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Abstract

Documenting species and population diversity is becoming increasingly important as the destruction and degradation of natural
ecosystems are leading to a worldwide biodiversity loss. Despite the rapid development of genetic tools, many species remain
undocumented and little is known about the diversity of individuals and populations, especially for tropical African plants.
In this study, we aim to identify putative hidden species and/or differentiated populations in the tropical African tree Staudtia
kamerunensis Warb. (Myristicaceae), a widespread species characterized by a high morphological diversity and a complex
taxonomical history. Historical herbarium vouchers were sampled and leaf or cambium samples were collected in the field,
dried in silica gel, and subsequently genotyped at 14 microsatellite loci (SSRs), as well as sequenced for two nuclear genes
(At103, Agtl) and one plastid region (psbA-trnH). These genetic data were then analyzed using Bayesian clustering, popula-
tion genetics, and the construction of haplowebs to assess genetic clustering patterns, the distribution of genetic diversity, and
genetic differentiation among populations. Multiple genetically differentiated clusters were observed in parapatry throughout
Central Africa. Genetic diversity was high and similar among these clusters, apart from the most differentiated populations
in southeast Democratic Republic of the Congo (DR Congo), which showed lower levels of genetic diversity. The genetic
breaks detected between S. kamerunensis populations are likely not indicative of hidden species but rather result from ancient
rainforest fragmentation during cold and dry periods in the Pliocene and/or Pleistocene. The strong genetic divergence between
populations in southeast DR Congo could be the result of an ongoing speciation linked to ecological niche differentiation.

Keywords Phylogeography - Species delimitation - Population genetics - Herbarium - African rainforest - Myristicaceae -
Congo Basin - Staudtia

Introduction functioning (Bradshaw et al. 2009; Scheffers et al. 2016).

As species are going extinct at an alarming rate, catalogu-

The increase of human-mediated destruction and degra-
dation of natural ecosystems is leading to worldwide bio-
diversity loss, which in turn strongly impacts ecosystem
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ing biodiversity and delimiting species are becoming ever
more important, since it provides essential information for
ecosystem management (Cazzolla Gatti et al. 2022), and for
identifying valuable organisms for medicine, food, and other
human uses (Bickford et al. 2007; Cheek et al. 2020). Fur-
thermore, alpha taxonomy (i.e., the delimitation and nam-
ing of taxa) is crucial for conservation purposes because
species that remain undiscovered are often the ones that are
at a high risk of extinction (Cheek et al. 2020). Luckily, the
rapid development of genetic tools is increasingly facilitat-
ing the scientific discovery of species, especially in cases
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where taxa cannot readily be distinguished morphologically
(Struck et al. 2018).

Additionally, genetic diversity within species and popu-
lations (i.e., intraspecific diversity) is extremely important,
since it strongly impacts ecosystem resilience and the ability
of a species to adapt to environmental changes (Laikre et al.
2020; Hoban et al. 2021; Stange et al. 2021). Identification
of intraspecific genetic diversity is essential for adequate
conservation efforts, as it helps to assess population struc-
ture, connectivity, inbreeding, and demographic history, as
well as to identify populations and units for conservation
(e.g., evolutionary significant units or ESUs) (Hohenlohe
et al. 2021; Willi et al. 2022). Indeed, even if a species does
not go extinct, losing some of its differentiated populations
can result in a net loss of genetic diversity and potentially
relevant (adaptive) variants.

Over the last decade, efforts have been made to docu-
ment the genetic diversity of tropical African tree species
using population genetics methods (e.g., Hardy et al. 2013;
Helmstetter et al. 2020a, b). These methods are valuable
for estimating divergence between closely related taxa, as
they enable the detection of the earliest stages of speciation
(Dainou et al. 2014). Furthermore, they can support species
delimitation when taxonomic classification based on mor-
phology alone proves difficult, which is often the case for
polymorphic tree species in highly diverse tropical forests.
For example, multiple hidden species have been revealed in
taxonomically recognized tropical African trees using popu-
lation genetics methods (Ikabanga et al. 2017; Lissambou
et al. 2019; Ewédje et al. 2020), even in well-known timber
trees such as Milicia (Dainou et al. 2016), Entandrophragma
(Monthe et al. 2018), and Khaya (Bouka et al. 2022). These
studies identified differentiated genetic clusters occurring
in sympatry without showing signs of introgression, which
suggest that they are reproductively isolated and hence cor-
respond to distinct species according to the biological spe-
cies concept (De Quieroz 2007). These findings indicate that
multiple tropical African tree species remain undescribed,
and that species richness is likely underestimated for tropi-
cal Africa. While differentiated genetic clusters can indi-
cate the presence of hidden species, they can also represent
conspecific populations (i.e., populations belonging to the
same species) that diverged due to recent or ancient barri-
ers to gene flow. Such conspecific populations often occur
in parapatry and show low levels of genetic differentiation
with an abundance of shared alleles and admixed individu-
als. Many tropical African tree species are characterized by
genetic discontinuities throughout their distribution range
which are likely caused by climatic fluctuations during the
Pliocene and Pleistocene, when periods of low precipita-
tion caused rainforests to retract, leading to forest fragmen-
tation and genetic isolation of populations (Hardy et al.
2013; Helmstetter et al. 2020a, b; Pifieiro et al. 2021). The
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evolutionary responses to these climatic changes seem to
be variable, asynchronous, and species dependent, and are
driven by different life-history traits and environmental fac-
tors. Hence, the level of genetic population structure varies
among species, and populations are characterized by dif-
ferences in ecological niche, demographic history, genetic
diversity, and gene flow (Pifieiro et al. 2017; Migliore et al.
2019; Demenou et al. 2020; Helmstetter et al. 2020a, b;
Vanden Abeele et al. 2021). Identifying these differences
in intraspecific genetic diversity and structure is essential
to enhance our understanding of the evolutionary processes
that shape the highly diverse tropical African forests, as well
as for the implementation of appropriate conservation guide-
lines to protect this valuable ecosystem.

A tropical tree species that could greatly benefit from a
molecular genetics study is Staudtia kamerunensis Warb.
(Myristicaceae), an evergreen tree that occurs in various
forest types in Central Africa, as the nomenclatural his-
tory of this species has not been recently revised (Fouilloy
1974). Staudtia kamerunensis was first described by Otto
Warburg in 1897, based on two specimens collected in
Cameroon (Warburg 1897). Later, four other (sub)species
were described in Staudtia (Warburg 1904; Vermoesen
1923; Gilbert and Troupin 1951), which were later lumped
together, with S. kamerunensis as the only recognized spe-
cies today (Fouilloy 1974). Within this taxon, two varie-
ties were described: var. kamerunensis (synonym: Staud-
tia kamerunensis var. macrocarpa) and var. gabonensis
(synonyms: Staudtia gabonensis, Staudtia stipitata and
Staudtia congensis), with the latter differing from the type
specimen by having smaller fruits (Fouilloy 1974) and
thinner valves (personal observation). The distribution of
S. kamerunensis var. kamerunensis is probably limited to
Lower Guinea (western side of the Central African rainfor-
est block), while var. gabonensis occurs in Lower Guinea
and Congolia (eastern side of the Central African rain-
forest block) (Doucet 2003). However, as fruits are often
lacking from collected specimens, correct identifications
have proven difficult, hampering comprehensive studies at
population level. Moreover, fruit size is a difficult criterion
to assess on herbarium vouchers, since fruits often shrink
during the drying process or can be immature at the time
of collection. Maturity of the fruits is impossible to verify
from herbarium specimens since the characteristic yellow
color of mature S. kamerunensis fruits is lost during the
drying process. Also, the most recent taxonomic classifica-
tion (Fouilloy 1974) is still debated and its implementation
remains inconsistent. In Korup National Park (Cameroon),
for example, the two S. kamerunensis varieties are still
treated as distinct species because of their different mor-
phology (Thomas et al. 2003). Moreover, the two varie-
ties are described as sympatric in western Gabon (Doucet
2003), suggesting that they are reproductively isolated and
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may correspond to distinct species under the biological
species concept.

A phylogeographic study of the plastomes of S. kamer-
unensis revealed five main genetic lineages occurring in
parapatry, four of them in Lower Guinea and one in Con-
golia (Matvijev et al. 2022). The Congolian lineage had a
more recent origin and showed traces of relatively recent
range expansion (in the last 200,000 years), generating
three parapatric sub-lineages, while the Lower Guinean
lineages did not show traces of recent range expansion.
Plastomes, which are usually maternally inherited, can
provide information on a part of the colonization history
of plants, yet are not adequate for species delimitation
since chloroplast capture among closely related species
is common in plants (Stegemann et al. 2012). Hence, data
from the nuclear genome is needed to investigate species
delimitation, notably since it provides information on
allelic co-occurrence in heterozygous individuals (Doyle
1995; Flot et al. 2010).

In the current study, we searched for differentiated genetic
clusters in the tropical African tree S. kamerunensis by
examining the genetic diversity in samples collected across
the Central African distribution range. By combining mul-
tiple molecular markers (microsatellites, chloroplast, and
nuclear sequences), we addressed the following questions:
(1) Can we identify genetically differentiated clusters within
S. kamerunensis? If so, (2) are the genetic discontinuities
linked to (ancient) fragmentation of the Central African
rainforest or do they correspond to species or variety lim-
its? (3) How does the genetic diversity compare between
biogeographic regions? (4) Are the differentiated clusters
characterized by a different demographic history?

Materials and methods
Taxon sampling and DNA extraction

Leaves or cambium from 403 trees were collected during
field missions in Cameroon, Gabon, Republic of the Congo,
and Democratic Republic of the Congo (DR Congo) and
dried using silica gel. As fruits were mostly absent or
unreachable, no attempt was made to identify intraspecific
varieties and all samples were labelled as S. kamerunensis.
Additionally, leaf material was collected from 161 herbar-
ium vouchers stored at Meise Botanic Garden (BR), which
hosts the largest collection of this species, seven from the
herbarium of Université libre de Bruxelles (BRLU), 13 from
the Royal Botanic Garden Edinburgh (E), and 12 from the
Royal Botanic Gardens Kew (K). All herbarium samples
were either identified to species level or as S. kamerunensis
var. gabonensis. The absence of var. kamerunensis in such
a large collection confirmed the problems with the revised

taxonomic classification. Moreover, an online search through
multiple catalogues of herbaria known for their African col-
lections revealed only two specimens identified as S. kamer-
unensis var. kamerunensis. Alternatively, the lack of var.
kamerunensis could be attributed to the fact that it is rare
and only occurs at low densities (Doucet 2003; Thomas et al.
2003).

In total, 596 individuals of S. kamerunensis, cover-
ing most of the species’ distribution area, were sampled
for molecular analyses. DNA was extracted using the
NucleoSpin Plant II kit (Macherey—Nagel) for silica-dried
samples, and either a cetyltrimethylammonium bromide
(CTAB) protocol (Doyle and Doyle 1990; with an additional
sorbitol washing step for herbarium specimens following
Janssens et al. 2006) or following the protocol described in
Cappellini et al. (2010).

Genotyping and sequencing

Fourteen microsatellite markers (also called short sequence
repeats or SSRs) were amplified in S. kamerunensis and
genotyped on an ABI 3730 DNA Analyzer (Applied Bio-
systems) following the protocol described by Vanden
Abeele et al. (2018). Electropherograms were interpreted
with Geneious 9.1.6 (Kearse et al. 2012). Only individuals
for which at least seven of the fourteen loci successfully
amplified were considered for further analyses. To avoid an
overrepresentation of certain geographic areas (which can
bias clustering analyses; Puechmaille 2016), subsampling
was done to keep no more than 3 samples per square area
with a side of 0.01° (approximately 1 km?), resulting in an
SSR dataset of 400 individuals.

The chloroplast intergenic spacer psbA-trnH (psbAF as
Sang et al. (1997); trnH2 as in Tate and Simpson (2003);
and two nuclear sequences, At/03 (Li et al. 2008) and Agt/
(modified for Myristicaceae species as in Steeves (2011),
were amplified on 90 samples chosen to represent the genetic
clusters detected using SSRs (see the “Genetic clustering
using SSR data” section) and sent for sequencing at Macro-
gen Inc. (Seoul, South Korea).

Genetic diversity and differentiation in the SSR
dataset

A factorial correspondence analysis with three dimen-
sions (FCA 3D) was used in Genetix 4.05.2 (Belkhir et al.
2004) to visualize variation of the SSR dataset and look
for potential outlier genotypes. The electropherograms of
samples that deviated strongly were assessed and corrected
if necessary. The final Genetix output file was then con-
verted to an input file for the STRUCTURE software 2.3.4
(Pritchard et al. 2000) using PGDSpider 2.1.0.1 (Lischer
and Excoffier 2012).
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The Bayesian clustering algorithm implemented in STRU
CTURE was used to identify genetic clusters. The complete
SSR dataset (n=400) was run using an admixture model,
a burn-in period of 100,000 followed by 100,000 MCMC
replicates, maximum number of clusters (K ,,,) set between
1 and 10, and 10 iterations for each K. As shown by Wang
(2017), unbalanced sampling causes poor individual assign-
ments to source populations and gives incorrect estimates of
K when the default ancestry prior is used in STRUCTURE.
Therefore, we used the uncorrelated allele frequency model
and an alternative ancestry prior; a separate « value for each
population and a starting a value of 0.2 (adjusted as recom-
mended by Wang (2017) as the reciprocal of the number of
genetic clusters, which was five according to preliminary
runs). To account for the possible presence of null alleles,
recessive alleles were declared for each locus, so that null
allele frequencies were directly estimated by STRUCTURE
for each cluster. To infer the most likely number of clusters
K, the log-likelihood values LnP(D) were plotted against K
(Pritchard et al. 2000) using Structure Harvester (Earl and
vonHoldt 2012). The cluster assignment probability g for
each sample was inferred from the run with the highest log-
likelihood value. The STRUCTURE clustering results were
summarized and visualized using CLUMPAK (Kopelman
et al. 2015). The geographic distribution of the clusters was
visualized using QGIS 3.4.5.

To summarize the genetic diversity among sampled indi-
viduals, a principal component analysis (PCA) was per-
formed and visualized as a scatterplot in RStudio (RStudio
Team 2019) using the packages adegenet (Jombart 2008)
and ade4 (Chessel et al. 2007). The genetic clusters inferred
in STRUCTURE were used as group assignments.

For each pair of inferred clusters, the proportion of
admixed individuals was calculated as the number of indi-
viduals for which ¢; <0.8, ¢,<0.8, and g; +¢g,>0.8, divided
by the number of individuals for which g; +¢, > 0.8 (where
q,; and g, are the assignment probabilities to the pair of
clusters compared for an individual). Pairwise genetic dif-
ferentiation between inferred clusters was assessed by com-
puting Fgp (Weir and Cockerham 1984) and Rgp (Slatkin
1995). While Fgy is based on allele identity, Rgy is based
on allele size and is better at detecting the contribution of
stepwise mutations to genetic differentiation (Hardy et al.
2003). For this reason, we tested for a phylogeographic sig-
nal by comparing the observed Rgr to the expected Rgr value
obtained from 10,000 permutations of allele sizes among
alleles (Hardy et al. 2003). All calculations were done using
SPAGeDi 1.5d (Hardy and Vekemans 2002).

For all genetic clusters, the number of alleles (VA), effec-
tive number of alleles (NAe), allelic richness (AR), expected
heterozygosity (He), observed heterozygosity (Ho), and the
inbreeding coefficient FIS were calculated using SPAGeDi
1.5d (Hardy and Vekemans 2002) by only including samples
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with an assignment probability g >0.8. Differences in
diversity metrics between genetic clusters were assessed
using paired ¢-tests of single-locus estimates using loci as
replicates.

We performed a bottleneck test to determine if a recent
demographic bottleneck occurred in any of our genetic
clusters. When a population goes through a bottleneck, the
increased genetic drift decreases the genetic diversity but
affects more strongly the number of alleles at neutral loci
than the expected heterozygosity (He, i.e., proportion of
heterozygous genotypes expected under Hardy—Weinberg
equilibrium), so that He will be higher than expected based
on the number of alleles when assuming mutation-drift equi-
librium (Hegq; Piry et al. 1999). Thus, by comparing He and
Hegq, we can determine if a recent demographic bottleneck
occurred (Cornuet et al. 1999). Here, we used the function
“BOTTLENECK?” in INEST v2.2 (Chybicki 2017), and
tested each genetic cluster separately. We assumed the two-
phase mutation model (TPM) and kept default values for
the proportion of multi-step mutations (0.22) and the aver-
age multi-step mutation size (3.1), running the analysis for
10,000 coalescent simulations. A positive Z-score, based on
the combined Z-scores with a significant p-value, indicates
a recent bottleneck, while a significantly negative Z-score
indicates a recent expansion.

Genetic diversity and differentiation of Agt1, At103,
and psbA-trnH haplotypes

Forward and reverse DNA sequences were imported and
assembled in Geneious 9.1.6 (Biomatters, New Zealand).
The assemblies were manually trimmed and double peaks
in nuclear sequences, indicating heterozygous individu-
als, were coded with the corresponding IUPAC ambigu-
ity codes. Four psbA-trnH sequences previously amplified
in S. kamerunensis (Parmentier et al. 2013) were down-
loaded from GenBank and added to the newly generated
psbA-trnH sequences. The MAFFT (Katoh et al. 2002)
plugin was used to separately align the Agtl, At103, and
psbA-trnH sequences applying the E-INS-i algorithm, a
200PAM/k =2 scoring matrix and a gap open penalty of
1.53. The PHASE software (Stephens et al. 2001) together
with SeqPHASE (Flot 2010) was used to infer the haplo-
types of the nuclear markers. The resulting sequences were
submitted to GenBank (Online Resource 1).
Median-joining haplotype networks (Bandelt et al. 1999)
were constructed for each gene marker and were modified
into haplowebs (Flot et al. 2010) by adding connections
between haplotypes co-occurring in heterozygous individu-
als using HaplowebMaker (Spori and Flot 2020; available
online at https://eeg-ebe.github.io/HaplowebMaker/). These
connections were used to reveal gene pools or single-locus
fields for recombination (sl-FFRs, conform Doyle 1995 and
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Flot et al. 2010), an approach that can help species delimita-
tion by highlighting reproductive barriers. Haplotypes were
represented with pie charts, colored according to the SSR
cluster assignment of the corresponding individuals.

Results
Genetic clustering using SSR data

When using STRUCTURE to estimate the number of genetic
clusters K in the SSR dataset, the mean log-likelihood of the
data substantially increased up to K=4, and then slightly
increased to reach the highest mean value at K=6 (Online
Resource 2). The run with the highest likelihood overall was
observed for one of the iterations at K=35. Since none of
the samples was separated into a sixth cluster in most of
the iterations at K=6 to K=10 compared to K=5 (major
modes, only some samples with additional admixture)
(Online Resource 3), and the clustering patterns delineated
geographically coherent clusters at K=5 (Fig. 1A), we opted
for five as the most plausible number of genetic clusters in
S. kamerunensis (Fig. 1B).

The five inferred genetic clusters showed a mostly parapa-
tric or allopatric distribution (Fig. 1A) that can be described
in relation to Central African phytogeographic regions
(White 1979, 1983). Two genetic clusters were restricted to
Lower Guinea: “LG North” in south-eastern Nigeria, Cam-
eroon, Equatorial Guinea, and northern Gabon, and “LG
South” in south-western DR Congo, Congo, and Gabon.
Individuals from each cluster co-occurred in eastern Gabon
(between Lastoursville and Okondja). Two genetic clusters
were restricted to Congolia: “Congo North” in north-western
DR Congo and “Congo South” in the forest-savannah mosa-
ics occurring eastwards (Kivu) and southwards (Katanga),
with both clusters overlapping in the rainforest-savannah
transition zone. The fifth genetic cluster “LG-Congo”
spanned both biogeographic regions, and occurred in south-
eastern Cameroon, Central African Republic (CAR), Congo,
and DR Congo.

On the PCA scatterplots (Online Resource 4), unassigned
samples (g < 0.8) occupied an intermediate position between
the five genetic clusters inferred with STRUCTURE. All
clusters appeared well separated when the first three princi-
pal components were considered.

Genetic differentiation and diversity in the SSR
dataset

Using an assignment probability threshold g >0.8, 50 out
of 400 samples were considered as unassigned to one of
the five inferred genetic clusters (i.e., admixed samples).
The proportion of admixed samples was highest between

clusters “LG South” and “LG-Congo” (6.3%), followed by
“Congo North” and “Congo South” (5.8%), and “LG North”
and “LG South” (5.4%) (Table 1). Most of these samples
occurred in the contact zones of the respective genetic clus-
ters, with a substantial number of occurrences in central
Gabon and central DR Congo. No admixed samples were
found between “LG North” and “Congo South.”

Genetic differentiation as measured by Fgr (Table 1)
was lowest between “LG-Congo” and “Congo North”
(Fgr=0.09), “LG North” (Fgr=0.10), and “LG South”
(Fgr=0.10). Genetic differentiation was highest between
“Congo South” and “LG North” (Fgr=0.16), “LG South”
(Fgr=0.16), and “LG-Congo” (Fgr=0.15). When account-
ing for allele size, genetic differentiation values (Rgy) were
usually higher and ranged from 0.13 between “LG North”
and “LG South” to 0.44 between “LG North” and “Congo
South” (Table 1). Allele size permutation tests showed that
Rgp was significantly higher than Fgp between most clusters
(Table 1) but there was no significant difference between
“LG North” and “LG South,” and between “LG South” and
“LG-Congo.”

To estimate genetic diversity indices for the inferred
clusters (Table 2), only samples with an assignment prob-
ability ¢ > 0.8 were considered. The number of effective
alleles was highest in “Congo North” (NAe=11.74) and “LG
North” (NAe=10.85), and was lowest in “Congo South”
(NAe=6.96). The rarefied allelic richness among 6 gene
copies was similar among all genetic clusters, and ranged
from 3.82 in “Congo South” to 4.44 in “Congo North.”
Observed heterozygosity was highest in “Congo North”
(Ho=0.70) and “LG South” (Ho=0.69), and lowest in
“Congo South” (Ho=0.55). The inbreeding coefficient Fi
was highest in “Congo South” (Fi=0.27), and lowest in “LG
South” (Fi=0.16) and “Congo North” (Fi=0.15). However,
none of these diversity indices differed significantly between
two clusters according to paired z-tests.

All five clusters had a significantly negative Z-score
(Table 2). The highest Z-score was observed for “Congo
South” (—1.6465), and the lowest for “LG South”
(—9.2829). These results indicate that none of the clusters
recently underwent a demographic bottleneck, but rather
expanded in population size.

Analyses of nuclear and chloroplast sequences

We obtained sequences from 79, 71, and 84 individuals
for Agtl, At103, and psbA-trnH, respectively. The nuclear
gene Agtl yielded the longest alignment with a length of
731 bp and consisted of 24 haplotypes (polymorphic sites
P =27, number of heterozygous samples nH,=43), with
haplotype frequencies ranging from 1 to 18. The align-
ment of the nuclear gene A#/03 had a length of 438 bp and
consisted of 22 haplotypes (P =25, nH,=44), with one
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Fig.1 (A) Distribution of 400 collected Staudtia kamerunensis sam-
ples and their corresponding genetic cluster assignment, as inferred
with STRUCTURE for the most likely scenario of K=5. The map
was made using QGIS 3.4 (QGIS.org 2021). Country codes are as
follows: NGA Nigeria, CMR Cameroon, GNQ Equatorial Guinea,

overrepresented haplotype (frequency of 36). The chlo-
roplast psbA-trnH intergenic region yielded the shortest
and least diverse alignment with a length of 416 bp and
12 unique haplotypes (P =18).
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LG South ®LG - Congo

B Congo North HCongo South

GAB Gabon, COG Republic of the Congo, CAR Central African
Republic, and COD Democratic Republic of the Congo. (B) Bar plot
showing the individual cluster assignments for the STRUCTURE run
with the highest likelihood at K=5.

The median-joining haplotype network for the nuclear
sequence Agtl showed that haplotypes are mostly shared
between samples from “LG-Congo” and “Congo North,”
and to a lesser extent between those from “LG—Congo”
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Table 1 Genetic differentiation

. - Genetic cluster LG North LG South LG-Congo Congo North Congo South
estimates (Rgp below diagonal,
Fgr above qiagonal) apd Genetic differentiation Rgp\Fgp
el LG o
inferred genetic clusters in LG South 0.13 0.10 0.13 0.16
Staudtia kamerunensis LG-Congo 0.16* 0.15 0.09 0.15
Congo North 0.17* 0.21%* 0.15% 0.13
Congo South 0.44* 0.35% 0.35% 0.25%
Proportion of admixture (%)
LG North 5.44 2.60 1.42 0.00
LG South 6.30 2.20 1.30
LG-Congo 1.56 4.40
Congo North 5.81
* indicates that allele size permutation tests detected a significant shift in allele size between clusters
(Rsy> Fyr)
Table 2 Genetic diversity Population n NA NA,  AR(k=6) H, H,  Fs  Z-testscore
estimates and signature of
demographic changes of the LG North 85 1936 1085 431 082 063 023  —6.54
gtvjuzﬁzrlr{fl‘jng;‘;ﬁ;i“Sters ™ LG South 54 1650 864 418 082 069 016  —9.28
LG-Congo 65 15.29 7.56 4.18 0.82 0.62 0.25 -5.10
Congo North 124 21.79 11.74 4.44 0.82 0.70 0.15 -6.44
Congo South 22 8.43 6.96 3.82 0.74 0.55 0.27 —-1.65
All populations 400 29.86 14.22 4.83 0.90 0.67 0.26

n, number of individuals analyzed; NA, number of alleles; NA,, effective number of alleles (Nielsen et al.
2003); AR (k=x), allelic richness among x gene copies; H,, expected heterozygosity corrected for sam-
ple size; H,, observed heterozygosity; Fig, individual inbreeding coefficient; Z-test score of demographic
change, estimate based on combined Z-scores of demographic two-phase mutation model (TPM) tests. Fig
was significantly larger than O in all clusters. Z-test scores were significantly negative for all clusters (i.e.,

signature of demographic expansion)

and “LG South” (Fig. 2A). All the haplotypes observed
in “LG North” samples were unique to the cluster, apart
from one haplotype observed in two samples from east
Gabon (between Lastoursville and Okondja), which was
also observed in eight samples assigned to “LG South,”
one assigned to “LG-Congo,” and seven unassigned sam-
ples. The one sample included from “Congo South” car-
ried a unique Agt/ haplotype. The Agtl haploweb, which
visualizes the haplotypes co-occurring in heterozygous
samples, revealed three distinct “fields for recombination”
(FFRs) among the specimens sampled (Fig. 2B). The largest
FFR comprised samples from all SSR clusters apart from
“Congo South.” The latter cluster was represented by one
homozygous sample and hence formed a separate FFR. The
third gene pool consisted of two haplotypes from two sam-
ples collected in the Ejagham Forest Reserve in west Cam-
eroon, assigned to “LG North.” Most of the haplotypes of
the samples assigned to “LG North” (bottom left in Fig. 2)
were only connected to the major gene pool through one
admixed heterozygous sample from northeast Gabon, which

carried the same allele as some samples from “LG South”
and “LG-Congo.”

The median-joining haplotype network for Ar103 was
characterized by a dominant haplotype in the middle of the
network (Fig. 3A). This haplotype was shared between 36
samples from all SSR clusters (also including the only sam-
ple from “Congo South”). Other haplotypes were mostly
unique to the different SSR clusters or shared between “LG-
Congo” and “Congo North.” The At/03 haploweb showed
a major gene pool with connections between all but one
haplotype (in a homozygous sample from “Congo North™)
(Fig. 3B).

The median-joining haplotype network constructed
for the chloroplast psbA-trnH sequences showed that
the haplotypes were mostly unique to the different SSR
clusters (Fig. 4). One haplotype was shared between
multiple samples from “LG South,” “LG-Congo,” and
two unassigned samples, while another haplotype was
shared between multiple samples from “LG South,”
two samples from “LG North” (collected in central
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Fig.2 Haploweb for the nuclear
marker Agt! in Staudtia kamer-
unensis. Each circle corre- A
sponds to a haplotype and has a
size proportional to the number
of samples. Curved lines con-
nect haplotypes co-occurring in
heterozygous individuals, with
the thickness proportional to the
frequency of the co-occurrence.
Each crossing line corresponds
to one mutated position in the
alignment. (A) Colors corre-
spond to the five genetic clusters
inferred with STRUCTURE.
Samples that appeared admixed
in the SSR analysis (highest
assignment probability ¢ <0.8)
are colored grey, and sequenced
samples that were not included
in the SSR analysis are colored
black. (B) Colors correspond to
the inferred single-locus fields
for recombination (FFRs)

Fig. 3 Haploweb for the nuclear
marker At/03 in Staudtia
kamerunensis. Each circle
corresponds to a haplotype and
has a size proportional to the
number of samples. Curved
lines connect haplotypes co-
occurring in heterozygous indi-
viduals, with the thickness pro-
portional to the frequency of the
co-occurrence. Each crossing
line corresponds to one mutated
position in the alignment. (A)
Colors correspond to the five
genetic clusters inferred with
STRUCTURE. Samples that
appeared admixed in the SSR
analysis (highest assignment
probability g <0.8) are colored
grey. (B) Colors correspond to
the inferred single-locus fields
for recombination (FFRs)

east Gabon), and two unassigned samples (collected
in central/north east Gabon). The only sample from
“Congo South” had the same haplotype as samples
from “Congo North.” The three psbA-trnH sequences
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LG-Congo
Congo North
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Unassigned

LG North
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LG-Congo
Congo North
Congo South
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Unassigned

downloaded from GenBank are grouped with a hap-
lotype found in samples from “LG North” collected
in south Cameroon, the same region of origin as the
GenBank samples.
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Fig.4 Haplotype network for
the chloroplast marker psbA-
trnH in Staudtia kamerunensis.
Each circle corresponds to a
haplotype and has a size pro-
portional to the number of indi-
viduals. Colors correspond to
the five genetic clusters inferred
with STRUCTURE. Individuals
that appeared admixed in the
SSR analysis (highest assign-
ment probability ¢ smaller

than 0.8) are colored grey, and E LG North
sequenced samples that were [0 LGSouth
not included in the SSR analysis B 16-Congo
are colored black
[ Congo North
[ congo South
[  unassigned

Discussion

We examined the genetic diversity and differentiation pat-
terns in S. kamerunensis, a tropical tree that occurs in ever-
green and semi-deciduous forests in Central Africa. Our
results show multiple genetic discontinuities throughout the
species’ distribution range, and relatively high diversity at
the level of microsatellite markers, as well as at the level of
nuclear and chloroplast sequences.

Genetic discontinuities: distinct species or relics
of ancient forest fragmentation

The Bayesian clustering analysis reveals five differenti-
ated genetic clusters with a para- or allopatric distribution
within S. kamerunensis. Such genetic clusters can represent
different species (interspecific diversity as in Dainou et al.
2016; Ikabanga et al. 2017; Monthe et al. 2018; Lissambou
et al. 2019; Ewédje et al. 2020; Bouka et al. 2022), or they
can correspond to conspecific populations that differenti-
ated during past isolation and (recently) came into second-
ary contact (intraspecific diversity as in Hardy et al. 2013;
Migliore et al. 2019; Demenou et al. 2020; Helmstetter et al.
2020a, b; Pifieiro et al. 2021; Vanden Abeele et al. 2021).
Therefore, we considered additional genetic markers and
differentiation analyses to conclude on the delineation of
species boundaries.

Based on the chloroplast marker and the two nuclear
markers, genetic divergence appears to be strongest between
the populations in southwest Cameroon (majority of “LG
North”) and the other ones. All individuals from this area
carry distinct nuclear and chloroplast haplotypes (although
for At103, the haplotype with the highest overall frequency is
shared with other genetic clusters). Furthermore, the popula-
tions from southwest Cameroon almost seem to have reached

mutual allelic exclusivity since they almost form a distinct
field for recombination in the Agz/ haploweb, if not for one
unassigned/admixed heterozygous individual from north-
east Gabon. This strong genetic divergence could mean that
each group corresponds to a distinct species, with occasional
hybridization in contact zones in Gabon, resulting in a few
shared haplotypes in individuals from this region. However,
genetic differentiation at the level of the microsatellite mark-
ers appears weaker, as the proportion of admixed individuals
between “LG North” and “LG South” (5.44%) is among the
highest for all genetic cluster combinations, and estimates of
genetic differentiation (Fgr and Rgr) are among the lowest
we observed. Despite the differences in alleles frequencies
detected by STRUCTURE, the scarcity of private alleles and
the abundance of alleles shared between the different SSR
clusters in the haplowebs suggest that they are not repro-
ductively isolated and are therefore most likely conspecific.

The occurrence of differentiated genetic clusters is remi-
niscent of the two varieties described in S. kamerunensis,
where var. kamerunensis is probably limited to Lower
Guinea (western side of the Central African rainforest block)
while var. gabonensis occurs in both Lower Guinea and Con-
golia (eastern side of the Central African rainforest block)
(Doucet 2003). However, the genetic clusters identified in
our study are parapatric, while the two varieties have been
described as sympatric in western Lower Guinea (e.g., in
Korup National Park (Thomas et al. 2003) and in western
Gabon (Doucet 2003)). Therefore, we rather speculate that
the genetic clusters all belong to S. kamerunensis var. gabo-
nensis. Under this hypothesis, the kamerunensis variety is
either not present in our sampling or so underrepresented
that the Bayesian clustering algorithm failed to separate
those few individuals in an additional SSR cluster. The latter
could explain the relatively high number of unassigned indi-
viduals in central Gabon, of which some might correspond
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to var. kamerunensis and putative hybrids, since this region
is reported to harbor both varieties (Doucet 2003). Addi-
tionally, some of the smaller FFRs observed in the Agt/ and
At103 haplowebs might actually consist of (undetected) var.
kamerunensis individuals. The fact that S. kamerunensis var.
kamerunensis is missing or underrepresented in our dataset,
despite an extensive sampling, could be explained by the
rarity of this variety. In fact, (historical) botanical collec-
tions contain only two documented specimens of this variety
(although this could also result from the difficulties associ-
ated with the morphological identification of dried speci-
mens) and inventory studies report much lower densities
of var. kamerunensis compared to var. gabonensis (Doucet
2003; Thomas et al. 2003). As shown before, the sampling
scheme can determine whether hidden genetic diversity is
detected or missed in delimitation studies on species with
unequal densities. In the African timber genus Milicia for
instance, a rare hidden species was detected using genetic
methods only after obtaining a more homogeneous geo-
graphic sampling (Dainou et al. 2014, 2016).

Impact of historical climatic fluctuations
and biogeographic barriers

Strong genetic differentiation and sharp genetic breaks
within African tree species are not uncommon and are usu-
ally interpreted as resulting from population fragmentation
and retraction into forest refugia during Plio- and Pleis-
tocene glaciations (Hardy et al. 2013; Helmstetter et al.
2020a, b; Pifieiro et al. 2021). Previous phylogeographic
studies on African trees showed that rainforest fragmenta-
tion in Lower Guinea not necessarily occurred according to
the most often considered refuge hypotheses (Maley 1996;
Anhuf et al. 2006), and that the evolutionary response of
Central African tree species to climatic fluctuations is
variable and individualistic (Helmstetter et al. 2020a, b;
Pifieiro et al. 2021). Our results confirm these findings for
Lower Guinea, and show that such discrepancies between
postulated refuge areas and current distribution of intraspe-
cific diversity also occur in Congolia. Furthermore, we
identify multiple differences between the location and ori-
entation of the genetic breaks in S. kamerunensis and those
observed in other Central African tree species.

Among S. kamerunensis populations, both east—west
and north—south genetic breaks are observed. The genetic
differentiation between east and west often coincides with
the boundary between the biogeographic subregions Lower
Guinea and Congolia, especially at the species level (Drois-
sart et al. 2018), since intraspecific genetic data for Con-
golia is largely insufficient (but see Ahossou et al. 2020;
Vanden Abeele et al. 2021). However, this seems not to
be the case in S. kamerunensis, as one large genetic clus-
ter (LG-Congo) spans both bioregions. Nonetheless, both
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bioregions harbor distinct genetic clusters, suggesting that
arid periods during the Pliocene and/or Pleistocene caused
retraction and fragmentation of rainforests in both Lower
Guinea and Congolia.

In Lower Guinea, strong divergent populations in south-
western Cameroon are not uncommon, which highlights the
importance of the Cameroon Volcanic Line (CVL) as a puta-
tive forest refuge during Pleistocene glacial periods and/or
driver of (population) differentiation (Couvreur et al. 2021).
In multiple species, this north—south break in Lower Guinea
might be maintained by environmental differences across the
climatic hinge between 0 and 3°N (Hardy et al. 2013), which
could limit dispersal and prevent genetic homogenization of
populations after secondary contact following expansion out
of putative forest refugia (Helmstetter et al. 2020a, b). In S.
kamerunensis however, the genetic break is situated further
south, in Central Gabon, which suggests that individuals
assigned to “LG North” have a wide ecological amplitude,
as successful establishment of the species seems to be little
impacted by the temperature and rainfall differences across
the climatic inversion. Moreover, lineage dispersal across the
inversion is likely frequent, as gene dispersal is expected to
be extensive in S. kamerunensis populations, both through
seed (nuclear and chloroplast genes) and pollen dispersal
(nuclear genes). Indeed, the fleshy fruits of S. kamerunensis
are dispersed by frugivores such as hornbills, so they can
potentially travel over large distances (up to almost 7000 m;
Holbrook and Smith 2000). While information on pollina-
tors is currently lacking, pollen dispersal might be even more
extensive, which is supported by the differences in genetic
structure observed from nuclear and chloroplast markers.
In eastern Gabon for example, between Lastoursville and
Okondja, we observed individuals assigned to either the
nuclear SSR cluster “LG North” or “LG South” (as well as
many admixed individuals). However, “LG North” and “LG
South” individuals in this area cannot be distinguished based
on their psbA-trnH chloroplast haplotype (dispersed through
seeds), which is shared with other “LG South” individuals
that occur more southward. The fact that this east—west break
in Gabon observed from chloroplast sequence data (also
confirmed with S. kamerunensis plastome data; Matvijev
et al. 2022) is partly erased at the level of the nuclear DNA
indicates that gene flow through pollen is more extensive
than through seeds. This discordance in nuclear-chloroplast
genomic divergence is also observed in the Mayumbe region
(i.e., different plastid lineages in southern Congo vs. south-
western DR Congo, but the same nuclear cluster assignment)
and around the Cameroon Volcanic Line (i.e., different plas-
tid lineages north and south of the CVL, but the same nuclear
cluster assignment; Matvijev et al. 2022).

Interestingly, while admixture between the differ-
ent genetic clusters is abundant in Gabon, no individu-
als with mixed “LG North” and “LG-Congo” ancestry
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are observed in Cameroon, although both clusters are
geographically close. This is likely because secondary
contact between both clusters in Cameroon is relatively
recent, which is supported by phylogeographic analyses
that reconstructed the dispersal history of S. kamerun-
ensis plastomes (Matvijev et al. 2022). This phylogeo-
graphic reconstruction shows that the populations in
southeast Cameroon are the result of Congolian popula-
tions that expanded into northern Congo and southern
CAR, and subsequently into Cameroon. Additional sam-
pling in this region is needed to verify if gene flow occurs
between these clusters in areas where they co-occur, or if
they are too genetically different to allow mixing. How-
ever, we observed relatively low genetic differentiation
between both clusters, as well as some individuals with
mixed “LG North” and “LG-Congo” ancestry in Gabon;
thus, the east—west genetic break in Cameroon is unlikely
to result from genetic incompatibility.

In addition to the divergent populations in Lower
Guinea, our analyses reveal multiple genetic disconti-
nuities among S. kamerunensis populations in Congolia,
which suggests that Pliocene and/or Pleistocene glacia-
tions also caused forest retraction and fragmentation in
this region. The strongest genetic differentiation (based
on Fgp and Rgr estimates) is observed between the genetic
cluster in south-eastern DR Congo (Congo South) and
all the other ones. This cluster mostly occurs in gallery
forest in Miombo woodlands and dry evergreen Muhulu
forests (south) or highland and transition forests (east),
while the other ones are mostly associated with humid
lowland forests (Shapiro et al. 2021). Hence, the genetic
divergence could be the result of ongoing speciation,
linked to ecological niche differentiation. However, the
proportion of individuals with mixed “Congo North” and
“Congo South” ancestry is relatively high in the transi-
tion zone between the different vegetation types, which
indicates that gene flow between both clusters is frequent
in their contact zone. Interestingly, the genetic break in
south-eastern DR Congo we identified using nuclear SSR
data is not observed in phylogeographic analyses using
plastome data (Matvijev et al. 2022), since plastid line-
ages in southern and eastern DR Congo are genetically
similar to those in northeast DR Congo. This disparity in
plastid and nuclear lineage distribution could be caused
by selection on the nuclear genome if the “Congo South”
cluster developed new adaptations to its peculiar habitat.
Additionally, the genetic break observed between plastid
lineages in central DR Congo (Matvijev et al. 2022) is
erased at the nuclear DNA, but the break between clusters
in western DR Congo might be maintained because of
a limited gene flow between populations in swamp for-
ests (“LG-Congo”) and semi-deciduous forests (“Congo
North”).

Distribution of genetic diversity
and the demographic history of populations

Lower Guinea is characterized by a higher plant species
diversity and endemism rate compared to Congolia (Sosef
et al. 2017; Droissart et al. 2018), a pattern that is usually
also observed in the distribution of intraspecific diversity of
widespread tropical African species (although genetic data
for Congolia remain scarce; Dainou et al. 2016; Ahossou
et al. 2020; Vanden Abeele et al. 2021). In S. kamerunensis
however, this unequal distribution of intraspecific diversity
is less pronounced. That is, each bioregion is characterized
by two differentiated genetic clusters, with a fifth one span-
ning both Lower Guinea and Congolia, and the estimated
nuclear genetic diversity is similar among most of these clus-
ters. However, the south-eastern populations in DR Congo
(Congo South) do show a lower nuclear genetic diversity,
possibly because they are little connected to northern popu-
lations and because population densities are expected to be
low in the drier woodlands, where the species is limited to
gallery forests. Contrastingly, the S. kamerunensis popula-
tions in south-western Cameroon (LG North) are character-
ized by a higher genetic diversity, as they harbor the highest
amount of (unique) Agtl and psbA-trnH haplotypes. High
intraspecific diversity around the CVL has also been docu-
mented for various other trees (Hardy et al. 2013; Dauby
et al. 2014; Heuertz et al. 2014; Pifieiro et al. 2017; Migliore
et al. 2019) or herbaceous species (Ley et al. 2014), which
gives support to the hypothesis that the rainforest survived
in this area during glacial maxima.

The five genetic clusters identified in this work coincide
partially with the plastid lineages and sublineages described
by Matvijev et al. (2022; Table 3): (1) the “LG North” clus-
ter coincides with plastid lineages 1 and 2, (2) “LG South”
coincides with plastid lineages 3 and 4, and (3) “Congo
South,” “Congo North,” and “LG-Congo” tend to respec-
tively coincide with plastid lineages 5a, 5b, and 5¢ (with
multiple exceptions, especially for “Congo South”). It sug-
gests that in the areas previously identified as relatively sta-
ble (no hint of recent range expansion according to plastome
data, where plastid lineages 1, 2, 3, and 4 occur; Matvijev
et al. 2022), pollen dispersal contributed to homogenize gene
pools between some parapatric maternal lineages, while in
areas showing a strong signature of range expansion (mostly
Congolia, where plastid lineage 5 occurs) differentiated gene
pools (nuclear clusters “LG-Congo,” “Congo North,” and
“Congo South”) could have arisen from the same mater-
nal origin through founder effects as distinct populations
expanded in different directions. However, SSR data do not
show signatures of different demographic histories between
populations from Lower Guinea or Congolia. The corre-
spondence between plastid lineages and nuclear genetic
clusters supports the hypothesis that the genetic breaks result
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Table 3 Confusion matrix

T Nuclear cluster/ LG North LG South LG-Congo Congo North Congo South Total
indicating the number of 19
. plastid lineage

samples shared between inferred

genetic clusters (this study) and L1 4 4

plastid lineages (Matvijev et al.

2022) L2 6 6
L3 4
L4 5
L5a 3 3
L5b 2 9
L5c 6 5 2 13
Total 10 6 12 7 44

from population isolation (following habitat fragmentation
or colonization of novel habitats) while their imperfect
match indicates that there is probably no barrier to gene
flow between these clusters or lineages once their ranges
overlap (secondary contact zone).

Conclusions

Our analyses reveal multiple genetic discontinuities among
S. kamerunensis populations throughout Central Africa,
likely resulting from rainforest fragmentation during cold
and dry glaciations in the Pliocene and/or Pleistocene. The
most differentiated populations are found in southeast DR
Congo (genetic cluster “Congo South”), which could be the
result of ongoing speciation linked to ecological niche dif-
ferentiation. That is, these differentiated populations mostly
occur in gallery forest and dry evergreen Muhulu forests
(south DR Congo) or highland and transition forests (east
DR Congo), while all other S. kamerunensis populations are
mostly associated with humid lowland forests. Since sub-
taxon identification proves to be difficult, it is possible that
var. kamerunensis is underrepresented in our sampling (due
to its low densities in the field), meaning that it remained
undetected in the clustering analyses. To verify whether
S. kamerunensis var. gabonensis and S. kamerunensis var.
kamerunensis can be distinguished genetically, field obser-
vations and additional collections are needed from west
Gabon and southwest Cameroon, where the occurrence of
both varieties has been recorded.
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