease-free water and 6.25 remaining 
PCR components. The temperature profile used dur-
ing the amplification consisted of 5 min of preheating at 
94  °C followed by 35 cycles of denaturation at 94  °C for 
30  s, annealing at 54  °C for 30  s, extension at 72  °C for 
30 s, and a final extension at 72 °C for 10 min. To observe 
DNA fragments, ten microliters of PCR amplified prod-
ucts were fractionated by 3% agarose gel electrophoresis 
using 1X TAE buffer at 130 V for 3 h. The gel was stained 
using gel red (2 μl). A 50/100 bp Biolabs DNA ladder was 

Table 1  Sample collection areas with their respective Latitude, Longitude, Altitude and region

SNPPR: Southern Nations Nationalists and Peoples’ Region

No Place N (Latitude) E (Longitude) Altitude (Masl) Zone/Region

1 Agaro 06044′23.6″ 039043′01.4″ 2583 m Jima/Oromia

2 Kofele 07005′45.8″ 0330 45′27.2″ 2600 m West Arsi/Oromia

3 Tikuinchnei 07005′45.5″ 038045′27.4″ 2592 m West Shewa/Oromia

4 Rira 06044′23.6″ 039043′01.4″ 2583 m Bale/Oromia

5 Yendore 08011’23.8″ 036026′33.3″ 2191 m Ilubabur/Oromia

6 Hagerslam 06030′52.2″ 038029′28.9″ 2598 m Sidamo/Sidamo

7 Agena 08008’13.5″ 038000′52.5″ 2201 m Guraghe/SNNPR

8 Amba-bule 06044’23.5″ 039043′01.4″ 2650 m Gedeo/SNNPR

9 Konta 07006’53.7″ 036044′53.22″ 2262 m Dawro/SNPPR

10 Chencha 06013′ 21.9″ 037′34’16.1″ 2765 m Gamogofa/SNPPR

11 Masha 07035′12.6″ 035028′59.8″ 2514 m Sheka/SNPPR

12 Kosober 10056’04.2″ 036056’54.2″ 2498 m Awi/Amhara

13 Choke 10033’55.8″ 037046′06.1″ 2968 m West Gojam/Amhara

14 Debresina 09051′42.8″ 039045′54.7″ 2595 m North Shewa/Amhara

15 Ankober 09042′47.1″ 039044′51.6″ 2488 m North Shewa/Amhara
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Fig. 1  Map of Ethiopia showing sample collection areas

Fig. 2  Habitat and Stand structure of highland bamboo (O. alpina). A O. alpina stand Choke of East Gojam (Mulatu et al., 2021) and B The recurrently 
flowering highland bamboo Enjibara at St. Johannes Church (Sertse et al. 2011, both Northwest Ethiopia
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used to estimate the amplification size. The Altay UVP 
gel documentation system was then used to image the 
fragments. The clear bands were recognized as alleles for 
the SSR loci based on the expected PCR product size of 
each primer. Heterozygote alleles were scored as bands 
amplified with different PCR product sizes (bP), while 
homozygous alleles as bands produced with uniform size 
(Additional file 1).

Genotypic data analysis
The number of alleles per locus, expected and observed 
heterozygosity, Polymorphic Information Content (PIC) 
and F statistics such as genetic differentiation (Fst), 
Wrights fixation index (Fis), principal coordinate analysis 
(PCoA) for the 15 populations were conducted using 
GenAlEx 6.502 (Peakall and Smouse 2012). Analysis 
of Molecular Variance (AMOVA) was conducted 
using ARLEQUIN ver 3.5 (Excoffier and Lischer 2011). 
UPGMA for the 15 O. alpina groups was drawn using 
the Poptree2 (http://​www.​ualbe​rta.​ca/​~fyeh/​fyeh) 
program. Genetic distance and genetic identity between 
15 O.alpina populations were computed using Darwin 
V6 software. Based on their computed pairwise genetic 
distance value, a dendrogram was drawn for the 15 
O.alpina populations by using Darwin V6 software 
(Perrier and Jacquemoud-Collet, 2006).

A Bayesian model-based clustering algorithm in 
STRU​CTU​RE ver. 2.3.4 (Pritchard et  al. 2000; Falush 
et al. 2003) was employed to detect admixture and infer 
the pattern of population structure. To decide the most 
likely number of populations (K), a burn-in period of 
50,000 was used in each run, and data were collected 

over 500,000 Markov Chain Monte Carlo (MCMC) 
replications for K = 1 to K = 15 using 20 iterations for 
each K. The optimum K value was predicted following 
the simulation method of (Evanno et al. 2005) using the 
web-based STRU​CTU​RE HARVESTER ver. 0.6.92 (Earl 
and Holdt 2012).The bar plot for the optimum K was 
determined using Clumpak beta version (Kopelman 
et al. 2015). Gene flow of the populations (Nm) was cal-
culated based on Fst, Nm = [(1/Fst)−1]/4.

Results
SSR genotyping and the extent of genetic diversity
A total of 49 alleles were detected in the 150 O. alpina 
individuals, ranging from 2 (primers Phe453 and 
Oxa5) and to 4 (primers Phe734, Phe317 and Oxa1), 
with an average of 3.06 alleles per locus with overall 
moderate genetic diversity (Ho = 0.262) as presented 
in (Table 3). Two-thirds of the major allele frequencies 
were covered by thirteen of the sixteen markers. The 
studied loci indicated significant differences between 
Ho and He, demonstrating a heterozygosity that 
differed significantly from Hardy Weinberg Equilibrium 
across populations. All of the employed markers have 
polymorphism information content scores greater than 
0.5 (0.812–1).

The observed number of alleles (Na), effective num-
ber of alleles (Ne), observed heterozygosity (Ho) and 
expected heterozygosity (He) and Fixation index (F) are 
presented in (Table  4). Individual populations had Na 
values ranging from 2.063 (Agaro) to 2.563 (Debresina 
and Rira). The Ne value ranges from 1.587 (Agaro) to 

Table 2  List of SSR primers used for the study

No Marker ID Repeat Motif FPr (5′-3′) Tm(℃) Size(bp) RPr (5′-3′) Tm(℃) Size(bp) PSize(bp)

1 PhE842 (CT)9 GAG​GCT​CCT​TGG​ACA​TCA​CC 60.107 20 CCG​ACG​AAT​AAG​GCA​GGC​TT 60.46 20 202

2 PhE195 (TCC)5 CGA​AGT​GGA​AGA​GGT​CGT​AG 57.454 20 CTT​TCC​CTT​GCC​TCC​CTT​C 57.73 19 237

3 PhE453 (AGAGG)6 CAT​TCT​GTT​GAT​GGC​GCT​AT 56.278 20 CAG​GGA​GAA​CGA​CCA​ACT​AC 57.64 20 201

4 PhE82 (GA)21 GGA​GCG​CAA​ATC​CCA​TAA​AG 57.218 20 CTT​GCT​TCG​TTG​CCA​GTA​TC 57.19 20 243

5 PhE973 (GA)14 TTT​GGG​AGA​GGG​ATT​TTG​CT 57.001 20 AAC​TCA​GTG​CAT​CAG​ATC​GT 56.95 20 205

6 PhE317 (TC)10 ACT​GAT​ATT​CAC​CCT​GCA​GT 56.219 20 ACA​GTG​GCG​AAG​ATG​AAG​AT 56.93 20 212

7 PhE196 (AG)9 GGC​TGC​ATA​GTT​CAA​AGG​AC 56.786 20 TGA​GCG​AAC​TAC​CCA​AAC​TT 57.08 20 218

8 PhE734 (TC)6 TTA​CAA​TTT​GAG​GGC​CCT​GT 57.009 20 CAT​CTG​GGT​GCT​GTT​CTA​GT 56.93 20 206

9 PhE360 (CT)8 CGA​GGA​GCC​ACT​GAT​CTC​AC 59.898 20 TCT​CTT​CCA​TCC​CGA​ACC​CT 59.96 20 200

10 Oxa1 (CCT)5 GCC​TCC​TTG​AGA​TCC​TCC​TT 59.778 20 TGC​AGC​AGC​AAG​AAC​AGC​ 60.01 18 202

11 Oxa2 (GCG)6 TTT​GGC​GTA​ATC​CCT​GTA​GC 60.096 20 TAC​CAC​AGC​AGC​AGC​AAC​AC 61.09 20 213

12 Oxa3 (GCC)6 GAC​AGA​AGC​GGA​AGT​TGG​AC 59.851 20 GAG​AAG​CAG​CAG​TGG​AGA​GC 60.44 20 190

13 Oxa4 (TCG)6 GAG​GGA​CTG​GAT​GAT​GGT​GT 59.774 20 GAA​CGA​GCC​GTT​CCA​AAT​AG 59.71 20 202

14 Oxa5 (GT)6 CCC​TGA​TGG​TAG​AAA​CAC​CG 60.366 20 AAA​AAT​CCA​AAT​GAG​CAT​CAA​ 57.24 21 214

15 Oxa6 (GGC)6 TCG​TTC​TAC​ATC​CCG​AGG​TC 60.073 20 ACT​GAC​CTG​AAC​CGA​ACA​CC 60.01 20 206

16 Oxa7 (CTC)6 CTG​TGA​CTG​TGG​ATT​GGT​GG 59.997 20 CCT​CTG​ACG​CTG​GAG​CTG​ 60.88 18 200

http://www.ualberta.ca/~fyeh/fyeh
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Table 3  Major allele frequency, Number of alleles, observed, expected and unbiased heterozygosity and fixation index and PIC of 16 
loci

N (Sample size), Na (Actual number of alleles), Ne (Effective number of Alleles), Ho (Observed Heterozygosity), He (Expected Heterozygosity), I (Shannon diversity 
index), Fst (Fixation Index)

No Pop N Na Ne Ho He I Fst

1 KOS 9.625 2.313 1.698 0.198 0.369 0.601 0.577

2 AM 9.25 2.375 1.747 0.255 0.385 0.629 0.42

3 AG 9.813 2.438 1.814 0.247 0.385 0.635 0.466

4 CH 9.875 2.25 1.743 0.248 0.372 0.594 0.44

5 KOF 9.75 2.438 1.701 0.219 0.358 0.602 0.351

6 AGA​ 9.688 2.063 1.587 0.203 0.333 0.516 0.446

7 CHO 9.875 2.375 1.699 0.266 0.372 0.608 0.432

8 KON 9.688 2.375 1.759 0.212 0.385 0.627 0.52

9 RI 9.875 2.563 1.928 0.217 0.454 0.733 0.542

10 ANK 9.625 2.313 1.773 0.311 0.4 0.628 0.316

11 DEB 9.688 2.563 2.046 0.278 0.469 0.755 0.426

12 MAS 9.625 2.375 1.904 0.353 0.443 0.693 0.273

13 TIK 9.75 2.438 1.806 0.329 0.41 0.657 0.3

14 HAG 9.5 2.25 1.814 0.299 0.418 0.647 0.369

15 YEN 9.688 2.375 1.833 0.288 0.426 0.671 0.374

Mean 9.687 2.366 0.179 0.261 0.398 0.639 0.416

Table 4  Genetic diversity indices for the 15 populations of highland bamboo

N (sample size), heterozygosity), uHe (Content)

I (information Index), Ho (observed heterozygosity), He (Expected Unbiased expected heterozygosity), PIC (Polymorphic Information

Marker N Null Major allele allele I Ho He uHe PIC

present frequency No

Phe842 9.333 No 0.77 3 0.527 0.215 0.306 0.32 0.875

Phe195 9.667 No 0.546 3 0.908 0.788 0.552 0.58 0.875

Phe453 10 No 0.5 2 0.693 1 0.5 0.53 0.875

Phe82 9.533 No 0.775 3 0.408 0.056 0.262 0.28 0.875

Phe973 9.8 No 0.717 3 0.554 0.553 0.361 0.38 0.812

Phe317 9.733 Yes 0.679 4 0.714 0.013 0.444 0.47 0.937

Phe196 9.867 Yes 0.7 3 0.559 0 0.338 0.36 1.000

Phe734 9.8 Yes 0.553 4 0.904 0.027 0.544 0.57 0.937

Phe360 9.8 Yes 0.712 3 0.715 0 0.427 0.45 1.000

Oxa1 9.6 No 0.504 4 0.922 0.826 0.564 0.6 0.937

Oxa2 9.8 Yes 0.7 3 0.639 0 0.404 0.43 0.937

Oxa3 9.533 Yes 0.703 3 0.557 0.007 0.366 0.39 0.93 7

Oxa4 9.333 No 0.893 3 0.323 0 0.177 0.19 0.937

Oxa5 9.533 No 0.615 2 0.656 0.701 0.464 0.49 0.937

Oxa6 10 Yes 0.713 3 0.757 0 0.439 0.46 0.937

Oxa7 9.667 No 0.863 3 0.396 0 0.231 0.24 0.92

Mean 9.688 _ 0.684 3.067 0.64 0.262 0.399 0.42 0.92
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2.046 (Debresina), with a mean Na of 2.366 and Ne of 
0.179. The Ho values ranged from 0.198 (Kosober) to 
0.353 (Masha). Masha possessed the highest genetic 
diversity (Ho = 0.353; I= 0.693).

Genetic distance and identity among the fifteen 
O.alpina populations of Ethiopia
For each pair of the fifteen highland bamboo 
populations, genetic identity was determined 
according to Nei (1972). The highest genetic identity 
(0.980) was observed between Agaro and Konta, while 
the highest genetic distance (0.091) was observed 
between Chencha and Debresina populations. Based 
on Nei-Li’s similarity index, a high similarity rate 
was observed suggesting a close relationship among 
populations.

Genetic differentiation, gene flow and variance analysis 
of O.alpina populations
Analysis of Molecular Variance (AMOVA) among 15 pop-
ulations revealed that variations were highly distributed 
within populations (98%) rather than among populations 
(2%) (Table  5). O. alpina populations exhibited genetic 
differentiation (Fst = 0.019) and gene flow (Nm = 12.91) 
between populations. Paired comparisons among popula-
tions based on locus-by-locus analysis for the 16 microsatel-
lite loci revealed that Fst ranged from 0.000 at locus Phe453 
to 0.265 at locus Phe82. The highest genetic identity (0.980) 
was observed between Agaro and Konta, while the highest 
genetic distance (0.091) was observed between Chencha and 
Debresina populations.

Population structure, principal coordinate and cluster 
analysis
The Bayesian approach-based assignment of the 150 
individual plants to different groups using STRU​CTU​
RE outputs, predicted (K = 6) to be the most likely 
number of clusters (Fig. 3a). Based on this value, Clum 

pak result (bar plot) shows the mixed genetic structure 
of populations (Fig. 3b).

Principal coordinates analysis (PCoA) bi-plot shows 
the highly intermixed pattern of 150 individuals rep-
resenting 15 populations. In the PCoA, the first three 
principal coordinates accounted for 25.36% of the total 
variation. The first principalt coordinate accounted for 
9.85% of the total variation, while the second and third 
principal coordinates accounted for 8.07% and 7.44% 
respectively of the total molecular variance (Fig. 4).

UPGMA-based population phylogeny clustered the 
15 populations into 2 main clusters (1 and 2) followed 
by 5 sub-clusters (A, B, C, D, and E) (Fig. 5).

Discussion
SSR genotyping and extent of genetic diversity
The nature of their hypervariability, high abundance of 
information, and codominance make SSRs an interesting 
marker for population genetics and germplasm 
identification studies in plants (Yang et al.022; Liu et al. 
2022; Rohilla et  al. 2023). The geographic range of a 
species, the timing of its flowers, and its mating strategy 
are all factors that affect its genetic diversity (Hamrick 
and Godt 1996; Nyborn 2004). Other elements that may 
control the genetic diversity within a species include 
population size, gene flow, and genetic drift (George 
et  al. 2009). The flowering of O. alpina is only once 
every 45–50  years, hence vegetative propagation is the 
most common form of reproduction. This tends to back 
a hypothesis that claims the occurrences of low genetic 
diversity within O. alpina populations. The study results, 
however, debunked the hypothesis by showing that O. 
alpina populations have exhibited moderate genetic 
diversity within populations.

For O. alpina populations, there is no prior informa-
tion on the molecular marker-based genetic diversity in 
general and SSR marker analysis in particular. The total 
number of 49 alleles, 2–4 per loci from this study was 
better than 28 for Guadua inermis, 25 for G. amplexi-
folia and 13 G. tuxtlensis (Pérez-Alquicira et  al. 2021), 

Table 5  Summary of AMOVA for the 15 Ethiopian highland bamboo populations based on 16 SSR markers

Source of variation DF SS Variance Percentage 
of variationComponents

Among populations 14 74.3 0.06117 Va 1.99

Among individuals within 135 551.3 1.07519 Vb 35.03

Populations

 Within individuals 150 290 1.93333 Vc 62.98

Total 299 915 3.06969

Fixation Indices FIS: 0.35738 FST: 0.019 FIT: 0.37019
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comparable with 64 alleles ranging from 2 to 5 per loci 
that were detected using 23 SSR primers in P. edulis 
(Zhao et al.2015). However, lower than, 89 alleles of 5.93 
per loci (Sataya et al. 2016), 89 alleles within a range of 
2–16 loci in P. edulis (Liu et al. 2022) and 169 alleles were 
detected across 20 SSRs in P. edulis (Jiang et al. 2017). Cai 
et al. (2019) found 3–12 alleles for P.violascens and 3–20 
for Phyllostachys using EST-SSR primers. This reveals 
that the number of alleles to be detected significantly var-
ies not only in different species but also within the same 
species due to the use of genetic materials from different 
sources (Zhao et al. 2015). This study found no appreci-
able polymorphism variations between the SSR markers 
transferred from the two species, even though transfer-
ability and polymorphism rely on the genomic position of 
the markers (Lin et al. 2014).

The genetic diversity expressed in terms of expected 
heterozygosity was high for both loci and population 
(He = 0.399 and 0.398) respectively. However, that 
of observed heterozygosity is a bit lower, 0.261 for 
populations and 0.262 for loci. As a species with 
odd reproductive biology, these values are taken as 

a good indicator of genetic diversity (Ramanayake 
2006). Compared with other studies, the polymorphic 
information content (PIC = 0.92) shows the loci’s high 
information content and polymorphism. For instance, 
Liu et al (2022) presented a PIC of 0.46, Silva et al. (2020) 
found a PIC of 0. 50. Jiang et  al. (2017) found a PIC of 
0.74. Several species of bamboos evaluated by Chen et al. 
(2010) showed a PIC that ranges from 0.48 to 0.987, these 
values are better close to this study. As PIC informs the 
polymorphic level of the markers, any marker (PIC > 0.50) 
is suitable for genetic diversity study (Lin et  al. 2014; 
Satya 2016).

Despite agarose gel electrophoreses being used as a 
method for fractionation of SSR amplicons, the detected 
moderate genetic diversity from this study is higher than 
those reported in the genetic diversity analysis of saplings 
after a mass flowering of bamboo in the Brazilian 
Atlantic Forest (Ho = 0.191 for seedlings, Ho = 0.059 for 
saplings) based on nuclear SSR markers (Aberu et  al. 
2014). However, the result is consistent with the majority 
of the research findings. Using 42 SSR markers Sharma 
et  al. (2008) found genetic variability (Ho = 0.250) in 

Fig. 3  A the for ΔK k clusters, B Structure bar graph of highland bamboo groups inferred at K = 6 based on SSR data. The relationship between ΔK 
highest peak at K = 6
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Dendrocalamus hamiltonii. Reyes et al. (2015) observed 
genetic variation (Ho = 0.253) in Bambusa blumeana and 
(Ho = 0.265) in Dendrocalamus hamiltonii (Meena et al. 
2018). Similarly, moderate genetic diversity (Ho = 0.376) 
was detected in SSR analysis of P. edulis (Jiang et al. 2017) 
and Pérez-Alquicira et al. (2021) found (Ho = 0.330) in G. 
Tutlensis, (Ho = 0.210) in G. amplexifolia, (Ho = 0.200) 
in G. Inermis in three Mexican bamboos. Jiang et  al. 
(2013) found (Ho = 0.500, I = 0.532) based on 20 SSR 
markers in P. edulis. Jiang et  al. (2017) presented 
(Ho = 0.376, I = 0.500, PIC = 74.4%) for 34 P. edulis 
populations using 20 SSR markers. Genetic diversity 
study of Fargesia denudata using 15 SSR markers showed 
heterozygosity Ho = 0.420 (Lv et  al. 2016). The analysis 
using 14 SSR markers showed (Ho = 0.461) for Fargesia 
spathacea (Huang et al. 2020). Genetic diversity showed 
(Ho = 0.567) within populations of Dendrocalamus 
sinicus using eight SSR markers (Yang et  al. 2018). 
Analysis using 17 SSR markers resulted in (Ho = 0.430) 
for Guadua aff. chaparensis populations and (Ho = 0.39) 
for G. aff. lynnclarkiae populations in Brazil (Silva et al. 
2020). As reported by Attigala et  al. (2017) Srilanka’s 

Kurunadebilis showed (Ho = 0.758) using 12 SSR 
markers.

These differences may be more pronounced due to 
the homoplasy of SSR markers, sampling strategy, sam-
ple size, and sources of the genotyping material since 
materials of the same species collected in different areas 
and times have exhibited a significant difference in their 
genetic status (Zhao et  al. 2015). This could occur after 
a lack of genetic variation (Wong 2004). Due to having 
reduced genetic differentiation among populations but 
moderate to higher genetic variations within popula-
tions of the same species, such genetic characteristics are 
attributed to self-incompatibility, outcrossing and long-
lived plants (Hammrick et  al. 1992; Zawko et  al.2001; 
Rohilla et al. 2023). O. alpina is a long-lived woody bam-
boo species, with a long vegetative phase (Sertse et  al. 
2011; Isagi 2016) there is likely to be a moderate amount 
of genetic variation within the populations as shown in 
other bamboos (Jiang et  al. 2013, 2017). Nybom (2004) 
found that the majority of the genetic variability was con-
served within populations of long-lived and outcrossing 

Fig. 4  Principal coordinates analysis (PCoA) bi-plot showing the clustering pattern of 150 samples representing 15 populations. Samples coded 
with the same symbol and colors belong to the same population
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plants using sequence-tagged microsatellite marker 
analyses.

Genetic differentiation,gene flow and analysis of variance
Analysis of molecular variance (AMOVA) revealed that 
the highest genetic variability (62.98%) was accounted 
for within individuals than among populations (1.99%). 
The Nei-Li’s similarity index also revealed a high rate 
of similarity suggesting a close relationship among 
populations. This is not consistent with similar studies on 
bamboos that detected 14.55% among populations and 
84.55% within populations (Jiang et al. 2017) and 71.74% 
among populations and 28.25% within populations 
(Pérez-Alquicira et al. 2021).

According to Wright (1978) Fst value classification, 
a very low level of genetic differentiation (Fst = 0.019) 
was obtained. Only one study shows lower Fst than 
the current study (Fst = 0.01) for Guadua amplexifolia 
(Pérez-Alquicira et  al. 2021). This implies that genetic 
differentiation was poorly pronounced. In the SSR 
analysis of Mexican bamboos, Pérez-Alquicira et  al. 
(2021) found genetic differentiation of (Fst = 0.04) for G. 
tuxtlensis and (Fst = 0.29) for G. Inermis. Kuruna debilis 
populations in Sri Lanka showed genetic differentiation 
(Fst = 0.113) using SSR Markers (Attigala et al. 2017). In 
the SSR study of Phyllostachys edulis, (Fst = 0.162) was 
found (Zhao et al. 2015). Very high genetic differentiation 

was found (Fst = 0.847) for Dendrocalamus giganteus 
(Tian et  al. 2012), (Fst = 0.338) for Dendrocalamus 
hamiltonii (Nilkanta et  al. 2017). According to Abreu 
et  al. (2014), genetic differentiation among seedlings 
and saplings of Brazilian bamboo after a mass flowering 
was (Fst = 0.31) for the chloroplast SSR. Using eight 
SSR markers, Yang et  al. (2022). Found (Fst = 0.306) in 
Dendrocalamus sinicus. According to Grant (1991), 
genetic differentiation and population gene flow are 
inversely correlated. The result supported the previous 
assertion of high gene flow (Nm = 12.91) despite the very 
poor or non-existent seed dispersal mechanism of O. 
alpina populations. SSR analysis of Melocanna baccifera 
populations reported gene flow (Nm = 2.545) (Zawko 
et  al. 2001) and (Nm = 1.203) in Phyllostachys edulis 
(Zhao et al. 2015). Overall gene flow (Nm = 0.49) among 
all the populations of Indian Dendrocalamus hamiltonii 
populations (Nilkanta et  al. 2017). However, the same 
study observed high gene flow (Nm = 1.73) between 
Kangra and Mandi populations of Indian localities, while 
Mandi and Mizoram recorded low gene flow (Nm = 0.26).

The ability of a species to develop genetic variation 
across its range depends in large part on the spatial 
organization of local populations and the associated 
patterns of gene flow (Ennos 1991). Pollen drift and seed 
dispersal could not be the most likely reason for gene 
exchange across populations over a great distance due 

Fig. 5  Un-weighted pair-group method with arithmetic mean (UPGMA) Dendrogram showing genetic relationships among the 15 populations 
considered based on Nei’s unbiased genetic distance
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to limited pollen dispersion brought on rare flowering, 
a naturally protracted vegetative phase and changes 
in flowering times (Sertse et  al. 2011; Zhang and Ma 
1990). However, such high value ofgene flow might be 
attributed to the fact that O. alpina populations have 
likely undergone massive distribution of vegetative 
parts to different areas probably many years ago. The 
population structure, principal coordinate and cluster 
analysis show the mixing and overlapping of O.alpina 
individuals from various populations. According to 
Chen et  al. (2014) plants that are close to one another 
retain higher genetic identity than those far from each 
other. Similar to this, the highest genetic identity (0.980) 
was observed between Agaro and Konta (157  km), 
which are much closer geographically than those with 
the highest genetic distance (0.091) observed between 
Chencha and Debresina (632 km). This would have been 
more acceptable if the highest genetic identity occurred 
between Ankober and Debresina populations due to their 
very closer distance of 97 km than any other populations.

Population structure, principal coordinate and clustering
As shown from Delta K, for STRU​CTU​RE analysis, the 
most likely cluster for 15 populations is (K = 6) with a 
high intermix of individuals. Little intermix (K = 2 and 
3) clusters were found in G. amplexifolia, G. Inermis and 
G. tuxtlensis populations of Mexican bamboos (Pérez-
Alquicira et al. 2021). The structure analysis of Brazilian 
347 bamboo individuals formed (K = 5) distinct groups, 
showing little intermix among populations (Silva et  al. 
2020). The principal coordinate analysis shows that 
individuals from a single population were extensively 
dispersed and difficult to form groups as a result of 
significant genetic admixture, most likely due to sharing 
similar vegetative reproduction material probably many 
years back. Gene flow which relies on seed dispersal and 
pollen drift is the unlikely reason for such high genetic 
admixture since the flowering of O.alpina populations 
requires up to five decades and seed viability is very 
low (Shewaye et al. 2019). There is no well-documented 
information about the difference in flowering, pollen 
dispersal and seed flow between the sampled populations 
except that the O. alpina population of the Injibara area 
has been flowering every three- to five-year intervals 
(Sertse et  al. 2011). Other sampled populations are 
thought to take decades to flower.

The Unweighted Pair Group with Arithmetic Mean 
(UPGMA) analysis of SSR data depicted that 15 
populations were clustered into two main and five sub-
clusters. However, the clustering does not coincide with 
their geographic origins. The UPGMA analysis by Liu 
et  al. (2022) clustered 34 bamboo accessions into two 
groups using 15 SSR markers. The study showed that the 

majority of the accessions were grouped based on their 
taxonomic classifications. However, the used primer 
sets could not distinguish some accessions accordingly, 
pointing to the limitation of the employed SSR markers 
(Liu et al. 2022). Likewise, the SSR markers used in this 
study were not able to discriminate the populations 
according to their geographical origin or proximity to 
each other. This is in contrary to the prediction that plant 
populations often have a close genetic structure at short 
distances (Ennos 2001).

Limitations
The use of fewer SSRs and agarose gel, which might 
not be able to adequately distinguish the tiny changes 
between SSR amplicons, may be the cause of the 
populations’ relatively very low genetic differentiation 
but substantial genetic diversity within a population. 
Therefore, more research should concentrate on 
employing representative, distinct O. alpina populations, 
a greater number of SSRs that can capture the species’ 
entire genetic diversity, and a capillary electrophoresis 
technique for improved SSR amplicon discrimination. 
Additionally, to better understand the genetic diversity 
and population dynamics of O. alpina populations, future 
research should develop the species’ own SSR markers.

Conclusions
The study demonstrated the presence of moderate 
genetic diversity within populations and very low 
genetic differentiation among populations. Despite 
the Bayesian structure analysis forming six groups 
(K = 6) from 15 analyzed populations, distinct groups 
are not generated as also confirmed by UPGMA and 
PCoA analysis. Despite conservation measures being 
important for all populations this study suggests that 
Masha and Tikurcheni populations should be prioritized 
for in  situ conservation. More detailed studies should 
focus on isolated populations that exhibit distinctive 
morphology may assist in knowing the assertions 
of morphological variations. This is important since 
molecular-based diversity analysis enables to re-evaluate 
traditional taxonomy that relies on vegetative features in 
bamboo.
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