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Nothobranchius are a group of small, extremely short-lived killifishes living in temporary savannah pools
in Eastern Africa and that survive annual desiccation of their habitat as dormant eggs encased in dry mud.
One mitochondrial (COI) and three nuclear (CX32.2, GHITM, PNP) loci were used to investigate the phylo-
genetic relationship of Nothobranchius species from southern and central Mozambique. This group shows
marked variation in captive lifespan at both the inter- and intraspecific levels; lifespan varies from a few
months to over a year. As their distribution encompasses a steep gradient between semi-arid and humid
habitats, resulting in contrasting selection pressures on evolution of lifespan and associated life history
traits, Mozambican Nothobranchius spp. have recently become a model group in studies of ageing, age-
related disorders and life history evolution. Consequently, intraspecific genetic variation and male colour
morph distribution was also examined in the recovered clades. Using Bayesian species tree reconstruc-
tion and single loci analyses, three large clades were apparent and their phylogenetic substructure was
revealed at the inter- and intra-specific levels within those clades. The Nothobranchius furzeri and Notho-
branchius orthonotus clades were strongly geographically structured. Further, it was demonstrated that
male colour has no phylogenetic signal in N. furzeri, where colour morphs are sympatric, but is associated
with two reciprocally monophyletic groups in Nothobranchius rachovii clade, where colour morphs are
parapatric. Finally, our analysis showed that a polymorphism in the Melanocortin1 receptor gene (which
controls pigmentation in many vertebrates and was a candidate gene of male colouration in N. furzeri) is
unrelated to colour phenotypes of the study species. Our results raise significant implications for future
comparative studies of the species and populations analysed in the present work.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The genus Nothobranchius represents a group of small fishes
that inhabit temporary savannah pools in Eastern Africa. The genus
currently comprises 57 valid species (Froese and Pauly, 2010), dis-
tributed from southern Sudan to KwaZulu Natal in South Africa.
Most Nothobranchius species are distributed in lowland plains,
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though a significant number of species occur at higher altitude
on the plains of Kenya, Tanzania and Zimbabwe (Wildekamp,
2004). The pools inhabited by Nothobranchius are not parts of river
systems, but they may occasionally be flooded during the peak
rainy season, either from adjacent streams or through connection
with neighbouring pools when large parts of savannah get flooded.
All Nothobranchius species are annual; the adults die when the
habitat dries out and the next generation survives in the form of
desiccation-resistant eggs encased in dry mud. The eggs hatch after
the onset of the rainy season, develop and grow rapidly, and can
reach sexual maturity at only three weeks (Genade et al., 2005;
Valdesalici and Cellerino, 2003). At sexual maturity, the fish repro-
duce daily until the habitat dries out. Nothobranchius are geneti-
cally determined as short-lived and their captive lifespan is
limited from a few months to over 1 year, depending on the species
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(Genade et al., 2005). Their rapid development, short lifespan,
expression of ageing-related markers and age-dependent deterio-
ration of physiological functions have led to using them as a model
in ageing research (Genade et al., 2005; Herrera and Jagadeeswa-
ran, 2004). In particular, a species group of Mozambican Notho-
branchius has proved extremely useful (Terzibasi et al., 2007) due
to its extremely short lifespan (Valdesalici and Cellerino, 2003),
relatively easy captive breeding (Genade et al., 2005) and access
to numerous wild populations (Reichard et al., 2009) that differ
in lifespan, expression of age markers and age-related physiologi-
cal changes (Terzibasi et al., 2008). Importantly, different captive
strains of Nothobranchius furzeri Jubb, originating from different
locations in its distribution range, show large-scale differences in
captive lifespan (Terzibasi et al., 2008). As different populations
of N. furzeri may represent a useful model system for genetic stud-
ies on ageing, genome sequencing has started for this species
(Reichwald et al., 2009) and genomic regions controlling simple
traits, such as tail colour and sex, have been mapped by linkage
analysis (Valenzano et al., 2009). In addition, telomere dynamics
(Hartmann et al., 2009) and response to dietary restriction (Terzi-
basi et al., 2009) have been compared for different geographic
strains of N. furzeri. In this broader context, it is important to test
for the existence of geographical sub-structuring in this species
and to further describe the phylogenetic relationships of N. furzeri
with other species of Nothobranchius present within its distribution
range.

Six species of Nothobranchius inhabit southern Mozambique
(Wildekamp, 2004). Nothobranchius orthonotus (Peters) has a very
wide distribution, with records from KwaZulu Natal in the south
to just north of the Zambezi River, including a report from southern
Malawi (Wildekamp, 2004). Nothobranchius kuhntae Ahl has been
described from the Beira region on the lower Pungwe River, though
it is often synonymised with N. orthonotus based on similarity of
colour pattern (Wildekamp, 2004). Nothobranchius furzeri is a com-
mon species in the savannah regions of the Incomati, Limpopo and
Chefu River catchments in southern Mozambique (Reichard et al.,
2009), with a single locality also known in Zimbabwe, Sazale Pan
at Gona Re Zhou National Park close to the Mozambican border
(Jubb, 1971). Nothobranchius kadleci Reichard, which inhabits re-
gions between the Save and Zambezi Rivers (Reichard, 2010), is
morphologically similar to N. furzeri but clearly diagnosable by
morphology and colouration. Finally, Nothobranchius rachovii Ahl
has a wide distribution, which is comparable to that of N. orthono-
tus. The original range of N. rachovii was from the Kruger National
Park in South Africa to the Kwa-Kwa River north of the Zambezi
delta (Watters et al., 2009; Wildekamp, 2004), though it is now ex-
tinct in South Africa (Watters et al., 2009). Recently, southern pop-
ulations formerly assigned to N. rachovii were formally described
as N. pienaari Shidlovskiy, Watters, Wildekamp and populations
north of the Zambezi River as N. krysanovi Shidlovskiy, Watters,
Wildekamp; with N. rachovii sensu stricto inhabiting only a small
area near the city of Beira (Shidlovskiy et al., 2010).

All Nothobranchius species are sexually dimorphic, with larger
colourful males and smaller drab females. Male colouration is sex-
ually selected (Haas, 1976) and many species occur in two colour
morphs that can be allopatric or sympatric (Reichard and Polačik,
2010). Some N. furzeri males possess a wide yellow sub-marginal
band (yellow morph), while other males have a red caudal fin
(red morph). The male colour morphs are often sympatric (Rei-
chard et al., 2009) and possibly controlled by a single major locus
with yellow dominant over red (Valenzano et al., 2009). The pres-
ence of two colour morphs is also known for N. orthonotus, though
in this case, the red morph is dominant throughout the species’
range and only a few yellow (blue) males have ever been captured
(Wildekamp, 2004). Only the red male morph has been reported
for N. kuhntae. Three colour morphs (‘black’, ‘blue’ and ‘red’) with
allopatric distribution are known for N. rachovii species complex
(Watters et al., 2009; Wood, 2000), recently described as three sep-
arate species (Shidlovskiy et al., 2010). Reproductive isolating bar-
riers between Nothobranchius colour morphs range from weak to
none (Reichard and Polačik, 2010) and it is unclear as to how this
polymorphism has evolved and how it has been maintained.

The Melanocortin 1 receptor (Mc1r) gene was analysed as a can-
didate gene controlling colour phenotypes in Nothobranchius be-
cause it is known to mediate skin and hair pigmentation in many
vertebrate species, including humans (Hayward, 2003; Valverde
et al., 1995; Widlund and Fisher, 2003). In the Mexican cavefish
Astyanax mexicanus, Mc1r has been shown to play a role in the par-
allel evolution of depigmentation in independent cave populations
(Gross et al., 2009). Further, in a recent mapping study of loci asso-
ciated with yellow/red tail colour in the colour morphs of N. furzeri,
Valenzano et al. (2009) analysed Mc1r of two N. furzeri populations
(GRZ and MZM-04/03). The study identified a polymorphism in the
coding region (G67C), resulting in a change from histidine in GRZ
to aspartic acid in MZM-04/03 at amino acid 23 (H23D) in the N-
terminal domain of the Mc1r protein (Valenzano et al., 2009).

In the present study we investigate the phylogenetic relation-
ships among Nothobranchius species from southern Mozambique
by the analysis of sequence variations in one mitochondrial (COI)
and three nuclear (CX32.2, GHITM, PNP) loci in samples covering
the majority of the species’ ranges. We further test whether N. fur-
zeri populations are structured geographically with respect to male
colour morphs and whether male colouration has a phylogenetic
signal. Finally, the association of the H23 N polymorphism in
Mc1r is analysed with respect to male colouration in wild
populations.
2. Material and methods

2.1. Sampling

Eighty-four specimens of N. furzeri, N. kadleci, N. kuhntae, N. ort-
honotus, N. pienaari and N. rachovii were obtained from 59 localities
in southern and central Mozambique (Table 1, Fig. 1). Fundulosoma
thierryi, a sister taxon to Nothobranchius (Murphy and Collier,
1997), was chosen as an outgroup, while Fundulopanchax gardneri
(a distantly related nothobranchiid) was chosen as an additional
outgroup for mitochondrial locus analysis. Most samples were col-
lected in 2008 (code MZCS; 71 specimens; Table 1). Fish were cap-
tured by dip net or seine net, identified on the bank and tissue
samples (small part of fin) taken. A subsample of the fish caught
were preserved in a 5% solution of formaldehyde or 80% ethanol,
the remainder being released. For each population, the proportion
of males in each colour morph was calculated. Additional samples
were obtained from field collections between 2004 and 2007
(codes MOZ, MT, MZM, MZZW; 11 specimens; Table 1) and from
established captive populations of known origin (codes GH and
GRZ; two specimens; Table 1). If fish were not collected in the wild,
a single specimen was taken from each population.
2.2. Sample processing

2.2.1. DNA extraction
Each fin clip was incubated overnight in 600 ll of digestion buf-

fer (10 mM Tris pH 8.0, 100 mM NaCl, 10 mM EDTA, 0.5% SDS) in
the presence of 20 ll Proteinase K at 55 �C. A further 600 ll of
1:1 phenol–chloroform was added and centrifuged at 12,100 rpm
for 10 min. The clear aqueous phase was transferred to a new tube
containing 1 ml 100% ethanol, centrifuged at 12,100 rpm for
10 min and decanted. The pellet was washed with 500 ll of 70%
ethanol and precipitated at 12,100 rpm for 5 min followed by



Table 1
List of samples used in the present study. The lab codes used in Figure 2, species identity, population collection code and its river drainage assignment, phenotypic colour, primers
used for COI analysis, geographic position of collection point and Genbank accession numbers for respective genes. Samples from type localities are highlighted by an asterisk.

AG-Code species Collection code Drainage colour primers COI GPS location COI GHTIM Cx32.2 PNP

AG239 F. gardneri aquarium strain Akure 22 & 23 not available JN021666
AG151 F. thierryi GH 06–5 Ada 132 & 136 S09 41 W00 58 JN021562 JN628456 JN628452 JN628460
AG029 N. furzeri MZCS 08–09 Limpopo red 22 & 23 S23 41.6 E32 36.6 JN021572 JN585246 JN585194 JN585201
AG059 N. furzeri MZCS 08–09 Limpopo red 22 & 23 S23 41.6 E32 36.6 JN021570
AG053 N. furzeri MZCS 08–43 Limpopo red 22 & 23 S23 18.4 E32 32.1 JN021593
AG054 N. furzeri MZCS 08–45 Limpopo red 22 & 23 S23 27.5 E32 33.9 JN021596 JN585263 JN585177 JN585215
AG062 N. furzeri MZCS 08–45 Limpopo red 22 & 23 S23 27.5 E32 33.9 JN021595
AG040 N. furzeri MZCS 08–46 Limpopo red 22 & 23 S23 41.6 E32 36.6 JN021597
AG018 N. furzeri MZCS 08–47 Limpopo red 19 & 21 S24 03.8 E32 43.9 JN021599
AG055 N. furzeri MZCS 08–47 Limpopo red 22 & 23 S24 03.8 E32 43.9 JN021598 JN585264 JN585176 JN585216
AG019 N. furzeri MZCS 08–50 Limpopo red 19 & 21 S24 12.9 E32 50.0 JN021600
AG041 N. furzeri MZCS 08–50 Limpopo red 22 & 23 S24 12.9 E32 50.1 JN088722 JN585254 JN585186 JN585209
AG056 N. furzeri MZCS 08–53 Limpopo red 22 & 23 S24 22.1 E32 57.0 JN021602 JN585265 JN585175 JN585217
AG021 N. furzeri MZCS 08–54 Limpopo red 22 & 23 S24 22.2 E32 57.0 JN021603 JN585243 JN585195 JN585200
AG042 N. furzeri MZCS 08–54 Limpopo red 22 & 23 S24 22.2 E32 57.1 JN021601 JN585255 JN585185 JN585241
AG022 N. furzeri MZCS 08–55 Limpopo red 19 & 21 S24 21.8 E32 57.7 JN021664
AG034 N. furzeri MZCS 08–61 Limpopo red 22 & 23 S24 14.4 E33 09.8 JN021604 JN585250 JN585190 JN585205
AG063 N. furzeri MZCS 08–61 Limpopo red 22 & 23 S24 14.4 E33 09.9 JN021606 JN585270 JN585170 JN585222
AG023 N. furzeri MZCS 08–121 Limpopo red 19 & 21 S24 21.5 E32 58.5 JN021584
AG037 N. furzeri MZCS 08–121 Limpopo yellow 22 & 23 S24 21.5 E32 58.5 JN021576 JN585252 JN585188 JN585207
AG136 N. furzeri MZCS 08–122 Limpopo red 19 & 21 S24 18.2 E33 02.8 JN021573
AG141 N. furzeri MZM 07–03 Limpopo red 19 & 21 S23 48.5 E32 37.7 JN021614
AG057 N. furzeri MZCS 08–119 Incomati red 22 & 23 S24 25.1 E32 46.7 JN021580 JN585266 JN585174 JN585218
AG036 N. furzeri MZCS 08–120 Incomati yellow 22 & 23 S24 19.5 E32 43.2 JN021574 JN585251 JN585189 JN585206
AG046 N. furzeri MZCS 08–120 Incomati yellow 22 & 23 S24 19.5 E32 43.2 JN021583 JN585258 JN585182 JN585212
AG058 N. furzeri MZCS 08–120 Incomati red 22 & 23 S24 19.5 E32 43.2 JN021581
AG064 N. furzeri MZCS 08–120 Incomati red 22 & 23 S24 19.5 E32 43.2 JN021571
AG038 N. furzeri MZCS 08–123 Incomati yellow 22 & 23 S24 38.8 E32 26.7 JN021575 JN585253 JN585187 JN585208
AG047 N. furzeri MZCS 08–123 Incomati yellow 22 & 23 S24 38.8 E32 26.7 JN021663 JN585259 JN585181 JN585242
AG030 N. furzeri MZCS 08–23 Chefu yellow 22 & 23 S22 30.5 E32 33.1 JN021585 JN585247 JN585193 JN585202
AG043 N. furzeri MZCS 08–23 Chefu yellow 22 & 23 S22 30.5 E32 33.1 JN021578
AG051 N. furzeri MZCS 08–23 Chefu red 22 & 23 S22 30.5 E32 33.1 JN021577 JN585262 JN585178 JN585214
AG060 N. furzeri MZCS 08–23 Chefu red 22 & 23 S22 30.5 E32 33.1 JN021582 JN585268 JN585172 JN585220
AG031 N. furzeri MZCS 08–28 Chefu red 22 & 23 S22 28.9 E32 37.2 JN021587 JN585248 JN585192 JN585203
AG061 N. furzeri MZCS 08–28 Chefu red 22 & 23 S22 28.9 E32 37.2 JN021586
AG014 N. furzeri MZCS 08–29 Chefu red 19 & 21 S22 27.0 E32 38.8 JN021589
AG052 N. furzeri MZCS 08–29 Chefu red 22 & 23 S22 27.0 E32 38.8 JN021588
AG032 N. furzeri MZCS 08–33 Chefu yellow 22 & 23 S22 21.8 E32 41.9 JN021591
AG044 N. furzeri MZCS 08–33 Chefu yellow 22 & 23 S22 21.8 E32 41.9 JN021590 JN585256 JN585184 JN585210
AG033 N. furzeri MZCS 08–43 Chefu yellow 22 & 23 S23 18.4 E32 32.1 JN021592 JN585249 JN585191 JN585204
AG045 N. furzeri MZCS 08–43 Chefu yellow 22 & 23 S23 18.4 E32 32.1 JN021594 JN585257 JN585183 JN585211
AG140 N. furzeri MZM 04–10 Chefu yellow 19 & 21 S22 21.3 E32 43.3 JN021610
AG152 N. furzeri MZM 04–14 Chefu red 19 & 21 S21 35.4 E33 03.1 JN021611
AG156 N. furzeri MZM 07–01 Chefu female 19 & 21 S22 44.3 E32 05.4 JN021612
AG154 N. furzeri MZM 07–02 Chefu female 19 & 21 S22 21.3, E32 43.3 JN021613
AG142 N. furzeri MZZW 07–01 Chefu yellow 19 & 21 S21 48.9 E31 55.9 JN021615
AG138 ⁄N. furzeri GRZ Chefu yellow 19 & 21 S21 41.0 E31 44.0 JN021566

AG065 ⁄N. kadleci MZCS 08–91 Gorongose red 22 & 23 S20 41.3 E34 06.4 JN021622
AG082 ⁄N. kadleci MZCS 08–91 Gorongose red 19 & 21 S20 41.3 E34 06.4 JN021623
AG066 N. kadleci MZCS 08–99 Pungwe red 22 & 23 S19 17.4 E34 13.8 JN021625 JN585272 JN585168 JN585224
AG083 N. kadleci MZCS 08–99 Pungwe red 22 & 23 S19 17.4 E34 13.8 JN021662
AG067 N. kadleci MZCS 08–107 Save red 22 & 23 S21 00.9 E34 27.8 JN021616 JN585273 JN585167 JN585225
AG084 N. kadleci MZCS 08–107 Save red 22 & 23 S21 00.9 E34 27.8 JN021618
AG068 N. kadleci MZCS 08–108 Save red 19 & 21 S21 00.7 E34 32.2 JN021619
AG069 N. kadleci MZCS 08–112 Save red 22 & 23 S21 01.8 E34 44.7 JN021620
AG086 N. kadleci MZCS 08–112 Save red 19 & 21 S21 01.8 E34 44.7 JN021621

AG070 N. orthonotus MZCS 08–09 Limpopo red 22 & 23 S23 41.6 E32 36.6 JN021630 JN585275 JN585165 JN585227
AG094 N. orthonotus MZCS 08–47 Limpopo red 22 & 23 S24 03.8 E32 43.9 JN021637
AG072 N. orthonotus MZCS 08–59 Limpopo red 19 & 21 S24 17.8 E33 03.4 JN021647
AG087 N. orthonotus MZCS 08–67 Limpopo red 19 & 21 S24 40.4 E33 24.6 JN021645
AG095 N. orthonotus MZCS 08–68 Limpopo red 22 & 23 S24 48.6 E33 30.5 JN021641
AG091 N. orthonotus MZCS 08–121 Limpopo red 22 & 23 S24 21.5 E32 58.5 JN021639 JN585280 JN585160 JN585232
AG093 N. orthonotus MZCS 08–43 Chefu red 19 & 21 S23 18.4 E32 32.1 JN021636
AG071 N. orthonotus MZCS 08–23 Chefu red 22 & 23 S22 30.5 E32 33.1 JN021635 JN585276 JN585164 JN585228
AG092 N. orthonotus MZCS 08–34 Chefu red 22 & 23 S22 08.8 E32 49.5 JN021640
AG155 N. orthonotus MZM 04–16 Chefu red 19 & 21 S22 01.5 E32 48.0 JN021652
AG100 N. orthonotus MZCS 08–120 Incomati red 22 & 23 S24 19.5 E32 43.2 JN021649
AG101 N. orthonotus MZCS 08–124 Incomati red 22 & 23 S24 35.6 E32 24.3 JN021638
AG097 N. orthonotus MZCS 08–99 Pungwe red 22 & 23 S19 17.4 E34 13.8 JN021642 JN585281 JN585159 JN585233
AG098 N. orthonotus MZCS 08–105 Save red 22 & 23 S20 41.1 E34 06.2 JN021631 JN585282 JN585158 JN585234
AG089 N. orthonotus MZCS 08–108 Save red 22 & 23 S21 00.7 E34 32.2 JN021632 JN585278 JN585162 JN585230
AG090 N. orthonotus MZCS 08–112 Save red 22 & 23 S21 01.8 E34 44.7 JN021633 JN585279 JN585161 JN585231

(continued on next page)
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Table 1 (continued)

AG-Code species Collection code Drainage colour primers COI GPS location COI GHTIM Cx32.2 PNP

AG099 N. orthonotus MZCS 08–113 Save red 22 & 23 S21 12.0 E34 43.6 JN021634

AG096 N. kuhntae MZCS 08–97 Rio Savane red 19 & 21 S19 45.8 E34 54.2 JN021628
AG074 ⁄N. kuhntae MZCS 08–98 Rio Savane red 19 & 21 S19 45.1 E34 56.0 JN021629 JN628454 JN628450 JN628458
AG024 N. kuhntae MOZ 04–07 Zangue red 19 & 21 not available JN021624 JN628453 JN628449 JN628457
AG144 N. kuhntae MT 03–04 Nhangau red 19 & 21 S19 43 E35 01 JN021627 JN628455 JN628451 JN628459

AG105 N. pienaari MZCS 08–81 Inharrime black 19 & 21 S24 13.7 E34 50.4 JN021564 JN585283 JN585157 JN585235
AG135 N. pienaari MZCS 08–81 Inharrime black 19 & 21 S24 13.7 E34 50.4 JN021565
AG113 N. pienaari MZCS 08–98 Rio Savane black 19 & 21 S19 45.1 E34 56.0 JN021661 JN585285 JN585155 JN585239
AG115 N. pienaari MZCS 08–113 Save black 19 & 21 S21 12.0 E34 43.6 JN021655 JN585286 JN585154 JN585240
AG106 N. rachovii MZCS 08–94 Pungwe blue 19 & 21 S19 25.4 E34 20.4 JN021660
AG134 N. rachovii MZCS 08-100 Buzi blue 19 & 21 S19 58.6 E34 09.9 JN021646
AG108 N. rachovii MZCS 08–103 Buzi blue 19 & 21 S19 56.9 E34 18.3 JN021653 JN585287 JN585152 JN585237
AG132 ⁄N. rachovii MT 03–01 Beira blue 19 & 21 S19 49 E34 55 JN021648

Beira

Maputo

pienaari
rachovii

Central

kuhntae

kadleci

Chefu

N. furzeri + kadleci
N. orthonotus + kuhntae
N. rachovii + pienaari

outgroups

Fig. 1. Map of the study area, with the collection sites of populations mapped onto the hydrographic network of southern and central Mozambique. The COI-based cladogram
is colour-coded and linked to the distribution of particular clades. Sampling sites are denoted by species-specific symbols. In N. furzeri the proportion of red and yellow colour
in the symbol represents the proportion of red and yellow males within the particular population. In all other species, symbol colour denotes inclusion of the sample into the
particular geographic clade. Clade distribution is outlined in F-clade. The phylogram of COI sequences is based on Bayesian analysis (MrBayes), with posterior probabilities of
the nodes indicated.
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decantation and air-drying. The pellet was finally re-suspended in
50 ll TE-Buffer (10 mM Tris, 1 mM EDTA, pH 8.0). (http://kings-
ley.stanford.edu/Lab%20ProtocolsWEB%202,003/Fish%20Methods/
Stickleback_DNA_prep.htm).

2.2.2. Primer design
Several primers were designed for COI, their position along the

COI sequences being shown in Table 2. The first set of primers was
designed by aligning the complete sequence of COI from N. furzeri
(NC_011814.1) with that of two other Cyprinodontiformes,
Kryptolebias marmoratus (NC_003290.1) and Cyprinodon rubrofluv-
italis (EF442803.2), in order to identify conserved regions. As these
primers often failed to amplify COI from species other than N. fur-
zeri (N. rachovii and N. pienaari in particular), a second set of prim-
ers was designed by aligning the COI sequences of N. furzeri, N.
rachovii, N. pienaari and F. thierryi obtained from the previous set
of primers in order to obtain Nothobranchius-versatile primers. A
set of primers for Mc1r was prepared based on N. furzeri (Genbank
accession GQ463613.1). Primers for nuclear loci are listed in
Table 2.

http://kingsley.stanford.edu/Lab%20ProtocolsWEB%202,003/Fish%20Methods/Stickleback_DNA_prep.htm
http://kingsley.stanford.edu/Lab%20ProtocolsWEB%202,003/Fish%20Methods/Stickleback_DNA_prep.htm
http://kingsley.stanford.edu/Lab%20ProtocolsWEB%202,003/Fish%20Methods/Stickleback_DNA_prep.htm


Table 2
List of primers used in this study.

Gene Name Reference Position Primer sequence

COI 22f NC_011814.1 41–61 AATCAYAAAGATATCGGCAC
COI 20f NC_011814.1 380–400 ACAGGCTGRACAGTCTATCC
COI 19f NC_011814.1 537–559 TTTCACARTATCAAACCCC
COI 23r NC_011814.1 1466–

1447
ACWGAAAGWACTTCNCGTTT

COI 21r NC_011814.1 1439–
1420

AATGCTTCTCAGAYAATAAA

COI 3r NC_011814.1 1231–
1212

CATGAAGCGTGTAGCCTGAA

COI 132f NC_011814.1 555–577 GACCCAGCTGGWGGAGGAGA
COI 136r NC_011814.1 1198–

1179
CCTGCTAAGCCTAGGAAGTG

GHTIM c11.f1 JN585151 315–334 CGTAAAGAAGGCTGAGACAC
GHTIM c11.r1 JN585151 821–838 CCTCCTTCATGCTGATAC
CX32.2 a05.f1 JN585150 537–556 GGGGCAGTATTACCTGTACG
CX32.2 a05.r1 JN585150 1068–

1086
GTGACAAACGCCTCTGG

PNP f06.f1 JN585149 370–386 AGCATCCGTTGTGTGGAC
PNP f06.nf1 JN585149 464–481 AGCTCTGCCCTCATCTTG
PNP f06.nr1 JN585149 825–842 GAAGGTCTCAGTGTGTGTTG
PNP f06.r1 JN585149 894–913 GTGACAAACGCCTCTGG
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2.2.3. Pcr
PCRs were performed at 25 ll final volume, each with 2.5 ll 10x

PCR buffer; 1.5 ll 25 mM MgCl2; 0.5 ll each of 10 mM dNTP mix,
10 lM forward, 10 lM reverse primers, 0.25 ll 5U/ll Taq Polymer-
ase (Qiagen) and 100–150 ng of genomic DNA using an EPPEN-
DORF thermocycler (Mastercycler ep gradients).

The PCR-program for primers 22f–23r and 20f–3r was: 94 �C for
120 s followed by 10 cycles with a touchdown (94 �C for 30 s,
touchdown from 55 �C to 50 �C, 0.5 �C decrease at every step)
and 30 cycles (94 �C for 30 s, 50 �C for 30 s, 72 �C for 90 s), and a
final 180 s at 72 �C. For primers 19f–21r, the same program was
used except that touchdown was performed from 51 �C to 46 �C
and the annealing temperature was 46 �C. For primers 132f and
136r, the following program was used: 94 �C for 120 s, 35 cycles
(94 �C for 30 s, 57 �C for 30 s and 72 �C for 30 s) and 72 �C for 60 s.

PCRs for nuclear loci were as follows: 35 cycles with 30 s at
94 �C, a 30 s at 55 �C and a 1 min at 72 �C. Nested PCRs (1:1000
dilutions of PCR products) were carried out for PNP, with 30 cycles
of the same cycling profile.

2.2.4. Sequencing
Sequencing was performed using the BigDye Terminator v3.1

Cycle Sequencing Kit (ABI; Weiterstadt, Germany), followed by
separation on ABI 3730xl capillary sequencers. After quality clip-
ping, sequences were assembled based on overlaps using the
GAP4 module of the Staden Sequence Analysis Package as de-
scribed previously (Reichwald et al., 2009). Visual inspection and
manual editing of sequences was undertaken using GAP4.

2.3. Phylogenetic reconstructions of individual loci

Phylogenetic analyses were undertaken on two datasets. The
first comprised 40 specimens sequenced for all four loci. A second,
extended dataset with 81 sequences was used for analysis of COI.
The COI dataset included 34 specimens with suitable sequences
for nuclear markers and 47 new specimens. The choice of nuclear
loci was based on extensive sequencing of Nothobranchius genome.
The three nuclear loci (CX32.2, GHITM, PNP) used provided largest
polymorphism in pilot sequencing on several individuals. Three
markers were chosen as a compromise between reaching sufficient
power in analysis and the number of samples (individuals) that can
be analysed.
Sequences were aligned using the ClustalW program default
settings implemented in the BioEdit software package (Hall,
1999) and then manually checked and edited. For the COI dataset,
the amino acid translation of the coding sequences was examined
for stop codons. The Bayesian method implemented in the Phase
2.0 software (Stephens et al., 2001) was used in an attempt to re-
solve observed heterozygotes in nuclear loci. The analysis was
run at least five times for each locus with different seeds to check
for consistency. Despite trying various run conditions and numbers
of steps, however, runs were inconsistent and we did not obtain
high posteriors for some positions in several specimens. Hence, nu-
clear sequences were subjected to subsequent phylogenetic analy-
ses with standard one-letter ambiguity symbols.

Phylogenetic analyses were performed on each locus separately
using MrBayes v3.1 Bayesian analysis software (Ronquist and
Huelsenbeck, 2003). The Bayesian tree for each locus was inferred
using models selected by the Akaike information criterion in
MrModeltest (http://www.abc.se/~nylander). The models were
estimated separately for partitions according to the codon position
for COI locus. The analyses were performed with 107 generations
sampling every 1000 trees using two parallel runs with four chains.
The final burn-in was 40% of the sampled trees; convergences
among runs being checked using AWTY software (Wilgenbusch
et al., 2004).

2.4. Analysis of multilocus data in BEST

The traditional strategy for improving phylogenetic resolution
is to increase the number of loci and characters put into a single
concatenated data set. This approach, however, may lead to incor-
rect estimates of species trees (Edwards et al., 2007), especially
when the lengths of internal branches are short and ancestral pop-
ulation size large. This is because concatenation assumes the same
phylogeny for all loci and no difference between species tree and
individual locus trees (Belfiore et al., 2008). Although the con-
founding effect of stochastic lineage sorting has long been recogni-
sed (Takahata, 1989), the incorporation of coalescence methods
into multi-species phylogenetics was missing until the recent
development of Bayesian Estimation of Species Trees (BEST; Liu,
2008) allowed for stochastic differences of topology of individual
locus trees resulting from coalescence in ancestral populations.
The resulting species tree is based on the topologies of individual
loci. BEST is particularly suitable for data where incongruence in
the phylogenetic signal of individual loci is expected, and is
claimed to perform better and produce fewer artefactual topolo-
gies than the traditional concatenation approach (Edwards et al.,
2007).

The datasets of all four loci were analysed using BEST (Liu,
2008) using two parallel runs with four chains for 100 million gen-
erations. Independent gamma distributions were used as the prior
of h, setting the effective population sizes of uniparentally inher-
ited and haploid mitochondrial DNA loci as one fourth that of auto-
somal loci (following Liu and Pearl, 2007). The trees thereby
obtained were summarised in MrBayes software using the ‘sumt’
command. In addition, the stability of posterior probabilities for
individual clades was analysed during the BEST run, the burn-in al-
ways being set to 20 million generations. Two kinds of analysis
were performed. In the first, the complete dataset, including all
40 specimens sequenced for all loci, was divided into groups
according to morphologically defined species, i.e. one outgroup,
N. rachovii (including N. pienaari which was not recognised at time
of analysis as a separate species), N. orthonotus, N. kuhntae, N. fur-
zeri and N. kadleci. In the second, N. furzeri specimens were further
split according to their geographical origin (the Limpopo, Incomati
and Chefu drainage basins). This second analysis was undertaken
as it has recently been argued that such geographical divisions

http://www.abc.se/~nylander


744 A. Dorn et al. / Molecular Phylogenetics and Evolution 61 (2011) 739–749
have a strong effect on life history traits (Terzibasi et al., 2008). In
both analyses, the optimal species tree treating defined groups was
defined as ‘species’.

2.5. Estimation of divergence times

Divergence dates among the main mitochondrial clades were
estimated on the second dataset using a Bayesian coalescence ap-
proach, as implemented in BEAST 1.5.4 (Drummond et al., 2006;
Drummond and Rambaut, 2007). Only the most common haplo-
type, which was usually basal, was selected for each major mito-
chondrial clade for this analysis because we were interested in
the dating of divergence between major phylogenetic lineages
only. Since BEAST only allows a limited number of substitution
models, the models were ranked in jModelTest (Posada, 2008)
and that with the lowest AIC score selected. The HKY + G + I model,
with Jeffreys prior for substitution rates and gamma values of the
jModelTest output, was applied with an uncorrelated lognormal
relaxed molecular clock (Drummond et al., 2006). A normally dis-
tributed prior with a mean of 0.007 and standard deviation of
0.0010 was used for the mean mutation rate. This normal distribu-
tion covered the plausible range of 0.70–0.86% substitutions per
site per My, as reported in works dealing with mitochondrial frag-
ments in related families of Rivulidae, Cyprinodontidae and Goo-
deidae (Echelle et al., 2005; Hrbek and Meyer, 2003; Webb et al.,
2004), as well as the standard mtDNA molecular clock rate of 2%
sequence divergence per Mya. Two types of analysis were run,
employing either the Yule or the birth–death process as the tree
prior and assuming a constant speciation (extinction) rate per line-
age. The search was begun with a UPGMA tree and two indepen-
dent runs of 307 generations were conducted for each analysis.
The results were checked for convergence and stationarity of dif-
ferent runs using Tracer 1.4.1 (http://beast.bio.ed.ac.uk). After a
burn-in of the first 10% of generations, independent runs were
Table 3
Summary of Mc1r gene data, showing species identity, polymorphism at position 67, colo
accession numbers.

AG-Code Species Allele at nt67 Colour phen

AG049 N. furzeri G/G Red tail
AG050 N. furzeri G/G Red tail
AG052 N. furzeri C/C Red tail
AG054 N. furzeri G/G Red tail
AG055 N. furzeri G/G Red tail
AG057 N. furzeri G/G Red tail
AG061 N. furzeri C/C Red tail
AG177 N. furzeri C/C Red tail
AG178 N. furzeri C/C Red tail
AG179 N. furzeri C/C Red tail
AG182 N. furzeri C/C Yellow tail
AG186 N. furzeri C/C Red tail
AG188 N. furzeri C/C Yellow tail
AG065 N. kadleci C/C Red body + t
AG066 N. kadleci C/C Red body + t
AG067 N. kadleci C/C Red body + t
AG068 N. kadleci C/C Red body + t
AG069 N. kadleci C/C Red body + t
AG081 N. kuhntae G/G Red
AG101 N. orthonotus C/C Red
AG104 N. pienaari G/G Melanistic
AG105 N. pienaari G/G Melanistic
AG107 N. rachovii G/G Orange
AG108 N. rachovii G/G Orange
AG110 N. pienaari G/G Melanistic
AG111 N. pienaari G/G Melanistic
AG113 N. pienaari G/G Melanistic
AG116 N. pienaari G/G Melanistic
AG133 N. pienaari G/G Melanistic
AG162 N. rachovii G/G Orange
AG170 N. rachovii G/G Orange
AG143 N. pienaari G/G Melanistic
combined using the LogCombiner 1.4.8 module. Finally, the molec-
ular clock tree was summarised using the TreeAnnotator 1.4.8
module, using the medians as node heights.

2.6. Evaluation of N. furzeri intraspecific differentiation

The partitioning of genetic variance among taxonomic, geo-
graphic and colour morphs was measured using Analysis of Molec-
ular Variance (AMOVA; Excoffier et al., 1992), as implemented in
ARLEQUIN (Schneider et al., 2008). For the first analysis, we evalu-
ated the significance of partitioning genetic variance between tax-
onomic groups (N. furzeri, N. kadleci) and among geographic groups
(Limpopo, Chefu, Incomati). In the second, we evaluated the
amount of genetic structuration attributable to the distinction of
N. furzeri into the two colour morphs (red and yellow). As ARLE-
QUIN does not allow for the correction of genetic distances accord-
ing to our best-fitting model of DNA substitution, we used the
Tamura-Nei distance instead. Significance was always tested using
1000 permutations.

2.7. Colour morphs

Two sets of primer pairs covering the coding sequence of Mc1r
were designed (GeneBank Accession GQ463613). Thirty-two spec-
imens of N. furzeri, N. rachovii, N. pienaari, N. kadleci, N. kuhntae and
N. orthonotus were sequenced (Table 3). Genotypes at position 67
with respect to yellow/red morph phenotype were examined and
tested for consistency with previously observed variation in male
colouration using (1) wild populations and a larger sample of yel-
low vs. red N. furzeri specimens, and (2) other Nothobranchius spe-
cies with colour morphs. PCR conditions and cycling profile were as
for nuclear loci (see above), with annealing at 58 �C for primer pair
122/127 and 59 �C for pair 126/125. Sequencing reactions and se-
quence curation was as for nuclear loci.
ur phenotype, geographic origin, GPS coordinates of sampling location, and Genbank

otype Drainage GPS Genbank

Limpopo S24 09.6 E32 48.1 JN088717
Limpopo S23 41.6 E32 36.6 JN088716
Chefu S22 27.0 E32 38.8 JN088715
Limpopo S23 27.5 E32 33.9 JN088714
Limpopo S24 03.8 E32 43.9 JN088713
Limpopo S24 25.1 E32 46.7 JN088712
Chefu S22 28.9 E32 37.2 JN088711
Chefu S22 30.5 E32 33.1 JN088710
Chefu S22 30.5 E32 33.1 JN088709
Chefu S23 06.0 E32 21.7 JN088708
Chefu S23 41.6 E32 36.6 JN088707
Chefu S22 30.5 E32 33.1 JN088718
Chefu S22 30.5 E32 33.1 JN088706

ail Save S20 41.3 E34 06.4 JN088694
ail Save S19 17.4 E34 13.8 JN088721
ail Save S21 00.9 E34 27.8 JN088693
ail Save S21 00.7 E34 32.2 JN088692
ail Save S21 01.8 E34 44.7 JN088691

Beira Not available JN088705
Incomati S24 35.6 E32 24.3 JN088704
Limpopo S24 40.4 E33 24.6 JN088703
Limpopo S24 13.7 E34 50.4 JN088702
Buzi S19 58.6 E34 09.9 JN088719
Buzi S19 56.9 E34 18.3 JN088720
Limpopo S23 18.4 E32 32.1 JN088701
Limpopo S24 48.6 E33 30.5 JN088700
Limpopo S19 45.1 E34 56.0 JN088699
Limpopo S24 25.1 E32 46.7 JN088698
Limpopo Not available JN088697
Beira S19 49 E34 55 JN088696
Beira S19 48.8 E34 54.3 JN088695
Limpopo S24 17.7 E32 33.8 JN088690

http://beast.bio.ed.ac.uk


Fig. 2. Phylogenetic relationships among Nothobranchius specimens reconstructed by MrBayes, using gene trees for CX32.2, ghitm and PNP; and the species tree obtained
using the BEST approach. Bayesian posterior probabilities (only BPP > 0.50) for nodal support are shown. In each gene tree, the morphs of N. furzeri are indicated by red (red
morph) and green (yellow morph) text and N. rachovii sensu stricto by blue text. The geographical origin of N. furzeri specimens is indicated with vertical lines. The black
arrow in the GHITM gene phylogram indicates a N. orthonotus specimen that clustered with N. furzeri. The BEST species tree was based on 40 specimens sequenced for all loci;
with N. furzeri specimens being split according to their geographical origin (Limpopo, Incomati and Chefu) in order to test the robustness of drainage divisions (see Methods
for more details).

Table 4
Summary of sequence variability observed at four studied loci, showing length of
sequences (Length), number of variable position (Var), number of parsimony
informative sites (Inform), mean pairwise differences (p) and substitution model
(Model). The last two columns are based only on ingroup sequences.

Locus Length Var Inform p ± s.d. Model

COI 665 156 0.0174 ± 0.0035
1st position 32 15 GTR + I + G
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Phenotypic data for N. furzeri colour morphs was collected in
the field in 2008. At least five males were collected from 15 inde-
pendent populations for inclusion in phenotypic analysis (mean 33
males, range 5–111 males per population). ANOVA was used to test
the relative proportion of colour morphs among the three N. furzeri
clades (Incomati, Chefu, Limpopo). Data were square root arcsin
transformed prior to analysis to restore normality of proportional
data.
2nd position 4 0 F81
3rd position 187 153 GTR + G

GHTIM 570 48 26 0.0067 ± 0.0015 HKY + G
CX32.2 453 37 9 0.0018 ± 0.0014 JC
PNP 536 34 13 0.0064 ± 0.0018 TrN + I
3. Results

3.1. Phylogeny of Nothobranchius spp. from southern Mozambique

Single nuclear loci often did not resolve phylogeny with high
posterior probabilities, presumably due to the low sequence vari-
ability (Fig. 2, Table 4). However, nuclear loci consistently sug-
gested monophyly of N. rachovii + N. pienaari (hereafter referred
to as the R-clade). Occasionally, the nuclear loci suggested mono-
phyly of sequences derived from the remaining species/clades with
reasonably high posteriors (N. kuhntae or N. orthonotus/kuhntae
clade in CX32.2 and GHITM, respectively, and monophyly of N. fur-
zeri sequences from the Incomati watershed in GHITM). A notable
exception was a single N. orthonotus specimen (AG098), which
clustered with N. furzeri in GHITM.

The mitochondrial COI locus provided much better support for
monophyly within the various species (and even for intraspecific
differentiation, see below) but the posterior probabilities for dee-
per nodes were also rather low (Fig. 1). There was high support
for monophyly of the N. orthonotus/kuhntae clade (0.98; henceforth
referred to as the O-clade), with N. orthonotus and N. kuhntae being
placed into separate clusters, though a single N. orthonotus speci-
men from the central Pungwe region appeared as basal to both
clusters. Nothobranchius orthonotus COI sequences, therefore, were
paraphyletic to N. kuhntae. In addition, N. orthonotus appears to be
structured into a southern (south of the Save river) and central
(north of the Save river) clade (Fig. 1). Monophyly of the N. furze-
ri/kadleci clade (henceforth termed the F-clade) was also indicated,
with a posterior of 0.85. This clade was strongly differentiated into
four main lineages, corresponding to N. kadleci, N. furzeri from the
Chefu drainage, N. furzeri from the Incomati drainage and N. furzeri



Table 5
Results of Bayesian coalescent-based estimation of divergence dates and time to the
most recent common ancestor (tMRCA) of selected haplotypes from different
populations/species. Median values are given with 95% highest posterior density in
parentheses.

Species/population Divergence time or tMRCA in
Mya

N. furzeri Incomati vs. Limpopo 0.875 (0.034–3.63)
O-clade 3.32 (0.47–8.67)
F-clade 4.03 (1.07–9.98)
Nothobranchius (including O-, F- and R-

clades)
19.6 (8.53–36.62)
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from the Limpopo drainage. Phylogenetic relationships among
these clusters, however, are unresolved. Deep differentiation at
COI was also noted for R-clade. Unlike that for nuclear loci, how-
ever, R-clade was clustered in two reciprocally monophyletic
clades (corresponding to recent description of N. pienaari as a sep-
arate species), with an unresolved relationship to the remaining
lineages. Nothobranchius rachovii and N. pienaari are geographically
parapatric and differentiated by dominant colour of the male body
(blue or black, respectively).

BEST suggested monophyly of the O-clade (with high posterior
probability) and the F-clade, in agreement with single-locus analy-
ses. Interestingly, unlike tests on individual loci, BEST suggested
respective monophyly of N. furzeri geographical groups and N. kad-
leci, albeit with relatively poor posterior probability (0.82). BEST
analysis was not able to infer the position of the R-clade.

Bayesian coalescent-based estimation of divergence dates and
the time to most recent common ancestor (MRCA) of selected hap-
lotypes from different populations/species are shown in Table 5.
While confidence intervals are large, it appears that the MRCAs
of both the O- and F-clades lived in the Pliocene (median estimates
3.3–4 Mya), while the MRCAs of the Limpopo and Incomati clades
date to the Pleistocene (0.9 Mya). Based on our dataset, the MRCA
of all Nothobranchius species originated in the Miocene (median
estimate 20 Mya, range 9–37 Mya).

3.2. Differentiation of the F-clade

Hierarchical AMOVA of the F-clade indicated that the among-
species component of variation referring to grouping of sequences
into N. kadleci and N. furzeri taxa explained approximately 32% of
the total variance (FCT = 0.32), though this result was not signifi-
cant. The splitting of N. furzeri sequences according to the three riv-
er drainages (Limpopo, Chefu, Incomati groups) explained an
additional 58% of variance (FSC = 0.58; P < 0.05).

Nothobramchius furzeri from the Limpopo drainage possessed
the highest genetic variability among the three geographical
groups studied. Nucleotide diversity was four times higher than
in the Incomati clade, and almost three times higher than in the
Chefu clade (Table 6). Our data do not allow to further hypothesise
on whether the observed differences in genetic variability reflect
Table 6
Summary of COI gene sequence variability in the four F-clade populations examined, with h
shown. Significant deviations from neutrality are indicated by asterisks.

Species-population h ± s.d p ± s.d

N. kadleci 0.9333 ± 0.0773 0.0088
N. furzeri-Limpopo 0.9263 ± 0.0316 0.0059
N. furzeri-Incomati 0.4643 ± 0.2000 0.0014
N. furzeri-Chefu 0.6082 ± 0.1272 0.0021

* P < 0.05.
** P < 0.01.
demographic history. It is notable, however, that while the Limpo-
po group did not deviate from neutrality in Tajima’s D and Fu’s Fs
indices, the Chefu group significantly deviated from neutrality (Ta-
ble 6) and expressed an overrepresentation of rare haplotypes and
mutations in terminal branches, characteristic of recently ex-
panded populations.
3.3. Colour morphs of N. furzeri

The yellow/red colour morphs of N. furzeri were not monophy-
letic. In fact, red and yellow males were intertwined in all phylog-
enies (Fig. 2). AMOVA, however, detected a significant contribution
of male colouration to the overall variance (FST = 0.13). Phenotypic
data showed that the three geographic clades differed in the pro-
portion of red and yellow morphs (ANOVA, F2,12 = 30.6, P < 0.001),
with red males clearly dominating in the Limpopo clade (96 %
red), yellow males dominating the Incomati clade (95 % yellow)
and a combination of both morphs in the Chefu clade (54 % red,
46% yellow). The AMOVA result therefore, could stem from covari-
ation of colour and geographic origin. Nothobranchius kadleci dif-
fered markedly from N. furzeri colouration and distinct colour
phenotypes could not be detected.
3.4. Analysis of the Mc1r gene

The +67 G > C sequence variation in the Mc1r gene was not asso-
ciated with male colouration. In N. furzeri, GG genotypes were
found in all five red males from the Limpopo clade, but CC geno-
types were present in all Chefu clade fish, including six red and
two yellow males (Table 3). In N. kadleci, which is characterised
by an entirely red colouration, the CC genotype was found in all
five specimens analysed. In contrast, the GG genotype was found
in N. kuhntae (red colouration, one individual), N. rachovii (with a
significant red colour component; four individuals) and N. pienaari
(a melanistic form with less red colour component; eight
individuals).
4. Discussion

4.1. Inter-specific relationships and structure of the O- and R-clades

Our analyses indicate that Mozambican Nothobranchius are dee-
ply structured into several evolutionary lineages. The analyses of
one mitochondrial locus (COI) and the combined dataset of one
mitochondrial and three nuclear loci (BEST) indicate the existence
of an F-clade composed of two morphologically distinct species, N.
furzeri and N. kadleci, that are further geographically substructured.
The separate analyses of COI and GHITM loci and BEST analyses
support the existence of a lineage composed of N. orthonotus and
N. kuhntae (O-clade). The third lineage (R-clade) was consistently
monophyletic in all individual nuclear loci analyses, though the
mitochondrial locus did not resolve monophyly.
aplotype diversity (h), nucleotide diversity (p) and estimates of Tajima’s D and Fu’s Fs

Tajima’s D Fu’s Fs

23 ± 0.005243 �1.58144* �2.02504
95 ± 0.003598 �0.36677 �2.69938
34 ± 0.001320 �1.44751 �0.30459
29 ± 0.001522 �2.05915** �2.59351*
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All three clades have a wide distribution within the sampled
area (Reichard et al., 2009). The F-clade is more common at higher
altitudes further away from the Indian Ocean, and never found in
coastal areas. The R-clade is frequently found on coastal lowland
plains as close as 1 km to the Indian Ocean (e.g. the city of Beira),
though fish never occur in brackish water (Wildekamp, 2004).
Some populations of the R-clade, however, are known from rela-
tively high altitudes, where they live sympatrically with N. furzeri
(Polačik et al., 2011; Watters et al., 2009), but their occurrence in
that region is relatively rare (Reichard et al., 2009). The O-clade
has the widest distribution and its geographical and altitudinal
range includes the distribution of both F- and R-clades (Wildek-
amp, 2004), though it is typically the rarest of the syntopic Notho-
branchius species (Polačik and Reichard, 2010). No other
Nothobranchius taxa occur in the biogeographical area studied.
Geographically closest species to the species included in the pres-
ent study are N. krysanovi from area north of the Zambezi River,
Nothobranchius hengstleri Valdesalici and Nothobranchius krammeri
Valdesalici and Hengstler from northern Mozambique, and Notho-
branchius sp. aff. kirki from southern Malawi (Shidlovskiy et al.,
2010; Valdesalici, 2007; Valdesalici and Hengstler, 2008; Wildek-
amp, 2004). While N. krysanovi range partially overlaps the range
of N. orthonotus, the other three species have ranges separated
from central and southern Mozambique by the Rift Valley (Pekkala
et al., 2008), making their distribution entirely allopatric to all taxa
included in this study.

Within the O-clade, COI analysis positioned N. orthonotus from
the River Pungwe drainage (the northernmost N. orthonotus popu-
lation on Fig. 1) at the base of the clade topography, with N. kuhn-
tae forming a distinct clade but with no resolution in relation to N.
orthonotus. Other distinct clades were formed by fish from four
populations in the Rio Save and Rio Gorongose drainages (Central
clade), and 12 populations from the Limpopo, Chefu and Incomati
drainages (Southern clade) (Fig. 1). The fact that a single N. orthon-
otus specimen clustered with N. furzeri in GHITM analysis indicates
a possibility of introgression between the two species; N. orthono-
tus and N. furzeri produce viable hybrids in the lab (Polacik and Rei-
chard, 2011) and several specimens morphologically intermediate
between the two species were collected in the wild (M. Reichard &
M. Polačik, unpublished data).

Within the R-clade, COI analysis distinguished two reciprocally
monophyletic clades that differ in dominant body colour of the
male and were described as separate species (Shidlovskiy et al.,
2010) in time of a review process for the current study. Notho-
branchius pienaari, (formerly ‘black morph’ of N. rachovii), distrib-
uted from southern Mozambique (and also historically collected
at two sites in the Kruger National Park, South Africa) to within
close proximity of the city of Beira, is parapatric with N. rachovii,
the ‘blue morph’, yet the two species never co-occur (Watters
et al., 2009; Shidlovskiy et al., 2010). The third species (N. krysano-
vi), a ‘red morph’ of R-clade, occurs north of the Zambezi River
(Watters et al., 2009), but no specimen of N. krysanovi was avail-
able for this study.

4.2. F-clade and intra-specific structure of N. furzeri

Within the F-clade, two species are distinguished (N. furzeri, N.
kadleci) with allopatric distribution and distinct colouration. COI
analysis and BEST analysis recovered four well-supported clades
that suggest respective monophyly of N. furzeri and N. kadleci,
though posterior probability was relatively poor (Fig. 2). The anal-
ysis of COI alone did not allow exclusion of paraphyly, or even poly-
phyly, of N. furzeri with respect to N. kadleci.

Nothobranchius furzeri was clearly geographically structured,
with three clades being consistent with drainage separation. It
must be reiterated, however, that Nothobranchius fishes inhabit
savannah pools that, while they may occasionally be flooded by
water from streams, typically represent habitats that are not con-
nected to river systems and their floodplains. Hence, our designa-
tions to river basins do not imply a direct role of the hydrographic
network in fish dispersal. It is not known how Nothobranchius
fishes disperse, though the role of exceptionally large floods for
juvenile and adult fish, and/or dispersal of eggs in mud attached
to large herbivores drinking from the savannah pools, appears
most plausible. Our data show that the intraspecific structure of
N. furzeri is constrained by hydrography and, therefore, fish dis-
persal during savannah flooding is a more likely explanation. Three
specimens from a population originally assigned to the Limpopo
drainage (MZCS 08–43) consistently clustered with the Chefu
clade. A closer inspection of available maps (Garmin, 2008; Google
Earth) could not clearly demonstrate whether the site was situated
in the Limpopo drainage or not; however, it is geographically close
to the Chefu basin and was tentatively included there.

The three geographic clades also showed remarkable differ-
ences in their genetic diversity, with the lowland Limpopo clade
showing clearly higher genetic diversity than the higher altitude
Incomati and Chefu clades. In addition, Tajima’s and Fu’s statistics
for the Chefu clade are suggestive of a recent expansion. The south-
ern African climate was more arid during the majority of the Pleis-
tocene glacial periods (Finch and Hill, 2008) and the distribution of
the higher altitude clades, therefore, may have been reduced to
small refugia, with subsequent expansion during the Holocene.
Further research using more variable genetic markers (e.g. micro-
satellites) is necessary to reconstruct population genetic structure
at a finer scale and our effort is directed to this end.

The deep geographic structuring of N. furzeri has broader rele-
vance for the use of this species in ageing research. The strain de-
rived from Gona re Zhou in Zimbabwe (Fig. 1) is remarkable for its
extremely short captive lifespan of about 3 months (Valdesalici
and Cellerino, 2003), whereas populations from the lower Chefu
and Limpopo clade show lifespans of 6–7 months (Terzibasi
et al., 2008, 2009; Hartmann et al., 2009; Graf et al., 2010). A pos-
sible approach to understanding the mechanism(s) responsible for
these lifespan differences may be to compare cellular and molecu-
lar phenotypes of the short-lived and longer-lived strains, e.g.
through analysis of telomere dynamics (Hartmann et al., 2009) or
response to dietary restriction (Terzibasi et al., 2009). A more di-
rect approach, however, would be the crossing of short-lived and
longer-lived strains (Valenzano et al., 2009) to identify quantitative
trait loci controlling differences in lifespan (Kirschner et al., in
preparation). The deep genetic structuring shown by our data pro-
vides a guide to the design of future studies such that researchers
are able to assess whether the planned comparisons and/or cross
entails two strains that belong to different clades.

4.3. Colour morphs

The colour phenotypes observed in N. furzeri males showed no
phylogenetic signal for either of the loci analysed in this study.
While the red morph is dominant in the Limpopo drainage, the
proportion of the yellow morph increases in a southwesterly and
northwesterly direction in the Incomati and Chefu drainages,
respectively (Fig. 1). The two colour morphs are not reproductively
isolated (Valenzano et al., 2009) and filial segregation indicates a
Mendelian single locus mode of inheritance, with the yellow
morph dominant over the red morph (Valenzano et al., 2009).
The presence of a very low proportion of yellow males in the Limp-
opo clade, as opposed to the Chefu and Incomati clades, therefore,
further supports the genetic structuring of N. furzeri. At present,
there are no data allowing us to speculate on whether the geo-
graphic structure of colour morphs is a product of genetic drift or
has an adaptive basis. It should be noted that the yellow morph
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also dominates in marginal areas of the range of N. furzeri in the
Chefu drainage. Quantitative data were not available for the phe-
notypic analysis; however, exclusively yellow males have also
been recorded on the Gona Re Zhou plateau on the border between
Mozambique and Zimbabwe (Jubb, 1971). This is the westernmost
population and is at the highest altitude recorded for N. furzeri
(Terzibasi et al., 2008). The exclusive occurrence of yellow morph
has also been recorded in the adjacent MZZW 07/01 population
(Fig. 1) on the Mozambique/Zimbabwe border (B. Watters, pers.
comm.).

The GRZ strain of N. furzeri (widely used in ageing studies) con-
sists of direct descendants from the type locality (upper Chefu
drainage, Zimbabwe), which is characterised by an exclusive
occurrence of yellow males (Jubb, 1971). Valenzano et al. (2009)
showed that GRZ fish showed the genotype +67 CC, whereas red
morph fish collected from the Limpopo had the genotype GG.
The Mc1r gene was analysed because it was linked to the colour lo-
cus (Valenzano et al., 2009). The variation results in a non-synon-
ymous change from histidine (H23, GRZ) to aspartic acid (D23,
Limpopo) in the N-terminal region of the Mc1r protein (Valenzano
et al., 2009). A direct role of Mc1r has been disputed however, by
the observation of some F2 progeny from a cross of a GRZ male
and an MZM-0403 female that display either colour and have a
GC or GG genotype. Our analysis clearly demonstrated that all 32
wild-caught fish, which include all the clades studied, were homo-
zygous for either allele, but this variability was not associated with
fish colouration. We note, however, that only two yellow morph
male N. furzeri were analysed and both possessed CC genotype.
Consequently, while red morph of N. furzeri may be associated with
both GG and CC genotypes, we cannot exclude the possibility that
yellow morph of N. furzeri is uniquely associated with CC geno-
type. Nevertheless, our data indicate that the +67 G > C sequence
variation in the Mc1r gene is not associated with male colour phe-
notypes of Mozambican Nothobranchius at interspecific level. There
remains the possibility that cis-regulatory variations upstream of
the Mc1r gene could be involved in colour phenotypes in Notho-
branchius (Gross et al., 2009; Mundy, 2009). Further efforts to iden-
tify the causative locus are ongoing.

4.4. Summary and conclusions

In summary, a combined analysis of one mitochondrial and
three nuclear loci provided several important insights into phylo-
genetic relationships among Mozambican Nothobranchius, a group
of annual fish widely used in research on ageing and age-related
disorders. Support was provided for the existence of three major
clades of Nothobranchius in southern Mozambique; an F-clade
comprising N. furzeri and N. kadleci, an O-clade comprising N. ort-
honotus and N. kuhntae, and an R-clade comprising N. rachovii
and N. pienaari. The study further revealed phylogenetic substruc-
ture at both the inter- and intra-specific level within those clades.
The analyses indicated very strong geographical structure within
the F- and O-clades. Although the relative position of these three
clades remains unresolved, the data provide a basic framework
for future comparative analyses of life history evolution within this
group. It has been hypothesised that species and populations from
drier habitats experience accelerated ageing due to a short life
expectancy constrained by habitat desiccation (Terzibasi et al.,
2008). The current dataset revealed that there is considerable geo-
graphic clustering and that the recovered clades are associated
with regions with distinct environmental conditions. This has sig-
nificant implications for future comparative studies that use the
species and populations analysed in the present work. The results
further demonstrated that male colour phenotype has no phyloge-
netic signal in N. furzeri where red and yellow colour morphs are
sympatric, but is associated with two distinct lineages in R-clade,
where colour morphs are parapatric. Finally, our analysis showed
that polymorphism in the Mc1r gene is not related to male
colouration.
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Polačik, M., Reichard, M., 2010. Diet overlap among three sympatric African annual
killifish species (Nothobranchius spp.) from Mozambique. J. Fish Biol. 77, 754–
768.
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