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Abstract

Background African mahogany species (Khaya sp.) have been introduced to Brazil gaining increasing economic
interest over the last years, as they produce high quality wood for industrial applications. To this date, however, the
knowledge available on the genetic basis of African mahogany plantations in Brazil is limited, which has driven this
study to examine the extent of genetic diversity and structure of three cultivated species (Khaya grandifoliola, Khaya
senegalensis and Khaya ivorensis) and their prospects for forest breeding.

Results In total, 115 individuals were genotyped (48 of K. grandifoliola, 34 of K. senegalensis and 33 of K. ivorensis)

for 3,330 filtered neutral loci obtained from genotyping-by-sequencing for the three species. The number of SNPs
varied from 2,951 in K. ivorensis to 4,754 in K. senegalensis. Multiloci clustering, principal component analysis, Bayesian
structure and network analyses showed a clear genetic separation among the three species. Structure analysis also
showed internal structure within each species, highlighting genetic subgroups that could be sampled for selecting
distinct genotypes for further breeding, although the genetic distances are moderate to low.

Conclusion In our study, SNP markers efficiently assessed the genomic diversity of African mahogany forest
plantations in Brazil. Our genetic data clearly separated the three Khaya species. Moreover, pairwise estimates
of genetic distances among individuals within each species showed considerable genetic divergence among
individuals. By genotyping 115 pre-selected individuals with desirable growth traits, allowed us not only to
recommend superior genotypes but also to identify genetically distinct individuals for use in breeding crosses.
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Background

Khaya is a genus of woody trees generally known as
African mahogany, comprising economically important
species that provide noble wood for a variety of uses,
enabling higher profitability when compared to tradi-
tional forest species already in the market. In general,
African mahoganies reach large dimensions in diameter
and height, with straight and cylindrical trunks and with
no branches, desirable traits for timber use. In addition,
they show excellent growth and management traits in
both pure and intercropped plantations [1, 2]. Accord-
ing to the International Tropical Timber Organization,
from 2009 to 2022 there was an increase of 108.24% in
the price of African mahogany wood (air-dried) in the
international market, rising from €595.00 to €1239.00 per
m?® [3].

Currently, the world market for African mahogany
wood is concentrated in native African forests [3], but
Brazilian forest plantations have been gaining ground,
particularly due to their faster production cycle, taking
around 20 years to obtain sawn wood [4—6]. The cultiva-
tion of African mahogany in Brazil began in the 1970s,
when Italo Claudio Falesi, then a researcher at Embrapa
Eastern Amazon, received seeds from the government of
the Ivory Coast. The seeds were grown into trees within
Embrapa headquarters in the northern city of Belém,
state of Para, Brazil. The trees had excellent growth per-
formance and served as matrices for producing seeds in
the 1990s. Those seeds might have been used to founding
new plantations of African mahogany in other regions of
Brazil, along with other materials imported from Africa
at the time. Despite the latter, it is believed that the
genetic basis of main plantations in Brazil are descendant
of the matrices located in northern Brazil [2].

Currently, seedlings from seeds are the main means for
propagating African mahogany in Brazil, where there are
no officially registered cultivars or clones. It challenges
the development and dissemination of genetic materials
of high quality and productivity. Therefore, more stud-
ies dedicated to clonal forestry and selection of matri-
ces of commercial interest are needed to ensure better
marketability for producers and investors [7, 8]. Cur-
rently, breeding of African mahogany in Brazil requires
the selection of genotypes with desirable growth traits as
well as the production of cellulose, charcoal, and other
potential uses [9, 10]. Genetic improvement of African
mahogany also needs to address goals such as improved
mechanical properties of the wood, greater pest and dis-
ease resistance and better performance under climate
fluctuations [11, 12]. Therefore, as for any other species,
breeding requires genetic variation to an extent that can
be effectively selected for desirable genetic gains from
selection.
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After the introduction of PCR in the late 1980’s, sev-
eral molecular methods have been introduced to rou-
tine breeding programs of plants. However, no methods
have qualified so well as those involving next generation
sequencing technologies (NGS), which have enabled
genomic analyses to unprecedent levels, with reduced
costs and the delivery of big datasets for analyses [13,
14]. In summary, NGS methods implicate a few basic and
consecutive steps: genomic DNA extraction, DNA frag-
mentation and adapter ligation, construction of genomic
libraries and sequencing. In general, the data are then
aligned to a reference genome, which allows the identi-
fication of genetic variants, including SNP, INDEL and
structural variants. The big advances of NGS technolo-
gies have also pulsed genomic studies with non-model
plants, bringing significant contributions toward breed-
ing and genomic selection of those species [15].

Genotyping-by-sequencing, usually known as GBS [16]
is an important application of NGS, which allows whole
genome resequencing (WGR) or reduced representa-
tion sequencing (RRS) of genomes. It has been adapted
for non-model species, enabling numerous population
genetic studies [17]. Being model or non-model plants,
GBS has facilitated the identification of SNP markers, the
most abundant and widely used molecular markers due
to their broad genomic coverage, access to neutral loci
as well as those markers under selection. RRS technolo-
gies offer rapid and high-quality analysis, with low error
rates and ability to SNP identification without the need
for reference genomes [18-21]. GBS has enabled studies
on association mapping, QTL identification, high density
linkage maps, genomic selection, and germplasm charac-
terization [22].

Genetic variation of African mahogany has been
addressed by a few studies in natural populations through
microsatellite and SNP markers. Out of 20 novel micro-
satellite loci developed for the big-leaf mahogany (Swiete-
nia macrophylla King, Meliaceae), ten were transferable
to the African mahogany Khaya senegalensis (Desr.)
A. Juss [23]. Another study provided 11 microsatellites
markers obtained through next-generation sequenc-
ing that were used for accessing the genetic variation of
73 accessions of K. senegalensis collected through the
natural range of distribution of the species. The authors
detected high genetic diversity from the materials of
western Africa [24]. Gaoue et al. [25] also used micro-
satellite markers to characterize natural populations of
K. senegalensis subjected to long-term bark and foliage
extraction in Benin, finding moderate levels of genetic
variation. A larger study, encompassing more species
of Khaya, used a set of 101 single nucleotide polymor-
phisms (SNP) developed by Pakull et al. [26]. More than
2,000 individuals were sampled, belonging to natural
populations of K. ivorensis, K. anthotheca, K. nyasica, K.
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grandifoliola, K. senegalensis, and K. madagascariensis.
In general, the SNP markers were able to distinguish the
species studied, except for K. nyasica and K. madagas-
cariensi, that were not clearly separated from each other
[27]. Just recently, a novel study has released the genomes
of two important mahoganies, Swietenia macrophylla
(274,49 Mb) and Khaya senegalensis (406,50 Mb), which
brings novel possibilities for addressing novel breeding
endeavors of such species [28].

In Brazil, as Khaya materials have been introduced
from a few seeds and other few events of importation,
researchers believed that the genetic diversity of natu-
ral populations from Africa was not well represented
[2]. However, Soares et al. [29] found considerably high
genetic diversity from introduced materials of K. gran-
difoliola located in plantations in the northern state of
Para, using microsatellites originally developed for K.
senegalensis [23].

So far, the study of Soares et al. [29] is the only that
addressed the genetic diversity of introduced populations
of Khaya in Brazil. Moreover, to date, no study employ-
ing a large set of SNP markers has been conducted in
natural populations of the genus. Here we present the
first large SNP dataset obtained through genotyping-by-
sequencing for three species of Khaya (K. ivorensis, K.
senegalensis and K. grandifoliola) from forest plantations
in southeastern Brazil. We were aimed at investigating
the genetic diversity and structure from sampled individ-
uals of the three species to select genetically contrasting
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individuals for further breeding of superior and desirable
genotypes. We hypothesized that limited but significant
genetic diversity is present within species in these planta-
tions, that could enable the selection of contrasting mate-
rials and with superior performance.

Results

Criteria of choice for samples genotyped

We conducted genotyping-by-sequencing using Illumina
technology with high-quality DNA samples obtained
from originally 120 individuals belonging to two experi-
mental forest plantations located in the Reserva Natural
Vale (Linhares, Espirito Santo state, Brazil) and Viveiro
Origem (Felixlandia, Minas Gerais state, Brazil) (Fig. 1a).
The samples belonged to three species: K. grandifoliola
(50 individuals) (Fig. 1b and c), K. senegalensis (35 indi-
viduals) (Fig. 1d and e) and K. ivorensis (35 individuals)
(Fig. 1f and g). The individuals originated from seeds
from Pard states or were imported from Africa (further
details shown in methods). The experimental areas have
been phenotyped for several growth, trunk shape and
health status variables to select desirable trees within the
objectives of a breeding program for African mahogany,
in Brazil, that is, we selected the individuals with the
highest values or the best scores among all evaluations of
the forest inventory. The following variables were evalu-
ated for selecting those trees: diameter at breast height
(DBH), total height (H), merchantable height (Mh),
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Fig. 1 (a) Location of experimental fields of Khaya spp. sampled in this study: Reserva Natural Vale (Linhares, state of Espirito Santos, Brazil) and Viveiro
Origem (Felixlandia, state of Minas Gerais, Brazil); (b) adult individual and (c) individual leaf sample of K. grandifoliola; (d) adult individual and (e) individual
leaf of K. senegalensis; (f) adult individual and (g) individual leaf of K. ivorensis. Bar =14 cm
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quality of the trunk and overall health status of each
individual.

Genomic diversity of Khaya spp.

After sequencing, the obtained files underwent all fil-
tering process for overall quality parameters, including
missing data. In total, 533,852,208 reads were generated
from all samples. After demultiplexing, 348,152,512 reads
remained. The total number of reads per species were
140,923,785 for K. grandifoliola, 89,302,281 for K. ivoren-
sis, and 117,926,446 for K. senegalensis. Overall, the mean
sequence depth per loci was of 172.13 for all individu-
als. Following the filtering parameters (please check our
Methods), a relatively high number of SNP markers was
obtained for each species and for all species combined
after data filtering (Table 1). In total, 115 individuals (48
samples of K. grandifoliola, 33 of K. senegalensis and 24
of K. ivorensis) and 3,330 neutral loci were retained after
all filtering procedures, including pruning for linkage
disequilibrium. The datasets for each species separately
resulted in 3,366, 4,754, and 2,951 loci, respectively, for
K. grandifoliola, K. senegalensis and K. ivorensis (Table 1).
These datasets were used for further genetic diversity and
structure analyses.

Based on the dataset with all species combined, the
mean observed heterozygosity (H,), the expected het-
erozygosity (Hg) and the total heterozygosity (H;) were
estimated at 0.121, 0.119, and 0.161, respectively. The
coefficients of genetic differentiation among the spe-
cies (species set as populations) were estimated with Gy
(0.259) and Wright’s Fgr (0.258), indicating considerable
genetic differentiation among the three species (Table 1).

By analyzing the three species of African mahoganies
separately, the observed heterozygosity (H,,) varied from
0.192 to 0.252, while the expected heterozygosity (Hp)
ranged from 0.219 to 0.271 (Table 1). K. senegalensis
showed the lowest estimates of genetic diversity within
the germplasm evaluated, while K. ivorensis had the
highest estimates. When all species were combined, the
fixation index (F) was slightly negative, while their values
were positive for each species separately, indicating some
degree of endogamy within each species for the germ-
plasm that was sampled (Table 1).
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Genetic structure

In order to process the genetic structure data of the spe-
cies, a Bayesian analysis was conducted using statistics
based on the distribution of the evaluated parameters.
Therefore, using a prior set of SNP calls, we were able to
attribute the most probable group to which each individ-
ual of the three species belonged. The analyses with SNP
markers for 115 individuals of Khaya, using computa-
tions from Structure, suggested the occurrence of three
genetic groups Fig. 2a) based on AK. Structure-based
analyses showed that all samples had ancestry coeffi-
cients>0.95, which coincides with the observation that
all individuals were assigned to their groups according to
the species they belonged (K. grandifoliola, K. senegalen-
sis and K. ivorensis). That is, each cluster was composed
exactly by all the individuals belonging to a single species.
Cluster 1 was composed by 48 samples of K. grandifoli-
ola, while Cluster 2 was composed by 34 individuals of K.
senegalensis. Finally, cluster 3 encompassed 33 samples of
K. ivorensis, independently from the location (and origin)
of the materials.

A phylogenetic tree obtained through neighbor-join-
ing inference (Fig. 2b), a principal component analysis
(Fig. 2¢) and a haplotype network (Fig. 2d) showed simi-
lar and complementary results to the Bayesian inference
of genetic structure. The principal component analysis
demonstrated a clear separation among the species based
on the genomic data and the first two principal compo-
nents (Fig. 2c). The first two components of the PCA
explained 11.3% (PC1) and 10.5% (PC2) of the variation,
while the next components explained much lower varia-
tion. A detailed examination of the phylogenetic tree and
the haplotype network enabled the verification of more
genetically similar or dissimilar individuals. The most
genetically similar individuals within each species are
A75 and A72 (K. grandifoliola), A111 and A102 (K. gran-
difoliola) and A22 and A24 (K. senegalensis) (Fig. 2b and
d).

Considering that each species was assigned to a sin-
gle group, we further derived pairwise estimates of Fg
(Fig. 3) to compare them. The Fg; estimate varied from
0.317 (K. senegalensis vs. K. ivorensis) to 0.346 (K. gran-
difoliola vs. K. ivorensis), which shows a moderate

Table 1 Number of samples, number of SNP markers, number of retained loci after filtering (RAD tags) and estimates of genetic

diversity parameters K. Grandifoliola, K. senegalensis and K. Ivorensis

Assembly Number Number of SNPs Number of loci Ho He F H Ggr Fsr
of samples (RAD tags)

All species combined 115 7648 3330 0.121 0.119 0.017 0.161 0.259 0.258

K. grandifoliola 48 6624 3366 0233 0.260 0.104 0.260

K. senegalensis 33 10,131 4754 0.192 0.219 0.123 0219

K. ivorensis 34 5504 2951 0.252 0.271 0.070 0.271

(Ho) Observed heterozigosity; (H;) Expected heterozigosity; (H;) Total heterozigosity; (F): fixation index calculated as the relative deviation between the expected
heterozygosity and the observed heterozygosity; (Gs;) Proportion of genetic variation among speies; (F;) Wright's genetic differentiation coefficient
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Fig. 2 Genomic structure of 115 individuals of Khaya spp. (K. grandifoliola, K. senegalensis and K. ivorensis) based on 3330 neutral SNP loci. (@) Genomic
structure based on Bayesian analyses (K=3). Ancestry proportions are represented in the y axis. All individuals are represented in the x axis. Individuals
were assigned to groups matching exactly to the species they belonged. (b) Neighbor-joining phylogenetic tree among individuals and species, based
on Nei's genetic distances. (c) Discriminant analysis of principal components (dAPC) showing the two first components of the analysis. (d) Median hap-
lotype network with all samples
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Fig. 3 Pairwise Wright's coefficients of genetic differentiation (Fs;) among three species of Khaya spp., based on 3,330 SNP markers obtained through

genotyping-by-sequencing

differentiation among the three species, especially
between K. grandifoliola and K. ivorensis.

Genetic structure and phenotypic variation within each
species of Khaya

Structure analyses were also performed separately for
each species. The Bayesian analysis revealed two main
genetic groups within the 48 individuals of K. grandifo-
liola. The 34 individuals of K. senegalensis were divided
into three genetic groups. K. ivorensis, with 33 individu-
als, was divided into two genetic groups (Fig. 4). Individ-
uals with ancestry coefficients>0.70 were designated as
pure groups, while samples with <0.70 were considered
admixed.

K. grandifoliola was subdivided into two subgroups,
with all individuals with coancestry higher than 0.70,
therefore, belonging to a major group. Cluster 1 was
composed by 19 individual samples from Viveiro Origem
in Minas Gerais state, and 14 individuals from Reserva
Natural Vale, Espirito Santo. The cluster 2 retained 15
individuals from Reserva Natural Vale (Fig. 4a). Among
all samples, the individuals of cluster 2 showed more
uniform phenotypes, with the highest mean diameter
at breast height and tree heights (individuals A85, A37,
and A38 at Reserva Natural Vale, ES). Nonetheless, three
individuals from cluster 1 (A100, A109, and A120, at
Viveiro Origem identified by M12, M7, and M4, respec-
tively) had excellent values for growth variables, there-
fore, being potential matrices for further endeavors at
clonal propagation and future cultivation (Table 2).

K. senegalensis individuals were divided into three sub-
groups. While cluster 1 encompassed three individuals
form Viveiro Origem and eight from Reserva Natural
Vale, clusters 2 and 3 showed greater admixture in the
remaining individuals (Fig. 4b). Individuals A24 and A22
showed high admixture between clusters 2 and 3, as well
as the individual A34 between clusters 1 and 2 (Fig. 4b).
Little variation was observed for the phenotypic vari-
ables evaluated for K. senegalensis. In each group, a few
individuals with superior phenotypes could be recom-
mended: in cluster 1, individuals A17 and A35; in cluster
2, individuals A31 and A66; and in cluster 3, individuals
A18 and A16, all from Reserva Natural Vale, in Espirito
Santo. Compared to the other species, K. senegalensis
showed the best performance for trunk quality and tree
health, with cylindrical trunks, visual absence of diseases
and no predation from insects (Table 2).

Finally, the individuals of K. ivorensis were assigned
to two genetic groups. The individuals sampled from
Reserva Natural Vale (ES) were assigned to both clus-
ters, while the four individuals from Viveiro Origem were
allocated to cluster 2, but with moderate admixture with
cluster 1 (Fig. 4c). Three individuals from Reserva Natu-
ral Vale showed the most prominent phenotypes. In clus-
ter 1, A63 had the highest values of diameter at breast
height (26.5 cm), while in cluster 2, A61 had a DBH of
27.7 cm (Table 2).

Table 2 shows the individuals that presented the most
promising phenotypic characteristics in each genetic
group, among all samples. These individuals have
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desirable phenotypic traits than can be used in clonal
propagation for retaining their characteristics, as well
as further steps of breeding aimed at crossings between
individuals with contrasting genotypes. Therefore, we
also calculated the genetic distances among all pairs
within each species (Fig. 5).

Discussion

This is the first study using GBS to identify SNPs and
their application to infer the genetic diversity and struc-
ture of genetic resources of the three main African
mahogany species introduced in Brazil. A prior study
with SNP markers was published by Pakull et al. [27],
that characterized natural populations of Khaya species.
However, their study involved a set of 101 SNP using a
MassARRAY iPLEX™ genotyping, developed earlier
by Pakull et al. [26]. Our study enabled the detection of
~ 3,000 or more SNP markers.

So far, population genetic studies on African mahoga-
nies are scarcely available from the literature. In natural
areas, most species of the genus Khaya are classified as
vulnerable, due to the intense exploitation of their wood,
and a few molecular studies were aimed at diagnosing
their conservation status. In a study with K. senegalensis
natural populations showed moderate to high levels of
genetic diversity based on microsatellite markers and a
genetic structure associated with the geographic distribu-
tion of populations [24]. Moderate genetic variation was
also found in populations of K. senegalensis undergoing
extractivism, also using microsatellites [25]. The recent
publication of chromosome-scale genomes of Swietenia
macrophylla and K. senegalensis has enabled the assem-
bly of 274.49 Mb and 406.50 Mb, respectively, assigned
to 28 pseudo-chromosomes. In total, 34,129 and 31,908
protein coding genes were predicted, respectively, for S.
macrophylla and K. senegalensis [28].
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Table 2 Selected individuals of Khaya spp. through the clusters formed and the phenotypic characteristics, diameter, breast height,
total height, marketable height, stem quality and health status of the trees

Species Genetic cluster Individual DBH (cm) H (m) TQ TH
K. grandifoliola 1 A100 30.30 8.60 2 1
1 A109 28.70 16.50 1 2
1 A120 28.70 16.50 2 1
2 A85 26.25 16.00 1 2
2 A37 25.55 17.00 1 1
2 A38 2530 17.25 1 1
K. senegalensis 1 A7 23.10 12.75 1 1
1 A35 22.60 12.50 1 1
2 A31 23.30 12.75 1 1
2 A66 24.50 12.25 1 1
3 A18 24.90 12.00 2 1
3 A16 23.20 13.00 1 1
K. ivorensis 1 A63 26.50 14.00 1 2
1 A44 25.80 15.75 2 2
1 A29 25.80 14.50 1 2
2 A61 27.70 14.75 1 1
2 A42 25.60 15.70 1 1
2 A04 2540 14.00 1 2

(DBH) Diameter at breast height; (H) Total height; (TQ) Trunk quality; (TH) Tree health status. Trunk quality and tree health were visually scored using the scale: 1 for

excellent, 2 for regular, 3 for low. Selected individuals of Khaya spp. (9-years old)

The genetic resources of Khaya available to Brazil
resulted from a few introductions only. At the headquar-
ters of Embrapa Eastern Amazon, in Par4 state, five trees
were established in 1976 and their seeds have been dis-
tributed to producers. Entrepreneurs have also imported
seeds for securing larger cultivation areas [30]. Despite
this, significant genetic variation and structure was
detected within each species from our study, revealing
potential sources for selection and breeding from artifi-
cial populations of K. grandifoliola, K. senegalensis and K.
ivorensis. Therefore, our study highlights previous find-
ings that, despite the limited sources of genetic materials,
considerable genetic variation is present in the available
germplasm. And another study in Brazil also concludes
that for genetic materials of K. grandifoliola, to that mic-
rosatellites were screened in 53 individuals in Pard and
24 individuals in Goids, using seeds of the main prov-
enances in Brazil, generally from Pard [29]. The authors
found moderate genetic variation measured from the
expected heterozygosity (Hy = 0.56), that was lower than
the observed heterozygosity (H, = 0.74), indicating that
prior selection may have favored heterozygous plants and
promoted heterosis [29].

Taking the results of Soares et al. [29] into further
consideration, the difference between the expected and
observed heterozygosity suggested that prior selection
promoted outbreeding of the germplasm that they evalu-
ated. In our case, however, some extent of inbreeding was
revealed from the F estimates, although it was low, and
the type of marker and genomic representation levels
were also different. Anyway, the genetic diversity found

in our study demonstrated an opportunity for selecting
contrasting genotypes.

Moreover, pairwise estimates of genetic distances
among individuals within each species showed con-
siderable genetic divergence among individuals. As we
genotyped 115 individuals priorly selected for desirable
phenotypes for growth (diameter at breast height and
total tree height), trunk quality and tree health, we could
not only recommend superior genotypes but also identify
individuals genetically distinct to be employed in crosses
for breeding. So far, the studies applied for breeding were
based on phenotypic variation only, such as a descrip-
tion of the phenotypic variation for growth traits in two
provenances of K. ivorensis in Minas Gerais state, Brazil
[31]. Aggregating genotypic and phenotypic data may
accelerate breeding strategies for these important woody
species.

Our research also becomes a pioneer in the exploration
of genetic resources in two main research sites available
in Brazil, which indicated limited genetic diversity, but
clearly supported a phylogenetic differentiation among
the three species. Moreover, the identification of popu-
lation structure within each species shows the impor-
tance of collecting seeds representing the gene pool and
not only maintain, but also promote recombination for
amplifying the variability available. Despite the variation
detected, we also recommend the importation of novel
germplasm to increase the genetic diversity and promote
novel crosses for genetic improvement. An interchange
of genetic resources for the goal of conservation and
breeding is also advised.
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Fig. 5 Heatmap based on genetic distances calculated from SNP markers for selected individuals of Khaya spp., where stronger reddish tons indicate
greater genetic distance between the individuals sampled. (a)K. grandifoliola; (b)K. senegalensis; (€)K. ivorensis

Although the three species of African mahoganies
here studied are morphologically similar, the GBS anal-
yses showed genetic differences among them. There-
fore, our data also suggested an important taxonomic
discussion. From paired estimates of the proportion of
genetic diversity among species (Fgy), moderate diver-
gence was found among the three species and the phy-
logenetic inference resulted in each species allocated in
distinct clades. In turn, K. grandifoliola and K. ivorensis
were the most genetically divergent among all compari-
sons (Fig. 3). This is an important observation since a
common misclassification between K. grandifoliola and

K. ivorensis has occurred. In 2019, when the professor
and researcher Dr. Ulrich Gaél Bouka Diplet from Africa
visited the main plantations in Brazil, he clarified mor-
phological differences of individuals that were wrongly
classified as K. grandifoliola, instead of K. ivorensis, as
they should be [32, 33]. Studies available from the litera-
ture have perpetuated this taxonomic mistake, making
it necessary to carefully analyze scientific publications
prior to 2019 [33]. Our genetic analyses supported the
separation among the three species, which is also impor-
tant for identifying genotypes that belong with a single
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and specific species, enabling the selection of traits that
might species-specific.

The discussion on taxonomy of Khaya was also pro-
voked by a molecular and phenotypic study combined
[34]. The work was conducted with SNP markers devel-
oped by Pakull et al. [26], added by four other markers,
highlighting uncertainties on the taxonomical delimita-
tion of Khaya species. After genotyping 498 individu-
als of K. anthotheca sampled across several countries in
Africa, five consistent and distinct genetic groups were
identified. In fact, the fifth group was further divided
in two subgroups based on their analyses. The authors
also verified that the genetic groups were consistent
with morphogroups, based on morphological traits that
were screened in the same individuals. Altogether, the
results led the authors to infer that more species than
just K. anthotheca were sampled [34]. In our study, the
three species of Khaya were clearly separated by geno-
typic data, consistent with the morphological classifica-
tion already established. Our genetic data provided a
clear separation of the three species, therefore, a proper
phylogenetic inference for identification is the most
recommended.

The molecular data here presented alongside with
phenotypic selection can be moved toward next steps
of breeding for African mahoganies in Brazil. The selec-
tion of superior genotypes is needed toward establishing
commercial plantations that ensure high product quality,
resistance against pests and diseases, adaptation to soil
and climate conditions, in addition to increasing pro-
ductivity, as well as a reduction in the rotation interval
[12]. Moreover, the cultivation of African mahogany spe-
cies in Brazil is primarily based on seedlings of seminal
origin, which has its role in maintaining genetic diversity,
however, limits large-scale production of superior wood.
Consequently, the application of asexual propagation
techniques, together with the use of molecular markers
as a tool to investigate genetic diversity, assumes vital
importance in carrying out studies aimed at improving
the forestry production of these species.

Thus, through the genotypic and phenotypic sur-
vey of the materials in the present study, in which three
species were evaluated under the same soil and climate
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conditions, there is great potential for inference on the
initial planning in research around genetic improvement
with the selected individuals. These materials can become
the main materials available in African mahogany in Bra-
zil with potential in the global hardwood market. How-
ever, studies regarding the feasibility of implementation
in the country must still be developed, with research that
allows the appropriate management of the species to
guarantee the desirable economic return.

Conclusions

In our study, SNPs markers were efficient in investigat-
ing the genomic diversity and structure of forest planta-
tions of African mahogany in Brazil. Our genetic data
provided a clear separation of the three species of Khaya,
consistent with the morphological classification already
established. Moreover, pairwise estimates of genetic dis-
tances among individuals within each species showed
considerable genetic divergence among individuals. As
we genotyped 115 individuals priorly selected for desir-
able phenotypes for growth, we could not only recom-
mend superior genotypes but also identify individuals
genetically distinct to be employed in crosses for breed-
ing. Furthermore, to increase the potential for selec-
tion gains, the genetic variability of the population can
be enhanced by introducing genetic material from their
native environments.

Methods
Plant materials
This study was conducted from DNA samples extracted
from adult individuals of Khaya spp. from two forest
plantations located in the Reserva Natural Vale (Lin-
hares, state of Espirito Santos, Brazil) and Origem Nurs-
ery (Felixlandia, state of Minas Gerais, Brazil) (Fig. 1a).
Three species of African mahogany are cultivated in these
areas: Khaya grandifoliola, Khaya senegalensis and Khaya
ivorensis. The forest plantations resulted from seedlings
acquired from distinct geographic regions (Table 3),
with seed lots composed from at least 20 selected tree
matrices.

The individuals selected for the genetic analyses were
chosen based on desirable values of growth, shape of the

Table 3 Location, species, origin of seeds and number of adult individuals sampled for genetic diversity assessment in experimental

plantations of Khaya spp. in southeastern Brazil

Location* Species Origin Number of sampled individuals
Reserva Natural Vale (Linhares-ES) Khaya grandifoliola Para (Brazil) 30
Reserva Natural Vale (Linhares-ES) Khaya senegalensis Senegal (Africa) 30
Reserva Natural Vale (Linhares-ES) Khaya ivorensis Espirito Santo (Brazil) 30
Viveiro Origem (Felixlandia-MG) Khaya grandifoliola Minas Gerais (Brazil) 20

Viveiro Origem (Felixlandia-MG)
Viveiro Origem (Felixlandia-MG)

Khaya senegalensis
Khaya ivorensis

Minas Gerais (Brazil)
Minas Gerais (Brazil)

* ES and MG refer, respectively, to the Brazilian states of Espirito Santo and Minas Gerais



Faria et al. BMC Plant Biology (2024) 24:858

trunk and disease resistance, in a forest plantation with
over a thousand individuals. Superior individuals of the
three species were selected from data of a forest inven-
tory aimed at detailing their growth variation: diameter
at breast height (DBH), total height (H), merchantable
height (M#h), quality of the trunk and overall health status
of each individual. Total and merchantable height were
measured with a hypsometer, while DBH was obtained
with a tree caliper 130 cm from the soil level. Trunk qual-
ity and tree health were visually scored using the fol-
lowing scale: 1 for excellent, 2 for regular, 3 for low. The
trunk quality evaluation was based on the level of tortu-
osity of each trunk. The overall health evaluation of each
individual was based on leaf appearance, presence of
trunk injuries and visual detection of diseases and insect
predation.

Species studied

Distinguishing the species that were accessed in this
study is a quite complex task at the morphological level.
K. grandifoliola (Fig. 1b) is a medium size tree, reaching
up to 40 m in height and a diameter between 120 and
200 cm. This mahogany has rapid growth, natural prun-
ing, straighter shaft and considerably big leaves. Overall,
leaves are elliptical, varying from elliptical to oblong-
elliptical and a slightly pointed apex (Fig. 1c) [1, 35].

K. senegalensis (Fig. 1d) has lower size and is adapted
to dry climates, tolerating longer drought episodes. Indi-
viduals can reach between 30 and 35 m in height and
diameter between 100 and 250 cm. Leaves have ellipti-
cal folioles with slightly pointed apex (Fig. le). Contrary
to the other species, sapopemas (tabular expansions in
stems) are not prominent [1, 36].

K. ivorensis (Fig. 1f) can reach up to 60 m in height
and the diameter varies from 160 to 210 cm. Trees have
compost leaves with three to seven pairs of folioles dis-
posed in opposite directions. The leaflets are oblong and/
or elliptical in shape with a markedly acuminate apex
(Fig. 1g) [1, 32].

Selection of individuals and DNA extraction

The 120 most superior individuals, based on the previ-
ous phenotypic evaluation, were selected for DNA anal-
yses: 50 individuals of K. grandifoliola, 35 individuals of
K. senegalensis and 35 individuals of K. ivorensis. Leaf
samples of each individual were harvested and stored in
plastic zip lock bags containing silica gel for dehydration.
The samples were taken to the laboratory and stored in
freezer until DNA extractions were performed.

The initial steps of extraction, quality control, quantifi-
cation, and lyophilization of DNA samples were carried
out in the Department of Biochemistry and Molecu-
lar Biology at the Federal University of Espirito Santo,
Alegre-ES. The genomic DNA was extracted using
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Qiagen DNeasy Plant Mini kit, using grinded tissue of
each individual. The protocol for DNA extractions fol-
lowed the instructions of the manufacturer. After that,
the DNA samples were qualitatively evaluated using
Nanodrop 2000 (ratio between 1.7 and 1.8 after measur-
ing absorbances at 260/280 nm) as well an agarose gel
1.5%. DNA quantification was performed using Qubit
fluorimeter. Samples were then liofilized and sent to Eco-
Mol Consultoria e Projetos facility (Piracicaba, Sao Paulo,
Brazil) for library construction and sequencing.

GBS library and sequencing
For GBS (genotyping-by-sequencing) library construc-
tion, the lyophilized samples were initially resuspended
in 30 pl of ultrapure water, resulting in an approximate
concentration of 10ng.ul™! per sample. We employed
the GBS method developed by Elshire et al. [37]. After
digestion with Pst] restriction enzyme, each DNA sample
was ligated with adaptors containing indexing sequences
(barcodes) that enabled their identification after sequenc-
ing. Indexes and adaptors were ligated to the ends of each
restriction site using T4 DNA ligase. After adaptor liga-
tion, all samples were pooled together and purified with
magnetic beads (Agencourt AMPure XP - Beckman
Coulter). Restriction fragments were then amplified and
once more purified with magnetic beads. The GBS library
resulted in fragments varying from 200 to 450 bp.
Library quality was evaluated with BioAnalyzer Agi-
lent 2100 using the High Sensitivity DNA kit. No primer
dimers and adaptor excess were observed (peak between
100 and 150 bp were absent), and the majority of frag-
ments was between the expected size. Finally, the library
was quantified using qPCR with KAPA Biosystems
Quantification kit (Illumina), diluted to 10nM, and once
more quantified with qPCR. The pooled library was sent
to Centro de Genémica Funcional at ESALQ/USP (Uni-
versity of Sao Paulo) to be sequenced in a flowcell with
NextSeq2000 Illumina using P2V2 kit (100 cyles with
single read). Sequencing data were deposited to NCBI as
BioProject PRINA1136886.

De novo assembly and SNP calling

The de novo asembly of raw sequecing data were con-
ducted with ipyrad [38] for all the three species together,
as well as separately for each species. To do so, we set
al.most all parameters according to the recommended
settings of the software. The clustering threshold (param-
eter 14), though, was adjusted from 0.85 to 0.95; and
the max indels locus (parameter 23) was adjusted from
default 8 to 4. Each VCEF file obtained from de novo
assembly was then filtered using vcftools [39] to exclude
all SNP with more than 30% of missing data and all indi-
viduals with more than 50% of missing data. The filtering
procedures also consisted on removing non-biallelic SNP,
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with depth lower than 10 ou higher than 400 and that
did not fit to Hardy-Weinberg expectations (P2<0.0001).
After that, VCF files were filtered for a single SNP per
locus. Finally, VCF files were also filtered to exclude out-
lier SNPs using the method implemented in OutFLANK
package [40], that is based on a trimmed distribution of
neutral Fgr. Only putative non-linked and neutral loci
were maintained for the genetic analyses.

Genomic diversity

Estimates of genomic diversity were conducted using
neutral loci only, after outlier removal. The data were
used to estimate the observed heterozigosity (H), the
expected heterozygosity under Hardy-Weinberg equi-
librium (Hj), the total heterozygosity (Hy), the propor-
tions of the genetic diversity among species (Ggy) and
Wright’s coefficient of population differentiation (Fgy)
using ‘diveRsity’ [41], ‘poppr’ [42] and PopGenKit [43] in
R (version 4.3.1, R Core Team).

Population structure, phylogenetic inference and
haplotype networks

To infer the genetic structure and most probable number
of genetic groups within and among the three species,
we used Structure v. 2.3.4 [44], using neutral loci (RAD
tags) only. Structure analyses were conducted from VCF
files for each species separately, as well as the file with
the SNP markers for the three species. Each analysis was
conducted with 100,000 burn-in iterations, followed by
500,000 Mont Carlo Markov chain (MCMC) replicated
in 10 independent simulations and with no prior infor-
mation to define clusters. The K number of clusters was
determined using mean likelihood values implemented
with AK method using Structure Harvester software [45].
Ancestry coefficients of each sample were determined
based on the alignment of five replicates of the best K
number using CLUMPP method though the CLUMPAK
software [46].

Population structure was also addressed through prin-
cipal component analysis (PCA) using ‘ade4’ package [47]
and graphically represented using ‘ggplot2’ [48]. To fur-
ther evaluate the genetic relationships among individuals
and species, Nei’s pairwise genetic distances were calcu-
lated, and a Neighbor-joining tree was generated, using
2000 bootstrap replicates with package ‘poppr. We fur-
ther visualized population structure with a minimum
spanning haplotype network, considering genetic dis-
tance calculations as implemented in ‘poppr’.
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