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Abstract
Aim: Miombo woodlands form a characteristic vegetation type covering 2.7 million 
km2 in southern and eastern Africa. Despite their wide geographical extent, their 
origin, floristic and spatial evolution through time remain understudied. To fill this 
gap, we studied the evolution of Brachystegia trees, one of the most representative 
genera of these woodlands (20 species), also represented in Guineo-Congolian rain 
forests (8 species).
Location: Tropical Africa, Guineo-Congolian forests and Zambezian savannas.
Taxon: Brachystegia genus.
Methods: We used a genome skimming approach to sequence the plastomes of 
45 Brachystegia samples, covering 25 of the 29 existing species, and one outgroup 
(Julbernardia paniculata). The phylogeny of the plastomes was reconstructed and 
time-calibrated. We tested if the genetic divergence between lineages reflected 
taxonomic and/or geographical distances using Mantel tests. Finally, we inferred the 
evolutionary history of Brachystegia based on the age and spatial distribution of its 
lineages.
Results: Surprisingly, species represented by multiple specimens appear rarely mono-
phyletic while plastid clades display strong geographical structuring, independently 
of the species. Two main clades separate woodland and rain forest species, which 
diverged during the late Miocene–Pliocene (95% HPD = 2.78–8.59 Ma). In miombo 
woodlands, three subclades occur in parapatry along an East–West axis, ranging 
from Angola to East Africa. Their divergence started from the Plio-Pleistocene (95% 
HPD = 1.17–3.69 Ma). Divergence dates (TMRCA) within miombo subclades de-
crease from East Africa (1.53 Ma) to Angola (0.76 Ma).
Main conclusions: Brachystegia plastomes appear unreliable to identify species, prob-
ably due to species introgression leading to recurrent chloroplast captures. However, 
they prove very informative for tracking the past dynamics of the genus, and suggest 
a historical westwards expansion of miombo Brachystegia, and possibly of miombo 
vegetation, during the Plio-Pleistocene. Further investigations using nuclear DNA 
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1  | INTRODUC TION

Miombo woodlands are dry tropical woodlands occurring in south-
ern and eastern tropical Africa and are dominated by trees from the 
genus Brachystegia (in Swahili, Myombo is the common name given to 
trees of this genus). They form a vegetation belt covering c. 2.7 mil-
lion km2 from Angola to Tanzania (Frost, 1996), globally reflecting the 
Zambezian regional centre of endemism, which is the largest African 
phytochorion (White, 1986). Miombo are referred non-exclusively 
to as savannas (Pennington et al., 2018), woodlands, and/or dry for-
ests (Frost, 1996; Prance, 2006; Timberlake et al., 2010), depend-
ing on authors and definitions considered. As stated by Campbell 
et al. (1996), a convenient way to describe miombo over most of its 
range could be as physiognomically closed deciduous woodlands 
within the spectrum of savanna ecosystems. Miombo woodlands 
grow on nutrient-poor soils, with a closed but not overly dense 
canopy, allowing the growth of an herbaceous layer (Frost, 1996). 
Mean annual rainfall ranges from 650 to 1,400 mm, marked by a 
seasonal drought period (Campbell et al., 1996). Fire regime is one 
key driver of miombo, as fire frequency and intensity are responsible 
for converting woodlands to open grasslands or dry forests (Furley 
et al., 2008; Schmitz, 1962; Trapnell, 1959). Floristically, the most 
striking feature of miombo is the canopy dominated by Legumes of 
the subfamily Detarioideae, particularly Brachystegia, Isoberlinia and 
Julbernardia (de la Estrella et al., 2018; Frost, 1996).

Woodlands physiognomically similar to miombo did exist as far as 
the middle Eocene, even if they probably differed in species compo-
sition (Jacobs & Herendeen, 2004). Savanna occurrences have been 
documented since the end of the Early Miocene (c. 16 Ma) in West 
Africa (Morley & Richards, 1993), but expansion of C4 fire-prone 
savannas in Africa occurs around 8–10 Ma (Cerling, 1992; Morley 
& Richards, 1993; Polissar et al., 2019), synchronously with other 
C4 grasslands across the globe (Beerling & Osborne, 2006). Before 
the Plio-Pleistocene, C4 savannas represented a marginal part of 
the biomass (Cerling, 1992). Miombo woodlands have floristic affin-
ities with other types of African savannas (Daru et al., 2018; Fayolle 
et al., 2019) but also with Guineo-Congolian forests, since several 
tree genera are shared, such as Afzelia, Brachystegia, Isoberlinia 
and Uapaca (Donkpegan et al., 2017; Linder, 2014; Radcliffe-
Smith, 1993). To explain such biogeographical links, phylogenetic 
reconstructions within the genera Guibourtia (Tosso et al., 2018) and 
Entandrophragma (Monthe et al., 2019), and the tribe Melastomateae 
(Veranso-Libalah et al., 2018), revealed diversification events asso-
ciated with biome shifts from close forested to more open habitats 
during the Miocene–Pliocene. Similarly, the woody flora of Brazilian 

savanna, that is, cerrados sensu lato, seems to have evolved from 
more forested biomes since 10 Ma, with most of the diversification 
reported after 5 Ma (Simon & Pennington, 2012). However, at the in-
terface between African rain forests and open grasslands, the origin 
and evolution of miombo landscapes remain elusive, as emphasized 
by Linder (2014).

Among the main representative trees of miombo, Brachystegia 
Benth. is by far the most diverse genus, with 20 of its 29 recognized 
species reported in these woodlands (Lebrun & Stork, 2008), includ-
ing trees, shrubs and suffrutex life-forms. Within the miombo belt, 
Zambia constitutes the diversity centre of the genus, whereas drier 
miombo and woodlands on Kalahari sands are less rich in species 
(Frost, 1996; White, 1986). Additionally, eight Brachystegia species 
are found in the Guineo-Congolian rain forests, and B. oblonga grows 
in coastal Mozambique forest. The taxonomy of this tropical genus 
is notoriously difficult, as the species are morphologically variable 
(Chikuni, 1998). Additionally, Brachystegia species from miombo 
woodlands seem prone to hybridization, with 14 hybrids recog-
nized by Arthur C. Hoyle from field and herbarium observations 
(White, 1962). This view is, however, challenged, as morphometric 
and preliminary genetic analyses poorly supported this hybridization 
pattern (Chikuni, 1998).

Phylogenetic methods are well suited for understanding how 
and when biomes have established through time, since the climatic 
niche of species is generally a phylogenetically conserved trait 
(Pennington et al., 2006). Reconstructing a well-resolved and dated 
phylogenetic tree for Brachystegia is, therefore, promising to gain 
insight into the biogeographical history of miombo woodlands. In 
this context, genome skimming is a cost-effective and shallow se-
quencing approach allowing to assemble DNA regions occurring in 
high copy number by multiplexing numerous samples in the same se-
quencing run (Hollingsworth et al., 2016). By sequencing short reads, 
still available in samples with degraded DNA, genome skimming has 
been successfully applied to sequence plastomes from herbarium 
samples (Bakker et al., 2016), reaching thus a good taxonomic and 
geographical cover, as some taxa could be rare and/or geographically 
restricted and therefore difficult to collect (Savolainen et al., 1995). 
Whole plastome data usually lead to highly resolved phylogenetic 
trees, even within genera or species, and are therefore very infor-
mative to reconstruct past colonization events and phylogeographi-
cal history (e.g. Demenou et al., 2020; Migliore et al., 2019; Monthe 
et al., 2019; Tosso et al., 2018; for examples of African trees).

Nevertheless, at the interspecific level, plastid phylogenies are 
sometimes very discordant with phylogenies of nuclear genes, due to 
incomplete lineage sorting or selection processes, or when occasional 

are needed to assess the species tree as well as speciation and hybridization events 
between species.
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hybridization events led to plastid capture (Rieseberg & Soltis, 1991). 
The latter is expected to occur more frequently between related spe-
cies during range shifts whenever plastomes are dispersed over much 
shorter distances than nuclear genes (Petit & Excoffier, 2009), for ex-
ample because of asymmetric seed versus pollen dispersal capacities. 
In this case, the distribution of plastid lineages could be better ex-
plained by geography than by taxonomy, as often observed for exam-
ple in the genus Quercus (e.g. Pham et al., 2017; Simeone et al., 2018). 
It is thus necessary to control whether plastid phylogenies are globally 
consistent with species delimitation to interpret correctly the evolu-
tionary processes they represent.

Here, we investigate the diversification of Brachystegia trees to 
gain insights into the origin and evolution of miombo woodlands. To 
this end, we use genome skimming to sequence the plastomes of 
45 samples covering the distribution range of the genus and repre-
senting 25 of the 29 species. Applying phylogenetic and molecular 
dating approaches, we will address the following biogeographical 
questions:

1. Is plastid phylogeny consistent with species delimitation or, 
alternatively, does it display a strong geographical structure 
across species boundaries? Here we contrast three alternative 
hypotheses. H1: Species are well delimited, do not introgress 
and coalescence rate was high enough so that they appear 
as monophyletic entities. H2: Species do not introgress but 
incomplete lineage sorting due to large effective population 
sizes and/or limited divergence time led to shared polymorphism 
(non-monophyly), without geographical signal. H3: Recurrent 
introgression and chloroplast captures among species led to a 
strong phylogeographical pattern whereby co-occurring individ-
uals from distinct species tend to share the same lineages, and 
species are not monophyletic unless they are geographically 
isolated.

2. Is there evidence of one or several evolutionary transitions be-
tween rain forest and miombo and in which direction(s)? We pro-
pose the following hypotheses. H4: The ecological niche is fairly 
conserved and only one biome shift occurred. H5: Biome shift oc-
curred from rain forest to miombo, following the general trend of 
aridification and rain forest reduction that occurred over the last 
50 Ma (Kissling et al., 2012).

3. What can we learn from the timing of divergence of plastid clades 
about diversification, biome shift(s) and/or range shifts? Here, we 
hypothesize (H6) that the diversification of miombo species was 
concomitant with the development of C4 fire-prone savannas 
during the Miocene.

2  | MATERIAL S AND METHODS

2.1 | Sampling strategy

Plant material was collected on 109 vouchers from the following her-
baria: BR (Meise Botanic Garden, Belgium), BRLU (Université Libre 

de Bruxelles, Belgium), FHO (Daubeny Herbarium, University of 
Oxford, UK) and LISC (Instituto de Investigação Científica Tropical, 
Lisboa, Portugal). Silica-dried leaves from 86 individuals were also 
collected in D. R. Congo, and vouchers deposited at BRLU.

We seek to obtain two or three samples per Brachystegia species 
but given the rarity of some species in herbarium collections and the 
low DNA content (c. 27% of the herbarium vouchers tested contained 
less than 1 ng of DNA per µl), we eventually retrieved sufficiently 
good quality DNA for 45 individuals (1–3 individuals per species; 
Table 1) representing 25 of the 29 described species of Brachystegia 
(following Lebrun & Stork, 2008). A sample of Julbernardia paniculata 
was added as an outgroup to anchor the phylogeny.

2.2 | DNA extraction and genomic libraries 
preparation

DNA was extracted from herbarium samples following the proto-
col of Cappellini et al. (2010) with slight modifications: no initial 
wash step with a bleach solution and overnight digestion at 37°C 
rather than 55°C. For the recent silica-dried material collected in 
the field, DNA extraction was performed using the DNeasy Plant 
Mini Kit (Qiagen), following the manufacturer's recommendations. 
DNA quality and its level of fragmentation were checked on 1% aga-
rose gels, before quantification with a Qubit® 2.0 Fluorometer (Life 
Technologies, Invitrogen). DNA with a low level of fragmentation (i.e. 
absence of smear and most of the DNA longer than 1,000 bp) were 
sheared using a Bioruptor® Pico (Diagenode SA.). The program was 
set to obtain fragments of c. 400 bp.

Genomic libraries were prepared with the NEBNext Ultra II DNA 
Library Prep Kit (New England Biolabs), and barcoded by dual index-
ing (8-bp long barcodes) following the Illumina True-Seq protocol. 
Insert size was set around 250 bp. After pooling, we sequenced them 
on an Illumina NextSeq 500 instrument at the GIGA platform (Liège, 
Belgium) using the V2 mid-output reagent kit to produce 2 × 150 bp 
paired-end reads, targeting more than one million reads per sample.

2.3 | Bioinformatic treatment

After Illumina demultiplexing, all reads were checked using FastQC 
0.11.7 (http://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq 
c/) for quality control and determination of adapter content be-
fore trimming using Trim Galore! 0.4.5 (http://www.bioin forma 
tics.babra ham.ac.uk/proje cts/trim_galor e/). A reference plastome 
for Brachystegia was assembled de novo using GetOrganelle 1.6.2 
(default parameters for chloroplast assembly; Jin et al., 2019) for B. 
bakeriana (specimen Dechamps, Murta & da Silva 1327 [LISC]). This 
latter was chosen as the best de novo assembled plastome, among 
the samples providing the highest number of reads. The resulting 
assembly was checked with Bandage 0.8.1 (Wick et al., 2015). The 
inverted repeats were manually oriented by comparison with an-
other Detarioideae plastome (Afzelia africana, GenBank accession 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/


936  |     BOOM et al.

TA B L E  1   Characteristics of the specimens used for plastome sequencing. Vouchers are hosted in the following institutions: BR (Meise 
Botanic Garden, Belgium), BRLU (Université Libre de Bruxelles, Belgium), FHO (Daubeny Herbarium, University of Oxford, UK), and LISC 
(Instituto de Investigação Científica Tropical, Lisboa, Portugal). Four Brachystegia species are missing for this study (B. mildbraedii Harms, 
B. oblonga Sims, B. utilis Hutch. & Burtt Davy and B. zenkeri Harms). Coordinates are in decimal degrees. DRC is the abbreviation for the 
Democratic Republic of the Congo

ID Taxon Latitude Longitude
Collector and collection 
year Country

Herbarium and 
collector number

1 Brachystegia allenii Hutch. 
& Burtt Davy

−10.689 38.945 Milne-Redhead E., Taylor 
P. (1955)

Tanzania FHO 7663

2 Brachystegia allenii Hutch. 
& Burtt Davy

−14.960 30.246 White F. (1952) Zambia BR 2406A

3 Brachystegia 
angustistipulata De Wild

−6.000 30.000 Jefford T.G., Juniper B.E., 
Newbould J. (1958)

Tanzania BR 2799

4 Brachystegia bakeriana 
Hutch. & Burtt Davy

−14.817 18.633 Dechamps R., Murta F. & 
da Silva M. (1974)

Angola BR 1327

5 Brachystegia boehmii Taub. −4.832 29.962 Procter J. (1954) Tanzania FHO 262

6 Brachystegia boehmii Taub. −11.530 27.467 Boom A. (2016) DRC BRLU 38

7 Brachystegia boehmii Taub. na na Duvigneaud P. (1957) DRC BRLU 2833

8 Brachystegia bussei Harms −14.726 30.762 White F. (1952) Zambia BR 2410

9 Brachystegia bussei Harms −6.041 37.519 Burtt B.D. (1933) Tanzania BR 4736

10 Brachystegia cynometroides 
Harms

na na Forest Product Research 
Laboratory (1969)

Cameroon FHO

11 Brachystegia eurycoma 
Harms

7.710 11.480 Latilo M.G., Daramola B.O. 
(1954)

Nigeria BR 28945

12 Brachystegia eurycoma 
Harms

7.230 10.628 Chapman H.M. (1974) Nigeria FHO 156

13 Brachystegia floribunda 
Benth.

−12.179 17.242 Barbosa L.A.G. (1965) Angola LISC 11037A

14 Brachystegia floribunda 
Benth.

−11.530 27.467 Boom A. (2016) DRC BRLU 41

15 Brachystegia gossweileri 
Hutch. & Burtt Davy

−10.735 14.981 Barbosa L.A.G. (1965) Angola FHO 10988

16 Brachystegia gossweileri 
Hutch. & Burtt Davy

−12.148 18.090 Mendes dos Santos R. 
(1965)

Angola FHO 1980

17 Brachystegia kennedyi 
Hoyle

6.105 5.893 Meikle R.D., Keay R.W.J. 
(1949)

Nigeria BR 581

18 Brachystegia kennedyi 
Hoyle

6.105 5.893 Kennedy J.D. Nigeria FHO 2181

19 Brachystegia laurentii (De 
Wild.) Louis ex Hoyle

−0.974 10.925 Wieringa J.J. (2001) Gabon BR 4529

20 Brachystegia leonensis 
Hutch. & Burtt Davy

8.913 −11.728 Sesay J.A. (2010) Sierra Leone BR 51

21 Brachystegia leonensis 
Hutch. & Burtt Davy

5.646 −8.135 Jongkind C.C.H. (2010) Liberia BR 9067

22 Brachystegia longifolia 
Benth.

−10.915 28.517 Boom A. (2016) DRC BRLU 37

23 Brachystegia longifolia 
Benth.

−11.983 18.283 Dechamps R., Murta F. & 
da Silva M. (1974)

Angola BR 1400

24 Brachystegia longifolia 
Benth.

−11.530 27.466 Boom A. (2016) DRC BRLU 39

25 Brachystegia manga De 
Wild.

−7.623 33.403 Groome C. & Hoyle A.C. 
(1949)

Tanzania FHO 1073

(Continues)
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KX673213). Final annotation was realized with GeSeq 1.71 (Tillich 
et al., 2017), graphically represented with OGDRAW 1.3 (Greiner 
et al., 2019; see Figure S1.1 in Supporting Information), and depos-
ited in Genbank (accession number MW272922).

Following the workflow of Migliore et al. (2019), reads from 
the different low-coverage genomic libraries were mapped on the 
Brachystegia reference plastome using the Burrows-Wheeler Aligner 
BWA mem 0.7.12 (Li & Durbin, 2009). Only one inverted repeat 
(IR) was retained to facilitate the mapping and to avoid replicating 

non-independent sequence polymorphisms due to gene conversion 
between IRs. The aligned reads were converted to a mpileup file 
using Samtools 1.9 (Li et al., 2009) for consensus calling (i.e. calling 
genotype for each position for each individual) with Varscan 2.3.7 
(Koboldt et al., 2012). The final dataset is a multi-fasta aligned ma-
trix (available on Dryad: https://doi.org/10.5061/dryad.r4xgx d2b1), 
after excluding missing site positions, indels, and positions where 
heterozygosity was detected, in order to avoid nuclear copies of 
plastid regions (NUPTS) and heteroplasmy (Scarcelli et al., 2016).

ID Taxon Latitude Longitude
Collector and collection 
year Country

Herbarium and 
collector number

26 Brachystegia manga De 
Wild.

−11.187 27.905 Duvigneaud P. (1948) DRC BR 1214

27 Brachystegia michelmorei 
Hoyle

−9.796 29.295 Astle W. L. (1965) Zambia FHO 797

28 Brachystegia microphylla 
Harms

−4.485 35.758 Leippert H. (1966) Tanzania BR 6334

29 Brachystegia nigerica Hoyle 
& A.P.D. Jones

6.155 6.770 Chesters D.F. Nigeria BR A124/30

30 Brachystegia nigerica Hoyle 
& A.P.D. Jones

7.134 3.840 Lapido J.L. (1946) Nigeria FHO 19061

31 Brachystegia puberula 
Hutch. & Burtt Davy

−14.217 14.033 Bamps P., Martins S. & 
Matos C. (1973)

Angola BR 4473

32 Brachystegia russelliae I. M. 
Johnst.

na na Mendes E.J. (1955) Angola BR 55

33 Brachystegia russelliae I. M. 
Johnst.

−12.476 16.295 Mendonça F.A. (1965) Angola FHO 4593

34 Brachystegia spiciformis 
Benth.

−5.863 23.392 Liben L. (1956) DRC BR 1742

35 Brachystegia spiciformis 
Benth.

−11.488 27.600 Boom A. (2016) DRC BRLU 61

36 Brachystegia spiciformis 
Benth.

−10.598 22.345 Duvigneaud P., 
Timperman J. (1956)

DRC BRLU 2423 B2

37 Brachystegia spiciformis 
Benth.

−14.831 13.621 Barbosa L.A.G., Henriques 
C., Moreno F. (1967)

Angola BRLU 2164

38 Brachystegia stipulata De 
Wild.

−11.510 28.007 Boom A. (2016) DRC BRLU 7

39 Brachystegia tamarindoides 
Welw. ex Benth.

−10.693 23.182 Duvigneaud P., 
Timperman J. (1956)

DRC BRLU 2317

40 Brachystegia tamarindoides 
Welw. ex Benth.

−15.096 13.565 Torre A.R. (1956) Angola LISC 8678

41 Brachystegia taxifolia 
Harms

−11.477 27.662 Boom A. (2016) DRC BRLU 24

42 Brachystegia taxifolia 
Harms

−11.533 27.463 Boom A. (2016) DRC BRLU 46

43 Brachystegia taxifolia 
Harms

−12.019 27.784 Duvigneaud P. DRC BRLU 3614 br2

44 Brachystegia torrei Hoyle −15.587 39.614 Torre A.R., Paiva J. (1964) Mozambique LISC 11521

45 Brachystegia 
wangermeeana De Wild.

−10.693 23.182 Plancke J. (1958) DRC BRLU 154/2025

46 Julbernardia paniculata 
(Benth.) Troupin

−11.432 27.469 Boom A. (2016) DRC BRLU 51

TA B L E  1   (Continued)

https://doi.org/10.5061/dryad.r4xgxd2b1
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2.4 | Phylogenetic inference

The chloroplast gene tree was inferred using both Maximum 
Likelihood (ML) and Bayesian Inference (BI) methods. The ML anal-
ysis was realized with RAxML-NG 0.9.0 (Kozlov et al., 2019), using 
the following parameters: 20 starting trees (10 random and 10 
parsimony trees), a GTR+G model, and 1,000 bootstrap replicates. 
For the BI approach, we used MrBayes 3.2.6 (Ronquist et al., 2012) 
with the GTR+I+G model of substitution according to Jmodeltest2 
(Darriba et al., 2012). Two runs of four chains each (i.e. one cold chain 
and three heated chains per run) were performed for 20,000,000 
generations, sampling every 1,000 trees. The 50% majority-rule 
consensus tree was generated, after discarding 25% of the sampled 
trees as burnin. Runs converged as the average standard deviation 
of split frequencies dropped down to 0.002 after 5,000,000 genera-
tions (i.e. the burnin). After checking convergence diagnostic statis-
tics (i.e. ESS and PSRF; Table S1.1), ML and BI trees were plotted 
using FigTree 1.4.4 (http://tree.bio.ed.ac.uk/softw are/figtr ee/).

To assess whether the plastid phylogeny was consistent with 
species delimitation and/or geographical regions, we generated 
inter-individual distance matrices using R (R Development Core 
Team, 2019) representing (a) phylogenetic distances (nucleotide 
distances between plastomes, computed using the R package ‘ape’; 
Paradis & Schliep, 2019), (b) taxonomic distances (value of 0 between 
conspecific individuals, 1 between species) and (c) geographical dis-
tances (shortest distances along the earth surface computed by the 
R package ‘geosphere’; Hijmans, 2019). We then tested the correla-
tion between these matrices by Mantel tests using the R package 
‘vegan’ (Oksanen et al., 2019). Correlation tests were performed on 
42 Brachystegia individuals, as information on latitude and longitude 
coordinates were missing for three specimens (Table 1).

2.5 | Molecular dating

Calibrating a phylogeny remains challenging because it is subject 
to different sources of bias (e.g. fossils taphonomy and anchoring), 
as discussed for Detarioideae (Bruneau et al., 2008; de la Estrella 
et al., 2017; Koenen et al., 2019). Here, we performed a two-step 
dating approach, using BEAST 1.8.4 (Drummond et al., 2012): a large 
taxon sampling with multiple calibration points and data from three 
pastid genes was first used to estimate the divergence between 
Brachystegia and Julbernardia, which provided a secondary calibra-
tion point for dating the Brachystegia phylogeny based on aligned 
plastomes.

In the first step, we maximized the taxonomic coverage within 
Fabaceae, based on the alignment of Bruneau et al. (2008) for 
three plastid sequences (matK, trnK and trnL). As detailed in Tosso 
et al. (2018), we retained 251 Fabaceae (including three Brachystegia 
samples) and eight outgroup taxa (i.e. species of the Quillajaceae, 
Polygalaceae and Surianaceae families). We used four fossil cali-
brations and one calibration of the crown age of Fabaceae derived 
from Koenen et al. (2019), as detailed in the Supporting Information 

(Method S1.1). According to Jmodeltest2 (Darriba et al., 2012), the 
substitution models GTR+G, GTR+G and HKY+G were applied to 
matK, trnK and trnL gene partitions respectively. BEAST was run 
using as tree model, either the Yule process or the coalescent pro-
cess of constant population size, and as clock model, either the strict 
clock or a relaxed clock with uncorrelated lognormal distribution. We 
selected the best models according to their marginal likelihoods using 
Bayes factors, as detailed in Supporting Information (Table S1.2). For 
each combination of tree and clock models, we launched two inde-
pendent runs (100 million of generations, sampling 10,000 trees per 
run). Resulting log and tree files were combined using LogCombiner 
1.8.4, removing 10% of the trees as burnin. Combined log files 
were examined with Tracer 1.7.1 (Rambaut et al., 2018) to check 
the posterior parameters, the effective sample sizes (ESS), and the 
convergence between runs. Combined trees were analysed using 
TreeAnnotator 1.8.4, to obtain the final maximum clade credibility 
tree and the posterior distribution of the time to the most recent 
common ancestor (TMRCA) between Brachystegia and Julbernardia.

In the second step, we maximized the number of characters, fo-
cusing on our 46 Brachystegia and Julbernardia aligned plastome se-
quences to construct a phylogenetic tree which was time-calibrated 
by the Brachystegia-Julbernardia TMRCA estimated in the first step. 
We applied the GTR+I+G substitution model, a coalescent tree prior 
(constant population size) and an uncorrelated lognormal relaxed 
clock model (Table S1.2, Supporting Information). Following the 
same procedure as previously described, all the BEAST runs were 
launched on the CIPRES gateway servers (Miller et al., 2010). The 
final chronogram was edited using FigTree 1.4.4.

In parallel, to test the robustness of our divergence time ap-
proach, an additional BEAST analysis was performed using a 
one-step calibration approach based on 24 taxa including more 
plastid markers (45 genes, 45,567 sites), as detailed in Supporting 
Information (Method S1.2).

3  | RESULTS

3.1 | Plastome data

After filtering, we obtained a mean of 1,269,221 good quality paired-
end reads per library (SD = 663,400). The B. bakeriana plastome 
obtained by de novo assembly had a length of 159,544 bp (Small 
Single Copy: 19,672 bp; Long Single Copy: 87,859 bp; Inverted 
Repeat: 26,007 bp; Figure S1.1), with a mean depth coverage of 
88 x. Removing one inverted repeat region, the reference plastid se-
quence used for mapping the other samples reached 133,537 bp in 
length. On average 3.3% (SD = 1.2%) of trimmed reads were mapped 
on the reference (mean number of reads = 89,079, SD = 62,180). 
This corresponds to a mean depth coverage of 56 x (standard de-
viation = 39). After removing position from the alignment contain-
ing missing data, indels and apparent heterozygotes (possibly due 
to NUPTs), it reached a length of 100,400 bp, corresponding to c. 
75% of the original alignment. The final alignment contained 519 

http://tree.bio.ed.ac.uk/software/figtree/
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phylogenetically informative sites, for a total of 1,768 variable sites. 
Excluding the outgroup Julbernardia, the number of phylogenetically 
informative sites dropped down to 511, for a total of 1,160 variable 
sites.

3.2 | Phylogenetic relationships

Both BI and ML tree topologies were globally congruent (Figure 1, 
Figure S1.2, Supporting Information). Main nodes were well sup-
ported by bootstrap values (ML tree: ≥88) and posterior probabili-
ties (BI tree: ≥0.96), except in the MW-western clade (see below) 
where RAxML bootstrap values ranged between 62 and 72 while 
BI posterior probabilities remained high (≥0.96). Four polytomies in 
the MrBayes tree were observed in terminal branches, in which rela-
tionships between haplotypes were weakly supported in the RAxML 
tree (ML tree: ≤34).

The nucleotide distances between Brachystegia samples were 
weakly correlated with taxonomical distances (r = 0.138, Mantel 
test, p-value = 0.001) but highly correlated with geographical dis-
tances (r = 0.747, Mantel test, p-value = 0.001). Accordingly, of the 
15 species represented by multiple samples, only three with geo-
graphically adjacent specimens (B. eurycoma, B. leonensis and B. 
taxifolia) appeared monophyletic (Figure 1, Figure S1.2). B. kennedyi 
appeared also monophyletic in the ML topology, but with low sup-
port (bootstrap value = 34).

The first divergence between plastid lineages separated a rain 
forest clade (RF) and a clade including all samples and species 
from miombo plus one B. laurentii sample from Gabonese rain for-
est (miombo woodland sensu lato or MW s.l. clade) (Figures 1–3, 

Figure S1.2). The MW s.l. clade contained additionally an early 
branching sample of B. bussei from miombo (specimen Burtt 4736 
[BR]). Remaining lineages formed a MW sensu stricto (MW s.s.) clade 
subdivided into three main parapatric subclades: an East African 
clade (Tanzania to Mozambique), a Central clade (Zambia to D. R. 
Congo) and a Western clade (D. R. Congo to Angola); the two lat-
ter were sister clades with overlapping distributions in the east-
ern part of the Upper Katanga (D. R. Congo) region (Figures 1–3). 
Within the East African clade, sister haplotypes were also geo-
graphically grouped, forming Eastern Tanganyika, Central Tanzania 
and Tanzania–Mozambique subclades. A similar pattern emerged 
in the RF clade which can be subdivided into three parapatric sub-
clades centred on Upper Guinea, Southwest Nigeria and Southeast 
Nigeria-Cameroon (Figures 1–3). Accordingly, within each major 
clade (RF, MW s.l. and MW s.s.), nucleotide distances between indi-
viduals were still significantly correlated with geographical distances 
(Mantel tests: r = 0.546 in RF, 0.367 in MW s.l., 0.449 in MW s.s., 
p-values < 0.005) while they were less significantly correlated with 
taxonomic distances (Mantel tests: r = 0.341 in RF, 0.077 in MW 
s.l., 0.159 in MW s.s., p-values = 0.027, 0.017 and 0.002 respec-
tively). Interestingly, within miombo subclades, the mean nucleotide 
distance, that is, mean proportion of different sites between pairs 
of sequences, increased from west to east (Western = 2.0 × 10−4; 
Central = 4.2 × 10−4; Eastern = 6.1 × 10−4).

3.3 | Timing of divergence

The divergence time estimated between Brachystegia and 
Julbernardia was relatively congruent and overlapping: around 

F I G U R E  1   Cladogram (a) and 50% majority-rule consensus tree (b) of Brachystegia plastomes obtained using the Bayesian method 
implemented in MrBayes. Both trees were rooted using a sample of Julbernardia paniculata. Tip labels indicate the species name, the ISO 
code for the origin country, and the specimen ID (Table 1). Clades supports in (a) are provided as Bayesian posterior probabilities (left) and 
corresponding bootstrap support of the Maximum Likelihood phylogeny performed using RAxML-NG (right). The different clades and their 
corresponding symbols and colours are indicated between the two topologies, as shown in Figures 2 and 3 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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15.03 Ma (95% HPD = 11.08–18.88), using three plastid sequences 
from 259 Fabaceae plus outgroup taxa (Figure S1.3, Supporting 
Information), and around 11.96 Ma (95% HPD = 8.36–15.95) accord-
ing to the one-step approach using 24 taxa and 45 plastid markers 
(Table S1.3, Figure S1.4, Supporting Information). Although the one-
step molecular dating approach inferred a younger divergence be-
tween Brachystegia and Julbernardia, it suggested an older TMRCA of 
Brachystegia by c. 1.7 Ma (7.03 Ma, 95% HPD = 4.75–9.69).

Considering the two-step dating approach, the RF and MW s.l. 
clades diverged 5.29 Ma (95% HPD = 2.76–8.52, Figure 2), while 
the TMRCA of the three miombo subclades was 2.05 Ma (95% 
HPD = 1.17–3.69, Figure 2). The TMRCA of samples from each of 
these subclades increased from west to east (Figure 2): 0.76 Ma (95% 
HPD = 0.38–1.32) for the Western clade, 1.07 Ma (95% HPD = 0.55–
1.79) for the Central clade and 1.53 Ma (95% HPD = 0.78–2.51) 
for the East African clade. The TMRCA of the RF clade was older: 
3.93 Ma (95% HPD = 1.59–5.26). These divergence times esti-
mates were similar to the ones obtained using the one-step dating 
approach, also inferring a Plio-Pleistocene origin for the current 

lineages of the miombo s.s. clade (2.87 Ma, 95% HPD = 1.58–4.51), 
and the older age of the RF clade (3.63 Ma, 95% HPD = 1.83–5.81).

4  | DISCUSSION

4.1 | Introgression and plastid phylogeny

One of the main phylogenetic patterns detected in Brachystegia is 
that most species do not appear monophyletic in the plastid phy-
logenetic tree, rejecting our first hypothesis (H1) assuming well-
separated and monophyletic species. Hence, plastid DNA is not 
appropriate for taxonomic delineation in this genus. This contrasts 
with the patterns observed in the African trees of genera Guibourtia 
(Tosso et al., 2018) and Entandrophragma (Monthe et al., 2019) 
where nearly all species appeared monophyletic. Incorrect species 
identification should not be at the origin of this pattern because 
ongoing work shows that most species appear monophyletic using 
nuclear markers (A. F. Boom, unpublished results). The absence 

F I G U R E  2   Chronogram of the plastid diversification of 45 Brachystegia samples and one Julbernardia outgroup, according to BEAST 
analysis (maximum clade credibility tree). Time units are in million years. Node bars indicate the 95% highest posterior density (HPD) interval. 
Tip labels indicate the species name, the ISO code for the origin country, and the specimen ID (Table 1). Clades and their corresponding 
coloured symbols, as used in Figure 3, are indicated on the right. RF and MW refer to the rain forest and the Miombo woodland sensu stricto 
clades, respectively (see Figure 3) [Colour figure can be viewed at wileyonlinelibrary.com]
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of monophyly could result from incomplete lineage sorting (ILS) if 
effective population sizes are large and/or speciation too recent, 
as assumed under our second hypothesis (H2). This situation could 
be expected for dominant species with large populations and 
wide distribution ranges in recent biomes (e.g. Cerrado savanna 
tree species, Pennington & Lavin, 2016), which might be valid for 
some Brachystegia species of the miombo. However, when shared 
lineages result from ILS, we do not expect a correlation between 
phylogenetic and geographical distances when we consider pairs 
of samples from distinct species (e.g. Muir & Schlötterer, 2004). 
As revealed by ML/BI phylogenies and Mantel tests, Brachystegia 
plastid diversity is much better explained by geography than by 
taxonomy (Figures 1–3), so that H2 can be rejected as well. This 
pattern is not uncommon in plants and has been reported for sev-
eral genera as Quercus (Fagaceae), Fraxinus (Oleaceae), Eucalyptus 
(Myrtaceae), etc. for which it was mainly explained by hybridiza-
tion and cytoplasmic introgression (Heuertz et al., 2006; Jackson 
et al., 1999; Petit et al., 2002; Pham et al., 2017). Hence, the phy-
logeographical pattern found in Brachystegia clearly supports our 
third hypothesis (H3) assuming widespread cytoplasmic introgres-
sion between species, leading to chloroplast captures, whereby 
distinct species tend to share locally the same plastid lineages. 
This phenomenon has been particularly evidenced for species 
with much higher pollen than seed dispersal abilities (Petit & 

Excoffier, 2009). Local trees are invaded by swamping pollen from 
other related species and through hybridization and subsequent 
backcrosses, plastid genomes are transferred from one species to 
another, where species are defined by their nuclear genome (Petit 
et al., 2003; Potts & Reid, 1988). In most angiosperms, the plas-
tid genome is transmitted maternally and hence depends on seed 
dispersal, which is often less extensive than pollen dispersal, the 
latter largely contributing to the dispersal of the nuclear genome. 
Therefore, the plastid diversity is relatively static in space. Plant 
species prone to hybridization, where chloroplasts are mater-
nally inherited and where pollen is better dispersed than seeds 
will therefore exhibit a topology in which the plastid diversity is 
to some degree species independent, but reflects geographical 
patterns.

A large difference in pollen and seed dispersal abilities is very 
likely in Brachystegia species. Canopy trees in miombo are known 
to be pollinated by bees (Smith, 1957) and seeds of legume trees 
are dispersed through explosive pods (Strang, 1966). Measurement 
of seed dispersal distances for B. spiciformis ranges from 6 to 20 m 
(Ernst, 1988; Malaisse, 1978). By contrast, bees can disperse pollen 
over several hundred metres to a few kilometres in tropical ecosys-
tems (e.g. Jha & Dick, 2010). Parentage analyses would be necessary 
to better assess seed and pollen dispersal abilities because hab-
itat, breeding system and pollination play a major role (e.g. Hardy 

F I G U R E  3   Spatial distribution of plastid lineages recovered in 42 Brachystegia trees sampled across Africa. Background colours indicate 
biomes following Olson et al. (2001): green for the tropical rain forest, red for miombo woodlands, yellow for other types of tropical and 
subtropical grasslands, savannahs and shrublands. The distribution of the rain forest clade (RF, stars, n = 8) and the miombo woodlands sensu 
stricto clade (MW s.s., circles, n = 32) are delineated by dotted lines, while triangles show two haplotypes that do not fall in these clades 
and belong to B. bussei (white) and B. laurentii (blue). Different colours of a symbol indicate subclades found within each major clade, and 
numbers refer to specimen IDs (Table 1, Figure 1). The MW s.s. clade is subdivided into Western (red), Central (white) and East-African (blue, 
green and orange) subclades [Colour figure can be viewed at wileyonlinelibrary.com]
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et al., 2019; Jha & Dick, 2010; Monthe et al., 2017), aspects that 
remains to characterize.

Several hybrids between Brachystegia miombo species have 
been described based on morphological and field evidence 
(White, 1962). Field observations (Lawton, 1962) have also re-
ported two different types of Brachystegia stands in woodlands: 
pure stands with predominating distinct species and ‘admixed’ 
stands in which hybrids tend to occur more frequently. This sup-
ports the hypothesis of a dynamic system, corresponding to in-
vasion from alien pollen and/or secondary contact of species 
originating from different miombo patches that were still discon-
nected recently. Several palaeoecological records also showed 
that the current contiguous miombo belt experimented contrac-
tions and expansions during the late Pleistocene in response to 
past climate changes (Roche, 1991). Hence, detailed studies of in-
trogression patterns between co-occurring Brachystegia species at 
a local scale should be undertaken to test our hypothesis.

4.2 | Origin of Brachystegia lineages and 
biome shifts

Plastid sequences of Brachystegia and Julbernardia diverged during 
the Miocene (8–16 Ma and 11–19 Ma, depending of the method), and 
current lineages of Brachystegia diverged during the late Miocene–
Pliocene (TMRCA estimated from 2.8 to 8.6 Ma). Brachystegia was 
supposed older according to pollen data because Peregrinipollis ni-
gericus (Clarke, 1966), a palynomorph exhibiting morphological affin-
ities with modern Brachystegia pollen (Clarke & Frederiksen, 1968), 
is documented up to the late Eocene (Kaska, 1989; Morley, 2000). 
Therefore, the dated phylogeny suggests that P. nigericus and 
Brachystegia spp. are less related than assumed before.

Brachystegia plastomes do not track species delineation, pre-
venting us to infer speciation processes and to reconstruct the an-
cestral biome of the most recent common ancestor of Brachystegia 
species, so that the direction of biome shift (H5) cannot be tested. 
Consequently, a comprehensive history of ancestral biomes and 
species diversification is still unresolved and must be based on nu-
clear markers. However, the plastid topology delineated two major 
clades, geographically and ecologically differentiated, suggesting a 
single biome shift, and supporting the hypothesis that the ecological 
niche tends to be fairly conserved (H4). The divergence between the 
rain forest and miombo clades could be linked to adaptive diversi-
fication during a period marked by the expansion of C4 flammable 
ecosystem in Africa that started at the end of the Miocene, poten-
tially supporting H6. However, the exact evolutionary relationship 
between Guineo-Congolian rain forest and woodland species re-
mains hypothetical here for two reasons. First, the successfully se-
quenced rain forest samples mostly came from the Upper-Guinea 
bioregion and the only specimen from southern Central African rain 
forest (specimen Wieringa 4529 [BR]) is phylogenetically close to the 
MW s.s. lineages. Second, the MW s.l. contains an early-branching 
specimen (specimen Burtt 4736 [BR]) from the Turiani and Nguru 

mountains area of the Eastern arc system, known to host numer-
ous plants and vertebrates restricted to forested habitats (Burgess 
et al., 2007). This haplotype could, therefore, be explained either 
by remnant woodland lineage from the late Miocene–Pliocene that 
predates most of the actual woodland diversity, or by introgression 
from now-extinct forest species hosted in the Eastern arc mountains 
by species from the surrounding miombo. Nevertheless, the plastid 
phylogeny provides insights into the spatial and demographical evo-
lution of most of the extant lineages of the miombo clade (MW s.s.) 
and the rain forest clade (RF).

4.3 | Miombo and rain forest lineages

The Western, the Central and the Eastern African miombo subclades 
diverged and evolved during the Plio-Pleistocene (TMRCA from 1 to 
3.3 Ma). This period is characterized by the expansion of C4 flam-
mable ecosystem, an alternation between arid and wet climates, and 
geomorphologic rearrangements (deMenocal, 1995; McDonough 
et al., 2015). This supports the hypothesis that the diversification 
of miombo Brachystegia species may be synchronous, not with 
the origin of C4 flammable ecosystem (c. 10 Ma, our hypothesis 
H6), but with their wide development during the Plio-Pleistocene 
(Cerling, 1992). Lake Tanganyika, lake Malawi and the Rukwa basin 
apparently constituted strong geographical barriers for seed disper-
sal across all the Pleistocene, since the Central and Eastern plastid 
clades do not occur in sympatry at large spatial scales. The role of 
these barriers during the Pleistocene has already been documented 
for several species of rodents strongly associated with miombo land-
scapes (e.g. Bryja et al., 2018; Mazoch et al., 2018). However, this 
remains surprising as the two subclades are nowadays forming con-
tiguous wooded landscapes.

The dated phylogeny and the mean nucleotide distances within 
miombo subclades indicate an older origin of Brachystegia in Eastern 
woodland, followed by Central and Western miombo (Figure 2). This 
supports East Africa as a cradle of the most typical genus of miombo 
woodland, followed by a colonization of south-central Africa. 
Contrasting with the two other miombo subclades, haplotypes of 
the Western subclade are nested in a group centred on D. R. Congo 
with polytomy and/or low supported short branches (Figures 1 and 
2 and Figure S1.2). This could indicate a recent colonization and/or 
expansion from D. R. Congo to Angola, during the last million years. 
Interestingly, Upper-Katanga (southeast part of D. R. Congo) seems 
to be a contact zone where haplotypes of the Western and Central 
subclades occur in sympatry. This seems to coincide with floristic 
observations that recognize the non-homogeneous nature of Upper-
Katangan floras, with a Kwango-Angolean floristic sector in the 
west, and a Katangan-Zambian sector in the east (Duvigneaud, 1958; 
Werger & Coetzee, 1978). We can thus hypothesize that in addition 
to a westward expansion starting from East Africa, miombo wood-
lands have undergone one or several phases of historical fragmen-
tation explaining the biogeographical and phylogeographical breaks 
observed today.
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Concerning the rain forest clade of Brachystegia plastomes, a 
phylogeographical pattern is also emerging, through three subclades 
restricted to Upper Guinea, Southwest Nigeria, and Southeast 
Nigeria-Cameroon (Figures 1–3). These subclades could result from 
a fragmentation of the rain forest induced by Pleistocene climate 
fluctuations (Maley, 1996) or reflect isolation-by-distance, as sug-
gested from the plastome phylogeographical patterns conducted 
on Guineo-Congolian rain forest taxa (Faye et al., 2016; Migliore 
et al., 2019). African rain forest species with limited dispersal ability 
(e.g. ballistic fruit), such as Brachystegia, exhibit thus spatial genetic 
patterns generally associated with the presence of putative glacial 
refugia (Sosef, 1994) or microrefugia (Leal, 2001), even if west–east 
environmental filtering, heterogeneous topography and north–
south seasonal inversion effects could also explain part of those pat-
terns (e.g. Dauby et al., 2014; Heuertz et al., 2014). Nevertheless, the 
increasing number of phylogenomic studies based on plastid mark-
ers appears promising to explore the dynamics of rain forest though 
time (e.g. Demenou et al., 2020).

5  | CONCLUSIONS

In the genus Brachystegia, the distribution of plastid lineages is much 
better explained by geography than by taxonomy, highlighting the 
prevalence of plastid introgression between species, especially in 
miombo woodlands. Therefore, the phylogeny of Brachystegia plas-
tomes is informative to better understand the evolutionary history 
of miombo of which Brachystegia species constitute a major struc-
tural component. It suggests that miombo lineages diverged from 
rain forest lineages in the late Miocene–Pliocene, and expanded 
from East Africa to central and western southern Africa during the 
Plio-Pleistocene, in a context of increased aridity, expansion of C4 
savanna and climatic instability, which might have caused phases of 
fragmentation of miombo woodlands. A denser sampling and a bet-
ter characterization of the species tree using nuclear markers will 
be necessary to validate species delineation and further infer their 
evolutionary trajectories.
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