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Abstract

Processes shaping the African Guineo-Congolian rain forest, especially in the West African
part, are not well understood. Recent molecular studies, based mainly on forest tree spe-
cies, confirmed the previously proposed division of the western African Guineo-Congolian
rain forest into Upper Guinea (UG) and Lower Guinea (LG) separated by the Dahomey Gap
(DG). Here we studied nine populations in the area of the DG and the borders of LG and UG
of the widespread liana species, Chasmanthera dependens (Menispermaceae) by amplified
fragment length polymorphism (AFLP), a chloroplast DNA sequence marker, and modelled
the distribution based on current as well as paleoclimatic data (Holocene Climate Optimum,
ca. 6 kyr BP and Last Glacial Maximum, ca. 22 kyr BP). Current population genetic structure
and geographical pattern of cpDNA was related to present as well as historical modelled dis-
tributions. Results from this study show that past historical factors played an important role
in shaping the distribution of C. dependens across West Africa. The Cameroon Volcanic
Line seems to represent a barrier for gene flow in the present as well as in the past. Distribu-
tion modelling proposed refugia in the Dahomey Gap, supported also by higher genetic
diversity. This is in contrast with the phylogeographic patterns observed in several rainforest
tree species and could be explained by either diverging or more relaxed ecological require-
ments of this liana species.

Introduction

The African Guineo-Congolian rain forest is the second largest block of rain forest on Earth
with about 6400 endemic plant species [1], and considered a biodiversity hotspot [2]. Repeated
fragmentation of the tropical forest was suggested due to climate oscillations for the last one
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million years [3, 4]. Based on White’s chorological analyses [5], the African Guineo-Congolian
rain forest can be divided into three phytogeographic units: Upper Guinea (UG), Lower
Guinea (LG) and Congolia. All three units are characterized by considerable historical contrac-
tions, shifts and/or expansions [4]. Thus, current ranges of species or particular lineages are
defined by the location of their refugia during the Last Glacial Maximum (LGM) as well as by
postglacial migration routes [6].

Phylogenetic and population genetic studies provide valuable data to test the forest refuge
theory as well as infer the location of refugia in Africa [7]. These studies have been particularly
insightful for tree species due to their longevity, high reproductive output, but low speciation
rates [8]. Comparative phylogeographic analyses of trees from LG and Congolia revealed a par-
tial congruence of phylogeographic patterns with LGM forest refugia proposed by Maley [9-
15]. Interestingly, phylogeographic patterns congruent with those of tree species were also
found for Marantaceae herbs and lianas in this region [16].

The split between UG and LG rain forest is mainly constituted by a savanna corridor in
Benin, Togo and eastern Ghana, also referred to as the Dahomey Gap (DG), and is caused by
current rainfall gradients [14, 17-19]. Nevertheless, the two forest blocks were probably for the
last time connected during the Holocene Humid Period (ca. 6-9 thousand years before present
(kyr BP) [20] and several rain forest plant species are still present in the DG but scattered in
microhabitats. It is therefore worthy of note that the forest species in the DG may either origi-
nate due to recent migrations from the main forest blocks (UG, LG), or constitute a remnant
of the last period of rain forest connection. Interestingly, a recent phylogeographic study on
the tree species Distemonanthus benthamianus (Fabaceae) [19] indicated that the history of the
DG populations are consistent with paleo-vegetation data suggesting that the forest flora of the
DG might be a relic of the early Holocene period when the Guineo-Congolian forest reached
its maximum geographical distribution.

Lianas (woody vines) are non-self-supporting plants that use the architecture of trees to
ascend to the forest canopy [21]. They play an important role in forest dynamics accomplishing
various key indicator properties (i.e. gap-phase dynamics, transpiration and carbon sequestra-
tion). Lianas are particularly abundant and diverse in lowland tropical forests, where they con-
stitute up to 40% of the woody biomass and more than 25% of the woody species [21], and
contribute substantially to the forest leaf area [22, 23]. Interestingly, Martin et al. [24] report
that they are more prevalent in areas of secondary forest succession and are often able to com-
pete effectively against tree and shrub species under acute and chronic disturbance. For lianas,
it is expected that their genotypic diversity, in comparison to trees, mirrors younger historical
events due to presumably shorter life cycles [25, 26] and that the current genetic patterns might
be more structured due to smaller dispersal distances in the tropical understory [27].

Chasmanthera dependens is a dioecious forest liana of the family Menispermaceae. It is
widely distributed from Sierra Leone eastwards to Eritrea and Somalia, and southwards
through eastern DR Congo and Tanzania to Angola and Zambia [28]. Chasmanthera depen-
dens occurs in dense evergreen and semi-deciduous humid forest, in gallery forest, in termite
mound thickets, thalwegs, humid secondary forest and bush fallow, at low to medium altitudes
(up to 1500 m). It has a preference for well drained soils in localities with good availability of
water and light [29, 30]. The species is widely used in traditional medicine due to its contents
of bitterns and alkaloids [30-32].

In this study, we sampled populations of C. dependens from the area of the DG and the bor-
ders of LG and UG, genotyped them with amplified fragment length polymorphism (AFLP),
employed a chloroplast (cp) DNA sequence marker, and modelled the distribution based on
current as well as paleoclimatic data (Holocene Climate Optimum, HCO, ca. 6 kyr BP and Last
Glacial Maximum, LGM, ca. 21 kyr BP) in order to answer the following questions:
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1. Was the distribution of C. dependens across West Africa influenced by past climatic changes
(Pleistocene)? Which areas are indicated as LGM refugia using distributional models based
on past climatic scenarios?

2. Which areas could be considered as LGM refugia based on patterns of genetic diversity?
Are the patterns recovered by nuclear (AFLP) and chloroplast markers congruent and cor-
respond to the postulated refugia indicated by distribution models?

3. Did the Dahomey Gap impact the present distribution of genetic diversity in this species? Is
it possible to identify two diverging gene pools corresponding to refugia in UG and LG or is
the genetic diversity distributed continuously?

4. Are the phylogeographic patterns of a liana congruent with generally postulated patterns
for tree species?

Materials and methods
Plant material

Fresh leaf tissue of C. dependens was collected from five West African countries (Benin, Cam-
eroon, Ghana, Nigeria and Togo) covering the area of the eastern UG, western LG as well as
the DG. In total, 139 individuals representing nine populations were investigated with 7-39
individuals per population (Table 1, S1 Table). Samples collected within a 50 km radius were
considered a population. At least one herbarium specimen was prepared from each locality.
Herbarium specimens were deposited at the Herbarium Senckenbergianum (FR) as well as at
the University of Lagos Herbarium (LUH). The coordinates for the field-collected material
were obtained using a handheld GPS unit, and for all kinds of the geographical presentation,
ArcView-ArcGIS v10.1 (ESRI, USA) was used.

DNA extraction, PCR amplification and sequencing

Total genomic DNA was extracted from silica gel-dried leaf tissue. Extraction of total genomic
DNA followed the CTAB procedure of Doyle and Doyle [33], with the following modifica-
tions: 700 pl of CT AB buffer were used for initial incubation, 500 ul of isopropanol were used
for DNA precipitation, with two subsequent washing steps using 100 pl of 70% ethanol each.
Finally, DNA was dissolved in 200 pl 1 x TE including 2ul RNase (10 mg-ml™"). Alternatively,
DNA was extracted with the QiagenDNeasy® Plant Mini Kit (Hilden, Germany) or the
NucleoSpin Plant IT Kit (Macherey-Nagel, Diiren, Germany) from leaf fragments of

Table 1. Sampling localities of studied Chasmanthera dependens populations.

Pop Locality Nb Latitude/Longitude
BNO1 Lama Forest, Benin 23 6.974/2.133

CMRO1 Ngoro, Cameroon 13 4.878/11.351
CMRO02 Mount Febé, Cameroon 9 3.915/11.494

GHO1 Seya Breku, Ghana 10 5.487/-0.534

NGO1 Nsukka, Nigeria 18 6.706/7.462

NGO02 Obinze, Nigeria 39 5.403/6.968

NGO03 Okeigbo, Nigeria 7 7.218/4.675

NGO04 Ibadan, Nigeria 9 7.388/3.992

TGO1 Anagali Forest, Togo 11 6.517/1.358

Pop—population code, Nb—nhumber of studied samples.

https://doi.org/10.1371/journal.pone.0170511.t001
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approximately 1 cm? size, following the manufacturers’ protocols. Extracted DNA was dis-
solved in 200 ul TE buffer and 2 units (U) RNase (10 mg-ml™") were added.

The cpDNA trnH-psbA intergenic spacer was amplified using the primers trnH(gug) 5 -
CGC GCA TGG TGGATT CAC AAT CC-3" and psbA 5’ -GTT ATG CAT GAA CGT AAT GCT
C-3" [34]. The reaction mix of 25 pl contained 21.9 ul 1.1 x ReddyMix "™ PCR Master Mix
(ThermoFisher Scientific, Waltham, USA), 0.5 pl bovine serum albumin (10 mg~ml’1) (New
England BioLabs, Ipswich, USA), 1 puL dimethyl sulfoxide (DMSO; Carl Roth, Karlsruhe, Ger-
many), 1 pl of template DNA, and 0.3 uL of each primer (10 uM). PCR reactions were per-
formed on a Mastercycler® pro (Eppendorf, Hamburg, Germany), with initial denaturation of
2 min at 95 °C, followed by 35 cycles of denaturation at 95 “C for 1 min, annealing at 53 °C for
1 min and extension at 72 °C for 1 min, followed by a final extension step for 10 min at 72 °C.
PCR products were cleaned using the NucleoSpin® Extract I Kit (Macherey-Nagel, Diiren,
Germany), or the QIAquick® Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing was
accomplished for both strands using 3730 DNA analyzer (Applied Biosystems, Foster City,
USA) by the laboratory centre of the Senckenberg Biodiversity and Climate Research Centre
(BiK-F) with the primers used for PCR. Sequences were manually edited for bad quality bases
and assembled in contigs using Geneious Pro v5.6.6 (Biomatters, Auckland, New Zealand).
Sequences were aligned using the pairwise alignment algorithm implemented in Geneious Pro
and the alignment was manually refined.

Amplified fragment length polymorphism (AFLP) analysis

For a subset of 54 individuals plus 22 duplicate samples, AFLP analysis was performed using
the protocol established by Vos et al. [35], with minor modifications: Approximately 300 ng of
DNA was digested and ligated in a 15 ul reaction mix containing 1 x T4-ligase buffer and

1 x ATP solution (Bioline, London, UK), 50 mM NaCl, 0.75 ug BSA, 1.5 U T4-ligase (Bioline),
1 U Msel and 5 U EcoRI (New England Biolabs), and 0.37uM of EcoRI-adapter and 3.67 uM
of Msel-adapter. The reaction mix was incubated at 37 °C for 3 h, followed by an inactivation
step at 65 °C for 10 min. The restriction-ligation product was subsequently diluted ten-fold.
For the pre-selective PCR reaction, 2.5 pl of the diluted restriction-ligation product were used
in a total reaction volume of 12.5 pl which contained 10 x PCR buffer IT (Applied Biosystems),
2 mM MgCl,, 0.8 mM dNTP mix, 0.2 uM EcoRI-A primer (5’ -GACTGCGTACCAATTCA-A-
37),0.2 uM Msel-C primer (5’ ~-GATGAGTCCTGAGTAAC-C-3")and 0.25 U AmpliTaq poly-
merase (Applied Biosystems). The reactions were held at 72 °C for 2 min, followed by 20 cycles
0of 94 °C for 20 s, 56 °C for 30 s, and 72 °C for 2 min, with a final 30 s extension at 60 °C, and
were subsequently diluted ten-fold. For selective PCR, 2.5 pl of the diluted pre-selective PCR
product were used as a template in a total reaction volume of 12.5 pl. The PCR master mix con-
tained 1 x GoldTaq buffer (Applied Biosystems), 2.5 mM MgCl,, 0.8mM dNTP mix, 0.2uM
Mse primer, 0.08uM EcoRI fluorescence-labeled primer (EcoRI-ACG (NED)/Msel-CTC,
EcoRI-AAG(6-FAM)/Msel-CTA, EcoRI-AGC(VIC)/Msel-CTG,EcoRI-AGG(NED)/Msel-
CAT; EcoRI-AAC(6-FAM)/Msel-CAG and EcoRI-ACC(VIC)/Msel-CTC), and 0.5 U Ampli-
Taq Gold (Applied Biosystems). The reactions were held at 95 °C for 5 min, followed by 13
cycles at 94 °C for 30 s, a touch down cycle of 65 °C to 56 “C (-0.7 “C per cycle) for 1 min and
72 °C for 1 min, followed by another 23 cycles at 94 °C for 30 s, 56 °C for 1 min and 72 °C for
1.5 min, with a final 8 min extension at 72 °C. Differentially fluorescence-labeled PCR prod-
ucts and GS600 LIZ size standards (Applied Biosystems) were multiplexed, and fragments
were separated on a 3730 DNA Analyzer (Applied Biosystems). In each run, a total of 96 sam-
ples were analyzed, including one negative control and several other repeats (altogether 37%),
as recommended by Bonin et al. [36]. Raw data were visualized and the fragments manually
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scored using GeneMarker v1.97 (Soft Genetics, State College, USA). Processed data were
exported as a presence/absence matrix.

Data analyses

Indels in the cpDNA sequences were manually coded for presence and absence using the
approach described by Simmons and Ochoterena [37], and treated as single polymorphic sites.
A statistical parsimony network among cpDNA haplotypes was reconstructed using TCS v1.2
[38] with a default connection limit of 95%. Haplotypes were then plotted as pie charts on the
map of West Africa using the compiled site co-ordinates to show the distribution of haplo-
types. Haplotype diversity (h) [39] and nucleotide diversity () [40] of populations were calcu-
lated using MEGA v5 [41] and DnaSP v5.10.1 [42].

For the AFLP dataset several statistical parameters such as total number of fragments, propor-
tion of polymorphic fragments, number of private fragments, and Nei’s gene diversity for the
whole sampling as well as for particular populations [40] were computed using the R-script AFLP-
dat [43]. Main trends in genetic variation among individual genotypes were visualized by princi-
pal coordinate analysis based on Jaccard distances (PCoA) calculated using PASTv2.7 [44].

For both, cpDNA and AFLP datasets, F-statistics, AMOVA and Mantel tests (based on pair-
wise population Fgr matrix) were calculated in Arlequin v3.1 [45], and the significance value
tested using a nonparametric permutation test following the method of Excoffier et al. [46].

Distribution modelling

In order to investigate a relation of current genetic patterns to past processes, which might have
shaped them, the potential distribution of Chasmanthera dependens was modelled using current
and past climatic data. Occurrence records were compiled from several databases, including GBIF
[47], the African Plant Database [48], and a record from Gnoumou et al. [49]. Doubles and doubt-
ful records were removed (S2 Table), leaving a total of 131 georeferenced distribution points. Bio-
climatic grids at a spatial resolution of 10’ were downloaded for the present as well as the LGM
(ca. 22 kyr BP) and the HCO (ca. 6 kyr BP) from the WorldClim v1.4 database [50] and clipped to
an extent covering tropical Africa. For projections into the past, we used WorldClim’s paleocli-
mate layers for CCSM4 and MPI-ESM-P global climate models. LGM and HCO were the periods
in which the climate changed most abruptly in the recent past and the patterns recovered by the
models could help us to trace footprints in the genetic variation. Highly correlated variables
(absolute correlation coefficients higher than 0.8, S3 Table) and variables with implausible discon-
tinuities were removed, leaving a set of six variables, that were used in Maxent v3.3.3 [51] for
distribution models of C. dependens during the present and the LGM (Biol = Annual Mean
Temperature, Bio6 = Min Temperature of Coldest Month, Bio7 = Temperature Annual Range,
Biol2 = Annual Precipitation, Biol4 = Precipitation of Driest Month, Biol5 = Precipitation Sea-
sonality). We removed duplicate records, reserved 25% of the occurrence points for testing, chose
a number of 10,000 random background points (i.e. pseudoabsences), disabled hinge and thresh-
old features in Maxent and used the median out of 100 model runs. For evaluation of the distribu-
tion models, we used the AUC (area under the model’s receiver-operator-characteristic curve)
[52].

Results
Chloroplast DNA data and haplotype distribution

The cpDNA sequences were obtained for 139 individuals (Electronic Appendix 1). The
length of the analyzed trnH-psbA fragments ranged from 244 to 256 bp. Nine nucleotide
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substitutions, one indel and two repeated sequence motifs were detected. The length of the
alignment was 256 bp. After manual coding of the indels and removal of the repeated sequence
motifs, the total length of the alignment was reduced to 244 bp, and 10 parsimony-informative
sites were considered. Newly generated sequences were deposited in the GenBank (KX863354-
KX863492, www.ncbi.nlm.nih.gov/genbank/).

Seven haplotypes were identified, and the unrooted statistical parsimony haplotype net-
work revealed three informal groups of haplotypes (Fig 1), separated from each other by four
to five mutations. The first group consisted of four haplotypes (H1-H4), the second group of
one haplotype (H5), and the third group of two haplotypes (H6-H?7). Haplotypes H6 and H7
were exclusive to Cameroon populations, H4 was found only in Nigerian population NG02,
and H1 only in Benin. In contrast, haplotype H2 was distributed in Nigeria, Benin, Togo and
Ghana, and H3 was found throughout the whole studied area. Haplotype and nucleotide
diversities of the populations and broader geographical units are summarized in Table 2. F-
statistics and AMOV A results are summarized in Table 3. The highest values for haplotype
and nucleotide diversities were recorded in populations from Cameroon (CMR02) and Togo
(TGO1).

AFLP data analyses

After removing fragments with an error rate of more than 15%, 374 clearly scorable fragments
sized from 100 to 591bp were considered for further analyses, out of which 89.01% were poly-
morphic (Table 2, S4 Table). The repeatability (technical difference rate) [36] of replicated
individuals was 89.83-97.16% (mean 93.65%). Two dimensional PCoA based on Jaccard dis-
tances separated populations from Nigeria, Benin, Togo and Ghana from Cameroon popula-
tions (Fig 2A). The separation also strongly reflected the division suggested by the haplotype
network (Fig 2B). However, only 16.6% of the overall variation was explained by the first two
axes.

The cpDNA and AFLP datasets revealed strikingly contrasting results, suggesting high pop-
ulation differentiation considering the cpDNA data (Fsr = 0.797), and very low population dif-
ferentiation regarding the AFLP data (Fsr = 0.064) (Table 3). Mantel tests of both datasets
proposed a weak (cpDNA) to strong (AFLP) correlation between matrices of genetic and geo-
graphic distances of populations (ry; = 0.373, p = 0.015, ry = 0.623, p = 0.037, respectively).

Species distribution modelling

Present models reflect well the distribution known from occurrence records and literature (Fig
3A and 3B), apart from the localities in Tanzania, Zambia and Malawi. All single model runs
had test AUC values above 0.7 with an average of 0.83. The bioclimatic variable with the high-
est contribution to the models was the minimum temperature of the coldest month (Bio6,
77.8%), followed by the temperature annual range (Bio7, 16.2%) and annual mean temperature
(Biol, 3.3%). The annual precipitation (Biol2, 2.7%) had the smallest contribution.

Beyond the known distributions, high probabilities of occurrence were also predicted for
coastal Kenya and Tanzania. Distribution ranges for present, HCO and LGM, using both cli-
mate models, consistently showed a gap in the area of the Cameroon Volcanic Line (CVL),
including Mt. Cameroon and the Bamenda Highlands (as well as westwards towards the Niger
Delta). Furthermore, during the LGM the distribution range seems to have been much more
fragmented in West Central Africa and the East African Rift zone than both nowadays or dur-
ing the HCO. Interestingly, high distribution probabilities during the LGM were assigned to
the coastal areas of Ghana, Togo and Benin, also referred to as the Dahomey Gap.
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Fig 1. Statistical parsimony network based on trnH-psbA cpDNA sequences of Chasmanthera dependens and distribution of the cpDNA
haplotypes in Western Africa. Small empty circles represent haplotypes that are not present, but necessary to link all the haplotypes recorded to the
network. All haplotypes are separated from the nearest haplotype by one mutation/indel.

https://doi.org/10.1371/journal.pone.0170511.g001
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Table 2. Indices of haplotypic (cpDNA) and genotypic (AFLP) diversity of Chasmanthera dependens populations.

cpDNA AFLP

Nb Nbhapio h+SD m[%] £ SD Nb FT FP [%] FPP D,
Total 139 7 0.808 +0.013 0.00999 + 0.00067 54 374 99.73 - 0.22
PopBNO1 23 2 0.443 +0.080 0.00181 +0.00033 - - - - -
PopCMRO1 13 2 0.385+0.132 0.00631 +0.00217 12 275 69.25 23 0.22
PopCMR02 9 3 0.556 +0.165 0.00524 + 0.00269 7 225 57.75 4 0.21
PopGHO1 10 1 0.000 0.00000 9 217 53.48 14 0.20
PopNGO1 18 1 0.000 0.00000 16 267 70.32 18 0.20
PopNG02 39 2 0.100 +0.063 0.00082 + 0.00052 - - - - -
PopNG03 2 0.476 +0.171 0.00585 +0.00211 - - - - -
PopNG04 9 1 0.000 0.00000 - - - - -
PopTGO1 11 3 0.564 +0.134 0.00745 +0.00197 10 235 61.23 12 0.22

Nb, number of individuals; Nby,4p10, Number of haplotypes; h, haplotype diversity [39]; 7, nucleotide diversity [40];
SD, standard deviation; FT, total number of bands; FP, proportion of polymorphic bands; FPP, number of private bands and Nei’s genotypic diversity (D).

https://doi.org/10.1371/journal.pone.0170511.t1002

Discussion

Geographic patterns of genetic diversity and differentiation of the African liana Chasmanthera
dependens were investigated in this study in order to assess phylogeographic processes in West
Africa using a descriptive genetic and distribution modelling approach. Particular focus of the
modelling approach was given to populations representing the UG and LG phytogeographical
units, and processes possibly accounting for observed patterns are discussed. For the distribu-
tion models climate grids at 1 km resolution were used, which are considered well-suited to
account for the subcontinental extent of the study area and the objective of modelling past dis-
tributions. Details on the extent of microhabitat patches with possibly diverging microclimate
were therefore not considered, which may lead to overestimations in the drier parts of the spe-
cies range.

Nuclear and cpDNA genetic differentiation

AFLP data for Chasmanthera dependens populations showed very low levels of genetic differ-
entiation among the populations (Fgr = 0.064). Low genetic differentiation and high gene flow
between populations can result from long-distance gene dispersal either by pollen or by seed
[53]. However, significantly higher chloroplast genetic differentiation (Fst = 0.797) suggests
much higher pollen-mediated gene flow than gene flow by seed dispersal.

Table 3. Analyses of molecular variance (AMOVAs) for cpDNA and AFLP data in Chasmanthera dependens.

Source of variation d.f. Sum of squares Variance components Percentage of variation Fst
cpDNA

Among populations 8 131.732 1.101 79.73

Within populations 130 36.383 0.27987 20.27

Total 138 168.115 1.38103 0.797
AFLP

Among populations 4 268.671 2.663 6.39

Within populations 49 1910.236 38.98441 93.61

Total 53 2178.907 41.64741 0.064

https://doi.org/10.1371/journal.pone.0170511.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0170511 March 16,2017 8/17


https://doi.org/10.1371/journal.pone.0170511.t002
https://doi.org/10.1371/journal.pone.0170511.t003
https://doi.org/10.1371/journal.pone.0170511

@° PLOS | ONE

Genetic diversity of Chasmanthera dependens (Menispermaceae) in West Africa

a Coordinate 2 030
’ CMRO1

CMR02
GHO1

NGO1

ERO0ON

TGO1
0.05

O
Coordinate 1 [ | O
. n

L | | i
-030 -025 -0.2 -0.15  -0.10

=0.05
-0.10
-0.15

-0.20

B,

0.05

o

1
O@ o2 By
1]

O

(]
]

j-043:0

Coordinate 2

O

Coordinate 1
| 1 1

030 025 -0.2
O

1 1 1 1 1
00os dlo BM@ o020 0

(|
O o010 O = =
O -0.15 =@
= -0.20 o
8 = B =
-0.30

Fig 2. Principal co-ordinate analysis (PCoA) of AFLP genotypes of 54 samples of Chasmanthera
dependens using Jaccard distances. The first two axes explained 9.27% and 7.33% of the total variation.
Color-coding differentiates a) the populations and b) the haplotypes revealed by the statistical parsimony
network analysis.

https://doi.org/10.1371/journal.pone.0170511.g002

In tropical woody plants, pollen-mediated gene flow is thought to be more extensive than
gene flow by seed [54, 55]. Animal-dispersed pollen can move over several kilometers in a con-
tinuous tropical forest [56] and wind-dispersed pollen probably over much longer distances.
Chasmanthera dependens is a dioecious species with small greenish-yellow male flowers and
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Fig 3. Current and historical species distribution models for Chasmanthera dependens in West Africa
and tropical Africa, respectively. Probability of occurrence is represented by different colors from low (blue) to
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high (red). Results are based on the data from CCSM4 and MPI ESM-P paleoclimatic models representing the
Last Glacial Maximum (LGM, ca. 21 kyr BP) and Holocene Climate Optimum (HCO, ca. 6 kyr BP), as well as
current climate observations. (a) Model of current distribution; (b) red dots indicate current occurrence points,
which served as a basis for modelling, (c) HCO, CCSM4; (d) HCO, MPI ESM-P; (e) LGM, CCSM4; (f) LGM, MPI
ESM-P.

https://doi.org/10.1371/journal.pone.0170511.9003

small brownish female flowers in pseudo-racemose inflorescences and relatively large fleshy
seeds. Hence, higher pollen-mediated gene flow in C. dependens could be explained by occa-
sional wind pollination over long distances. On the other hand, fleshy seeds might also be con-
sidered an efficient strategy for moving seeds over certain distances [57], most probably by
birds [58]. Nevertheless, pollination and seed dispersal agents of C. dependens as well as other
climbers are still insufficiently documented [59]. In dioecious taxa, gender distribution and
sex ratio are also strongly influencing gene flow [60]. Outcrossing mating system results in
reduced population differentiation as reflected by the largely nuclear AFLPs, but bi-parental
inbreeding also remains a possibility [61]. Moreover, small number of individuals of one sex
can significantly reduce effective population size [62]. Hence, stochastic neutral processes and
genetic drift can certainly contribute to population differentiation as reflected by the cp DNA
data, considering also low population densities and patchy distribution pattern (A.C. Iloh—
personal observation).

Genetic divergence related to past climate fluctuations

Current geographical patterns of genetic diversity provide useful insights into species’ histories
[63, 64], in particular if the current observations are combined with distribution modelling
based on past climatic conditions. In our study, one haplotype was recovered throughout the
whole studied area (H3, Fig 1). The presence of one haplotype suggests either past continuous
distribution throughout the area or could be the result of dispersal events. As chloroplast hap-
lotypes represent the seed parent [65], and our genetic data suggest that seed dispersal is lim-
ited, we consider past continuous distribution more likely. Distribution modelling suggested
several gaps in the distribution within the study area, including the CVL, for at least 22 kyr.
We therefore assume that haplotype H3 might represent a widespread ancestral haplotype
spread throughout the distribution range in the moistest phase of the Eemian Interglacial
period (125-120 kyr BP), the last period of continuous rainforest before the LGM, or even
sooner [66].

Apart from haplotype H3, we identified two gene pools using both types of molecular mark-
ers (Figs 1 and 2) with a significant geographical pattern (Mantel tests). This pattern, however,
does not correspond to the division of the proposed phytogeographic units (UG, LG), even
though UG is under-represented in our sampling. Chloroplast markers revealed a distinct
position of the Cameroon populations, having a set of unique haplotypes (H6, H7) and simul-
taneously having one of the highest nucleotide and haplotype diversities (Table 2). The differ-
entiation of the Cameroonian populations in the cpDNA was also reflected in the AFLP
analysis (Fig 2). The remainder of the West African populations could be considered a second
gene pool constituted mainly by haplotypes H1-H5. The Cameroon Volcanic Line (CVL)
seems to represent a barrier between these gene pools, both today and in the past (Fig 3).
Hence, we did not recover a gene pool differentiation corresponding to UG and LG, as
observed in the legume tree species Distemonanthus benthamianus [19], but rather between
Cameroon and the remainder of the West African populations. A specific genepool in the area
of the DG in comparison to populations from Cameroon was also recovered in the rainforest
tree Symphonia globulifera (Clusiaceae) [67] as well as in the dioecious tree Milicia excelsa
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(Moraceae) [12]. However, due to lack of sampling no relation to populations from Nigeria
was elucidated. Contrariwise, one continuous genepool of the gallery forest legume tree Ery-
throphleum suaveolens (Fabaceae) was recovered throughout the UG and DG, reaching up to
the CVL [68].

On the one hand, this finding supports the presence of refugia in Cameroon, which has also
been previously suggested based on high genetic diversity documented in several tree species
[10] and is also mirrored by higher probabilities using paleodistribution modelling (Fig 3C-
3F). On the other hand, we observed a certain west-east gradient in haplotype and nucleotide
diversity in the second gene pool for populations from Ghana, Togo, Benin and Nigeria,
revealing populations from Togo and Benin (TGO01, BN01) as the genetically most diverse
ones. Interestingly, Togo and Benin are representing the areas of dry vegetation (i.e., the DG),
separating UG and LG, and higher haplotype diversity and uniform gene flow across the DG
(haplotype H2, H3; Fig 2) is rather surprising. In order to explain this pattern, several scenarios
could be assumed: 1) high haplotype diversity and haplotype endemism indicate a refugium at
the locality or close by; 2) the locality might have been colonized from different refugia; or 3)
the high diversity is a result of recent dispersal events. Dispersal events can be considered less
likely due to low seed dispersal suggested by the comparison of cpDNA and AFLP markers
(see discussion above). For the differentiation between the first two scenarios, distribution
modelling and the presence of derived endemic haplotype H1 can provide valuable insights,
even though our data provide only limited resolution and drier parts of the species range
might be overestimated. It is remarkable that predicted distribution areas with highest proba-
bilities in the models under LGM paleoclimatic scenarios are localized in the area of the DG
(Fig 3E and 3F) from where C. dependens expanded during the HCO (Fig 3C and 3D). This
implies that currently observed high diversity in the area might be very likely an outcome of
LGM climatic fluctuations, and high haplotype and nucleotide diversity of the population in
Togo (TGO1, Table 2) and the presence of the haplotype H1 in the population BNO1 (Fig 1)
might reflect the presence of a LGM refugium as suggested by paleodistribution modelling
(Fig 3). Alternatively, refugia might have been located further east in the UG phylogeographic
unit, and BNO1 and TGO1 represent a melting pot of widely distributed haplotypes, which
unfortunately cannot be tested with our sampling.

Chasmanthera dependens nowadays seems to be associated with dense evergreen and semi-
deciduous humid forest. However, the species also occurs in gallery forest, in termite mound
thickets, thalwegs, and bush fallow. Lianas are also generally considered to be more prevalent
in areas of secondary forest succession and are often able to compete effectively against tree
and shrub species under disturbed environmental conditions [24]. Based on the genetic data
and distribution models, C. dependens seems not to be strictly associated with tropical rainfor-
est, which might explain why the genetic patterns and distribution modelling do not reflect the
UG/LG phylogeographic division. Gallery forests, disturbed forest habitats, and forest edges
are currently present throughout savannas, and some of these habitats were most probably
also present in the area of the DG during the LGM. Interestingly, evergreen and semi-decid-
uous rain forest is proposed during the LGM for most of current Nigeria based on paleovegeta-
tion data [69], and LGM paleoclimatic models predicted the absence of C. dependens in south-
western Nigeria, which is in line with low haplotype diversity suggesting later colonization.
However, given that endemic haplotypes indicate the presence of LGM refugia, it is notewor-
thy that the population NGO02 consists of approximately 95% of the derived endemic haplotype
H4. Interestingly, paleodistribution modelling revealed similar occurrence probabilities in
south-eastern Nigeria as recovered for the distribution westwards from CVL during HCO
using both models (Fig 3C and 3D) and during LGM using the MPI ESM-P model (Fig 3F).
This finding suggests a presence of a LGM refugium of particular C. dependens lineages also in
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evergreen and semi-deciduous rain forest, which is in line with the recognition of several gene-
pools of evergreen forest tree species Erythrophleum ivorense (Fabaceae) [13] in this area.

Conclusions

Results from this study show that past historical factors played an important role in shaping
the distribution of Chasmanthera dependens across West Africa. Cameroon Volcanic Line
seems to represent a barrier for gene flow in the present as well as in the past, and a uniform
gene flow across Nigeria and the Dahomey Gap was observed. Distribution modelling pro-
posed refugia in the Dahomey Gap, supported also by higher genetic diversity and the presence
of the derived endemic haplotype H1. This is in contrast to the phylogeographic patterns
observed in several tree species and could be explained by either diverging or more relaxed
ecological requirements of this liana species.

Supporting information

S1 Table. List of Chasmanthera dependens samples and experiments. Country codes follow
ISO 3166-1 Alpha-3. UNN—University of Nigeria, Nuskka, rd-road. Collector abbreviation:
CAI-Chibuzor Andrew Iloh.

(DOC)

$2 Table. Geographic coordinates (longitude, latitude) used for distribution modelling.
(DOC)

S3 Table. Correlation coefficients between 19 climatic variables extracted for Chas-
manthera dependens. Bold font highlights the absolute values greater than 0.8.
(DOC)

S4 Table. AFLP data matrix. Ind-sample number, Pop—population. Numbers in the first line
indicate the size of the fragments [bp].
(XLSX)

Acknowledgments

We are grateful to Prof. Alexandre Dansi (Benin), Prof. Kouami Kokou (Togo), Prof. Gabriel
Ameka (Ghana), Mr. Ozioko, Mr. Daramola (Nigeria), Dr. Jean-Paul Ghogue and Dr. Jean
Michel Onana (Cameroun) for providing great assistance during the field collections. Further
thanks go to the staff of the Grunelius-Mdllgaard Laboratory (Senckenberg Research Institute
and Natural History Museum, Frankfurt), especially Heike Kappes, and the Senckenberg Bio-
diversity and Climate Research Centre (BiK-F) for lab support.

Author Contributions

Conceptualization: ACI JP OTO ANMR.

Data curation: ACI JP MS.

Formal analysis: JP MS ACL

Funding acquisition: ACI ANMR.

Investigation: ACI JP OTO MS ANMR.

Methodology: JP MS ACL

Project administration: ACI JP ANMR.

PLOS ONE | https://doi.org/10.1371/journal.pone.0170511 March 16,2017 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170511.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170511.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170511.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170511.s004
https://doi.org/10.1371/journal.pone.0170511

@° PLOS | ONE

Genetic diversity of Chasmanthera dependens (Menispermaceae) in West Africa

Resources: ACI JP OTO MS ANMR.

Supervision: JP OTO ANMR.

Validation: ACI JP OTO MS ANMR.

Visualization: JP MS ACI.

Writing - original draft: ACI JP MS.

Writing - review & editing: ACI JP OTO MS ANMR.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GA, Kent J. Biodiversity hotspots for conserva-
tion priorities. Nature. 2000; 403: 853-858. https://doi.org/10.1038/35002501 PMID: 10706275

Convention on Biological Diversity (CBD). Emerging issues for biodiversity conservation in a changing
climate. Montreal, Canada. 2007.

Dupont LM, Donner B, Schneider R, Wefer G. Mid-Pleistocene environmental change in tropical Africa
began as early as 1.05 Ma. Geology. 2001; 29: 195-198.

Miller CS, Gossling WD. Quaternary forest associations in lowland tropical West Africa. Quat Sci Rev.
2014; 84: 7-25.

White F. The Guineo-Congolian region and its relationships to other phytochoria. Bull Jard Bot Nat Belg
Bull Nat Plantentuin Belg. 1979; 49: 11-55.

Normand S, Ricklefs RE, Skov F, Bladt J, Tackenberg O, Svenning JC. Postglacial migration supple-
ments climate in determining plant species ranges in Europe. Proc R Soc Lond B Biol Sci. 2011; 278:
3644-3653.

Plana V. Mechanisms and tempo of evolution in the African Guineo-Congolian rain forest. Philos Trans
R Soc Lond B Biol Sci. 2004; 359: 1585—1594. https://doi.org/10.1098/rstb.2004.1535 PMID: 15519974

Petit RJ, Hampe A. Some evolutionary consequences of being a tree. Annu Rev Ecol Evol Syst. 2006;
37:187-214.

Maley J. The African rain forest—main characteristics of changes in vegetation and climate from the
Upper Cretaceous to the Quaternary. Proc R Soc Edinb Biol. 1996; 104: 31-73.

Lowe A, Harris D, Dormontt E, Dawson I. Testing putative African tropical forest refugia using chloro-
plast and nuclear DNA phylogeography. Trop Plant Biol. 2010; 3: 50-58.

Dauby G, Duminil J, Heuertz M, Koffi G, Stévart T, Hardy OJ. Congruent phylogeographic patterns of
eight tree species in Atlantic Central Africa provide insights into the past dynamics of forest cover. Mol
Ecol. 2014; 23: 2299-2312. https://doi.org/10.1111/mec.12724 PMID: 24655106

Dainou K, Bizoux JP, Doucet JL, Mahy G, Hardy OJ, Heuertz M. Forest refugia revisited: nSSRs and
cpDNA sequences support historical isolation in a wide-spread African tree with high colonization
capacity, Milicia excelsa (Moraceae). Mol Ecol. 2010; 19: 4462—4477. https://doi.org/10.1111/j.1365-
294X.2010.04831.x PMID: 20854478

Duminil J, Brown RP, Ewédjé EBK, Mardulyn P, Doucet JL, Hardy OJ. Large-scale pattern of genetic
differentiation within African rainforest trees: insights on the roles of ecological gradients and past cli-
mate changes on the evolution of Erythrophleum spp (Fabaceae). BMC Evol Biol. 2013; 13:195-208.
https://doi.org/10.1186/1471-2148-13-195 PMID: 24028582

Hardy O, Born C, Budde K, Dainou K, Dauby G, Duminil J, et al. Comparative phylogeography of Afri-
can rain forest trees: a review of genetic signatures of vegetation history in the Guineo-Congolian
region. C R Geosci. 2013; 345: 284-296.

Heuertz M, Duminil J, Dauby G, Savolainen V, Hardy OJ. Comparative Phylogeography in Rainforest
Trees from Lower Guinea, Africa. PLOS ONE. 2014; 9: e84307. https://doi.org/10.1371/journal.pone.
0084307 PMID: 24416215

Ley AC, Dauby G, Kéhler J, Wypior C, Réser M, Hardy OJ. Comparative phylogeography of eight herbs
and lianas (Marantaceae) in central African rainforests. Front Genet. 2014; 5: 1-14.

Booth AH. The Niger, the Volta and the Dahomey Gap as geographic barriers. Evolution. 1958; 12: 48—
62.

Vollmert P, Fink AH, Besler H. ,Ghana Dry Zone”und ,Dahomey Gap*: Ursachen fur eine Niederschlag-
sanomalie im tropischen Westafrika. Erde. 2004; 134: 375-393.

PLOS ONE | https://doi.org/10.1371/journal.pone.0170511 March 16,2017 14/17


https://doi.org/10.1038/35002501
http://www.ncbi.nlm.nih.gov/pubmed/10706275
https://doi.org/10.1098/rstb.2004.1535
http://www.ncbi.nlm.nih.gov/pubmed/15519974
https://doi.org/10.1111/mec.12724
http://www.ncbi.nlm.nih.gov/pubmed/24655106
https://doi.org/10.1111/j.1365-294X.2010.04831.x
https://doi.org/10.1111/j.1365-294X.2010.04831.x
http://www.ncbi.nlm.nih.gov/pubmed/20854478
https://doi.org/10.1186/1471-2148-13-195
http://www.ncbi.nlm.nih.gov/pubmed/24028582
https://doi.org/10.1371/journal.pone.0084307
https://doi.org/10.1371/journal.pone.0084307
http://www.ncbi.nlm.nih.gov/pubmed/24416215
https://doi.org/10.1371/journal.pone.0170511

@° PLOS | ONE

Genetic diversity of Chasmanthera dependens (Menispermaceae) in West Africa

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

Demenou BB, Pifieiro R, Hardy OJ. Origin and history of the Dahomey Gap separating West and Cen-
tral African rain forests: insights from the phylogeography of the legume tree Distemonanthus bentha-
mianus. J Biogeogr. 2016; 43: 1020-1031.

Salzmann U, Hoelzmann P. The Dahomey Gap: an abrupt climatically induced rain forest fragmentation
in West Africa during the late Holocene. Holocene. 2005; 15: 190—-199.

Schnitzer SA, Bongers F. The ecology of lianas and their role in forests. Trends Ecol Evol. 2002; 17:
223-230.

Gerwing JJ, Farias DL. Integrating liana abundance and forest stature into an estimate of total above
ground biomass for an eastern Amazonian forest. J Trop Ecol. 2000; 16: 327-335.

Chave J, Riéra B, Dubois M. Estimation of biomass in a Neo-tropical forest in French Guiana: spatial
and temporal variability. J Trop Ecol. 2001; 17: 79-96.

Martin PH, Sherman RE, Fahey TJ. Forty years of tropical forest recovery from agriculture: structure
and floristics of secondary and old-growth riparian forests in the Dominican Republic. Biotropica. 2004;
36:297-317.

Brandes AFN, Lisi CS, Barros CF. Dendrochronology of lianas of the Leguminosae family from the
Atlantic Forest, Brazil. Trees. 2011; 25: 133—-144.

Gerwing JJ. Life history diversity among six species of canopy lianas in an old-growth forest of the east-
ern Brazilian Amazon. For Ecol Manage. 2004; 190: 57-72.

Zeng X, Michalski SG, Fischer M, Durka W. Species diversity and population density affect genetic
structure and gene dispersal in a subtropical understory shrub. J Plant Ecol. 2011; 5: 270-278.

Burkill HM. The Useful Plants of West Tropical Africa 2nd ed. Volume 4, Families M-R. Royal Botanic
Gardens Kew; 1997.

Troupin G. Monographie des Menispermacées africaines. Académie royale des Sciences d’outre-mer.
Brussels 1962.

Mosango DM. Chasmanthera dependens (Hochst), Record from Protabase. In: Schmelzer GH, Gurib-
Fakim A, editors. PROTA (Plant Resources of Tropical Africa / Ressources végétales de I'Afrique tropi-
cale), Wageningen, Netherlands; 2008. pp. 23—45.

Mannah A. Heiltraditionen und Biodiversitét: Die traditionelle Medizin der Baatombu Nordbenins.
Johannes Gutenberg Universitat Mainz, 2009.

Iwu MM. Handbook of African Medicinal Plants, 2nd ed. CRC Press; 2014.

Doyle JJ, Doyle JL. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem
Bul. 1987; 19: 11-15.

Shaw J, Lickey EB, Beck JT, Farmer SB, Liu W, Miller J, et al. The tortoise and the hare II: relative utility
of 21 non-coding chloroplast DNA sequences for phylogenetic analysis. Am J Bot. 2005; 92: 142—-166.
https://doi.org/10.3732/ajb.92.1.142 PMID: 21652394

Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes M, et al. AFLP: a new technique for DNA
fingerprinting. Nucl Acids Res. 1995; 23: 4407—4414. PMID: 7501463

Bonin A, Bellemain E, Bronken A, Eidesen P, Pompanon F, Brochmann C, et al. How to track and
assess genotyping errors in population genetic studies. Mol Ecol. 2004; 13: 3261-327. https://doi.org/
10.1111/1.1365-294X.2004.02346.x PMID: 15487987

Simmons MP, Ochoterena H. Gaps as characters in sequence-based phylogenetic analyses. Syst Biol.
2000; 49: 369-381. PMID: 12118412

Clement M, Posada D, Crandell KA. TCS: a computer program to estimate gene genealogies. Mol Ecol.
2000; 9: 1657—-1659. PMID: 11050560

Nei M, Tajima F. Maximum likelihood estimation of the number of nucleotide substitutions for restriction
sites data. Genetics. 1983; 105: 207-216. PMID: 6311668

Nei M. Molecular evolutionary genetics. Columbia University Press; 1987.

Tamura K, Peterson D, Peterson N, Stecher G, Nei, M, Kumar S. MEGA5: Molecular Evolutionary
Genetics Analysis using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Meth-
ods. Mol Biol Evol. 2011; 28: 2731-2739. https://doi.org/10.1093/molbev/msr121 PMID: 21546353

Rozas J. DNA Sequence Polymorphism analysis using DnaSP. In: Posada D, editor. Bioinformatics for
DNA Sequence Analysis; Methods in Molecular Biology Series Vol. 537. Humana Press, NJ, USA;
2009 pp. 337-350.

Ehrich D. AFLPdat: a collection of R functions for convenient handling of AFLP data. Mol Ecol Resour.
2006; 6: 603—604.

Hammer &, Harper DAT, Ryan PD. PAST: Paleontological Statistics Software Package for Education
and Data Analysis. Palaeontol Electronica. 2001; 4: 1-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0170511 March 16,2017 15/17


https://doi.org/10.3732/ajb.92.1.142
http://www.ncbi.nlm.nih.gov/pubmed/21652394
http://www.ncbi.nlm.nih.gov/pubmed/7501463
https://doi.org/10.1111/j.1365-294X.2004.02346.x
https://doi.org/10.1111/j.1365-294X.2004.02346.x
http://www.ncbi.nlm.nih.gov/pubmed/15487987
http://www.ncbi.nlm.nih.gov/pubmed/12118412
http://www.ncbi.nlm.nih.gov/pubmed/11050560
http://www.ncbi.nlm.nih.gov/pubmed/6311668
https://doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
https://doi.org/10.1371/journal.pone.0170511

@° PLOS | ONE

Genetic diversity of Chasmanthera dependens (Menispermaceae) in West Africa

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Excoffier L, Laval G, Schneider S. Arlequin ver. 3.0: an integrated software package for population
genetics data analysis. Evol Bioinform. 2005; 1: 47-50.

Excoffier L, Smouse P, Quattro J. Analysis of molecular variance inferred from metric distances among
DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics. 1992; 131: 479—
491. PMID: 1644282

Global Biodiversity Information Facility (GBIF, 2016) Chasmanthera dependens data base (Internet).
Assessed: http://www.gbif.org/species/3831092

Klopper RR, Gautier L, Chatelain C, Smith GF, Spichiger R. Floristics of the angiosperm flora of Sub-
Saharan Africa: an analysis of the African Plant Checklist and Database. Taxon. 2007; 56: 201-208.

Gnoumou A, Ouédraogo O, Schmidt M, Thiombiano A. Floristic diversity of classified forest and partial
faunal reserve of Comoé-Léraba, southwest Burkina Faso. Check List. 2015; 11: 1-17.

Hijmans RJ, Cameron SE, Parra JL, Jarvis A. Very high resolution interpolated climatic surfaces for
global land areas. Int J Climatol. 2005; 25: 1965—-1978.

Phillips SJ, Anderson RP, Schapire RE. Maximum entropy modeling of species geographic distribu-
tions. Ecol Modell. 2006; 190: 231-259.

Hanley JA, McNeil BJ. The meaning and use of the area under a receiver operating characteristic
(ROC) curve. Radiology. 1982; 143: 29-36. https://doi.org/10.1148/radiology.143.1.7063747 PMID:
7063747

Yao XH, Ye QG, Kang M, Huang HW. Microsatellite analysis reveals interpopulation differentiation and
gene flow in endangered tree Changiostyrax dolichocarpa (Styracaceae) with fragmented distribution in
central China. New Phytol. 2010; 176: 472—480.

Hamilton MB, Miller JR. Comparing relative rates of pollen and seed gene flow in the island model using
nuclear and organelle measures of population structure. Genetics. 2002; 162: 1897—1909. PMID:
12524358

Petit RJ, Duminil J, Fineschi S, Hamp A, Salvini D, Vendramin GG. Comparative organization of chloro-
plast, mitochondrial and nuclear diversity in plant populations. Mol Ecol. 2005; 14: 689—-701. https://doi.
org/10.1111/j.1365-294X.2004.02410.x PMID: 15723661

Nason JD, Herre EA, Hamrick JL. Paternity analysis of the breeding structure of strangler fig popula-
tions: Evidence for substantial long-distance wasp dispersal. J Biogeogr. 1996; 23: 501-512.

Matallana G, Wendt T, Araugo DSD, Scarano FR. High abundance of dioecious plants in a tropical
coastal vegetation. Am J Bot. 2005; 92: 1513—-1519. https://doi.org/10.3732/ajb.92.9.1513 PMID:
21646169

Wefferling KM, Hoot SB, Neves SS. Phylogeny and fruit evolution in Menispermaceae. Am J Bot. 2013;
100: 883—-905. https://doi.org/10.3732/ajb.1200556 PMID: 23608646

Ley AC, Hardy OJ. Spatially limited clonality and pollen and seed dispersal in a characteristic climber of
Central African rain forests: Haumania danckelmaniana (Marantaceae). Biotropica. 2016; 48: 618-627.

Bawa KS, Opler PA. Spatial relationships between staminate and pistillate plants of dioecious tropical
forest trees. Evolution. 1977; 31: 64-68.

Dick CW, Hardy OJ, Jones FA, Petit RJ. Spatial scales of pollen and seed-mediated gene flow in tropi-
cal rain forest trees. Tropical Plant Biol. 2008; 1: 20-33.

Charlesworth B. Effective population size and patterns of molecular evolution and variation. Nature
Reviews: Genetics 2009; 10: 1-10.

Petit RJ, Aguinagalde |, de-Beaulieu JL. Glacial refugia: Hotspots but not melting pots of genetic diver-
sity. Science. 2003; 300: 1563—1565. https://doi.org/10.1126/science.1083264 PMID: 12791991

Duminil J, Heuertz M, Doucet JL, Bourland N, Cruaud C, Gavory F, et al. CoDNA based species identifi-
cation and phylogeography: application to African tropical tree species. Mol Ecol. 2010; 19: 5469-5483.
https://doi.org/10.1111/j.1365-294X.2010.04917.x PMID: 21091558

Mogensen HL. The hows and whys of cytoplasmic inheritance in seed plants. Am J Bot. 1996; 83: 383—
404.

Hamilton AC, Taylor D. History of climate and forests in tropical Africa during the last 8 million years.
Clim Change. 1991; 19: 65-78.

Budde KB, Gonzalez-Martinez SC, Hardy OJ, Heuertz M. The ancient tropical rainforest tree Sympho-
nia globulifera L. f. (Clusiaceae) was not restricted to postulated Pleistocene refugia in Atlantic Equato-
rial Africa. Heredity. 2013; 111: 66—76. https://doi.org/10.1038/hdy.2013.21 PMID: 23572126

Duminil J, Mona S, Mardulyn P, Doumenge C, Walmacq F, Doucet J-L, et al. Late Pleistocene molecu-
lar dating of past population fragmentation and demographic changes in African rain forest tree species
supports the forest refuge hypothesis. J Biogeogr. 2015; 42: 1443-1454.

PLOS ONE | https://doi.org/10.1371/journal.pone.0170511 March 16,2017 16/17


http://www.ncbi.nlm.nih.gov/pubmed/1644282
http://www.gbif.org/species/3831092
https://doi.org/10.1148/radiology.143.1.7063747
http://www.ncbi.nlm.nih.gov/pubmed/7063747
http://www.ncbi.nlm.nih.gov/pubmed/12524358
https://doi.org/10.1111/j.1365-294X.2004.02410.x
https://doi.org/10.1111/j.1365-294X.2004.02410.x
http://www.ncbi.nlm.nih.gov/pubmed/15723661
https://doi.org/10.3732/ajb.92.9.1513
http://www.ncbi.nlm.nih.gov/pubmed/21646169
https://doi.org/10.3732/ajb.1200556
http://www.ncbi.nlm.nih.gov/pubmed/23608646
https://doi.org/10.1126/science.1083264
http://www.ncbi.nlm.nih.gov/pubmed/12791991
https://doi.org/10.1111/j.1365-294X.2010.04917.x
http://www.ncbi.nlm.nih.gov/pubmed/21091558
https://doi.org/10.1038/hdy.2013.21
http://www.ncbi.nlm.nih.gov/pubmed/23572126
https://doi.org/10.1371/journal.pone.0170511

o @
@ : PLOS | ONE Genetic diversity of Chasmanthera dependens (Menispermaceae) in West Africa

69. Anhuf D, Ledru MP, Behling H, Da Cruz FW Jr, Cordeiro RC, Van Der Hammen T, et al. Paleo-environ-
mental change in Amazonian and African rainforest during the LGM. Palaeogeogr Palaeoclimatol
Palaeoecol. 2006; 239: 510-527.

PLOS ONE | https://doi.org/10.1371/journal.pone.0170511 March 16,2017 17/17


https://doi.org/10.1371/journal.pone.0170511

