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Abstract Combining genetic and morphological markers is a powerful approach for species delimitation, much needed in tropical spe-
cies complexes. Greenwayodendron (Annonaceae) is a widespread genus of trees distributed from West to East African rainforests. Two
species and four infra-specific taxa are currently recognized. However, preliminary genetic studies and morphological observations sug-
gested the occurrence of additional species, undescribed to date. We tested species delimitation within Greenwayodendron by combin-
ing morphological and population genetics data. First, a visual inspection of about a thousand specimens suggested the existence of
seven morphogroups: four of them occur in Central Africa and overlap in Gabon while three others are allopatric, occurring respectively
in West Africa, East Africa, and the islands of São Tomé and Príncipe. Their morphological differentiation was confirmed by analysis of
27 morphological characters coded from 233 herbarium specimens. Second, after genotyping 800 samples at eight nuclear
microsatellites, Bayesian clustering analyses (STRUCTURE) identified four genetic clusters corresponding to the well-sampled
morphogroups but failed to separate the three remaining morphogroups represented by few samples. However, we show that this is
an inherent limit of the STRUCTURE algorithm, whereas factorial correspondence analysis (FCA) and pairwise FST and RST measures
confirmed the genetic differentiation of all morphogroups. We considered that a clear genetic differentiation occurring between sym-
patric populations advocates for recognizing distinct species following the biological species concept. Our analyses highlight that the
current taxonomic treatment of Greenwayodendron underestimates the total number of species. We identified two new species and
support separation at the rank of species of two varieties (G. suaveolens subsp. suaveolens var. gabonica, G. suaveolens subsp.
suaveolens var. suaveolens) and one subspecies (G. suaveolens subsp. usambaricum). The taxonomic status of specimens collected
in São Tomé and Príncipe remains inconclusive, partly due to the limited fertile material available. Our study highlights the strength
of combining morphological and population genetics data for discovering new taxa. Guidelines for using genetic clustering ap-
proaches in species delimitation are provided.
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■ INTRODUCTION

Until now, the majority of plant species have been
delimited by taxonomists based on morphological analyses of
character variation (morphological species concept, MSC)
(Lewin, 1981; Henderson, 2005; Smith & al., 2018). However,
this approach to species delimitation presents many shortcom-
ings either due to intra-specific morphological variation or lit-
tle morphological difference between closely related species

(Pratt & Clark, 2001; Whittall & al., 2004). Today, taxonomy
benefits from the growth and development of several
disciplines, such as molecular genetics, to decipher species de-
limitation and identify cryptic species (e.g., Whittall & al.,
2004; Ellis & al., 2006; Bickford & al., 2007; Duminil & Di
Michele, 2009).

Integrating population genetics methods and morphologi-
cal data has proven useful to delineate African rainforest tree
species complexes such as in Carapa Aubl. (Kenfack, 2011;
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Duminil & al., 2012), Ancistrocladus Wall. (Turini & al.,
2014), Milicia Sim (Daïnou & al., 2016) and Santiria Blume
(Ikabanga & al., 2017). Population genetics methods can detect
gene flow barriers by identifying well-differentiated genetic
clusters (e.g., algorithm of Pritchard & al., 2000 implemented
in STRUCTURE software). Hence, when reproductive isola-
tion occurs between sympatric genetic clusters, these are likely
to belong to distinct species following the biological species
concept (BSC). In this way, population genetics methods can
detect distinct species even if they are not yet reciprocally
monophyletic at many genes due to incomplete lineage sorting,
a common situation between closely related tree species with
long generation times (e.g., Duminil & al., 2015). If these
methods can be more sensitive than phylogenetic methods
based on reciprocal monophyly to detect species, a drawback
is that when genetic clusters occur in parapatry or allopatry
they may represent different conspecific populations rather
than distinct species. It is thus important to associate morpho-
logical data and consider the spatial distribution of the detected
genetic groups before concluding whether they correspond to
distinct species. A constraint of population genetics methods
is that they require genotyping tenths of individuals per species
at multiple nuclear markers that need to be optimised for each
species, such as single nucleotide polymorphisms (SNPs) or
microsatellites.

The genus Greenwayodendron Verdc. (Annonaceae) is re-
stricted to tropical Africa and occurs mainly in tropical
rainforests. Until recently, it has been suggested that
Greenwayodendron contains only two species: G. oliveri
(Engl.) Verdc. in West Africa and G. suaveolens (Engl. &
Diels) Verdc. in Central and East Africa. The species
G. suaveolens has been divided into two subspecies, subsp.
usambaricum Verdc. and subsp. suaveolens, the latter being
further divided into two varieties (var. gabonica (Pellegr. ex
Le Thomas) Verdc. and var. suaveolens) (Le Thomas, 1969;
Verdcourt, 1969). Recent observations suggested that the ge-
nus Greenwayodendron might contain more than two species.
In Gabon, G. suaveolens subsp. suaveolens var. gabonica is
very distinct morphologically (large hairy leaves) and geneti-
cally (unique plastid haplotypes) from the sympatric taxon
G. suaveolens subsp. suaveolens var. suaveolens (Dauby &
al., 2010). Along the coast of Gabon, specimens originally at-
tributed to G. oliveri exhibited small leaves that contrast with
typical G. oliveri specimens from West Africa (G. Dauby, pers.
obs.). In Campo National Park in southern Cameroon, prelim-
inary genetic analyses using nuclear microsatellites identified
two distinct genetic groups, one with completely glabrous
leaves and one with leaves pubescent at least along the midrib
(O.J. Hardy & B.J. Lissambou, pers. obs.). Finally, due to their
isolation, it can be questioned whether populations found in
East Africa (G. suaveolens subsp. usambaricum) or on the
islands of São Tomé and Príncipe could not correspond to dis-
tinct species as well.

The aim of this study is to use an integrative approach to
clarify species limits within the genus Greenwayodendron
using morphological and genetic data, taking advantage of

recently developed microsatellite markers (Piñeiro & al.,
2016). More specifically, we aim to answer the following ques-
tions: (i) Are the previous hypotheses of more than two species
confirmed in the light of new population genetics and morpho-
logical analyses? (ii) How many species can we propose for the
genus Greenwayodendron? Within the taxon G. suaveolens
subsp. suaveolens var. suaveolens, a recent population study
detected four parapatric genetic clusters that were interpreted
as the legacy of past forest fragmentation (Piñeiro & al.,
2017). We will therefore also test whether genetically differen-
tiated groups should be interpreted as conspecific populations
or as distinct species.

■ MATERIALS AND METHODS

Study areas and sampling. — We used two different
types of material. First, we considered Greenwayodendron
samples collected in the field and georeferenced by some of
the authors or their collaborators over the past 12 years. This
sampling consisted of leaf material, or sometimes cambium,
dried using silica gel to preserve DNA and stored at the
Université Libre de Bruxelles (N=2115). For a portion of
these samples herbarium vouchers were made and deposited
at BR, BRLU, LBV, MO, P and WAG (N=80). Second, we
observed approximately a thousand herbarium vouchers from
many herbaria (BM, BR, BRLU, K, L, LBV, P, YA) that
were visited or that have sent plant material on loan to
BRLU. DNA extraction was performed on 98 herbarium
samples, but only 50 samples could finally be genotyped.

Identification of morphological groups. — To classify
herbarium samples into distinct morphological groups, we
started with a subjective approach, paying particular attention
to the size, shape and pilosity of leaves. The form of
connective stamens was also observed in samples with
flowers. These characters differentiate species and infra-
specific taxa of Greenwayodendron following previous
taxonomic treatments and Floras (Le Thomas, 1969;
Verdcourt, 1969), and recent observations by some of the
authors suggested that putative new species can also be
differentiated using these traits (Dauby & al., 2010; Dauby,
2012; Piñeiro & al., 2016). This visual inspection of many
specimens allowed us to define distinct morphological
groups, referred to as “a priori groups”. For this step, the
geographical location of the specimens was also considered,
distinguishing samples from West Africa, Central Africa, East
Africa and the islands of São Tomé and Príncipe. We used
these a priori groups for the rest of the study.

To verify whether the resulting a priori morphological
groups could correspond to distinct taxa, (i) we compared them
with genetic groups inferred from microsatellite markers (see
below) and (ii) we applied objective multivariate analyses
and univariate statistical tests on quantitative morphological
traits. For the latter step, we selected 233 herbarium specimens
representing the different a priori groups, including all
flowering specimens available (N=41) and/or fruits
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(N=125). However, there were no flowering specimens from
East Africa (var. usambaricum) or from São Tomé. We mea-
sured 12 vegetative characters (all samples), 6 fruit characters
and 9 floral characters (Tables 1–3). We performed a principal
component analysis (PCA) to project and visualize trends in
morphological variability across our samples, considering
vegetative, floral, and fruit traits separately. We tested whether
quantitative traits differed significantly between a priori
groups using Kruskal-Wallis tests. When a test was significant
for a trait, we tested again each pair of a priori groups and
used letters to identify which groups differed significantly
or not (see Tables 1–3). All statistical analyses were carried
out using the PAST statistical software v.2.13 (Hammer
& al., 2001).

DNA extraction and genotyping. — DNA from
specimens stored in silica gel was extracted from 15 to
25 mg of leaf material or 30 mg of cambium material
using the NucleoSpin 96 Plant II Kit (Macherey-Nagel,
Düren, Germany). For herbarium specimens, DNA was ex-
tracted following a modified protocol of Doyle & Doyle
(1987), where we added two phenol cleaning steps and used
the QIAquick column purification kit (Qiagen, Venlo, the
Netherlands). Eight microsatellite markers were amplified
following Piñeiro & al. (2016). Genotyping was done in a
48-capillary sequencer (3730 DNA Analyzer, Applied
Biosystems, Lennik, the Netherlands) using 1 μl of PCR
product, 12 μl of HiDi formamide and 0.3 μl of
GeneScan-500 LIZ Size Standard (Applied Biosystems, War-
rington, U.K.). The resulting chromatograms were interpreted
using the Peak Scanner software v.1.0 (Applied Biosystems)
to identify the alleles (size of the amplified PCR products).
In total, 800 Greenwayodendron samples (50 of which from
herbarium vouchers) were successfully genotyped for at least
five microsatellite loci. Preliminary analyses showed that one
genetic group corresponding to the widespread var.
suaveolens was largely over-represented (ca. 80% of the
samples) and sampled at high density in some areas. There-
fore, to better balance the sampling among a priori morpho-
logical groups and geographical regions (see later), we kept
all samples associated with a herbarium voucher and no
more than one sample per unit area of 1 km² for the best-
represented a priori groups. This selection left us with 358
specimens for further analyses.

Identification of genetic groups. — We identified
genetic groups using two different approaches. We found that
the under-sampling carried out as explained above facilitated
the identification of the least-represented genetic groups
(results not shown). First, genetic clusters were identified
using the Bayesian clustering algorithm implemented in
STRUCTURE v.2.3.4 (Pritchard & al., 2000) without
a priori grouping (i.e., a priori morphological groups were
not taken into account). Second, we applied the FCA
implemented in GENETIX v.4.0 (Belkhir & al., 2004) to
identify genetic groups represented by few samples that may
remain undetected by STRUCTURE analysis (Porras-Hurtado
& al., 2013; Wang, 2017).

We ran STRUCTURE to delimit the most likely number K
of genetic clusters varying from 1 to 10 with 5 replicates per K
value. Each run was performed during 100,000 Markov Chain
Monte Carlo iterations with a burn-in of 10,000 iterations. We
used (i) the admixture model with the independent allele fre-
quencies model (with all options set at their default values),
as well as (ii) the alternative setting recommended by Wang
(2017) for heterogeneous sample sizes among actual genetic
clusters (admixture model with Alpha estimated for each pop-
ulation, initial Alpha set at 0.15, and independent allele fre-
quencies model). To evaluate the number of clusters that best
explain the dataset, we considered how the log-likelihood of
the data (Ln (P)) varied according to K, searching for the min-
imal K before a plateau was reached, and we also applied the
approach proposed by Evanno & al. (2005), using the online
tool STRUCTURE HARVESTER v.0.9.94 (Earl & Von Holdt,
2012). We assigned an individual to a cluster Ki (i = 1, 2, 3,
…, K) when the portion of its genome coming from this clus-
ter was estimated at q≥ 0.8. As three a priori groups were
represented by only 4 to 6 samples, we conducted additional
analyses on artificial datasets to assess the power of the
STRUCTURE algorithm for detecting genetic groups repre-
sented by few samples, as described in supplemental
Appendix S1.

To further control the genetic coherence of each genetic
cluster and identify individuals that could be genetically differ-
entiated from the genetic clusters they were assigned to, we
used the statistical software GENETIX to perform an FCA ordi-
nation of the samples and identify outliers. When such an out-
lier corresponded to one of the a priori groups, we considered
them as forming a new genetic group. Quantum GIS v.2.8.1
(Quantum GIS Development Team, 2014) was used to display
the geographic distribution of each genetic group identified.

Differentiation between genetic groups. — We
estimated the genetic diversity of each genetic group by the
number of alleles (NA) as well as the observed and expected
heterozygosities (HO, HE) and the inbreeding coefficient
(FI). The differentiation between genetic groups was
characterized by computing the fixation index FST and a
similar measure of differentiation considering microsatellite
allele sizes, RST. We used SPAGeDi v.1.5 (Hardy &
Vekemans, 2002) to compute and compare these indices.
When RST>FST, the differentiation between the genetic
groups is probably of ancient origin because mutations, and
not only genetic drift, have contributed to their
differentiation (Hardy & al., 2013).

Criteria to delimit species. — With population genetic
data, it is not always straightforward to distinguish distinct
species from differentiated conspecific populations. We
considered two situations to delimit species. First, if well-
differentiated genetic groups display widely overlapping
distribution ranges and none or very few admixed individuals
occur (hard boundaries between clusters), genetic data
provide strong support to consider them as different species
following the BSC. If these groups do not show diagnostic
morphological traits, they may correspond to cryptic species
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sensu stricto, but if they show diagnostic morphological traits,
they would also correspond to distinct species following the
MSC. Second, if genetic groups occur in parapatry or
allopatry, they might correspond to differentiated conspecific
populations, as previously inferred within the taxon
G. suaveolens subsp. suaveolens var. suaveolens (Piñeiro &
al., 2017), or to different species. The level of genetic and
morphological differentiation is then taken into account.
More specifically, we consider such groups as distinct
species if (i) diagnostic morphological traits occur, and (ii)
the degree of genetic differentiation (FST, RST) is comparable
to, or higher than, that which is observed between other
pairs of species from the same genus.

■ RESULTS

Definition of a priori groups. — Seven a priori groups
were recognized based on their morphological and/or
geographical characteristics. The names attributed to these
a priori groups were derived from one of the four recognized
taxon names when they matched one, otherwise we used a
characteristic of the group. The large majority of
Greenwayodendron samples came from Central Africa where
different morphogroups could be distinguished, as described
hereafter. Nevertheless, other samples came from allopatric
areas and led us to recognize three a priori groups based on
their geographic origin and morphology (Fig. 1). (1) 44 samples
fromWest Africa were called “Oliveri” as they corresponded to

the species G. oliveri. (2) 7 samples from East Africa were
called “Usambaricum” as they corresponded to the subspecies
G. suaveolens subsp. usambaricum. (3) 7 samples from the
islands of São Tomé and Príncipe were called “São Tomé”.
Among the Central African samples, we distinguished four ad-
ditional a priori groups based on leaf traits. (4) 133 samples had
medium-sized (ca. 9–18 cm long), slightly pubescent leaves
corresponding to the taxon G. suaveolens subsp. suaveolens
var. suaveolens and were therefore called “Suaveolens”. (5)
98 samples (all from Gabon) presented larger (>18 cm), thick
and heavily pubescent leaves corresponding to the taxon
G. suaveolens subsp. suaveolens var. gabonica and were there-
fore called “Gabonicum”. (6) 5 samples found along the coast
of Gabon had distinctly small leaves (<9 cm), very different
from those of G. oliveri although these samples were initially
determined as G. oliveri by their collectors, so that this a priori
group was called “Littorale”. (7) Finally, 69 samples from
south-western Cameroon, Equatorial Guinea and western
Gabon had completely glabrous leaves (otherwise similar in
shape and size to “Suaveolens”) and were called “Glabrum”.

Morphological differentiation between a priori
groups. — For the 12 vegetative traits measured on the 233
herbarium specimens, axes 1, 2 and 3 of the PCA together
accounted for more than 50% of the total variance (Fig. 2A,
B). Axis 1 was determined mainly by leaf and petiole size
traits (leaf length and width, and petiole length and width;
32.6% of relative contribution), axis 2 by the density of hairs
on the lower side of the limb and on the midrib (17.3% of
relative contribution), and axis 3 by the number of lateral

Fig. 1. Distribution of the seven a priori Greenwayodendron groups based on morphological and geographical criteria.
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veins (11.3% of relative contribution). These three axes
allowed us to distinguish five main groups of specimens: (1)
a group with high scores along axis 1 characterized by large
leaves and corresponding to Gabonicum; (2) a group with
low scores along axis 1 characterized by small leaves and
corresponding to Littorale; (3) a group with low scores along
axis 2 characterized by low density of hairs on the main
veins and on the underside of the leaves, corresponding to
Glabrum; (4) a group with high scores along axis 3
characterized by a high number of secondary veins,
corresponding to Usambaricum and São Tomé; and (5) a
group consisting of the rest of the specimens with low scores
along all three axes, corresponding to Oliveri and Suaveolens.

In the PCA ordination of six quantitative fruit traits based
on 125 specimens, axis 1 (53.3% of relative contribution) was
determined mainly by traits related to fruit size (diameter of
fruit and of seed, width of stipe and of pedicel), while axis 2
(15.6%) was mostly loaded by the length of fruit pedicel and
of stipe (Fig. 2C). This ordination did not display clearly iso-
lated groups but a priori groups tended to segregate, except
Glabrum and Suaveolens.

For the PCA ordination of the nine quantitative floral char-
acters based on 41 specimens, axes 1 and 2 accounted for
65.5% of the total variance (Fig. 2D). Only Oliveri, Suaveolens

and Gabonicum were represented by multiple samples and they
segregated well along axis 1 which was mainly loaded by the
length of petals. Gabonicum showed much larger petals than
Oliveri. Suaveolens was intermediate between Oliveri and
Gabonicum along axis 1 but was distinguishable from the other
two groups when considering the first two axes (Fig. 2D): char-
acters such as length of sepal, length of fruit pedicel and diam-
eter of bract were smaller than in Gabonicum but larger than in
Oliveri, as already mentioned by many authors (Le Thomas,
1969; Verdcourt, 1969; Dauby, 2012). The specimens belong-
ing to Gabonicum, Glabrum, Littorale and Suaveolens had a
tongue-shaped or lobulated connective while connectives of
the stamens in Oliveri were crushed-flattened, as mentioned
previously for G. oliveri (Aubréville, 1962; Le Thomas,
1969; Verdcourt, 1969). Note that Glabrum and Littorale were
each represented by only one flowering specimen while
Usambaricum and São Tomé were not included in this analysis
because we lacked flowering specimens so that we cannot con-
clude whether they carry diagnostic floral characters (Fig. 2D).

Comparison of paired medians in the Kruskal-Wallis tests
showed that the quantitative variables (vegetative, fruit and flo-
ristic) differ significantly among the seven a priori groups
(Tables 1–3). Gabonicum differs statistically from Littorale,
Oliveri and Suaveolens for 11 of the 12 vegetative variables,

Fig. 2. Biplot ordinations of Greenwayodendron samples and quantitative variables along the first axes of principal component analyses based on (A)
12 leaf variables (N = 233, axes 1 and 2), (B) 12 leaf variables (N = 233, axes 1 and 3), (C) 6 fruit variables (N = 125, axes 1 and 2), and (D) 9 floral
variables (N = 41, axes 1 and 2).
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5 of the 6 fruit traits and 6 of the 9 floral variables. Indeed,
Gabonicum has longer leaves and a higher density of hairs
(on the midrib and lower side of the leaf) than the other groups.
For fruit and floral variables, Gabonicum also has larger fruits
and seeds as well as longer sepals, petals and bracts than the
other groups. Glabrum differs statistically from all other groups
by the absence of hairs on the midrib and lower side of the leaf.
The groups Usambaricum and São Tomé present a higher num-
ber of lateral veins as well as longer fruit pedicels than the
other five groups. Littorale and Oliveri differ significantly from
other groups by their smaller fruits and seeds, and Littorale is
also characterized by smaller leaves with fewer lateral veins
than the other groups.

Identification of genetic groups. — The Bayesian
structuring analysis using eight nuclear microsatellites
performed with STRUCTURE (Pritchard & al., 2000)
showed that the likelihood of the data increased substantially
with the number of imposed clusters K until K=4, while a

plateau was reached for larger K (Fig. 3A). Application of
the delta K method of Evanno & al. (2005) also highlighted
K=4 as the most likely number of clusters (Fig. 3B). The
percentage of samples assigned to a cluster at q≥ 0.8 reached
94.4% and was high for all a priori groups except for
Usambaricum where three of the four samples genotyped
were unassigned. We found a very good match between the
genetic clusters and the a priori groups represented by large
sample sizes (Fig. 4). Specifically, cluster K1 matched
Suaveolens, K2 Oliveri, K3 Glabrum and K4 Gabonicum.
A priori groups represented by few samples were assigned to
K1 except three unassigned samples of Usambaricum that
would be assigned to K2 using a q≥ 0.75 threshold. Although
the correspondence between genetic clusters and the a priori
groups was not perfect, 99.1% of the individuals assigned to
a cluster were assigned as described above. Running
STRUCTURE with the settings recommended by Wang
(2017) to deal with unequal sample sizes across species, led

Fig. 4. Histogram of genetic assignment of 358 Greenwayodendron individuals at K = 4. Individuals were ordered along the horizontal axis according
to their a priori group. The vertical bars indicate how the genome of each individual is partitioned into the four different clusters (K1 yellow, K2 blue,
K3 red and K4 green).

Fig. 3. Variation of the likelihood of the data, L(K) (A) and of DeltaK (B) as a function of the number of genetic groups (K) identified in 358
Greenwayodendron samples using the software STRUCTURE.
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to similar results. However, some differences between the two
settings appeared when investigating the clustering solutions
obtained at higher K. For K=5, under the default setting but
with the independent allele frequency model, the a priori
group Suaveolens became subdivided into two clusters with
many intermediates, corresponding to parapatric clusters
described in Piñeiro & al. (2017) for the taxon G. suaveolens
subsp. suaveolens var. suaveolens. Under the settings
recommended by Wang (2017), five of the ten runs presented
the same clustering pattern as above while the other five runs
did not subdivide the Suaveolens group but added a cluster
made of three samples of Littorale, one sample of Suaveolens
and one sample of Gabonicum.

Our tests on data subsets, keeping 130 samples of
Suaveolens assigned to K1 and from 5 to 30 samples of each
of Oliveri, Glabrum and Gabonicum assigned to K2, K3 and
K4, respectively, showed that the least-represented a priori
groups had to be represented by a minimum of 20 or 30 indi-
viduals to be identified as distinct clusters by STRUCTURE
(suppl. Appendix S1, suppl. Figs. S1, S2). This confirms that
the STRUCTURE algorithm generally fails to identify genetic
groups represented by few individuals when one group is well
represented (Porras-Hurtado & al., 2013; Wang, 2017).

We further analysed our dataset using FCA to assess
whether the a priori groups represented by few samples di-
verge genetically from the other groups. FCA summarizes the
genetic diversity found in a sample of genotypes along a lim-
ited number of axes. When a sample is made of distinct genetic
groups represented by highly unequal sample sizes, the first
axes of an FCA may highlight the genetic variation occurring
within well-sampled groups rather than the genetic differentia-
tion of groups represented by few individuals. To avoid this,
we re-sampled randomly 10 individuals from each of the
well-sampled a priori groups that were assigned to clusters

K1 to K4 and added all the available samples from the three
other a priori groups, making a total of 55 individuals. The
first two axes of the FCA, representing 6.2% and 6.1% of the
genetic variation, discriminate fairly well the seven a priori
groups (Fig. 5). In particular, they show that Usambaricum is
well differentiated from Oliveri although STRUCTURE had
grouped them in cluster K2 (Fig. 4). Littorale is well separated
from Suaveolens while they were assigned to cluster K1, and
São Tomé also tends to be differentiated from Suaveolens al-
though they remain close on the first two axes.

Allelic diversity of each genetic group and genetic
differentiation. — According to the STRUCTURE analysis
eight samples were apparently misclassified (Fig. 4). A re-
examination of the leaf traits of misclassified samples for
which a herbarium or at least a leaf was available showed
that they had characters intermediate between the group they
were initially attributed to and the group deduced from their
genotype. They were therefore re-attributed according to the
genetic assignation for the following analyses.

The genetic diversity per genetic group varied substan-
tially: Suaveolens displayed by far the highest diversity (HE

= 0.85) and Glabrum the lowest (HE = 0.34, with only five
of the eight loci showing polymorphism), while the five other
groups displayed intermediate diversity (HE ranged from
0.60 to 0.68; Table 4A). Pairwise FST between genetic
groups ranged from 0.138 to 0.571, and RST ranged from
0.062 to 0.823. Over 21 pairwise comparisons, RST was
significantly larger than FST in 13 cases, indicating that the
accumulation of stepwise microsatellite mutations has
contributed to the differentiation of these genetic groups
(Table 4B). A relatively low level of differentiation and no
phylogeographic signal was, however, observed between
Suaveolens and São Tomé (FST = 0.138, RST= 0.062).

■ DISCUSSION

In previous revisions of the genus Greenwayodendron, the
characters used for identifying different taxa were related to
leaf and reproductive organ morphology (Le Thomas, 1969;
Verdcourt, 1969). However, previous preliminary genetic stud-
ies suggested that this genus might contain several undescribed
cryptic species (Dauby & al., 2010; Piñeiro & al., 2016, 2017).
We used, for the first time in this genus, multivariate analyses
of morphological traits, which have been applied successfully
to guide species delimitation in other tropical taxa (e.g.,
Daïnou & al., 2014, 2016; Ikabanga & al., 2017).

To delineate species, we consider two criteria: (i) the oc-
currence of diagnostic morphological traits (classical morpho-
logical species concept, MSC) and (ii) evidence of
reproductive isolation from other species (biological species
concept, BSC). Our evidence for BSC is deduced from our
population genetics approach: if well-distinct genetic groups
occur in sympatry and admixed genotypes are non-existent or
very rare in regions where their respective distributions over-
lap, one can deduce that they are not inter-fertile (except for

Fig. 5. Factorial correspondence analysis (FCA) of microsatellite data
from 55 individuals of the genus Greenwayodendron representing seven
a priori groups defined on basis of geographical and/or morphological
traits. To ensure that the first axes of this ordination reflected genetic
variation occurring between rather than within genetic groups, we used
a maximum of 10 randomly chosen samples per a priori group.
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occasional hybrids) and belong to distinct species according to
the BSC. For genetic groups found in allopatry, the interpreta-
tion is not as straightforward because they may potentially cor-
respond to different populations from a same species rather
than to different species, and there is no recognized genetic dif-
ferentiation threshold (e.g., minimal FST or RST) that can dis-
tinguish between the two situations. Nevertheless, the level
of genetic differentiation observed between sympatric spe-
cies of Greenwayodendron can help us assess whether ge-
netic entities found in allopatry belong to the same or to
distinct species.

Species delimitation in Greenwayodendron. — Four
morphological and genetic groups were identified in Central
Africa. One of them, Suaveolens, is by far the most widespread
and abundant and, in Gabon, it can be found in sympatry with
three other groups: Gabonicum, Glabrum and Littorale (Fig. 1).
The marked genetic differentiations between these four groups
(Figs. 2–4, Table 4B), even in contact zones, indicate that they
correspond to distinct species following the BSC.

Morphologically, the PCA on vegetative, fruit and floral
traits revealed a first group of specimens distinct from
Suaveolens and attributed to Gabonicum. This taxon shows a
clear morphological differentiation by the large dimensions of
its leaves, flowers and fruits, but also by its dense pubescence
on both sides of the limb (Fig. 2). All these discriminating
traits had already been recognized by several authors to distin-
guish species (Le Thomas, 1969; Verdcourt, 1969; Dauby &

al., 2010; Dauby, 2012; Piñeiro & al., 2016) and support the
view that the taxon G. suaveolens subsp. suaveolens var.
gabonica can be elevated to the rank of species, as already pro-
posed by Dauby & al. (2010).

The PCA of leaf traits separated a second group of samples
belonging to the morphogroup Glabrum (Fig. 2A). A prelimi-
nary genetic analysis had shown that in the western part of south
Cameroon, samples with glabrous leaves and those with slightly
pubescent leaves were well differentiated at microsatellite
markers (O.J. Hardy & B.J. Lissambou, unpub.). Following this
observation, we considered leaf pubescence when checking all
herbarium samples and found glabrous specimens in southern
Cameroon and in Gabon. The samples of this group are charac-
terized by the absence of hairs on both sides of the limb but also
at the level of the midrib and the petiole. Genetically they form a
well-differentiated genetic cluster with very low genetic diver-
sity. We, therefore, propose that this morphogroup should be
recognized at the rank of species. This is consistent with the fact
that foliar characteristics are the most used features for
distinguishing tropical tree taxa (Aubréville, 1962; Hawthorne
& Jongkind, 2006), and pubescence can be used to distinguish
different species in Annonaceae (Le Thomas, 1969).

The PCA ordination circumscribed a third Central African
morphogroup, Littorale, present only along coastal forests of
Gabon and the Republic of the Congo. This morphogroup is
characterized by small trees with relatively small leaves and
fruits but also by tongue-shaped short stamen connectives.

Table 4. Genetic diversity (A) and differentiation (B) parameters for the seven genetic groups of the genus Greenwayodendron detected using
eight microsatellite markers (SSR).

A, Diversity parameters.

Genetic group Sample size NA HE HO FI

Oliveri 47 8 0.602 0.353 0.428

Glabrum 68 5 0.337 0.228 0.337

Gabonicum 94 10 0.608 0.413 0.333

Suaveolens 128 20 0.854 0.681 0.203

Littorale 5 4 0.679 0.500 0.290

Usambaricum 4 3 0.638 0.536 0.141

São Tomé 7 4 0.600 0.422 0.335

B, Differentiation parameters.

FST\RST Oliveri Glabrum Gabonicum Suaveolens Littorale Usambaricum São Tomé

Oliveri 0.823* 0.821* 0.493* 0.626* 0.587 ns 0.652 *

Glabrum 0.506 0.466 ns 0.292 ns 0.781 ns 0.507 ns 0.630 ns

Gabonicum 0.347 0.495 0.369* 0.755* 0.615* 0.644*

Suaveolens 0.206 0.307 0.163 0.189* 0.311* 0.062 ns

Littorale 0.291 0.571 0.302 0.145 0.576* 0.173 ns

Usambaricum 0.258 0.508 0.234 0.151 0.242 0.397*

São Tomé 0.341 0.508 0.346 0.138 0.282 0.187

NA: mean number of alleles observed per locus; HE: expected heterozygosity (unbiased estimator); HO: observed heterozygosity; FI: inbreeding
coefficient. FST and RST are classical measures of genetic differentiation based on SSR allele identity and allele sizes, respectively. The asterisks
(*) following the RST values show cases where RST is significantly larger than FST (P< 0.05), indicating that SSR mutations contributed to the
genetic differentiation of the compared groups.
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This group was generally identified as G. oliveri by collectors
of samples, but it appears morphologically and genetically very
distinct from our Oliveri group. The quantitative and qualita-
tive diagnostic characteristics of floral and fruit traits, along
with the observed genetic differentiation of the four genotyped
individuals, lead us to propose that the Littorale morphogroup
be considered as a species.

Thus, in Central Africa, the recognition of four species is
well supported by both the occurrence of diagnostic morpho-
logical traits and clear-cut discontinuities of genetic variation
in areas of sympatry. We now consider the three remaining
a priori groups that are allopatric to all the other ones.

The PCA of fruit and floral traits distinguished a group of
individuals assigned to Oliveri, present only in West Africa,
and displaying small fruits, though not as small as in Littorale.
In addition to these quantitative traits, Oliveri presents connec-
tives of stamens with a crushed-flattened shape. This diagnos-
tic trait had already been identified to distinguish this species
from G. suaveolens (Aubréville, 1962; Le Thomas, 1969).
Given that this group was already recognized as a distinct spe-
cies for which we can corroborate its morphological differenti-
ation and that it is well differentiated genetically from all other
groups, we thus confirm the species status of G. oliveri, which
is endemic to Upper Guinea.

Two other a priori groups, Usambaricum and São Tomé,
well isolated geographically from all other groups, differenti-
ated from them along axis 3 of the PCA of vegetative traits,
which was essentially determined by the number of veins
(Fig. 2B). Univariate tests (Tables 1, 2) indicate that these
morphogroups differ significantly from Suaveolens by at least
nine vegetative and fruit characters (number of lateral veins,
width of petiole, length of leaf blade, width of leaf blade, dis-
tance between lateral veins, number of hairs on midrib, length
and width of fruit pedicel, width of stipe). However, the only
quantitative variable that does not show overlap is the number
of lateral veins (≤12 veins in Suaveolens and ≥14 in São Tomé
and Usambaricum), a type of trait which is nevertheless diag-
nostic to differentiate for example Milicia excelsa (Welw.)
C.C.Berg from M. regia (A.Chev.) C.C.Berg (Daïnou & al.,
2014). Unfortunately, no floral traits could be examined for
these groups and fruits are rather similar. Genetic data are
harder to interpret in terms of species delimitation when they
concern allopatric entities because population differentiation
within species can sometimes reach high values. Nevertheless,
both Usambaricum and São Tomé are genetically closest to
Suaveolens so that we can compare their level of differentia-
tion with Suaveolens to the differentiation between the latter
and the other species recognized so far. According to RST,
Usambaricum is more divergent from Suaveolens than
Glabrum or Littorale are from Suaveolens. Hence, there is
genetic support to consider Usambaricum as a distinct spe-
cies, and thus recognize G. suaveolens subsp. usambaricum
at the rank of species. This is in fact also supported by plastid
and nuclear DNA sequences indicating that Usambaricum
does not fall within the clade including all Suaveolens
(Couvreur & al., 2019; Migliore & al., 2019).

The status of the São Tomé group is less straightforward.
This group is least genetically differentiated from Suaveolens
compared to all other groups, so that we cannot exclude that
it is simply a divergent population from that species.
Although it differs from Suaveolens in vegetative and fruit
traits as much as Usambaricum differs from Suaveolens, we
consider here that additional data from herbarium fertile
specimens will be needed to conclude on the taxonomic status
of this group.

The identification of genetic groups when sample
sizes are heterogeneous. — The Bayesian clustering of
Greenwayodendron samples using eight microsatellite loci
led to the recognition of four genetic clusters corresponding
to four well-sampled and widespread morphogroups (Fig. 2).
However, the STRUCTURE algorithm did not form separate
genetic clusters for individuals of Littorale, São Tomé and
Usambaricum, despite further analyses (FCA ordination; FST
and RST differentiation metrics), confirming that these
groups are genetically differentiated. This is most likely due
to their low sample sizes (N = 4 to 7) while the other
groups had much higher sample sizes, a problem already
reported for heterogeneous sampling (e.g., Porras-Hurtado
& al., 2013; Wang, 2017). This probably explains why
Littorale and São Tomé were assigned to the same cluster
as Suaveolens, and Usambaricum was clustered with
Oliveri. Wang (2017) identified the origin of the problem
on theoretical grounds and proposed alternative settings
when running the STRUCTURE algorithm. Tested on our
dataset and artificial datasets (suppl. Appendix S1), these
alternative settings indeed improved the detection of
clusters represented by fewer samples, but at least 20
samples per actual genetic group were still needed with our
microsatellites (suppl. Figs. S1, S2). This might be caused
by the fact that allele frequencies cannot be estimated
correctly by the STRUCTURE algorithm using smaller
sample sizes given the large number of alleles per locus. It
is thus possible that SNP data at many loci could be more
powerful than microsatellites because a genetic group
represented by few samples might still be identified as a
distinct genetic cluster if diagnostic alleles are fixed at a
few loci.

Despite the inherent limits of the clustering algorithm used,
multivariate ordination of our genetic data using FCA allowed
us to discriminate all our a priori groups according to the first
two axes when the most sampled groups had been subsampled
to achieve fairly balanced sample sizes. Hence, combining
a Bayesian clustering method with an ordination is useful,
especially when other data (here morphology) provide prior
hypotheses about species delineation that can be tested.

Variation of genetic diversity among genetic groups.
— Intra-population polymorphism indices varied substantially
among groups, with high diversity in Suaveolens and low
diversity in Glabrum, suggesting that the latter corresponds to
a recently formed new species (founder event) or that it
suffered a strong demographic bottleneck in the recent past.
Within each genetic group, the mean observed heterozygosity
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(HO) is lower than the mean expected heterozygosity (HE)
under Hardy-Weinberg conditions, leading to positive in-
breeding coefficients (FI), which probably results from ge-
netic substructure, as observed by Piñeiro & al. (2017) in
Suaveolens, but also potentially from the impact of null
alleles.

Genetic differentiation between each pair of genetic
groups was evaluated by FST which varied from 0.138 to
0.571. The minimum FST is observed between the genetic
groups Suaveolens and São Tomé while the maximum FST

value was reached between the genetic groups Glabrum and
Littorale (Table 4B). RST was higher than FST, indicating an-
cient divergence, in most pairwise comparisons involving
Oliveri, Gabonicum and Littorale, which provides additional
support to recognize them as distinct species. The results of
these tests were, however, not significant in most pairwise
comparisons involving Glabrum, which may result from lim-
ited testing power when allelic polymorphism is very low, as
observed in Glabrum. The test results were also non-
significant between São Tomé and Suaveolens, consistent
with the limited morphological differentiation between these
groups; but significant between Usambaricum and both São
Tomé and Suaveolens, highlighting the ancient divergence
of this isolated East African group.

■ CONCLUSION

Our morphometric and genetic analyses have shown that
Greenwayodendron includes a greater number of species than
previously thought. Indeed, based on our integration of morpho-
logical and genetic data, we have identified two new species
(Glabrum and Littorale) and showed that G. suaveolens subsp.
suaveolens var. gabonica, G. suaveolens subsp. suaveolens
var. suaveolens andG. suaveolens subsp. usambaricum also de-
serve to be considered as distinct species. A formal taxonomic
description of these species is handled in a separate publication
(Lissambou & al., 2018). The status of a group of specimens, all
gathered in São Tomé and Príncipe, remains inconclusive. This
is partly related to the little fertile material we have to date. Fu-
ture collections on these islands will better classify this group.
Beyond the case of Greenwayodendron, our study illustrates
the strength of combining morphological and population genet-
ics data, as it shows that new taxa can be discovered using these
approaches. It also adds to mounting evidence that the current
taxonomic delineation of African tree species tends to underes-
timate the actual number of species (e.g., Daïnou & al., 2016;
Bouka, 2017; Ikabanga & al., 2017).
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