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Background. As a member of Poaceae and subfamily Bambusoideae, Ethiopian lowland bamboo (Oxytenanthera abyssinica) is one
of the most important nontimber forest resources or a potential alternative to wood and wood products. Ethiopia contributes 86%
of the total area of bamboo on the continent, Africa, and 7% of the world. O. abyssinica in Ethiopia accounts for 85% of the total
national coverage of bamboo. Several studies have been performed on the genetic diversity and population structure analysis of
various bamboo species throughout the world but almost nothing in Ethiopia and O. abyssinica. Methods. Young fresh leaves of
O. abyssinica from thirteen natural lowland bamboo growing areas across the country were collected. DNA was isolated using a
modified CTAB DNA isolation method. Three cpDNA gene sequences (matK, ndhF3, and rps16) were used for the study. PCR
products were analyzed, purified, and pair-end sequenced to calculate AC/GC content, average number of nucleotide differences
(k), nucleotide diversity () and population mutation rates per 100 sites (6w), InDel (Insertion-Deletion), DNA divergence, gene
flow, and genetic differentiation. Results. Metekel Zone was found to have extremely higher k, 7, and 6w. Higher frequency of
genetic differentiation was found between Metekel Zone vs. the distant populations. Higher frequency of gene flow was found
between Assosa Zone vs. Oromia populations. Kurmuk haplotype from gaps or missing data considered and Bambasi haplotype
from not considered has descendants around them. Conclusion. Using sequences of cpDNA genes, populations of O. abyssinica
collected in Ethiopia show clear diversity based on their geographic location. Metekel Zone was found to have the most diverse
population, Assosa Zone has been found to be the source of evolution of O. abyssinica, and Gambella population shows a
difference from other O. abyssinica populations.

1. Introduction species are under commercial cultivation [2]. Bamboo is the
fastest-growing plant, 100 cm per day, in the world [3] and one
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belonging to order Poales (monocotyledon), family Poaceae tential alternative to wood and wood products [4].

(grass family), subfamily Bambusoideae, and tribe Bambuseae, Bamboo is widely distributed in Asia, Latin America, and

encompassing ca. 1,662 species in 121 genera [1] and about 100  Africa from sea level to highlands in tropical, subtropical,
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and temperate countries [5, 6]. According to the world
bamboo resources assessment report, Ethiopia, Kenya, and
Uganda possess most of the bamboo resources in Africa [7].
Ethiopia contributes to the leading coverage constituting
more than 1.44 million hectares [8]. This constitutes about
86% of the total area of bamboo on the continent and 7% of
the world [9].

There are two indigenous woody bamboo species in
Ethiopia: the African Alpine Bamboo or highland bamboo
(Yushania alpina K. Shumann Lin; synonym: Arundinaria
alpina K. Schumann) and the monotypic genus lowland
bamboo (Oxytenanthera abyssinica (A. Richard) Munro).
These species occur in some other African countries, but
nowhere other than the continent of Africa [9, 10]. They are
indigenous to Ethiopia and endemic to Africa, confined to
the sub-Saharan region [9]. The lowland bamboo covers a
range of elevation between 540 and 1750 m and highland
bamboo at a higher elevation above 2,480 m [8]. The lowland
bamboo (O. abyssinica) in Ethiopia accounts for 85% of the
total national coverage of bamboo, and the remaining 15% is
covered by highland bamboo (A. alpina) [9, 11].

Genetic erosion of bamboo and their wild relatives are
accelerating at a high rate because of human activities such
as deforestation, wild firing, overexploitation, and intro-
duction of exotic species without investigation and proper
research on the potential impact of genetic pollution and
general problems associated with transfer of exotic germ-
plasm [1]. Ethiopia introduced around 23 new species of
bamboo in two rounds since 2007. The first entries were by
the Ministry of Agriculture and INBAR. Seven species of the
Lst entries have been tested for their adaptability and growth
performance in different locations without adequate studies
and inquiry. The second entries that comprise 16 species
were introduced by Morel Agroindustries LTD. These
species are under multiplication at Holetta and Gurd-shola
nurseries of CE-EFRC, Addis Ababa [12].

As many as half of the world’s woody bamboo species
have become vulnerable to extinction as a result of massive
forest destruction [13]. The most important problems cur-
rently faced by bamboos in Ethiopia are related with high
abandonment of bamboo plant due to lack and/or gap of
knowledge on its biology and genetics, presence of high
genetic erosion, and destruction of the plant due to human
activities (Grand Ethiopian Renaissance Dam (GERD) with
a catchment area of 172, 250 km” [14] is built primarily on
major lowland bamboo-growing areas of Metekel Zone of
Benishangul, Gumuz Region (BGR)).

Relatively limited numbers of molecular finger printing
studies have been carried out to assess the genetic diversity of
bamboo species [2], and no genetic diversity study on
O. abyssinica in Ethiopia has been conducted so far. The lack
of research studies conducted in Ethiopia, especially on the
diversity and systematics of O. abyssinica (the species with
great ecological and industrial benefit and great coverage in
Africa) at the DNA level, prompted the commencement of
this research. Therefore, for the present study, we sequenced
coding (matK and ndhF) and noncoding (rps16) regions of
cpDNA genes aimed to assess the genetic diversity, pop-
ulation structure, and gene flow analysis of O. abyssinica
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collected from lowland bamboo-growing areas of the
country.

2. Materials and Methods

2.1. Plant Material Collection. Young fresh leaves from
thirteen natural O. abyssinica-growing areas across the country
were collected. Representative young leaves (3-5) from three
independent bamboos for each population were immersed and
preserved in a 15ml falcon tube containing 2% CTAB (2%
CTAB, 100mM Tris-Base pH 8.0, 25mM Na,-EDTA, 2M
NaCl, 250 mg/mL PVP, and 2% S-mercaptoethanol) solution.
Areas of sample collection along with GPS data and altitudinal
information are presented in Table 1. Maps showing sample
coverage and collection site are described in Figure 1.

2.2. DNA Extraction and PCR Amplification. Genomic DNA
from three independent samples of each sample was isolated
using a modified CTAB method [15] at the Department of
Biosciences, Laboratory of Biochemistry, Molecular Biology,
and Biotechnology, COMSATS University, Islamabad, Paki-
stan. Leaves immersed in falcon tubes were taken out and
crushed by using an autoclaved mortar and pestle using new
fresh 1-2 ml of 2% CTAB solution. Only 1 ml of the crushed
tissue was transferred to a new sterile centrifuge tube using
blue pipette tips which were cut. Seven hundred microliter of
chloroform was added to the crushed tissue and mixed
thoroughly and centrifuged at 160004 for 10 minutes 26°C. Six
hundred microliter of the supernatant (only clear mix) was
transferred to the new fresh Eppendorf tube, and 60 yl of 3M
sodium acetate (pH 5.2) was added and thoroughly mixed. Six
hundred microliter of ice-cold isopropanol was added and
gently mixed by inverting the tubes 3-5 times, and then, the
tubes were placed in a refrigerator (—20°C) for 2 h. The mix was
centrifuged at 16000g at 4°C for 5 min to precipitate the DNA.
The supernatant was discarded, and the DNA was washed by
1 ml 70% ethanol by dissolving the pallet completely in the
wash buffer and centrifuged at 16000 x g for 3 min. at 4°C. The
wash step was repeated by cold absolute ethanol (1 ml), and the
pellet was air-dried. The pellet was dissolved in 60 ul 0.1X TE
(10mM Tris-HCI pH 8.0 and 1 mM EDTA pH 8.0) buffer
containing RNase. Test gel electrophoresis in 1% agarose (0.5x
TBE buffer was used for gel preparation and run) and
nanodrop (Implen Nanophotometer 190-1100 nm spectro-
photometer) of each sample were measured, and those with
high DNA quality were used for PCR amplification. Among
ten primers that amplify ten specific cpDNA regions selected
from [16, 17] and designed via Primer3 primer designing
program (http://bioinfo.ut.ee/primer3-0.4.0/), three chloro-
plast sequences with coding (matK and ndhF) and noncoding
(rps16 intron) were used (Table 2).

2.3. PCR Product Profiling, Sequencing, and Alignment.
PCR reaction (50 ul per reaction) and amplification con-
tained 7.50 yl of 50-100 ng/ul template DNA, 5.0 ul of Taq
buffer (100 mM Tris-HCl, 500 mM KCl, 15 mM MgCl,, pH
8.5 (25°C), 5.0 ul of ANTPs mix (2.5mM each), and 2.5 yl of
Taq DNA Polymerase (5U/ul) (WizPure™ Taq DNA
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TaBLE 1: Sample information along the GPS location.

GPS reading

Region Zone District Specific collection site Altitude a.s.l (m)
East North
Guba Yarenja 11°16'13.1"  035722'15.4" 824
Metekel Dangur Misreta 11°18'50.3"  036°14'10.6" 1240
Mandura Etsitsa 11°09'14.5"  036°19'50.3" 1039
Pawe/Almu Mender 30 11°18'32.5"  036°24'40.2" 1118
Benishangul-Gumuz Bambasi Ambesa Chaka 09°53'55.0"  034°40'01.8" 1518
Assosa Assosa Tsetse Adurnunu 10°09'29.9"  034°31'37.1" 1507
Kurmuk HorAzab 10°32/33.7"  034°28'57.9" 1275
Kemash Kemash Kemash 09°29'31.4"  035°52'35.2" 1234
Yasso Dangacho 09°52'27.5"  036°05'32.6" 1176
Oromia West Wollega Gimbi Aba Sena Forest 09°01'32.2"  035°59'54.1" 1407
Buno Bedele Dabu Hena Didhessa Valley 08°40'21.1"  036°23'32.9"” 1399
Gambella Gambella Abol Penkwe 08°14'13.1"  034°31'06.2" 435
SNNPs Konta Konta Koyshe 06°43'35.6"  036°34'26.8" 958

Polymerase)), 1.25 ul of 25 pM of each primer (Table 2), and
28.75 ul of PCR grade H,O. Profile of PCR for all primer sets
included pre-PCR denaturation at 96°C for 3 min followed
by 35 cycles of denaturing at 96°C for 30 sec., annealing at
53°C for 30sec., extension at 72°C for 1min., a final ex-
tension at 72°C for 20 min, and hold at 4°C. 3.0ul PCR
products were analyzed using a standard 1% agarose gel
electrophoresis and purified and paired-end sequenced at
Macrogen, Inc. Seoul, Korea.

The sequence of both strands of every fragment amplified
from each sample was assembled separately using DNA
Dragon version 1.6.0, and each sampling district was repre-
sented by a single sequence with the one very identical and
informative among the triplicate samples. BLAST searches for
each target sequence were used to confirm probable homology
(query cover, identity percentage, E-value, and direction of the
strand). The assembled sample sequence was then submitted
to the GenBank and used for sequence analysis. Sequences of
three markers from each samples were arranged in FASTA
format and aligned in MAFFT (multiple sequence alignment
software version 7) [18] and realigned again using MUSCLE
(multiple sequence comparison by log-expectation) of MEGA
X [19] to increase the quality of final alignment product.
Sequence information for submission to NCBI was prepared
by Sequin v5.51. An accurate and complete GenBank record or
accession number is reported in Table 3.

2.4. Evolutionary Tree Construction and Network Analysis.
The sequence alignments with MUSCLE were used to
identify the best nucleotide substitution model and con-
struct the neighbor-joining (NJ) tree (Figure 2) using MEGA
version 7.0. The NJ tree analysis was conducted using
Kimura’s two-parameter distance correction mode to build a
phylogenetic tree. The evolutionary distances were calcu-
lated based on the Maximum Composite Likelihood (MCL)
method [20] and are in the units of the number of base
substitutions per site. Gamma distribution (shape param-
eter = 1) was used for the rate variation among sites. For each
sequence pair, all ambiguous positions have been removed,
and for the final dataset, there were a total of 3,694 positions.
DnaSP version 6.10.01 was used to generate haplotype files

(with and without the use of the indels) for network analysis.
The generated sequence files were saved as a Roehl format,
and network analyses were performed via Network version
5.0.1.1 (http://www.fluxus-engineering.com/sharenet.htm).

2.5. Nucleotide Diversity, InDel Polymorphism, and Gene Flow
and Genetic Differentiation. DnaSP version 6.10.01 was used
to calculate and analyze (1) nucleotide diversity including an
average number of nucleotide difference (k), nucleotide di-
versity (), and population mutation rates per 100 sites (6w)
for total sequence (coding + noncoding regions together) and
coding and noncoding regions separately, (2) InDel poly-
morphism including the number of sites with fixed gaps, total
number of (InDel and non-InDel) sites, average InDel length,
InDel diversity k (i), and InDel diversity per sites 7 (i), and (3)
gene flow and genetic differentiation including gene flow via
genetic differences among population (Gamma St) and av-
erage level of gene flow (Fst) and genetic differentiation via
nucleotide-sequence-based statistics (Ks) and average num-
ber of nucleotide differences between population 1 and
population 2 (Kxy).

3. Results and Discussion

There were 13 nucleotide sequences involved in the analysis
of the current study. For each pair of sequences, each
ambiguous position was removed, and in the last dataset,
there was an aggregate of 3,694 positions. Evolutionary
history using NJ together with nucleotide diversity analysis,
DNA divergence between populations, InDel polymor-
phism, and gene flow and genetic differentiation analysis on
O. abyssinica was investigated to analyze on this paper which
is the first to study the plants genetic diversity, population
structure, and gene flow using coding (matK and ndhF) and
noncoding (rps16) regions of cpDNA genes.

3.1. Chloroplast DNA Sequence Character and Sequence
Divergence

3.1.1. GC and AT Content Analysis. The highest AT content
(66.6%) in Bambasi, Kurmuk, and Pawe populations and
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FIGURE 1: Maps showing the sample collection area. (a) Ethiopia’s bamboo cover map in the Finer Resolution Observation and Monitoring-
Global Land Cover (FROM-GLC) classification scheme with other land cover classes, (b) map of Ethiopia showing the sample collection

area, and (c) clipped map showing the sample collection area.

the least (66.4%) in Dangur, Abol, and Dabu Hena
populations were observed by the aggregate genes, while
the GC content was the highest (33.6%) in Dangur, Abol,
and Dabu Hena populations and the least (33.4%) was
observed in Bambasi, Kurmuk, and Pawe populations

(Table 4). Average GC and AT content and total sequence
were 66.5%, 33.5%, and 3658.6, respectively, in the ag-
gregate cpDNA genes. Since the comparison was between
different populations of a single species (O. abyssinica),
there was no significant difference on GC and AT content
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TaBLE 2: cpDNA primer sequences, their approximate amplified size, and PCR profile.
Primer Amplified size Primer sets Amplification PCR profile (all end with 4°C hold)
name (bp) pattern
K ~1.350 F: CGTTCTGACCATATTGCACTATG Excellent
ma : R: AACTAGTCGGATGGAGTAG xeeten
F: GTCTCAATTGGGTTATATGATG 96°C, 3 min.; 35X (96°C, 30 sec., 53, 30 sec.,
ndhF ~1,140 R: Excellent 72°C 1min.); 72°C, 20 min
CCCCCTAYATATTTGATACCTTCTCC e ?
o516 ~ 860 F: AAACGATGTGGTARAAAGCAAC Excellent
P R: AACATCWATTGCAASGATTCGATA
TABLE 3: An accurate and complete GenBank record (accession numbers at the NCBI).
Coding region Intron
Sample name
matK ndhF rpsl6
Bambasi MH445413 MH445426 MH445439
Assosa MH445414 MH445427 MH445440
Kurmuk MH445415 MH445428 MH445441
Guba MH445416 MH445429 MH445442
Dangur MH445417 MH445430 MH445443
Mandura MH445418 MH445431 MH445444
Pawe MH445419 MH445432 MH445445
Kemash MH445420 MH445433 MH445446
Yasso MH445421 MH445434 MH445447
Gimbi MH445422 MH445435 MH445448
Dedhesa MH445423 MH445436 MH445449
Abol MH445424 MH445437 MH445450
Koyshe MH445425 MH445438 MH445451

Assosa

Bambasi

Kurmuk ] Assosa zone

“L Gimbi ] West Wollega

Guba

59 T Mandura
32

i| Assosa zone

pu Yasso
{ Kemash zone
Kemash

Metekel zone

Dangur _| Metekel zone
79|: Dabu Hena :| Buno Bedelle

+ Koyshe ] SNNPs

Abol ] Gambella

0.0019 scale

Pawe

] Distant population

F1GURE 2: The neighbor-joining tree of O. abyssinica obtained based on pair-wise distance from the combined data of matK, ndhF, and

rpsleé.

observed and the result of each samples was close to the
average.

3.1.2. Neighbor-Joining Method Evolutionary History of
Ethiopian Lowland Bamboo. The evolutionary history of
bamboo was inferred based on the Neighbor-Joining [21]
method. NJ shows the optimal tree with the total length of
the branch = 0.01179101 (Figure 2). Except samples collected

from the Oromia Region that show mixing with Kemash and
Metekel groups, other populations form their own group
which secures the distinctness of their population and ef-
fectiveness of genes used for the study.

Three major clusters and three subclusters with five clades
(Assosa Zone, Kemash Zone, Metekel Zone, the distant, and the
intermixed Oromia Region samples) were formed in the final NJ
analysis. The three cpDNA genes (matK, ndhF 3', and rpsI6)
were analyzed separately and then combined into a single data to
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TaBLE 4: GC and AT content of each aggregate cpDNA genes.

matK (~1,350 bp)

ndhF (~1,140 bp)

rpsl6 (~860 bp) Aggregate genes

Sample name Percentage Percentage Percentage Percentage
Total sequence Total sequence Total sequence Total sequence
AT AT AT AT

Assosa 66.4 33.6 1778.0 66.8 33.2 1057.0 65.9 341 848.0 66.5 33.5 3670.0
Bambasi 66.4 33.6 1778.0 66.7 33.3 1057.0 66.0 34.0 853.0 66.6 33.4 3666.0
Kurmuk 66.4 33.6 1778.0 66.8 33.2 1057.0 66.2 33.8 852.0 66.6 33.4 3669.0
Kemash 66.4 33.6 1778.0 66.6 33.4 1057.0 66.2 33.8 852.0 66.5 33.5 3662.0
Yasso 66.4 33.6 1778.0 66.6 33.4 1057.0 66.2 33.8 852.0 66.5 33.5 3656.0
Dangur 66.4 33.6 1779.0 66.4 33.6 1057.0 66.1 33.9 852.0 66.4 33.6 3680.0
Guba 66.4 33.6 1778.0 66.7 33.3 1056.0 66.2 33.8 852.0 66.5 33.5 3634.0
Mandura 66.4 33.6 1779.0 66.6 33.4 1056.0 66.2 33.8 852.0 66.5 33.5 3635.0
Pawe 66.4 33.6 1779.0 66.4 33.6 1057.0 66.1 33.9 852.0 66.6 33.4 3648.0
Abol 66.4 33.6 1778.0 66.5 33.5 1058.0 66.0 34.0 852.0 66.4 33.6 3671.0
Gimbi 66.3 337 1779.0 66.8 33.2 1057.0 66.2 33.8 852.0 66.5 33.5 3648.0
Dabu Hena  66.4 33.6 1779.0 66.4 33.6 1057.0 66.1 33.9 852.0 66.4 33.6 3650.0
Koyshe 66.5 33.5 1778.0 66.4 33.6 1057.0 66.1 33.9 853.0 66.5 33.5 3673.0
Average 66.4 33.6 1778.4 66.6 33.4 1056.9 66.1 33.9 851.8 66.5 33.5 3658.6

construct an optimal NJ tree (Figures 3(a)-3(d)). All positions
with gaps and missing data were removed. There was a total of
(A)=1,771, (B) =1001, (C) =834, and (D) = 2,773 positions in
the final dataset. The sum of branch length (A)=0.00339115,
(B) =0.01103842, (C)=0.00780990, and (D)= 0.00668883 was
obtained. The percentage of replicate trees clustered together in
the bootstrap test [22] by the associated taxa 1000 replicates is
shown next to the branches. With branch lengths in the same
units as those of the evolutionary distances used to construct the
phylogenetic tree, the tree is drawn to scale. Evolutionary dis-
tances were calculated using the MCL method and are in the
number of base substitutions per site units. The ndhF 3’ gene of
the cpDNA alone shows the result similar with all primers
merged together. In all conditions, samples collected from
Kemash Zone were not separated and always together with great
nodal support, and this population showed to be lastly evolved
except for Figure 3(b).

3.2. Network Analysis. The total number of mutations
disregarding the torso (130, 27), estimated number of
mutations of shortest tree within the torso (73, 0), esti-
mated number of mutations of shortest tree (203, 27), total
number of taxa (13, 13), and total number of haplotypes (13,
11) were observed on gaps considered and not considered
network analysis. Number values before parenthesis are for
gaps considered and after parenthesis are for gaps not
considered. Haplotype 8 (Kurmuk sample of Assosa Zone)
from gaps considered (Figure 4(a)) and haplotype 2
(Bambasi sample of Assosa Zone) from gaps not considered
(Figure 4(b)) have descendants around them, many of
which differ from them by nucleotide change (at sites
shown by numbers), and some are more distantly related.
Both forms approve that Assosa Zone is the root of
O. abyssinica and others have diverged from this zone. The
distant populations H_3 (Abol sample of Gambella Region)
and H_11 (Koyshe sample of SNNPs Region) from gaps not
considered and H_3 (Abol sample of Gambella Region) and
H_13 (Koyshe sample of SNNPs Region) from gaps con-
sidered showed to be distant from the root.

3.3. Nucleotide Diversity Analysis. Metekel Zone found ex-
tremely higher k (23.17), m (0.00633 +0.00046), and Ow
(22.33333+0.00099).  Distant  populations  (11.000,
0.00300 + 0.00150, and 11.00000 + 0.00222) followed by
Oromia, Assosa Zone, and Kemash Zone were found to be
lower in k, m, and 6w (Table 5). This implicates that gene
differentiation in Metekel Zone and the distant populations
is higher and that makes them a diverse population as
compared to others.

3.4. InDel Polymorphism Analysis. The average InDel length
was higher on Kemash (15.33) and Metekel Zones (12.21),
and the lower value was observed on Assosa (7.14), distant,
and Oromia populations (Figure 5), whereas the total
number of (InDel and non-InDel) sites analyzed were higher
for populations of Metekel (3,692), distant population
(3,679), and Assosa Zone (3,678), but Oromia and Kemash
Zone populations show a relatively smaller value (Figure 5).
Higher frequency of InDel makes Metekel, the distant
population, and Assosa Zone populations more diverse than
Oromia (3,654) and Kemash Zone (3,668) populations.
From this, we can conclude InDel plays a significant role in
genetic  differentiation and population structure of
O. abyssinica populations.

3.5. Analysis of DNA Divergence. DNA divergence between
populations was higher between populations of Metekel,
Oromia, Kemash, and Assosa Zone vs. distant populations in
chronological order (Figure 6). The k was higher between
Metekel Zone vs. distant population (9.5) followed by
Oromia vs. distant population (8.67) and Kemash Zone vs.
distant population (8.47). The least k was found between
populations of Assosa vs. Kemash Zone and between Assosa
Zone vs. Oromia. The 7 () was higher between Metekel
Zone vs. distant population (0.0026) followed by Oromia vs.
distant population (0.0024) and Kemash Zone vs. distant
population (0.0023). The least 7 () was found between
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FIGURE 3: The NJ tree obtained based on pair-wise distance from individual and merged primers on 13 Ethiopian lowland bamboo
populations. (a) matK, (b) ndhF 3', (c) rps16, and (d) matK + ndhF 3' end.
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FIGURE 4: Network obtained based on (a) gaps/missing data considered and (b) gaps/missing data not considered. Note 1: haplotypes for
(a): H_1 [Assosa], H_2 [Bambasi], H_3 [Abol], H_4 [Kemash], H_5 [Yasso], H_6 [Dangur], H_7 [Pawe], H_8 [Kurmuk], H_9 [Guba],
H_10 [Guba], H_11 [Mandura], H_12 [Dabu Hena], and H_13 [Gimbi]. Note 2: haplotypes for (b): H_1 [Assosa], H_2 [Bambasi], H_3
[Abol], H_4 [Kemash + Yasso], H_5 [Dangur + Dabu Hena], H_6 [Pawe], H_7 [Kurmuk], H_8 [Guba], H_9 [Mandura], H_10 [Gimbi], and

H_11 [Koyshe].
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TaBLE 5: Nucleotide diversity analysis on O. abyssinica populations in different zones.

Analysis in pair-wise comparisons

) Total Coding region Noncoding region
Population
k A Ow k i Ow k li1 bw

Assosa Zone 4.33  0.0012+0.0003 4.33+0.0006 2.00 0.0007+0.0002 2.00+0.0005 1.33 0.0016+0.0007 1.33+0.0013
Metekel Zone 23.17 0.0063+0.0005 22.33+0.001 10.67 0.0038+0.0005 10.12+0.001 1.33 0.0016+0.0003 1.09+0.0010
Kemash Zone 2.00 0.0005+0.0003 2.00+0.0005 0 0+0 0+0 0 0+0 0+0
Oromia 8.00 0.0022+0.0011 8.00+0.0016 6.00 0.0021+£0.0011 6.00+0.0016 2.00 0.0023+0.0012 2.00+0.0020
Distant pop. 11.00 0.0030+0.0015 11.0+0.0022 8.00 0.0028 +£0.0014 8.00+0.0021 2.00 0.0023+0.0012 2.00+0.0020

Note. k denotes average number of nucleotide differences, 7 (Pi): pair-wise average nucleotide diversity per 100 sites along with standard deviation, and 6w
(Theta-w) signifies the Watterson estimator for population mutation rates per 100 sites with its standard deviation.

InDel polymorphism of Ethiopian lowland bamboo (O. abyssinica)

Frequency and percentage
B

A C
15,15.2% 16, 16.2% g 3% 18, 14.0% 3667, 20.1%, 3660, 20.1%
4P, . F [
26,26.3% 3646, 20.0% - '3652, 20.0%
40, 40.4%
2,2.0% I
? 75,58.1% 3617, 19.8%
0, D E E
2 93% 18 14.0% 3679, 20.0% 3678, 20.0% 4.500,10.4%__  7.143,16.5%
8,6.2% 4.000, 9.3%
\ A—m, 12.4% &
3654, 19.9%- '3668, 20.0%
12.214, 28.3%" 15.333, 35.5%

75,58.1%

G 4.667,23.7% H
4.000, 20.3% 0.00109, 20.3%,

Q‘-&ooo, 15.3%

6.000, 30.5%

a
.

2.000, 10.2% 0.00055, 10.3%

0.00163, 30.4%

Q -0.00127, 23.7%
D = total number of non-InDel sites analysed
Q'\O.OOOSZ’ 15.3% E = total number of (InDel and non-InDel) sites analysed

3692, 20.1%

Where

A = number of sites with fixed gaps

B = total number of InDel sites

C = total number of InDel sites analysed

F = average InDel length
G = InDel diversity, k (i)
H = InDel diversity per sites, 7 (i)

Category
[ Assosa zone [ Oromia
B Kemash zone [ Out group

[ ] Metekel zone

FiGURe 5: Frequency and percentage of InDel polymorphism of the O. abyssinica population in Ethiopia.

populations of Assosa Zone vs. Kemash Zone and between
Assosa Zone vs. Oromia.

The MP in PI, but monomorphic in P2, was higher
between Metekel Zone vs. distant population (10) followed
by Oromia vs. distant population (7) and Metekel Zone vs.
Oromia (5). The MP in P1, but monomorphic in P2, was
found to be zero between populations of Kemash vs. Metekel
Zone and between Kemash Zone vs. Oromia. The MP in P2,
but monomorphic in P1, was higher between Assosa Zone
vs. Metekel Zone (11) and between Kemash Zone vs. Metekel
Zone (11) followed by Kemash Zone vs. the distant pop-
ulation (10). The least MP in P2, but monomorphic in P1,
was found between populations of Metekel Zone vs. Oromia
followed by between Assosa Zone vs. Kemash Zone. The 7

between populations was higher between distant pop-
ulations vs. Kemash Zone (11.5) followed by distant pop-
ulations vs. Metekel Zone (9.5) and distant population vs.
Assosa Zone (9.33). The least m between populations was
found between populations of Assosa Zone vs. Kemash Zone
and between Assosa Zone vs. Oromia.

Any population compared to the distant populations was
found to have larger DNA divergence than others. This tells
us DNA of the distant population is distinctly different from
that of other populations. DNA divergence between Assosa
vs. Kemash Zone, Assosa vs. Oromia Zone, and Kemash
Zone vs. Oromia was found to be smaller. Those three zones
(Assosa, Kemash, and Oromia) are very close to each other,
and there might be seed and/or seedling transfer between
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5]

Assosa  Assosa  Assosa
zonevs  zonevs  zonevs
kemash  metekel oromia
zone zone
uk 3 5.524 4.6
" (h) 0.00082  0.00153  0.00127
MP in P1, but monomorphic in P2 4 3 3
MP in P2, but monomorphic in P1 1 11 7
¥ 77 between populations 3.5 5.75 5
= Dx 0.00096 0.00159 0.00138

ahil]

Ml

Assosa  Kemash Kemash Kemash Metekel Metekel Oromia
Zonevs Zonevs ZONeVvs ZONevs ZONeVS  zonevs vs
distant metekel oromia distant oromia  distant  distant
pop. zone pop. pop. pop.
7.4 6.333 5.333 8.467 6.467 9.5 8.667
0.00202 0.00175 0.00146 0.00234 0.00179 0.00261 0.00238
4 0 0 1 5 10 7
10 11 8 10 2 9 9
9.333 6.75 6 11.5 6 9.5 8.5
0.00255 0.00187 0.00165 0.00263 0.00166 0.00316 0.00233

FIGURre 6: DNA divergence between different zones of O. abyssinica populations in Ethiopia. Note: k denotes the average number of
nucleotide differences, 7 (t): nucleotide diversity, MP: mutations polymorphic, P1: population 1, P2: population 2, 7: average number of
nucleotide differences, and Dx: average number of nucleotide substitution per site between populations.

populations that make them close and related to each other
on their genetic makeup.

3.6. Gene Flow and Genetic Differentiation Analysis.
Extremely higher frequency of genetic differentiation was
found between Metekel Zone vs. the distant population
(51.63) and between Assosa Zone vs. Metekel Zone (51.5).
The least frequency was observed between Kemash Zone vs.
Oromia (19.25) and between Assosa Zone vs. Oromia (23.0).
Higher frequency of gene flow was found between Assosa
Zone vs. Oromia (0.61) and between Kemash Zone vs.
Oromia (0.51), and a minimum frequency of gene flow was
observed between Metekel Zone vs. the distant population
(0.023) and between Oromia vs. the distant populations
(Table 6). This implicates that gene flow to Metekel Zone and
the distant populations is rare and that makes diverse
population as compared to others.

Genetic diversity is the basis for the ability of an or-
ganism to adapt to environmental changes and can be
influenced by many factors [23]. Geographical factors (e.g.,
landscape, latitude, longitude, and altitude) and envi-
ronmental factors (e.g., temperature and precipitation)
influence the genetic diversity and population structure of
a species and the individuals among populations [24, 25].
Biological factors such as mutation, genetic drift, mating
system, pollination mode, gene flow, and selection also
influence the diversity of the plant species and population
[26]. Mainly, mutations within the DNA are the source of
variations. InDels usually occur by reason of certain cel-
lular mechanisms, including transposable elements
movement, replication slippage, and crossing over im-
balanced within genomes [27]. InDels are an essential
phenomenon that can have a harmful or advantageous
effect on specific genomes’ loci [28, 29]. InDels are one the
main variation sources found within the genomes of

various species of plants, including Arabidopsis [30], to-
mato [31, 32], rice [33], chickpea [34], moso bamboo [35],
Sorghum species [36], and Gastrodia elata (Orchidaceae)
[37]. InDels also used for identifying the genetic variants
underlying phenotypic variation in plants without com-
plete genomes [38]. Examination of DNA differences
among closely related species or among polymorphic DNA
variations of a species will provide insight into the mu-
tation nature and evolution process [39]. InDel analysis on
O. abyssinica also shows that gene flow between distant
populations was rare and genetic differentiation becomes
higher.

Several morphological and molecular marker tech-
niques such as random amplified polymorphic DNA
(RAPD), inter simple sequence repeats (ISSR), amplified
fragment length polymorphism (AFLP), simple sequence
repeat (SSR), expressed sequence-tag-derived simple se-
quence repeat (EST-SSR), sequence-related amplified
polymorphism (SRAP), restriction fragment length
polymorphism (RFLP), and interretrotransposon ampli-
fied polymorphism (IRAP) have been routinely used for
genetic diversity study, population structure analysis, and
characterization of bamboo germplasm [2, 40-49]. But so
far, there is no study report on the molecular genetic
diversity of O. abyssinica. Hence, as the first step in the
development of genomic tools and resources that could
contribute to the development of strategies for effective
conservation and sustainable utilization of this bamboo
for ecological and economic gains by better under-
standing the genetic diversity profile at the species and
population level, we examined and assessed thirteen
O. abyssinica populations using three chloroplast gene
sequences. These molecular markers have been success-
fully utilized for assessing the genetic diversity and
revealed a remarkable molecular genetic diversity among
the O. abyssinica populations.
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TaBLE 6: Effects of gene flow and genetic differentiation on O. abyssinica.

) . Genetic differentiation Gene flow
Population comparison
Ks Kxy Gamma St Fst

Assosa Zone vs. Kemash Zone 16.6 36.0 0.560 0.532
Assosa Zone vs. Metekel Zone 36.5 51.5 0.339 0.341
Assosa Zone vs. Oromia 15.8 23.0 0.611 0.606
Assosa Zone vs. distant pop. 18.6 40.2 0.347 0.159
Kemash Zone vs. Metekel Zone 40.8 40.5 0.201 0.134
Kemash Zone vs. Oromia 17.0 19.2 0.602 0.503
Kemash Zone vs. distant pop. 20.5 38.7 0.582 0.471
Metekel Zone vs. Oromia 40.1 349 0.281 0.272
Metekel Zone vs. distant pop. 42.4 51.6 0.149 0.023
Oromia vs. distant pop. 19.5 39.2 0.387 0.117

Note. Ks denotes nucleotide-sequence-based statistics, Kxy: average number of nucleotide differences between population 1 and population 2, GammaSt:

genetic differences among population, and Fst: average level of gene flow.

As the evolutionary rates of cpDNA are highly conserved
with structural changes and nucleotide substitution [50],
cpDNA regions that are coding (matK and ndhF 3’ end) and
noncoding (rps16) genes were used to examine genetic di-
versities, population structure, and gene flow analysis of
O. abyssinica. The effectiveness of cpDNA regions for genetic
diversity and phylogenetics studies are well approved and
tested in many plants including temperate woody bamboos
[16] and paleotropical woody bamboos (Poaceae: Bambu-
soideae: Bambuseae) [17], level phylogenetics relationships
within the bamboos [51], for evaluating plant phylogeny at
low taxonomic levels and for DNA barcoding [52], and for
phylogenetic relationships among the one-flowered, deter-
minate genera of Bambuseae [53].

Populations of O. abyssinica collected in Ethiopia show
clear diversity based on their geographic location. Oumer
et al. [15] also found the same result. This might be because
the plant is indigenous to the country [9] and largely
abundant with broad geographical coverage for a long time,
cross-pollination nature of the flower, and the distance be-
tween sample collections sites, especially zones which were far
and distant. Sample collection sites that have relatively closer
distance such as Assosa, Kemash, and Oromia, showing
smaller nucleotide diversity (Table 2), InDel (Table 3 and
Figure 5), genetic differentiation (Table 4), and DNA diver-
gence (Figure 6) but higher gene flow between populations
(Table 4). These three sites are neighbor to each other. Assosa
and Kemash zones are under the administrative system of
BGR and neighbor to each other with relatively closer distance
as compared to other sampling sites. Samples from Oromia
are also neighbor to Kemash Zone. Thus, both geographic
range and distribution of populations influence patterns of
genetic  diversity, differentiation, and gene flow of
O. abyssinica. Indeed, cross pollination may have contributed
to increasing the heterogeneity of bamboo seedlings [54]. This
result is more in line with the study on African tropical forest
refugia using chloroplast and nuclear DNA phylogeography
[55], classification of the Chloridoideae (Poaceae) based on
multigene phylogenetic trees [56], Chinese Cherry revealed by
chloroplast DNA trnQ-rps16 intergenic spacer [57], natural
populations of Oxalis laciniata from Patagonia Argentina
using ISSR and cpDNA-based markers [58], wild soybean

evaluated by chloroplast and nuclear gene sequences from 44
Chinese, four Japanese and five Korean populations [59], and
endangered basal angiosperm Brasenia schreberi (Cabom-
baceae) in China using microsatellites [60].

Network analysis shows that haplotypes 8 and 2 (both
from Assosa Zone) are the root of O. abyssinica and others
diverge from this zone. In Ambharic Ambesa Chacka
(meaning lion’s forest because of high abundance of lions in
the forest) was one of the sample collection sites from Assosa
Zone of Bambasi district. Years ago, the area was known for
its wide and dense lowland bamboo coverage. But now, due
to poor protection and human’s effect on the forest, even
bamboos are at risk and vulnerable to extinction.

4. Conclusions

Based on the results retrieved, populations of O. abyssinica
collected in Ethiopia show clear diversity based on their
geographic location. Metekel Zone found the most diverse
population, and thus, government sectors and other
stakeholders recommended focusing on conservation of
lowland bamboo of Metekel Zone. Assosa Zone has found
the source of evolution of O. abyssinica, and Gambella
population shows a difference from other O. abyssinica
populations found in Ethiopia. The current study was
performed only by few chloroplast coding and noncoding
genes; thus, additional coding, noncoding, and spacer
chloroplast, mitochondrial, and nuclear-gene-based study
on Ethiopian lowland bamboo (O. abyssinica) might give
additional information on the population genetic diversity,
structure, and gene flow.

Data Availability

The cpDNA sequences from the current study are available
from the corresponding author upon request. GenBank
accession numbers for each cpDNA genes are provided in
Table 3.
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