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Abstract

Background: Nile tilapia, Oreochromis niloticus (Linnaeus, 1758) is among the economically most important fresh-

water fish species in East Africa, and a major source of protein for local consumption. Human induced translocations
of non-native stocks for aquaculture and fisheries have been found as a potential threat to the genetic diversity and
integrity of local populations. In the present study, we investigate the genetic structure of O. niloticus from 16 water-

bodies across Ethiopia using 37 microsatellite loci with SSR-GBAS techniques.

Results: The samples are structured into three main clusters shaped either by biogeographic factors or stocking
activities. High Fs; values (Global Fs;=0.438) between populations indicate a high level of genetic differentiation and
may suggest long term isolation even within the same drainage systems. Natural populations of the Omo-Turkana
system and the lakes in the Southern Main Ethiopian Rift showed the highest genetic variability while low variability
was found in stocked populations of lakes Hora, Hashenge and Hayq.

Conclusions: The results presented herein, may provide an essential basis for the management and conservation
of the unique genetic resources in northern East Africa, and advance our understanding of biodiversity, phylogeny,
evolution and development towards phylogenetically more accurate taxonomic classifications.
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Background

Nile tilapia, Oreochromis niloticus (Linnaeus, 1758), is
native to East, Central and West Africa, as well as to the
Middle East, particularly in the Jordan valley [62, 68]. In
East Africa, the species is found in water bodies of both
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the Eastern and Western Rift Valley [2, 52]. Due to its
high importance for aquaculture and capture fisheries
[43], Nile tilapia has been widely introduced outside its
natural distribution range [45] and is cultured globally in
sub-tropical and tropical regions [67, 68].

Its large natural distribution area in sub-Saharan Africa
and its broad ecological tolerance makes Nile tilapia a
successful species in a wide range of aquatic habitats
[54]. On a macro-biogeographic scale, molecular stud-
ies have revealed clear genetic differentiation and popu-
lation structure throughout its natural range [7, 36, 59,
60]. According to Bezault et al. [7] three major lineages
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of Nile tilapia are found in Africa, corresponding to (1)
the Ethiopian Rift Valley (primarily the endorheic Awash
River drainage), (2) the broadly defined Nilotic region
(including the northern part of the Kenyan Rift Valley),
and (3) the Sudano-Sahelian region in West Africa. These
phylogeographic patterns are largely congruent with
paleo-hydrological connectivity and major ichthyofaunal
regions [47, 55, 65].

While most previous molecular studies [2, 7, 36, 53]
provided data from wide geographical areas across
Africa, a more detailed investigations on genetic struc-
ture with focus on East Africa confirmed that the Nilotic
region and the Ethiopian Rift Valley including adjunct
waterbodies harbour several populations with rather high
level of potential genetic differentiation [59, 60]. In par-
ticular in Ethiopia substantial phylogeographic structure
of Nile tilapia had been suggested by studies that include
morphological observations [25, 62]. A strong influence
by the complex geological and hydrogeographic history
of Ethiopia had been concluded, similarly to patterns that
have recently been observed for the Labeobarbus inter-
medius complex [5] and small smilogastrin barbs [17].
These studies stress the importance of paleo-geographic,
climatic and tectonic events for the ichthyofauna of the
region.

Nile tilapia is native to most drainage systems of Ethio-
pia, but absent from the Wabe Shebelle and Genale-Dawa
rivers, where the Sabaki tilapia (O. spilurus (Gunther
1894)) is found [25, 26, 29]. Four taxa, considered valid
species/subspecies or synonymized with Nile tilapia by
different authors [25, 62], were originally described from
Ethiopia under the following available names (drainage of
type localities in parenthesis): Tilapia cancellata Nichols,
1923 (presumably Awash); T. calciati Gianferrari, 1924
(Atbara-Tekeze); O. n. filoa [62] (Awash),and O. n. tana
[53] (Blue Nile). So far, however, no consistent opinion on
taxonomy and delimitation of local Nile tilapia popula-
tions has been reached and O. niloticus might be a spe-
cies complex awaiting taxonomic revision [53].

The natural phylogeographic structure of Nile tilapia
might be altered as human induced translocations of
different Nile tilapia strains for aquaculture and fisher-
ies constitute a major concern to the genetic diversity
and integrity of native populations throughout Africa
[54, 60]. Besides evidence for strong genetic structure
in natural populations [36], signs of admixture due to
human induced translocations of non-native stocks have
been documented in the upper Nile River drainage [58,
60]. The potential threat of deliberate and uncontrolled
introduction of non-native species and/or strains is
well known for many freshwater fish species around the
world (e.g. [4, 33, 64]). In the case of Nile tilapia, this
may pose considerable conservation concerns, as not
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only admixture between stocks of Nile tilapia but also
hybridization with congeneric tilapiine species has been
reported [15, 54].

In this study we report a detailed investigation of
Nile tilapia populations including the major waterbod-
ies in Ethiopia. Using a dense dataset of 37 Microsatel-
lite loci and including SNP information to define alleles,
detailed profiles of genetic variability and differentiation
between populations within and between drainage sys-
tems, including natural and stocked populations are out-
lined. We show that not only considerable subpopulation
structure exists within one drainage system, but also that
Ethiopia harbours several distinct lineages of this spe-
cies. The data provides essential information to under-
stand the contemporary and historical factors shaping
population structure of this species and can be used for
informed management decisions. Implications for con-
servation and biodiversity are discussed.

Results
Genetic diversity and HWE deviations between and within
drainage systems
A total of 706 alleles was found in the studied sam-
ples of Nile tilapia across 37 microsatellite loci. Among
the 16 populations investigated, 385 private alleles were
observed with the highest number in the Omo-Turkana
system (Lake Turkana 224, Gilgel Gibe 19) and Lake
Tana (41). Populations in the MER (Main Ethiopian Rift)
showed comparably few private alleles with highest num-
bers in the SMER (Table 1). For all diversity measures,
Lake Turkana was more diverse than other populations,
while fish from Lake Hayq consistently showed the lowest
diversity. Populations of the CMER (lakes Hawassa, Lan-
gano and Ziway) appear to have lower genetic variabil-
ity compared to populations sampled from SMER (lakes
Abaya and Chamo) and the Omo-Turkana system. Non-
native Nile tilapia populations in lakes Hora, Hayq and
Hashenge, and the presumably native population in Lake
Metahara generally had low genetic diversity compared
to native populations and revealed no private alleles.
Only for the populations from Lake Tana and the
Awash River at Kada Bada most loci deviated from
HWE (Table 1). This was a consequence of an excess of
homozygotes which is shown by high values of inbreed-
ing coefficient (F=0.46 for lake Tana and F=0.36 for
Kada Bada). These populations were also the ones show-
ing more loci with proportion of null alleles above 0.1
(Table 1).

Population differentiation and hierarchical clustering

Pairwise genetic differentiation (Fg; values) among the 16
Nile tilapia populations investigated are given in Table 2.
We considered Fg; values above 0.40 as high, between
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Table 2 The pairwise population FST values of 16 Nile tilapia (Oreochromis niloticus) populations in Ethiopia

Ta Fi Gg Tu Ab Ch Hw La Zi Ko Mt Ya Ka Hr Hs Hq

0 TA
0.51 0 Fl
0.38 042 0 GG
0.29 031 013 0 TU
0.41 0.12 03 0.19 0 AB
042 0.15 0.32 022 0.04 0 CH
052 011 042 03 0.09 0.12 0 HW
0.51 0.09 041 0.3 0.1 0.13 0.04 0 LA
05 0.07 04 0.28 0.08 0.1 0.03 0.02 0 VAl
0.52 0.06 044 031 0.11 0.14 0.08 0.07 0.05 0 KO
0.5 0.05 04 0.29 0.13 0.16 0.13 0.11 0.09 0.1 0 MT
0.53 013 042 0.31 0.12 0.15 0.09 0.07 0.05 0.1 0.13 0 YA
041 0.08 0.35 0.25 0.08 0.11 0.06 0.06 0.04 0.07 0.09 0.05 0 KA
0.51 0.06 042 0.31 0.15 0.18 0.13 0.13 0.1 0.1 0.04 0.13 0.09 0 HR
0.5 0.11 042 0.3 0.18 0.2 0.2 0.18 0.16 0.19 0.06 0.2 0.14 0.03 0 HS
0.56 0.19 047 035 022 0.26 0.26 0.24 0.19 0.27 0.1 0.25 017 0.1 0.08 0 HQ

Abbreviation of population code is given in Table 3. FST values above 0.40 we considered high, between 0.20 and 0.39 medium and below 0.20 low

0.20 and 0.39 as medium and below 0.20 as low. In gen-
eral, the highest F; values were found in comparisons
involving populations from Lake Tana (0.38-0.56) and
Gilgel Gibe (0.30—0.47). Though, the Gilgel Gibe popula-
tion showed relatively low Fg; values with Lake Turkana
that is from the same drainage system. Populations from
the SMER were distinct from Lake Turkana (0.19-0.22)
while genetically closer to the CMER and the NMER pop-
ulations. While the interconnected CMER lakes showed
low Fgp values (0.02-0.04), a higher differentiation was
found in the Awash drainage (0.05-0.13) with highest Fg
values between Lake Metahara and Lower Awash (Yardi).
The analysis of the distribution of genetic variation
(AMOVA) indicated that 38% of variation was explained
by differences among populations, and 53% among indi-
viduals within populations. The remaining 9% of varia-
tion were attributed to differences within individual.
Genetic distances between populations varied from
0.012 (between Kada Bada and Lake Yardi in the Awash
drainage) to 1.981 (between Hawassa and Lake Tana)
(Additional file 1: Table S1), as illustrated in the UPGMA
(Fig. 1). The population from Lake Tana was the most
divergent, followed by a well-supported (100%) group
composed of the Omo-Turkana drainage. Among the
MER, populations from the southern part (lakes Chamo
and Abaya) are distinct from the CMER and NMER lakes
forming a supported cluster (100%). The SMER popula-
tions are distinguished from the Lake Turkana and Gilgel
Gibe by relatively high F¢; values (0.19-0.32). While pop-
ulations from lakes in the CMER cluster together with
samples from the Lower Awash River (Yardi and Kada

Bada), they appear to be distinct from the geographically
closely situated Koka and Metahara populations. Though
bootstrap support is low, the latter were found to cluster
together with stocked fish from crater Lake Hora and the
Fincha Reservoir in the Blue Nile drainage.

PCoA analysis showed a similar segregation pattern
(Figs. 2 and 3). The analysis of all 16 populations revealed
a clear distinction between Lake Turkana, Gilgel Gibe
and Lake Tana from all other populations investigated
along the first coordinate. Along the second and third
coordinates Lake Tana population is strongly separated,
so the three distinct groups as indicated in the UPGMA
are supported (Fig. 2). One specimen of Lake Tana groups
closer to the rift valley lakes. Populations from the MER
cluster together, but fish from the SMER are clearly dis-
tinct forming a separate cluster without any overlap with
samples from CMER and NMER. Stocked populations
from the Blue Nile drainage and the crater lakes form an
indistinct group with some overlap to the MER popula-
tions. Substantial overlap was observed between popu-
lations in lakes Hashenge and Hayq as well as between
lakes Metahara, Hora and the Fincha Reservoir (Fig. 3).

Genetic structure and signs of admixture

Based on delta K (AK) values K=2 was considered the
best-fitted to the data. STRUCTURE HARVESTER
results also suggested K=11 and K=13 as the second
and third-best fit to the data. Plots for these K values are
shown in Fig. 4a while the result for all K values up to 13
are in Additional file 2: Figure S1. For K=2, the individu-
als from Gilgel Gibe, Tana and Turkana were assigned to
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100

Fig. 1 UPGMA dendrogram of 16 populations of Nile tilapia from Ethiopia, constructed using Nei's genetic distance. Dashed boxes indicate stocked
sites. Abbreviation of sampling sites as given in Table 3. Support is given by bootstrap values

SMER

NMER
and stocked sites

CMER

NMER - Afar Rift

Omo-Gilbe-
Turkana System

Lake Tana

COORD. 3

COORD 1

COORD 3

¢ Ab mHr AHs

Table 3

‘ .
DER L e o
. ¢ ;0'
@+ *_ 9O
¥y 00
4
X
° [ J
' .
3 3]
o<
o)
o] ;
(@)
-
. A
& A
A
'S
X
COORD. 1

XHgq XHw @Ko

Fig. 2 Principal Coordinate Analysis (PCoA) plots illustrating genetic similarity of Nile tilapia populations in Ethiopia considering all populations.
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Fig. 3 Principal Coordinate Analysis (PCoA) plots illustrating genetic similarity of Nile tilapia populations considering the following subgroups: a
translocated/stocked populations, b populations from the Southern and Central Rift Valley Lakes, ¢ most divergent populations from Omo-Turkana
(Gilgel Gibe, Turkana) and Lake Tana. Abbreviation of sampling sites as given in Table 3
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Fig. 4 STRUCTURE analysis (admixture model) for a all Nile tilapia samples investigated (optimal cluster K= 2, suboptimal clusters K=11 and
K=13) and b excluding the most divergent populations from Omo-Turkana (Gilgel Gibe, Turkana) and Lake Tana (optimal cluster K= 2, suboptimal
clusters K=8). Each bar representing a single individual, and each colour representing proportion of membership (population) with regard to each
genetic cluster
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one genetic cluster (orange) and the remaining individu-
als to the other cluster (blue). Some individuals showed
mixed assignment to both clusters or were assigned to an
different cluster then the other members of their popu-
lation. For K=11 (Fig. 4a) individual fish from SMER
sub-basin appeared to share the same genetic cluster,
while individuals from the CMER, Awash system and
Fincha formed a separate cluster. Clustering is congruent
with the UPGMA dendrogram and PCoA and reflects
the defined drainages. The populations from Turkana,
Gilgel Gibe, and Tana were assigned to a different clus-
ter from the remaining populations for all K values. The
populations from the CMER and NMER were assigned
to the same cluster (blue) for all K values. The SMER
cluster together (yellow cluster) for K=11 and K=13.
For K=13 the NMER sites and stocked populations are
assigned to two clusters being one (green) more preva-
lent in Koka and the other (grey) in Hashenge and Hayq.
The remaining populations from this group shows several
degrees of mixed assignment to these two clusters. Some
other evidences of admixture were found in other popu-
lations. For example, two individuals from Hashenge that
show some degree of assignment to the SMER cluster.
Similarly, to the PCoA the same individuals from Tur-
kana and Tana are assigned to clusters from other popu-
lations. When excluding the most divergent populations
based on Fgr and Nei distance analysis (Turkana, Gilgel
Gibe, and Tana) the best K was 2 and suboptimal was
8. The result obtained did not change from the analysis
including all samples (Fig. 4b). The result for all K values
up to 8 are in Additional file 3: Figure S2.

Discussion

Nile tilapia shows a very pronounced genetic structure in
its native range that is on one hand strongly correlated
with historical connectivity between waterbodies but
also influenced by contemporary stocking activities. This
underlines the potential of translocations causing genetic
changes, loss of variation, loss of specific adaptations and
changes in genetic structure in accordance to Laikre et al.
[34]. Nile tilapia population structure is highly congru-
ent with the respective drainage basins a structure which
is only intercepted by the stocked populations. In ear-
lier studies with the same marker system implemented
here [59, 60], where only a few representatives of Ethio-
pian Nile tilapia were also included, five well supported
clusters were identified. One contained the West Afri-
can populations, while the remaining four groups corre-
sponded to the East African populations of: Uganda, the
Kenyan Rift Valley (namely Lake Turkana), Ethiopian Rift
Valley and Lake Tana. The level of differentiation in East
Africa was at a similar height to the one found between
East and West Africa. Our study now, adds a detailed
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view on genetic structure of Ethiopian samples: three
major clusters divided by high Fg values exist in Ethiopia
that correspond to the flowing groups from Tibihika et al.
[59, 60]: (1) Lake Tana, (2) the Kenyan Rift Valley (Omo-
Turkana system), and (3) the Ethiopian Rift Valley popu-
lations. Further divisions of these groups were supported
by the geographical congruence of the patterns showed
by the UPGMA, and STRUCTURE analysis for higher K
values. In this context, some genetic structure was found
within some drainages, indicating that there is limited
geneflow between most waterbodies.

Genetic diversity and differentiation between and within
drainages

Genetic diversity, indicated by the mean number of
alleles (N,) and heterozygosity, of Ethiopian Nile tilapia
populations was slightly lower than in the analysis of
East African populations [60]. Genetic diversity param-
eters estimated here were also lower than the ones from
other African Nile tilapia populations using other marker
systems [7, 21, 41]. Regardless, finding together with the
observation of subpopulation structure within the same
drainage basins is in accordance with the idea that the
high geographic fragmentation of Ethiopian water bod-
ies contributes to a low connectivity between Nile Tilapia
populations [7].

Pairewise Fg values varied between the 16 populations,
ranging from 0.02 to 0.69 (Table 2). Most of the values
were greater than 0.25, indicating a high level of genetic
differentiation among them. The larger values suggest
that these populations may have evolved in isolation and
in some cases may reflect different taxa. This may be the
case of the populations Gilgle Gibe, Tana and Turkana
that display the highest Fg; values when compared to
others, and cluster apart from the Ethiopian sites for all
analyses. Given the structure pattern found three poten-
tial taxonomic groups may be defined: (1) Lake Tana, (2)
Turkana and Gilge Gibe, and (3) Ethiopian Rift Valley
populations. Tibihika et al. [60] had already shown simi-
lar groups when comparing some Ethiopian populations
(Tana, Ziway, Hashenge, Chamo) and lake Turkana with
Ugandan populations. In this case, Lake Turkana samples
are genetically more similar to the Ugandan populations
and most likely represent the same species. The MER
populations (Ziway, Hashenge, Chamo) were more diver-
gent when compared to Uganda than for example West
African populations indicating that they may represent a
different taxon. The same applies to Lake Tana.

The taxonomic revision of Nile Tilapia has been sug-
gested by other authors. Trewavas [62], Seyoum and
Kornfield [53] and Tibihika et al. [60], found similar pat-
terns which led them to recommend a taxonomic revi-
sion for these populations. Bezault et al. [7] also showed
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the importance of different paleo-geographic and cli-
matic events shaping the genetic structure of distinct
populations. Lake Tana passed through several low and
high-water level events that might also contributed to its
unique fish fauna and unique Nile tilapia genetic struc-
ture. Previously, based on morphological examination,
Trewavas [62] treated the population from this lake as
sub-species O. n. cancellatus, which was later described
as O. n. tana by Seyoum and Kornfield [53]. However,
Agnese et al. [2] suggested that these results should be
considered with reservation.

Turkana and Gilgel Gibe were clustered together and
belong to the Turkana system (Figs. 1 and 2). The Gilgel
Gibe population was sampled from a dam built on the
Gilgel Gibe, one of the large tributaries to the Omo
River, which is the main river flowing into Lake Turkana,
explaining the similarity between these populations.
Apart from having the highest N, Turkana also exhib-
ited the highest mean number of private alleles pre locus
(Table 1). The same pattern was found when compared
with Ugandan populations [60].

The CMER lakes (Ziway, Langano, and Hawassa) and
the Awash (Kadbada and Yardi) populations were geneti-
cally more similar to each other than to the SMER pop-
ulations, Abaya and Chamo. This is also shown by Nei’s
genetic distances (Additional file 1: Table S1) that indi-
cated the lowes values for the comparison between Lan-
gano and Ziway populations. Distances and clustering
clustering patterns precisely reflect the sub-regions of
the Main Ethiopian Rift, which is traditionally divided
into the Southern (Lakes Abaya and Chamo), the Central
(Lakes Hawassa, Langano, and Ziway) and the North-
ern (Yardi and Kadbada) Ethiopian Rift Valley including
the Awash River systems (see [1, 8, 17], and references
therein).

Sagri et al. [49] and Benvenuti and Carnicelli [6] doc-
umented the connections between the Upper Awash
drainage and the lakes in the CMER, which may explain
the similarity of the populations in these water bodies.
Additionally, the relatively low to moderate genetic vari-
ability in these lakes (Table 1) may be attributed to fac-
tors such as habitat destruction and high fishing pressure
that fish populations in these water bodies are experienc-
ing [66]. The remaining two populations in the NMER,
Yardi and Kadbada are geographically close and fed by
the Awash River which may facilitate gene-flow between
them.

In contrast lakes Chamo and Abaya in the SMER are
different from the other Rift valley lakes in their fish
fauna, exhibiting Nilo-Sudanic affinities due to their his-
toric connection to the Turkana and White Nile systems
[28]. This study also showed a clear evidence about water
courses connecting of the Chamo-Abaya, Chew Babhir,
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Turkana and White Nile systems during the late Pleis-
tocene-early Holocene [20]. Interestingly, despite these
ichthyofaunal affinities, the current study did not reveal
strong evidence of genetic similarity between the Lake
Turkana and the SMER populations of Nile tilapia.

The high genetic variability in lake Abay and Chamo
could be explained by their relatively large size (compare
Table 3), as in larger Lakes niches are more variable than
the smaller ones, creating suitable conditions for higher
diversity [38]. Bezault et al. [7] suggested that environ-
mental factors such as habitat heterogeneity and intrinsic
factors (such as habitat preference) have an impact on the
gene pool at intra-population level.

Only two populations deviated from HWE, Tana and
the Awash River at Kada Bada. A possible explanation
might be Wallon effect given that both habitats are het-
erogeneous and show mixed assignment to multiple
clusters. However, a different explanation can be given,
especially for the deviations found for Lake Tana, since
this population was the one showing the most loci with
high proportion of null alleles. This lake is the most
divergent population and it is suspected to be a different
species. Using microsatellite markers for cross species
amplification can lead to an excess of null alleles due to
mutations at the primer-binding site which contribute
to deviations from the HWE [63]. Thus, if Lake Turkana
is in fact another species the HWE deviations are not
surprising.

Translocated and stocked populations

Hayq, Hashenge, Fincha, Koka, Metahara, and Hora,
which include the 4 non-native populations, are grouped
together by the UGPMA (Fig. 1) and PCoA (Figs. 2 and
3). This was partly expected, as the stocked Hora popu-
lation, with an unknown origin, was also the source for
stocking activities in Hayq, Hashenge [61], and Fincha
[56] by a limited number of fish. Additionally, Bezault
et al. [7] reported low genetic diversity based on both
allelic richness and heterozygosity for Nile tilapia popula-
tions in Lake Hora. Therefore, their initial diversity was
probably already reduced due to a founder effect caused
by stoking activities [50]. Furthermore, these lakes are
also small in size and Harrisson et al. [30] noted that
genetic diversity deteriorates faster in small and isolated
populations due to genetic drift, which can lead to the
loss or reduction in adaptive potential and fitness, and
an increase in inbreeding (accumulation of genetic load).
Moreover, mass fish kills have been reported in Lake
Hayq [31] further reducing the effective population size.
All this may contribute to the low diversity observed for
the Nile tilapia population of Lake Hayq and the pos-
sibility that this population may suffer from inbreed-
ing depression needs further investigation. The genetic
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Table 3 Sampling sites and population information
Drainage Sampling site Population Status of Coordinates Altitude (m a.s.l.) Area (km?) Sample size
code population
Blue Nile Lake Tana Ta Native 11°58"N,37°18"E 1788 3500 17
Fincha Reservoir F Introduced 9°32/N,37°14'E 2226 1318 13
Omo-Turkana Gilgel Gibe Reservoir  Gg Native 7°47'N, 37°17'E 1,650 62 30
Lake Turkana Tu Native 4°32''N,36°8'E 365 6405 35
SMER Lake Abaya Ab Native 6°15'N,37°55'E 1177 1162 20
Lake Chamo Ch Native 5°50’N,37°35'E 1110 317 25
CMER Lake Hawassa Hw Native 7°03/N,38°26'E 1686 129 15
[Awassa]
Lake Langano L Native 7°35'N,38°45'E 1582 241 10
Lake Ziway Zi Native 8°00"N,38°50'E 1636 442 37
NMER Koka Reservoir Ko Native and intro- 8°25/N,39°04'E 1592 255 25
duced
Lake Metahara Mt Native and intro- 8°54/N,39°53'E 954 43 10
[Besekal duced
Lake Yardi Ya Native 10° 14/ N, 40°32'E 565 93 9
Awash River at Kada  Ka native 10° 13" N, 40°34’'E 565 - 10
Bada
Endorheic crater Lake Hora Hr Introduced 8°45/N,38°59'E 1875 1.03 35
lakes Lake Hashenge Hs Introduced 12°34/N,39°30'E 2442 20 33
[Ashenge]
Lake Hayq [Hayk] Hqg Introduced 11°20"N,39°43’'E 1911 23 24

SMER Southern Main Ethiopian Rift, CMER Central Main Ethiopian Rift, NMIER Northern Main Ethiopian Rift

similarities of the stocked populations with the individu-
als from Metahara suggest that either this could be the
original source of stocking material, or both have been
stocked from an unknown origin. The native popula-
tions of Koka and Metahara have been also influenced by
stocking activities ([61] and references therein), explain-
ing the proximity within this group. As mentioned above,
the Fincha population has been stocked in late 1970s to
fill an empty pelagic niche and to provide cheap protein
to the local communities [56, 61]. Despite the physical
connectivity between Fincha and Tana through the Nile
River, these water bodies did not exhibit genetic similar-
ity. The strong rapids and falls (up to 40 m high) present
in the Nile (Abay) River [40], might have also created a
natural barrier to gene flow between the populations
which maintains them apart. None of the populations
with low genetic diversity deviated from HWE and there-
fore if there is a genetic diversity lost this corresponds to
either a slow continuous process or to a past event [10].

Threats, outlooks, conservation and management
implications

Deforestation, habitat degradation, and overfishing were
identified as major threats to natural fish population
in sub-Saharan Africa and the same applies to Ethio-
pia (e.g. [23, 37, 66]). Pollution and lake level changes

will exacerbate the reduction of populations sizes and
thus speed genetic drift effect further reducing genetic
diversity of fish populations [23]. Moreover, some of the
lakes are small in size (e.g., lakes Hora and Hashenge)
and therefore might suffer heavily from the effects of
anthropogenic activities and changing climatic condi-
tions. These factors may also reduce the effective popu-
lation size in these lakes which will lead to inbreeding
depression reducing adaptive potential [11, 30]. Fur-
thermore, with the growth of the human population in
Ethiopia, an increasing demand for protein and fish [43]
will ultimately lead to the translocation of commercially
important fish species to different parts of the country,
additional supported by the creation of artificial water
bodies for various purposes. There is a high possibility
that some of these stocks will end up in the ranges of the
native population and thereby deteriorating this unique
genetic resource.

Based on the high genetic differentiation between some
of these populations it is expected that uncontrolled
translocations may lead to catastrophic consequences
such as out breeding depression [48]. This will not only
threaten local catch fisheries but also corrupt the seed
populations for aquaculture. Thus, the results of this
study bring up the opportunity to develop local Nile tila-
pia strains for a sustainable aquaculture [13]. According
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to the genetic structure results, drainage specific strains
should be established. Moreover, their use outside their
region of origin should be prevented since aquaculture
escapees may contribute to unwanted geneflow between
drainages.

The development of a sustainable aquaculture practice
could offer alternative livelihoods and help fish stocks
in natural ecosystems to recover, thereby easing over-
fishing pressures [51]. Sustainable utilization of fisher-
ies resources requires informed management strategies.
Our study shows low level of genetic diversity that can
be affected by overexploitation [3]. Additionally, hydro-
power projects also effects the genetic diversity and
integrity of fish populations [11]. The implementation of
environmental safety standards need to consider all these
factors and activities to reduce contamination and loss of
the unique genetic resources in the country.

Conclusion

In this study, we clearly showed that the genetic struc-
ture of Nile tilapia populations in Ethiopia is complex.
The genetic structure patterns found here are likely a
consequence of both biogeographic and anthropogenic
factors. Our results indicate that the Abaya, Chamo,
Gilgel Gibe and Turkana populations contain the high-
est genetic variability while the translocated populations
of Hora, Hashenge and Hayq showed the least. High
Fgr values between the populations indicate a high level
of genetic differentiation among these 16 populations.
It also suggested that many of the assessed populations
are genetically different and this indicates that they may
have evolved in isolation. Genetic clustering of the native
populations reflect their geographic distribution pattern
for the Main Ethiopian Rift, the Omo-Turkana system
and Lake Tana. Moreover, the large genetic differen-
tiation from Gilgel Gibe, Tana and Turkana, indicates
greater diversity and the possible existence of multiple
sub-species or even species. Nevertheless, the taxonomic
position of Nile tilapia in these water bodies should be
further investigated using mtDNA analysis. The results
presented herein have important implications concerning
anthropogenic activities, such as stocking programs and
aquaculture practices, for securing the genetic resources
in the country and advancing our understanding of bio-
diversity, phylogeny, evolution and development towards
phylogenetically more accurate taxonomic classifications.

Materials and Methods

Sample collection and study locations

A total of 348 individuals of Nile tilapia were sampled
from 16 localities across different drainage systems of
Ethiopia between 2017 and 2019 (Table 3, Fig. 5). Sam-
ples were collected using gill nets (mesh size ranging
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between 6 and 12 mm) and seine nets, and purchased
from local fishermen. Identification of the sampled fish
specimens was done based on various literatures [22,
29, 62]. The fish studied ranged in total length from 5
to 42 cm, the smallest from Yardi and the largest from
Lake Chamo. Fresh tissue samples were taken from the
pectoral fins and directly preserved in 97% ethanol.
Sampling sites were located in the following drainage
systems, given that the Blue Nile and Omo-Turkana
systems correspond to Bezault et al. [7] Nilotic lineage
while the remaining basins to the Ethiopian Rift Valley
lineage:

(1) Abay/Blue Nile River: Lake Tana (TA) and Fincha
Reservoir (FI) represent populations from the Nile
drainage. Lake Tana, the largest lake in Ethiopia,
is the source of the Blue Nile but largely separated
from this river by the Blue Nile Falls. The Fincha
Reservoir is located in the headwaters of the Fincha
River, a left bank tributary of the Blue Nile. The Nile
tilapia population in the reservoir is introduced [14,
61].

(2) Omo-Turkana system: Gilgel Gibe Reservoir (GG)
and Lake Turkana (TU) represent two natural pop-
ulations of Nile tilapia in the Omo-Turkana system.
The Gilgel Gibe Dam and the associated reservoir
are situated along the Omo River, forming one of
the largest reservoirs in Ethiopia. Lake Turkana is a
large alkaline lake in the northern Kenyan Rift with
paleo-connectivity to the Nile [39]. Less than 15%
of the lake portion is located in Ethiopia [57].

(3) Southern Main Ethiopian Rift (SMER): Lakes Abaya
(AB) and Chamo (CH), represent a system of inter-
connected lakes with a natural population of Nile
tilapia and evidence of past connections to lakes
Chew Bahir and Turkana [20].

(4) Central Main Ethiopian Rift (CMER): Lakes
Hawassa (HW), Langano (LA) and Ziway (ZI) rep-
resent a system of partially interconnected lakes in
the central part of the Main Ethiopian Rift with a
natural population of Nile tilapia. Evidence for fre-
quent lake level fluctuations and past connections
to the Awash system are known [49].

(5) Northern Main Ethiopian Rift (NMER): The Awash
River systems with sampling sites in the Koka Res-
ervoir (KO), lakes Metahara (MT) and Yardi (YA)
and the mainstem Awash River at Kada Bada (KA),
represent presumably natural populations of Nile
tilapia. Englmaier et al. [18] recently published a
detailed description of the Awash River drainage
and its fauna. There are reports of stocking activi-
ties in Koka Reservoir and the saline Metahara Lake
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Fig. 5 Map of the study areas and major drainage systems in Ethiopia as described by Golubtsov and Darkov [27]. Abbreviation of sampling sites as

in addition to the natural population of Nile tilapia
([61] and references therein).

(6) Volcanic crater lakes in the NMER: Lake Hora
(HR), is one of five crater lakes near the town of
Debre Zeyit (Bishoftu). A long history of stocking
Nile tilapia from various sources is reported for all
five lakes [61].

(7) Volcanic crater lakes in the Ethiopia Highlands:
Lakes Hashenge (HS) and Hayq (HQ). These lakes
are located near the north-western escarpment
of the MER at altitudes between 2000 and 2500 m
a.s.l. Both lakes were stocked with Nile tilapia of
unknown origin [61].

Genotyping by amplicon sequencing (SSR-GBAS)

Whole genomic DNA was extracted using following the
protocol from Tibihika et al. [59] using the magnetic
beads from the MagSi-DNA Vegetal kit (MagnaMed-
ics, Geleen, Netherlands). DNA quality was visualised
with gel electrophoresis and samples with visible DNA
at high molecular weight were further processed. PCR

reactions were carried out using 42 microsatellite prim-
ers (Additional file 4: Table S2) previously designed and
tested to investigate East African Nile tilapia populations
[59, 60]. The primers are elongated by motifs allowing for
amplicon library preparation according to the TrueSeq
chemistry for Illumina. Primer pairs had been arranged
into four multiplex mixes as described and indicated
earlier [59]. PCR was performed as 10 pl reaction con-
taining 1 pl template (genomic DNA), 0.25 uM of each
primer and 5 pl Quiagen Multiplex Mastermix (Qiagen,
Netherlands), containing the polymerase, buffer and
nucleotides. The thermo-cycler reactions were carried
out under the following conditions: initial denaturation
at 95 °C for 15 min followed by 30 cycles at 95 °C for
30 s, annealing at 55 °C for 60 s (annealing temperature
similar for all primer pairs), elongation at 72 °C for 1 min
and a final extension at 72 °C for 10 min. PCR products
per sample were pooled, cleaned with AMPure magnetic
beads (Beckman Coulter, USA), and 1 pl of the resulting
solution was used for a second PCR to introduce the sam-
ple specific index combination for amplicon sequencing
using Illumina. A detailed description of the procedure
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is given in Curto et al. [12] and Tibihika et al. [59]. PCR
products of all individually indexed samples were pooled
and used for a paired-end 300 bp sequencing run on an
[lumina MiSeq at the Genomics Service Unit in Ludwig
Maximilian Universitdt, Miinchen, Germany.

Sequences generated by Illumina were subsequently
quality checked using criteria described in Curto et al.
[12]. Allele calling was done using the Phython scripts
described in Curto et al. [12]. The scripts use length
information to define alleles analogous to traditional
microsatellite analysis but also based on their composi-
tion. Allele calling is therefore including all sequence
information. The scripts are available at https://github.
com/mcurto/SSR-GBS-pipeline. For further analyses,
all loci and samples with missing genotypes>50% were
excluded [12] leaving a total number of 37 microsatellite
markers (Additional file 4: Table S2).

Statistical analyses

Genetic diversity and variability per population was esti-
mated based on the average number of alleles per locus
(N,), effective number of alleles (N,), total/mean num-
ber of private alleles (N,), observed heterozygosity (H,),
expected heterozygosity (H,), F-statistics (Fg;) and Shan-
non’s information index (I). Analysis of molecular vari-
ance (AMOVA) was applied to partition the total genetic
variance into components explaining divergence between
populations, among individuals within populations, and
among individuals within each sampling site. Moreover,
deviation from Hardy Weinberg Equilibrium (HWE)
per loci were estimated. These analyses were performed
using GenAlEx v6.503 [44]. Proportion of null alleles was
estimated with the program FreeNA [9]. Presence of null
alleles was considered for proportions above 0.1.

Genetic structure and differentiation between popula-
tions was evaluated by calculating Fg; values per popu-
lation and pairwise Nei’s genetic distances [42]. Genetic
distances between populations were visualized as UPGMA
as implemented in Populations v.1.2.32 [35]. In this scope
support values were estimated by preforming 1000 boot-
strap replicates with loci resampling. Principal Coordinate
Analysis (PCoA) was calculated with GenAlEx v.6.503 [44].

Population structure was further examined by assigning
individuals to populations based on the Bayesian clustering
method using STRUCTURE v2.3.4 [24, 46]. This program
groups individuals based on their genotypes without a priori
delineation of populations. The optimal number of sub-pop-
ulations (AK) was estimated based on the rate change in the
log probability of data between successive K values accord-
ing to the Delta K method [19]. Independent runs for K val-
ues ranging from 1 to 20 with 10 replicates were performed
with a burn-in length of 10,000 Markov chain Monte Carlo
(MCMC) generations followed by 10,000 generations. This
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short burn-in length was chosen to save computational
time. To evaluate if a longer burn-in was required, besides
checking for convergence of FST and alpha parameters, we
performed a run with 100,000 generation burn-in which
the result was congruent with the short one. Since this was
the case burn-in length was not increased. Both Ln (K) and
delta K (AK) statistics were used to select the most likely
number of clusters using STRUCTURE HARVESTER
(http://taylor0.biology.ucla.edu/structureHarvester/)  [16]
which validates multiple K values for maximum detection.
Results from multiple replicates were summarized using the
online pipeline CLUMPAK (http://clumpak.tau.ac.il/) [32].
By doing so we expect that possible incongruence caused by
the short burn-in are diluted.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-021-01829-2.

Additional file 1: Table S1. Unbiased Nei's genetic distance between 16
Nile tilapia populations revealed by 37 microsatellite loci.

Additional file 2: Figure S1. Structure analysis (admixture model) for all
Nile tilapia samples investigated for all K values up to 13.

Additional file 3: Figure S2. Structure analysis (admixture model) exclud-
ing the most divergent populations from Omo-Turkana (Gilgel Gibe,
Turkana) and Lake Tana for all K values up to 8.

Additional file 4: Table S2. Characteristics of microsatellite loci used to
genotype Nile tilapia populations in Ethiopia.

Authors’ contributions

Conceptualization: GT, MC, and HM; Laboratory analysis: GT, MC and PDT; Data
analysis: GT, MC, and HM; Fieldwork: GT, EA, AG; Project administration, HM
and PM; Visualization: GT, MC, PM, GKE, HM; Writing—original draft: GT, MC,
HM, PM, GKE; Writing—review & editing PDT, EA, AG, PM. All authors read and
approved the final manuscript.

Funding

Fieldwork was conducted under the auspices of the LARIMA project (Project
Number 106) funded by the Austrian Partnership Programme in Higher Educa-
tion and Research for Development (APPEAR) of the Austrian Development
Cooperation (ADC) and the Austrian Agency for International Cooperation in
Education and Research (OeAD). Laboratory analysis were jointly supported by
the Institute for Integrative Nature Conservation Research, University of Natu-
ral Resources and Life Sciences, Vienna and IPGL—International Post-Graduate
Education & Research Hub in Limnology at the Institute of Hydrobiology and
Aquatic Ecosystem Management (IHG), University of Natural Resources and
Life Sciences, Vienna. Gerold Winkler, Nina Haslinger and Lisa Reiss provided
valuable support to the study. We also thank Aschalew Lakew and the staff
members of the National Fisheries and other Aquatic Life Research Centre
(NFALRC) for assistance during fieldwork.

Availability of data and materials

Raw sequence data were submitted to the sequence read archive (SRA)
database and can be accessed under the reference numbers SRR13996602 to
SRR13996367.

Declarations

Ethics approval and consent to participate
Field excursions were conducted together with respective authorities per
region and was supported by the National Fisheries and Aquatic Life Research


https://github.com/mcurto/SSR-GBS-pipeline
https://github.com/mcurto/SSR-GBS-pipeline
http://taylor0.biology.ucla.edu/structureHarvester/
http://clumpak.tau.ac.il/
https://doi.org/10.1186/s12862-021-01829-2
https://doi.org/10.1186/s12862-021-01829-2

Tesfaye et al. BMC Ecol Evo (2021)21:113

Center (NFALRC) and the Ethiopian Institute of Agricultural Research (EIAR)
(Permit Numbers 1.9/0323/2017, 1.9/3196/2018, 1.9/0336/2019).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'EIAR - National Fisheries and Other Aquatic Life Research Center, PO. Box 64,
Sebeta, Ethiopia. 2Institute for Integrative Nature Conservation Research, Uni-
versity of Natural Resources and Life Sciences, Vienna, Gregor Mendel-Stral3e
33, 1180 Vienna, Austria. >MARE-Marine and Environmental Sciences

Centre, Universidade de Lisboa, Lisbon, Portugal. *Institute of Hydrobiology
and Aquatic Ecosystem Management (IHG), University of Natural Resources
and Life Sciences, Vienna, Gregor-Mendel Stra3e 33, 1180 Vienna, Austria.
*WasserCluster Lunz - biologische Station, Lunz am See, Dr. Carl Kupelwieser
Prom. 5, 3293 Lunz/See, Austria. *University of Graz, Institute of Biology,
Universitatsplatz 2, 8010 Graz, Austria. ’National Environment Management
Authority, PO. Box 22255, Kampala, Uganda. ®Department of Zoological Sci-
ences, Addis Ababa University, 1000 Addis Ababa, Ethiopia.

Received: 15 March 2021 Accepted: 9 May 2021
Published online: 07 June 2021

References

1. Abell R, Thieme ML, Revenga C, Bryer M, Kottelat M, Bogutskaya N, Coad
B, Mandrak N, Balderas SC, Bussing W, Stiassny MLJ, Skelton P, Allen GR,
Unmack P, Naseka A, Sindorf R, Ng N, Robertson J, Armijo E, Higgins JV,
Heibel TJ, Wikramanayake E, Olson D, Lopez HL, Reis RE, Lundberg JG,
Sabaj Pérez MH, Petry P. Freshwater ecoregions of the world: a new map
of biogeographic units for freshwater biodiversity conservation. Biosci-
ence. 2008;58:403-14.

2. Agnese JF, Adépo-Gourene B, Abban EK, Fermon Y. Genetic differentia-
tion among natural populations of the Nile tilapia Oreochromis niloticus
(Teleostei, Cichlidae). Heredity. 1997;79:88-96.

3. Allendorf FW. Genetic drift and the loss of alleles versus heterozygosity.
Z00 Biol. 1986;5:181-90.

4. Antognazza CM, Andreou D, Zaccara S, Britton RJ. Loss of genetic integ-
rity and biological invasions result from stocking and introductions of
Barbus barbus: insights from rivers in England. Ecol Evol. 2016. https://doi.
org/10.1002/ece3.1906.

5. Beshera KA, Harris PM. Mitochondrial DNA phylogeography of Labeobar-
bus intermedius complex (Pisces, Cyprinidae) from Ethiopia. J Fish Biol.
2014,85:228-45. https://doi.org/10.1111/jfb.12408.

6. Benvenuti M, Carnicelli S. The geomorphology of the lake region (Main
Ethiopian Rift): the record of paleohydrological and paleoclimatic events
in an active volcano-tectonic setting. In: Billi P, editor. Landscapes and
land-forms of Ethiopia, world geomorphological landscapes. Dordrecht:
Springer; 2015. p. 289-305.

7. Bezault E, Balaresque P, Toguyeni A, Fermon'Y, Araki H, Baroiller J-F,
Rognon X. Spatial and temporal variation in population genetic structure
of wild Nile tilapia (Oreochromis niloticus) across Africa. BMC Genet.
2011;12:102.

8. Bonini M, Corti G, Innocenti F, Manetti P, Mazzarini F, Abebe T, Pecskay T.
Evolution of the Main Ethiopian Rift in the frame of Afar and Kenya rifts
propagation. Tectonics. 2005;24:1-21.

9. Chapuis MP, Estoup A. Microsatellite null alleles and estimation of popula-
tion differentiation. Mol Biol Evol. 2007;24(3):621-31.

10. Chen L, Ge B, Casale FP, Vasquez L, Kwan T, Garrido-Martin D, et al. Genetic
drivers of epigenetic and transcriptional variation in human immune
cells. Cell. 2016;167(5):1398-1414.e24. https://doi.org/10.1016/j.cell.2016.
10.026.

11. Coleman R, Gauffre B, Pavlova A, Beheregaray L, Kearns J, Lyon J, Sasaki M,
Leblois R, Sgro C, Sunnucks P. Artificial barriers prevent genetic recovery
of small isolated populations of a low-mobility freshwater fish. Heredity.
2018;120:515-32.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Page 13 of 14

Curto M, Winter S, Seiter A, Schmid L, Scheicher K, Barthel LM, Plass J,
Meimberg H. Application of SSR-GBS marker system on investigation of
European Hedgehog species and their hybrid zone dynamics. Ecol Evol.
2019;9:2814-32.

Dagne A, Yimer A. Growth performance of three Nile tilapia (Oreochromis
niloticus L., 1758) populations in pond system. Int J Aquac. 2018;8(9):65-
72. https://doi.org/10.5376/ija.2018.08.0009.

Degefu F, Tesfaye G, Tefera F. Study on the adaptability status and repro-
ductive success of Oreochromis niloticus L. (Pisces: Cichlidae) and Carp
(Cyprinus carpio L., 1758) in a tropic reservoir (Fincha, Ethiopia). Itiner J
Aquac. 2012;2:65-71. https://doi.org/10.5376/ija.2012.02.0010.

Deines AM, Bbole I, Katongo C, Feder JL, Lodge DM. Hybridization
between native Oreochromis species and introduced Nile tilapia O. niloti-
cus in the Kafue River, Zambia. Afr J Aquat Sci. 2014;39:23-34.

Earl DA, von Holdt BM. STRUCTURE HARVESTER: a website and program
for visualizing STRUCTURE output and implementing the Evanno
method. Conserv Genet Resour. 2012;4:359-61.

Englmaier GK, Tesfaye G, Bogutskaya NG. A new species of Enteromius
(Actinopterygii, Cyprinidae, Smiliogastrinae) from the Awash River, Ethio-
pia, and the re-establishment of £. akakianus. ZooKeys. 2020,902:107-50.
Englmaier GK, Hayes DH, Meulenbroek P, Terefe Y, Lakew A, Tesfaye G,
Waidbacher H, Malicky H, Wubie A, Leitner P, Graf W. Longitudinal river
zonation in the tropics: examples of fish and caddisflies from the endor-
heic Awash River, Ethiopia. Hydrobiologia. 2020,847:4063-90.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol Ecol.
2005;14:2611-20.

Fischer M, Markowska M, Bachofer F, Foerster VE, Asrat A, Zielhofer C,
Trauth M, Junginger A. Determining the pace and magnitude of lake
level changes in southern Ethiopia over the last 20,000 years using lake
balance modelling and SEBAL. Front Earth Sci. 2020;8(197):1-21. https://
doi.org/10.3389/feart.2020.00197.

Fuerst P, Mwanja W, Kaufman L. The genetic history of the introduced
Nile tilapia of Lake Victoria (Uganda-E. Africa): the population structure
of Oreochromis niloticus (Pisces: Cichlidae) revealed by DNA microsatellite
markers. In: Tilapia Aquaculture in the 21st Century Proceedings from the
Fifth International Symposium on Tilapia in Aquaculture; 2000.

Getahun A.The freshwater fishes of Ethiopia, diversity and utilization.
Addis Ababa: View Graphics and Printing PLC; 2017. p. 349.

Getahun A, Stiassny ML. The freshwater biodiversity crisis: the case of the
Ethiopian fish fauna. SINET Ethiop J Sci. 1998;21:207-30.

Gilbert KJ, Andrew RL, Bock DG, Franklin MT, Kane NC, Moore J-S, Renaut
S, Rennison DJ, Veen T, Vines TH. Recommendations for utilizing and
reporting population genetic analyses: the reproducibility of genetic
clustering using the program structure. Mol Ecol. 2012;21:4925-30.
https://doi.org/10.1111/j.1365-294x.2012.05754 X.

Golubtsov AS, Dgebuadze YY, Mina M. Fishes of the ethiopian rift valley,
chapter 10. In: Tudorancea C, Taylor WD, Baele G, Suchard MA (eds) Ethio-
pian rift valley lakes. Biology of Inland Waters Series. Backhuys Publishers:
Leiden; 2002. p. 167-258.

Golubtsov AS, Mina MV. Fish species diversity in the main drainage sys-
tems of Ethiopia: current state of knowledge and Research. Ethiop J Nat
Resour. 2003;5(2):281-318.

Golubtsov AS, Darkov AA. A review of fish diversity in the main drainage
systems of Ethiopia. In: Pavlov SD, Dgebuadze YY, Darkov AA, Golubtsov
SA, Mina MV, editors. Ecological and faunistic studies in Ethiopia. Mos-
cow: KMK Scientific Press Ltd.; 2008. p. 69-102.

Golubtsov AS, Habteselassie R. Fish faunas of the Chamo-Abaya and
Chew Bahir basins in southern portion of the Ethiopian Rift Valley: origin
and prospects for survival. Aquat Ecosyst Health Manag. 2010;13(1):47-
55. https://doi.org/10.1080/14634980903578506.

Habteselassie R. Fishes of Ethiopia. Annotated Checklist with pictorial
identification guide. Addis Ababa: Ethiopian Fisheries and Aquatic Sci-
ence Association; 2012.

Harrisson KA, Pavlova A, Telonis-Scott M, Sunnucks P. Using genomics to
characterize evolutionary potential for conservation of wild populations.
Evol Appl. 2014;7:1008-25.

. Kebede E, Getachew T, Taylor W, Zinabu G. Eutrophication of Lake Hayq in

the Ethiopian highlands. J Plankton Res. 1992;14:1473-82.
Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, May-
rose I. Clumpak: a program for identifying clustering modes and


https://doi.org/10.1002/ece3.1906
https://doi.org/10.1002/ece3.1906
https://doi.org/10.1111/jfb.12408
https://doi.org/10.1016/j.cell.2016.10.026
https://doi.org/10.1016/j.cell.2016.10.026
https://doi.org/10.5376/ija.2018.08.0009
https://doi.org/10.5376/ija.2012.02.0010
https://doi.org/10.3389/feart.2020.00197
https://doi.org/10.3389/feart.2020.00197
https://doi.org/10.1111/j.1365-294x.2012.05754.x
https://doi.org/10.1080/14634980903578506

Tesfaye et al. BMC Ecol Evo (2021)21:113

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

packaging population structure inferences across K. Mol Ecol Resour.
2015;15:1179-91.

Klutsch CFC, Maduna SN, Polikarpova N, Forfang K, Aspholm PE, Nyman T,
Eiken HG, Amundsn P, Hagen SB. Genetic changes caused by restocking
and hydroelectric dams in demographically bottlenecked brown trout in
a transnational subarctic riverine system. Ecol Evol. 2019. https://doi.org/
10.1002/ece3.5191.

Laikre L, Schwart MK, Warples RS, Ryman N. Compromising genetic diver-
sity in the wild: unmonitored large-scale release of plants and animals.
Trends Ecol Evol. 2010;25:529. https://doi.org/10.1016/j/.tree.201006.03.
Langella O. A population genetic software. CNRS UPR9034; 1999. Avail-
able at http://bioinformatics.org/tryphon/populations.

Lind CE, Agyakwah SK, Attipoe FY, Nugent C, Crooijmans RPMAC,
Toguyeni A. Genetic diversity of Nile tilapia (Oreochromis niloticus)
throughout West Africa. Sci Rep. 2019;9:16767. https://doi.org/10.1038/
$41598-019-53295-y.

Meulenbroek P, Stranzl S, Oueda A, Sendzimir J, Mano K, Kabore |,
Ouedraogo R, Melcher A. Fish communities, habitat use, and human
pressures in the Upper Volta basin, Burkina Faso, West Africa. Sustainabil-
ity. 2019;11(5444):1-21.

Mireku K, Kassam D, Changadeya W, Attipoe F, Adinortey C. Assess-

ment of genetic variations of Nile Tilapia (Oreochromis niloticus L.) in

the Volta Lake of Ghana using microsatellite markers. Afr J Biotechnol.
2017;16:312-21.

Morrissey A, Scholz CA. Paleohydrology of Lake Turkana and its influ-
ence on the Nile River system. Palaeogeogr Palaeoclimatol Palaeoecol.
2014;403:88-100.

Nagelkerke LA, Sibbing FA, van den Boogaart JG, Lammens EH, Osse JW.
The barbs (Barbus spp.) of Lake Tana: a forgotten species flock? Environ
Biol Fishes. 1994;39:1-22.

Ndiwa TC. Contribution to the knowledge of the populations of Nile tila-
pia (Oreochromis niloticus) inhabiting extreme conditions of temperature
and alkalinity. 2014.

Nei M. Estimation of average heterozygosity and genetic distance from a
small number of individuals. Genetics. 1978;89:583-90.

Obiero K, Meulenbroek P, Drexler S, Dagne A, Akoll P, Odong R, Kaunda-
Arara B, Waidbacher H. The contribution of fish to food and nutrition
security in Eastern Africa: emerging trends and future outlooks. Sustain-
ability. 2019;11:1636.

Peakall R, Smouse PE. GENALEX 6: genetic analysis in excel. Popula-

tion genetic software for teaching and research. Mol Ecol Notes.
2006;6:288-95.

Philippart JC, Ruwet JC. Ecology and distribution of Tilapias. In: Pullin RSV,
Lowe-McConnell RH, editors. The biology and culture of Tilapias. Manila:
ICLARM; 1982. p. 15-59.

Porras-Hurtado L, Ruiz Y, Santos C, Phillips C, Carracedo A, Lareu MV. An
overview of STRUCTURE: applications, parameter settings, and support-
ing software. Front Genet. 2013;4:98. https://doi.org/10.3389/fgene.2013.
00098.

Roberts TR. Geographical distribution of African freshwater fishes. Zool J
Linn Soc. 1975;57:249-319.

Roberts DG, Gray CA, West RJ, Ayre DJ. Marine genetic swamping: hybrids
replace an obligately estuarine fish. Mol Ecol. 2010;19(3):508-20.

Sagri M, Bartolini C, Billi P, Ferrari G, Benvenuti M, Carnicelli S, Barbano F.
Latest Pleistocene and Holocene river network evolution in the Ethiopian
Lakes Region. Geomorphology. 2008,94(1):79-97. https://doi.org/10.
1016/j.geomorph.2007.05.010.

Salmenkova EA. Population genetic processes in introduction of fish. Russ
J Genet. 2008;44:758-66. https://doi.org/10.1134/51022795408070028.
Sanon V-P, Toé P, Revenga JC, Bilali HE, Hundscheid LJ, Kulakowska M,
Magnuszewski P, Meulenbroek P, Paillaugue J, Sendzimir J. Multiple-line
identification of socio-ecological stressors affecting aquatic ecosystems
in semi-arid countries: implications for sustainable management of
fisheries in sub-saharan Africa. Water. 2020;12:1518.

Seegers L, De Vos L, Daniel O. Annotated checklist of the freshwater fishes
of Kenya (excluding the lacustrine haplochromines from Lake Victoria).

Page 14 of 14

J East Afr Nat Hist Hist. 2003;92(1):11-47. https://doi.org/10.2982/0012-
8317(2003)92.

53. Seyoum S, Kornfield I. Identification of the subspecies of Oreochromis
niloticus (Pisces: Cichlidae) using restriction endonuclease analysis of
mitochondrial DNA. Aquaculture. 1992;102:29-42.

54. Shechonge A, Ngatunga BP, Bradbeer SJ, Day JJ, Freer JJ, Ford AG. Wide-
spread colonisation of Tanzanian catchments by introduced Oreochromis
tilapia fishes: the legacy from decades of deliberate introduction. Hydro-
biologia. 2019;832:235-53. https://doi.org/10.1007/510750-018-3597-9.

55. Snoeks J, Getahun A. African fresh and brackish water fish biodiver-
sity and their distribution. In: Proceedings of the Fourth International
Conference on African Fish and Fisheries Addis Ababa, Ethiopia, 22-26
September 2008, 76 pp.; 2013.

56. Tedla'S, Meskel FH. Introduction and transplantation of freshwater fish
species in Ethiopia. SINET Ethiop J Sci. 1981;4:69-72.

57. Tesfaye G. Population and Ecosystem-based Fisheries Assessment of the
Rift Valley Lake Koka, Ethiopia. PhD Thesis. Bremen University, Bremen.
208pp. 2016.

58. Tibihika PD, Waidbacher H, Masembe C, Curto M, Sabatino S, Alemayehu
E, Meulenbroek P, Akoll P Meimberg H. Anthropogenic impacts on
the contextual morphological diversification and adaptation of Nile
tilapia (Oreochromis niloticus, L. 1758) in East Africa. Environ Biol Fish.
2018;101(3):363-81.

59. Tibihika PD, Curto M, Dornstauder-Schrammel E, Winter S, Alemayehu E,
Waidbacher H, Meimberg H. Application of microsatellite genotyping by
sequencing (SSR-GBS) to measure genetic diversity of the East African
Oreochromis niloticus. Conserv Genet. 2019;20:357-72.

60. Tibihika PD, Curto M, Alemayehu E, Waidbacher H, Masembe C, Akoll
P, Meimberg H. Molecular genetic diversity and differentiation of Nile
tilapia (Oreochromis niloticus, L. 1758) in East African natural and stocked
populations. BMC Evol Biol. 2020;20:16.

61. Tigabu Y. Stocking based fishery enhancement programmes in Ethiopia.
Ecohydrol Hydrobiol. 2010;10:241-6.

62. Trewavas E. Tilapiine fishes of the genera Sarotherodon, Oreochromis and
Danakilia. British Museum (Natural History). 1983.

63. Turini FG, Steinert C, Heubl G, Bringmann G, Lombe BK, MudogoV,
Meimberg H. Microsatellites facilitate species delimitation in Congolese
Ancistrocladus (Ancistrocladaceae), a genus with pharmacologically
potent naphthylisoquinoline alkaloids. Taxon. 2014,63(2):329-41. https://
doi.org/10.12705/632.36.

64. Valiquette E, Perrier C, Thibault |, Bernatchez L. Loss of genetic integrity in
wild lake trout populations following stocking: insights from an exhaus-
tive study of 72 lakes from Québec, Canada. Evol Appl. 2014;7(6):625-44.
https://doi.org/10.1111/eva.12160.

65. Van Neer W, Alhaique F, Wouters W, Dierickx K, Gala M, Goffette
Q, et al. Aquatic fauna from the Takarkori rock shelter reveals the
Holocene central Saharan climate and palaeohydrography. PLoS ONE.
2020;15(2):20228588.

66. Vijverberg J, Dejen E, Getahun A, Nagelkerke LA. The composition of
fish communities of nine Ethiopian lakes along a north-south gradient:
threats and possible solutions. Anim Biol. 2012;62:315-35.

67. Zambrano L, Martinez-Meyer E, Menezes N, Peterson TA. Invasive
potential of common carp (Cyprinus carpio) and Nile tilapia (Oreo-
chromis niloticus) in American freshwater systems. Can J Fish Aquat Sci.
2006;63:1903-10.

68. Zengeya TA, Kumschick S, Weyl OLF, van Wilgen B. An evaluation of
the impacts of alien species on biodiversity in South Africa using
different assessment methods. In: van Wilgen BW, Measey J, Richard-
son DM, Wilson JR, Zengeya TA, editors. Biological invasions in South
Africa. Berlin: Springer; 2020. p. 487-512. https://doi.org/10.1007/
978-3-030-32394-3-17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1002/ece3.5191
https://doi.org/10.1002/ece3.5191
https://doi.org/10.1016/j/.tree.201006.03
http://bioinformatics.org/tryphon/populations
https://doi.org/10.1038/s41598-019-53295-y
https://doi.org/10.1038/s41598-019-53295-y
https://doi.org/10.3389/fgene.2013.00098
https://doi.org/10.3389/fgene.2013.00098
https://doi.org/10.1016/j.geomorph.2007.05.010
https://doi.org/10.1016/j.geomorph.2007.05.010
https://doi.org/10.1134/S1022795408070028
https://doi.org/10.2982/0012-8317(2003)92
https://doi.org/10.2982/0012-8317(2003)92
https://doi.org/10.1007/s10750-018-3597-9
https://doi.org/10.12705/632.36
https://doi.org/10.12705/632.36
https://doi.org/10.1111/eva.12160
https://doi.org/10.1007/978-3-030-32394-3-17
https://doi.org/10.1007/978-3-030-32394-3-17

	Genetic diversity of Nile tilapia (Oreochromis niloticus) populations in Ethiopia: insights from nuclear DNA microsatellites and implications for conservation
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Genetic diversity and HWE deviations between and within drainage systems
	Population differentiation and hierarchical clustering
	Genetic structure and signs of admixture

	Discussion
	Genetic diversity and differentiation between and within drainages
	Translocated and stocked populations
	Threats, outlooks, conservation and management implications

	Conclusion
	Materials and Methods
	Sample collection and study locations
	Genotyping by amplicon sequencing (SSR–GBAS)
	Statistical analyses

	References


