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Abstract Acacia senegal (L.) Willd. is the main species
producing the internationally traded gum arabic. Genetic
studies of this species are rare and until now the chromo-
some number was thought to be diploid (2n=2x=26). Here,
using chromosome number counting, we demonstrate for
the first time that tetraploids (2n=4x=52) also occur in 4.
senegal. Nuclear and chloroplast microsatellite markers
were used to estimate and compare genetic variation within
this newly described polyploidy complex in the Sudano-
Sahelian region in Africa. Genetic diversity was higher in
diploids, suggesting that the formation of tetraploids is
recent and that mutation—drift equilibrium has not yet been
reached. The two cytotypes do not have the same genetic
structure and are genetically differentiated. Among tetra-
ploids, populations are greatly differentiated and do not
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share the same chlorotypes. Based on these results, we
discuss recurrent formation of tetraploids from different
diploid progenitors across the distribution range of 4. senegal
in the Sudano-Sahelian zone.
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Introduction

Acacia senegal is a multipurpose tree that belongs to the
Leguminosae family and to the Acacia genus (Bentham
1875; Vassal 1972). A. senegal covers extensive areas espe-
cially in drier areas south of the Sahara, throughout the
Sahelian zone from Senegal to Somalia, and in regions
stretching across Arabia to India and Pakistan. In its natural
range, annual rainfall ranges from 100 to 1,000 mm
(Nicholson et al. 1988) and soil types from poor sandy
soils to sandy clays (Fagg and Allison 2004). A. senegal
is mainly used for the production and sale of gum arabic
(gum hashab) but is also extensively used for soil fertil-
ization and as animal fodder. Gum arabic is a natural
exudate obtained from the stems and branches of 4.
senegal and is recognized to be nontoxic and safe for
food use (FAO 1998). It is used in the food processing
industry, where it is known as food additive E414, and
has adhesive, anti-crystallization, thickening, and protec-
tive properties. It is widely used as an emulsifier and
suspensoid in beverages. The same properties are also
exploited in pharmaceutical products and in many tech-
nical applications. The quality of gum arabic depends on
its chemical characteristics and molecular structure and
varies with the provenance (Motlagh et al. 2006). Indeed,
provenance characteristics have significant effects on the
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gum arabic trade. Sudan is the world’s biggest producer
of gum arabic and the main source of gum in interna-
tional trade. The region of Kordofan has traditionally
been the region that produced the most gum hashab
(Fagg and Allison 2004). Nigeria has long been the
second biggest producer, followed by Chad.

A. senegal is a very variable species and its delimitation
is not yet clear (Ross 1975, 1979; Maslin et al. 2003; Miller
and Bayer 2003; Robinson and Harris 2000). Remaining
uncertainties concern not only the status of the species,
especially with respect to closely related species, but also
the definition, classification, and phylogeny of the Acacia
genus. A diploid chromosome number (2n=2x=26) has
been reported by several authors (Ross 1979; Obunga
1995; Bukhari 1997), but to our knowledge, no level of
polyploidy has been recorded for this species.

Despite its wide distribution and its economic and eco-
logical importance, studies of the genetic diversity and
structure of A. senegal are rare (Chevallier et al. 1994;
Maslin et al. 2003). The highly contrasted ecological con-
ditions observed in the natural range of 4. senegal lead us to
hypothesize that these variations have had an impact on the
genetic diversity of the species. Analysis of the genetic
variability at the scale of the whole natural area could
provide useful information both for the preservation and
management of biodiversity and for selection and genetic
improvement. Exploring the genetic bases of such variation
could provide powerful tools to improve both the quantity
and quality of the product.

Here, using chromosome counting, we demonstrate for
the first time that polyploidy (2n=4x=52) occurs in A.
senegal. To understand the relationship between diploids
and tetraploids, we used nuclear and chloroplast microsatel-
lite markers for analysis and we discuss genetic variation
within the polyploid complex across the Sudano-Sahelian
range of the species.

Materials and methods
Sampling

Samples of provenances were chosen in the natural distri-
bution area of A. senegal var senegal. Leaves were collected
from 11 populations in six African countries distributed
throughout the Sudano-Sahelian distribution range (Table 1,
Fig. 1). Two comparative trials of provenances and four
natural stands were used to represent the maximum genetic
diversity of 4. senegal. For the first trial, leaves were col-
lected in Bambey (Senegal) and for the second in Sorey
(Niger), the natural stands were located in Niger. The ge-
netic resources of A. senegal used for these trials were
mainly acquired by the Oxford Forestry Institute and were
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exchanged in consultation and collaboration with interna-
tional agencies (CIRAD-Forét, DFSC, FAO, ICRAF) and
national research institutes throughout Africa (Barnes et al.
1999). For the provenances tested, seeds were harvested on
20-30 trees respecting a minimum distance of 100 m be-
tween trees. Leaf samples from five populations, Sodera
(Ethiopia), El Obeid (Sudan), Tourba (Chad), Somo (Mali),
and Kidira (Senegal), were collected at Bambey, Senegal.
Leaf samples from populations originating from Kordofan
(Sudan) and Tendjé (Mali) were collected from the 10-year-
old provenance trial at Sorey. The leaves for simple se-
quence repeat (SSR) analysis of these two provenances were
harvested randomly, without selection, on 33 trees in Kor-
dofan and 36 trees in Tendjé. Leaf samples of the four
remaining populations (Tabé, Bader, Téra, and Kiki) were
collected from natural populations located on a rainfall
gradient from the east to west of Niger (Table 1). Here, the
objective was to complete the observation of genetic vari-
ability for the whole natural distribution range by observa-
tions along an environmental cline. The aim of the sampling
procedure in natural stands was to obtain as broad a repre-
sentation of the full range of genetic distribution as possible
at each site. Trees were sampled randomly without selection
based on growth form but respecting a minimum distance of
20 m between sampled trees. Young leaves were removed
from trees, dried in silica gel, and kept in sealed plastic bags
until DNA extraction and molecular analysis. A total of 364
trees were sampled, but sampling was not balanced as the
number of individuals per population varied from 15
(Sodera) to 86 (Téra). The method used to harvest seeds
for the provenances trials is strictly identical to the collec-
tion of leaves in the natural stands, i.e., distant trees, con-
trasted areas in which selection has taken place, multiple
generations, and spatial genetic structure.

Among the 11 populations studied, three (Kordofan,
Tendjé, and Sodera) had more than two alleles at almost
all nuclear SSR loci. Chromosomes were then counted to
check if this was due to partial duplication of the genome or
to a different ploidy level in the three populations. The plant
material used came from two populations (Kordofan and
Tendjé) that had three or four alleles per microsatellite locus
and, as control, one population (Téra) that had two alleles. A
total of 15 seeds were collected on five mother trees geno-
typed with SSR markers and presumed to be polyploidy in
each provenance studied.

SSR genotyping and revelation of polymorphism

DNA extraction, PCR conditions, and electrophoresis con-
ditions are described in another paper (Assoumane et al.
2009). Nuclear genetic analysis was performed using 11
nuclear microsatellites: mAsCIRB09, mAsCIRB10, mAs-
CIRCO07, mAsCIRE06, mAsCIREO7, mAsCIRE0S,
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Table 1 Characteristics of 4.

senegal populations sampled in Population Country Lat Long Area Annual rainfall
their natural range and more in- name ™N) (ha) (Hammer et al.)
tensively in Niger: population
latitude (Lat.), longitude Tabé Niger 13°35’ 11°29" E 1 894 300
(Long.), area in hectares, and Bader Niger 14°43" 07°14' E 252 346
e 087 S0k e Tem Niger 13°58/ 0°44' E 900 446
millimeters) Kiki Niger 12°59’ 1°33' E - 620

Kidira Senegal 14°28’ 12°13' W - 505

El Obeid Sudan 13°10’ 30°14'E - 365

Somo Mali 13°17' 4°54' W - 700

Tendje Mali 15°8' 7°10" W 5 450

Tourba Chad 13°0’ 15°30" E - -

Sodera Ethiopia 824 39°23'E - -

Kordofan Sudan 11°12 29°25'E 5 -

mAsCIRE10, mAsCIRF02, mAsCIRF03, mAsCIRHO1,
and mAsCIRHO09, designed specifically for A. senegal (L.)
Willd. var. senegal. All samples collected were analyzed
using these markers. We used universal chloroplast micro-
satellites to complete the information provided by the nu-
clear microsatellites; 7 CCMP markers described by Weising
and Gardner (1999) and 20 NTCP markers designed by Bryan
et al. (1999) were tested. Genotyping with chloroplast micro-
satellites was performed on a subset of 96 individuals: 12 from
one population in Niger (Téra) and 12 individuals from each
population in the Sudano-Sahelian range. PCR with chloro-
plast microsatellites was performed in duplex, in a 10-ul
reaction mix with 1 pl of DNA (5 ng/ul), 5 pl of Qiagen
buffer, 0.08 ul (10 uM) of each of the two reverse primers,
0.1 ul (10 uM) of each of the two forward primers, and 0.1 ul
(10 uM) of oligos labeled with M13; the volume was com-
pleted with sterile water. All reactions were performed with an
Eppendorf Mastercycler gradient. Optimal amplification con-
ditions were: one 15-min cycle at 95 °C (initial denaturation),
1 min 30 s at 67 °C (annealing), and 1 min at 72 °C

Fig. 1 Location of sampling

sites in the 4. senegal Sudano-

Sahelian range in Africa. Popu-

lations in green were sampled

in their natural range in Niger,

populations in red were sam-

pled in two provenance trials

conducted in Senegal and

Niger. N=number of trees

sampled S

(extension); followed by eight 30-s cycles at 94 °C (denatur-
ation), 1 min 30 s at 65 °C (annealing), and 1 min at 72 °C
(extension); then another 24 cycles as follows: 30 s at 94 °C
(denaturation), 1 min 30 s (annealing) at 51 °C, and 1 min at
72 °C. A final 30-min step at 72 °C ensured full extension of
all amplified products. The PCR products (for nuclear and
chloroplast microsatellites) were analyzed by electrophoresis
on acrylamide gel (LI-COR 4200 sequencer and IR-DNA
analyzer) at the Montpellier Languedoc-Roussillon Genopole
genotyping platform. Genotyping was performed with
SAGAST software (LI-COR, Inc).

Ploidy determination

The number of chromosomes was determined in two stages:
chromosome preparation and in situ hybridization. To be
completely visible and accurately counted, the chromo-
somes must be in metaphase, and for this reason, dividing
tissues have to be used. We chose the root meristem. Seed
dormancy was counteracted by treatment in sulfuric acid for

Sudan

El-Obeid
N=18

Kordofun+

N=33

Sodéra+

N=15
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15 min at 95 °C. The pretreated seeds were then placed on
blotting paper in a Petri dish and incubated for 48 h at 37 °C.
The meristem of young roots was harvested with fine for-
ceps and placed directly in a solution of 0.04 % 8-
hydroxyquinoline for 4 h in the dark. Root meristems were
then fixed in a solution of ethanol/acetic acid (3:1) for 48 h
and stored in 70 % ethanol at room temperature (RT). The
fixed roots were hydrolyzed for 10 min in 0.25 N HCI,
rinsed for 10 min in dH20, and immersed in digestion
buffer (10 mM trisodium citrate dihydrate, 500 mM citric
acid monohydrate, pH 4.5) for 10 min. The distal (1—
1.5 mm) portion of the root tip was then removed with a
fine scalpel and placed in a digestion enzyme solution (1 %
of cellulose Onozuka R-10, 1 % of Pectolyase Y-23, and
1 % cytohelicase in digestion citrate buffer at pH 4.5) at 37 °C.
To optimize incubation, a range of tests was performed, and in
A. senegal, the highest rate of digestion was obtained after
45 min.

Roots were rinsed twice with pure H,O, and then, using a
Pasteur pipette, they were carefully removed and placed on
a watch glass containing pure H,O and left for 60 min. They
were then transferred on a slide previously cleaned with acid
(one root per slide); one drop of 3:1 fixative was added and
the tip was immediately spread out with a fine forceps. After
air drying, the slides were stored at RT.

The principle of in situ hybridization is to allow hybrid-
ization of labeled probes with their target chromosome, to
select only the strong homologies by conducting stringent
washes, and to detect and amplify the signal (Gerlach and
Bedbrook 1979; Salvo-Garrido et al. 2001). Slides were
treated with RNase (1 pg/ml) for 45 min at 37 °C, denatured
for 3 min in a solution of 70 % formamide in 2x SSC at 80 °C,
then dehydrated through an ethanol series (70, 90, and 100 %)
at —20 °C. Probe consisted of pTA 71 (rDNA genes 18 S-
5.8 S-25 S), labeled by random priming (Fisher Bioblock
Scientific) with digoxigenin-11-dTTP. The 18 S-5.8 S-25 S
rDNA sequence was located at the terminal position on the
chromosome and sometimes appeared as satellites. In most
species, it is present on one site per chromosome set, which
makes it a good indicator of ploidy level. The hybridization
mixture (50 pl per slide) consisted of 50 % formamide, 10 %
dextran sulfate, 2x SSC, 1 % SDS, 2 pg/ml labeled probe, and
0.5 pg/ul salmon sperm DNA as a distant competitor to
saturate the sites and avoid nonspecific hybridization. The
hybridization mixture was denatured for 10 min in a boiling
water bath and deposited on each slide. Hybridization was
performed overnight in a moist chamber at 37 °C. After
hybridization, slides were washed for 10 min in 2x SSC,
0.5% SSC, and 0.1x SSC at 42 °C. Labeled probe has to be
amplified to enable detection: 50 ul of detection mix (Anti
Dig FITC 10 ng/ul, BSA 4x SSC Tween was added on each
slide and slides were incubated for 45 min at 37 °C). The
signal was amplified with 50 pul of a mix composed of rabbit-

@ Springer

anti-sheep-FITC (1.5 pg/ul goat serum 4x SSC Tween).
Slides were incubated for 45 min at 37 °C and washed with
a solution of 4x SSC/Tween at 42 °C. Slides were then
dehydrated in an ethanol series (70, 90, and 100 %) and dried.
Finally, slides were mounted in Vectashield antifade solution
(Vector Laboratories) containing 2.5 pug/ml 4',6-diamidino-2-
phenylindole as counterstaining. The slides were examined
under a Leica DMRAX?2 fluorescence microscope and the
images of blue and green fluorescence were acquired sepa-
rately with a cooled high-resolution black and white CCD
camera, ORCA-Hamamatsu 1394. The camera was connected
to a PC running the Volocity software (Perkin Elmer).

Genetic data analysis

As in our samples, the molecular markers and ploidy deter-
mination revealed a mixture of three tetraploids and eight
diploid provenances; we used six additional methods to
analyze genetic variability and structure among populations
of A. senegal. Analyses were performed using two types of
data coding previously used to describe diversity in the case
of polyploids (Sampson and Byrne 2012; Jorgensen et al.
2008; Kloda et al. 2008; Robertson et al. 2010).
Estimating genetic similarity between mixed polyploid
populations with codominant markers remains difficult.
Obbard et al. (2006) suggested combining all alleles
detected at each locus to form multilocus allele phenotypes
for each individual. Allelic diversity was measured as the
total number of alleles over all loci (4), as the number of
different alleles in a given population, averaged over loci (4'),
the percentage of polymorphic loci (P), the information index
(I) often used in studies of polyploid complexes, expected
heterozygosity (H.) corrected for sample size (Nei 1978), the
number of alleles in an individual, averaged over loci (H'), and
the number of different single-locus allele phenotypes ob-
served, averaged over loci (V'p). Computations of these sta-
tistics were performed using Fstat 2.9.3 (Goudet 2001),
SpageDi 1.2b (Hardy and Vekemans 2002), and GenAlex
6.3 (Peakall and Smouse 2006). Student’st tests were used
to test for significant differences between diploid and tetra-
ploid populations for these data. The number of different allele
phenotypes was counted in each population and the average
calculated across loci. Thus, the specific number of alleles
found in eight diploid populations (Ng Di), the specific num-
ber of allele in three tetraploid populations (Ng Tetra), and the
number of common alleles were calculated between diploid
and tetraploid populations. For 11 SSR loci, the variation in
the number of alleles observed is given for the tetraploid
populations from Kordofan, Tendjé, and Sodera. A phylogeo-
graphic pattern occurs when gene copies sampled at nearby
locations carry alleles that are, on average, more closely
related than in gene copies sampled at greater distances from
one another. Phylogeographic structure can be tested with Ryt
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(Slatkin 1995) estimated as Michalakis and Excoffier (1996)
and the software SpageDi.

SSR markers were treated as dominant and were scored
as present (1) or absent (0) for each allele in each individual.
Variations in the data set were visualized using principal
coordinate analysis (PCO) based on the similarity measure
of Dice (1945). The first 72 of the resulting 372 eigenvec-
tors explained 100 % of the variation in the data set, and
these were then analyzed with canonical variate analysis
(CVA) and multivariate analysis of variance in PAST ver-
sion 2.13 (Hammer et al. 2001) following the procedure of
Anderson and Willis (2003), of a priori dividing the speci-
mens into groups according to the 11 provenances of A.
senegal. For the purpose of comparison, Bruvo’s distance
(2004) was also calculated and analyzed by PCA with the
software Polysat (Clark and Jasieniuk 2011). This measure,
which was developed for polyploids, takes the mutational
distance between alleles into account and is advocated if it
can be assumed that no allele from one ancestral allopoly-
ploid genome is within three or four mutation steps of any
allele from the other ancestral genome (Clark and Jasieniuk
2011; Sampson and Byrne 2012).

Pairwise genetic distances (Fs/1—Fgt values) between
pairs of provenances were computed using SpageDi
software with 1,000 replications. The distance tree was
constructed using the neighbor-joining method (Saitou
and Nei 1987) and the robustness of each node was
evaluated using the Seqboot program in the Phylip 3.67
package (Felsenstein 2005). The consensus tree was
visualized with Darwin (Perrier and Jacquemoud-Collet
2006).

The Bayesian method was used to describe the genetic
structure using Structure version 2.3. (Pritchard et al. 2010,
2000). Each cytotype was analyzed separately to avoid
artifacts stemming from analyzing both diploids and tetra-
ploids simultaneously. We tested the admixture and no-
admixture model with a set of K values ranging from 1 to
13 for diploids and one to seven for tetraploids. Five inde-
pendent runs of each K were performed with 200,000
MCMC repetitions and 40,000 burn-in periods. The number
of clusters was determined by combining the recommenda-
tions of Pritchard et al. (2000) and the approach developed
by Evanno et al. (2005).

Analyses of molecular variance (AMOVA) were per-
formed among populations of each cytotype using GenAlex
version 6.3 (Peakall and Smouse 2006). For diploid popu-
lations, the genetic distance matrix was calculated for co-
dominant data using the following rules: for a single locus,
with ith, jth, kth, and /th different alleles, a set of squared
distances was defined as d*(ii, ii)=0, d*(ij, ij)=0, d*(ii, ij)=
1, d*(ij, ik)=1, d°(ij, kI)=2, d*(ii, jk)=3, and d°(ii, jj)=4. For
tetraploid populations, the codominant SSR data were con-
verted into binary data by denoting the presence of the allele

“1”

as and its absence as “0”. Population genetic differenti-
ation was calculated via ¢pp; a measure that allows intra-
individual variation to be suppressed and is therefore ideal
for comparing codominant and binary data when no intra-
individual variation (heterozygosity) is present. Statistical
tests were performed with 10,000 permutations.

Vap

O Vot Vo

Vap and Vyyp are the estimate of variance among and
within populations, respectively.

Differences in genetic diversity between cytotypes were
estimated by calculating and comparing total gene diversity
between diploids (Hrgip) and tetraploids (Hrwr). ANOVA
analyses were performed on / values for the same pur-
pose, with the cytotype as the main effect, using SPA-
GeDi version 1.3 (Hardy and Vekemans 2002) and
Xlstat-Pro (Addinsoft© 1995-2007). Of the 27 chloroplast
microsatellites tested, 11 were shown to be amplified
after the PCR. Among these, only one (CCMPS5, which
in fact amplifies the same microsatellite as NTCP 12)
was polymorphic. Chlorotypes (i.e., a combination of the
different alleles at each locus) were analyzed at the only
polymorphic locus, but it was not possible to calculate
chlorotype diversity and genetic structure parameters due
to the small number of polymorphic loci.

Results
Ploidy variation in A. senegal

In the Tendjé population, 18 metaphases were analyzed, 10
metaphases clearly displayed 52 chromosomes. In eight
metaphases, it was difficult to distinguish all the chromo-
somes because some overlapped; however, these eight meta-
phases showed quite a large number of chromosomes, i.e.,
more than 50. In the Kordofan population, 11 metaphases
were examined of which six unambiguously displayed 52
chromosomes (Fig. 2) and five metaphases displayed be-
tween 49 and 51. In the control population from Téra, six
metaphases were counted and unambiguously displayed 26
chromosomes. In populations with 52 chromosomes, four
rDNA sites were identified (Fig. 2a). This was interpreted as
being due to the presence of four copies of one locus (i.e.,
four chromosomes), confirming that these populations are
tetraploids 2n=4x=52. In the control population, only two
rDNA sites were indentified (Fig. 2b).

Within-population and within-ploidy genetic diversity

A total of 117 alleles were amplified from the 11 SSR loci.
All 11 loci were found to be highly polymorphic and very
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Fig. 2 In situ hybridization of the rDNA probe (pTA 71) to chromo-
some preparations of 4. senegal counterstained with DAPI. a Samples
from the Tendjé population are tetraploid with 2n=4x=52 chromo-
somes; b samples from Téra population are diploid with 2n=2x=26
chromosomes. Green fluorescence (FITC), indicated by arrows, shows
hybridization of pTA 71 probe to rDNA site

simple to score in eight populations (Bader, Kidira, Kiki, El
Obeid, Somo, Tabé, Téra, and Tourba) which presented only
one allele (homozygote) or two alleles (heterozygote) in all
individuals (general mean=1.49+0.50). In the populations
from Kordofan, Sodera, and Tendjé, the 11 loci were also
found to be highly polymorphic and the number of alleles
varied between one and four (general mean=2.51+0.85).
This is more problematic because in the case of two or three
alleles, the genotype is not fully resolved (Table 2). Diploid
and tetraploid populations presented 37 and 23 specific
alleles, respectively. In the tetraploid provenances of A.
senegal, the frequencies of the specific alleles ranged from
0.5 to 53.4 %. Five loci (E08, F02, E06, C07, and HO1)
displayed a total number of specific alleles ranging from 6 to
13, the maximum frequency was observed at locus EO8 in
tetraploid populations, and at locus E06 in diploids, the
latter locus displayed a high frequency of specific alleles
both in diploids and tetraploids. Among the tetraploids, one
locus (E07) in the Sodera population and three loci (E07,
B09, and E10) in the Kordofan population were monomor-
phic (Table 2). Fixed heterozygosity was observed in this
cytotype (Fig. 3) at all the other remaining loci.

The mean number of alleles per locus ranged from 3.46
to 5.18 and from 2.55 to 4.09 in 2x and 4Xx, respectively
(Table 3). The genetic diversity was highly significant be-
tween diploid and tetraploid populations for A" and P and
significant for / and N',. Diploid populations presented a
higher percentage of polymorphic loci and a higher infor-
mation index than tetraploid populations, but a smaller
number of alleles in an individual and of different single-
locus allele phenotypes than in tetraploid populations. Com-
parison of H, among populations revealed no significant
differences within each cytotype.
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The phylogeographic signals within and among popula-
tions were not significant; the p value was 0.08 and 0.09 for
the global Rgr and the slope of pairwise Rgr, respectively.
Distinct alleles were not more closely related to nearby
populations than to distant populations.

Among 11 universal chloroplast microsatellites, only one
was polymorphic with two different alleles, and this varia-
tion was checked by sequencing. Two tetraploid populations
(Sodera, Ethiopia and Tendjé, Mali) had two alleles whereas
all the diploid populations and one tetraploid population
(Kordofan, Sudan) had one and the same allele (Fig. 4).
This allele was rare in the Sodera and Tendjé populations.

Population differentiation and genetic structure

PCO analysis of all samples separated tetraploid A. senegal
from diploid 4. senegal along axis 1 (spanning 15.7 % of the
total variation; Fig. 5). The eight diploid provenances
formed only one group. Axis 2 (14.8 %) separated the
tetraploid populations from Kordofan and Sodera. Axis 3
(8.2 %) separated the tetraploid population from Tendjé.
Diploids were distinguished from tetraploids, except one
individual from Tendjé, which clustered with a few individ-
uals from Téra, El Obeid, and Kiki populations. CVA anal-
ysis (data not shown) separated the four previously defined
groups completely and significantly (Wilk’s lambda=9.42
E-5; Pillai trace=4.2 were highly significant). PCA based on
Bruvo’s genetic distance (2004) separated the diploid and
tetraploid populations more clearly (Fig. 6).

The phylogram of 11 provenances of 4. senegal based on
pairwise Fg1/1—Fgr clearly separated provenances from
Kordofan, Tendj¢, and Sodera with a p value=1. The prov-
enances from Niger and Mali grouped together and were
located further away from provenances from Senegal, Chad,
and Sudan (Fig. 7). Moreover Wright’sF' statistics Fgt
(Wright 1951) showed that differentiation was greater be-
tween tetraploid populations than between diploids, indicat-
ing that more gene flow occurred in the latter. Fig and Fst
were higher in tetraploids than in diploids (mean Fig equal
to —0.566+0.044 and —0.005+0.027, mean Fgr equal to
0.353+0.034 and 0.095+0.014, respectively, for tetraploids
and diploids). According to the results of AMOVA (Table 4),
in which cytotypes were analyzed separately, up to 83 %
(»<0.001) of total variation was found within diploid
populations, whereas in tetraploid populations, only 7 %
(»<0.001) of variation was found within populations.
Most of the variation was divided among populations.
When ploidy level was analyzed, up to 21 % (p<0.001)
of the variation was distributed among diploids and tet-
raploids, 29 % among populations, and 50 % within
populations.

When populations were analyzed with Structure soft-
ware, the two models, admixture and no-admixture, gave
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Table 2 Number of alleles found among 364 trees of Acacia senegal revealed by 11 SSR loci

Locus name GenBank accession no. Na Ns Di (%) Ng Tetra Nc Kordofan® Sodera® Tendjé® Mean tetraploid
E08 FM883650 16 6 (7.4) 7 (53.4) 3 2.00 3.07 3.22 2.72
F03 FM&883651 9 3(9.0) 0 (0.0) 6 2.00 2.73 1.97 2.12
E07 FM883644 5 1(0.5) 1 8.1 3 1.00 1.00 3.91 2.26
E10 FM883645 5 0 (0.0) 2 (16.7) 3 1.00 3.00 297 2.17
F02 FM883652 16 5(5.3) 6 (32.9) 5 3.00 2.00 297 2.81
HO09 FM883649 10 3(22) 0 (0.0) 7 2.00 3.67 2.00 2.30
E06 FM883647 12 6 (34.8) 2 (40.3) 4 3.00 2.00 3.00 2.82
B09 FM883654 5 1(0.4) 2 (15.6) 2 1.00 1.93 1.97 1.58
B10 FM883648 12 1(0.8) 1 (0.5) 10 297 2.69 297 2.93
Co7 FM883653 12 5(10.7) 1 (15.6) 6 3.03 2.07 2.03 243
HO1 FM883646 15 6 (19.5) 1(7.8) 8 3.00 3.33 3.88 3.43
Mean L 2.19 2.52 2.80 2.51

N, number of alleles found for each locus, Ng Di specific number of alleles found in eight diploid populations (Bader, Kidira, Kiki, El Obeid, Somo,
Tabé, Téra, and Tourba) for each locus and (percent) is the cumulated frequency of the specific alleles, Ng Tetra specific number of allele in three
tetraploid populations (Kordofan, Sodera, and Tendjé) for each locus and (percent) is the cumulated frequency of the specific alleles, N number of

common alleles shared between diploid and tetraploid populations

#For 11 SSR loci, variation in the observed number of alleles is given for the tetraploid populations (Kordofan, Tendjé, and Sodera)

the same results. In diploid populations, the In[Pr(X|K)] of
the software and the magnitude of AK calculated with the
method of Evanno et al. (2005) gave the same K value for
four populations (Fig. 8a). Two neighboring populations
from Niger (Bader and Tabé) were grouped in the same
cluster. Three populations from Senegal (Kidira), Chad
(Tourba), and Sudan (El Obeid) formed the second cluster.
The third cluster mainly comprised Téra from Niger, and the
two remaining populations, Kiki from Niger and Somo from
Mali, were shared between the third and the fourth cluster
(Fig. 8c). Although the four clusters were relatively easy to
distinguish, more individuals were shared between them.
This is in agreement with the results obtained with Fgr
(0.09) estimates indicating gene flow among diploid popu-
lations. Concerning tetraploids, optimal partitioning of indi-
viduals was obtained with K=3 (Fig. 8b). The three

1.200
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0.600

@Diploids
mKordofan
H OSodera

|| OTendje

0.400 -
0.200 +

Frequency of heterozygotes

Locus name

Fig. 3 Frequency of heterozygotes at 11 loci in diploid 4. senegal
populations (the average is given) and in each of the tetraploid
(Kordofan, Sodera, and Tendje) populations

populations clearly differed from one another in their allelic
composition (Fig. 8c). Only the Tendjé population from
Mali included some individuals from Sodera in Ethiopia.
This confirmed Fgt (0.353) results for tetraploids.

Discussion
Genetic diversity of diploids and tetraploids

The H, values (Table 3) of diploid populations showed that
the genetic diversity of A. senegal is comparable with that of
other forest species, as already revealed using the same
types of markers (England et al. 2002; Novick et al. 2003;
Omondi et al. 2010). Expected heterozygosity (H,) and total
gene diversity (Wright) were higher in tetraploids than in
diploids, whereas the mean number of alleles per locus (4),
the percentage of polymorphic loci (P) and the Shannon
index (/) were higher in diploids. Under a neutral model of
evolution (i.e., assuming population sizes and histories are
equal and equilibrium between genetic drift and mutation
has been reached), one would expect genetic diversity to be
higher in tetraploids than in diploids (Moody et al. 1993).
Some authors (Soltis and Soltis 1989; Brown and Young
2000; Hardy and Vekemans 2001; Luttikhuizen et al. 2007)
reported higher genetic diversity in outcrossing autotetra-
ploids than in their diploid counterparts. Hry; could be
higher due to effective population size, which is larger in
tetraploids, as each individual harbors twice the number of
gene copies. However, Hr could also be higher due to the
larger number of alleles collected in tetraploid populations
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Table 3 Statistics of genetic variation within diploid and tetraploid populations of 4. senegal from the Sudano-Sahelian range revealed by 11 SSR

loci
N A? A? pP* I* H? H'* N x* Hr

A. senegal diploid

Bader 60 60 5.45 100 0.154 0.502 1.50 10.64

Kidira 20 39 3.54 91 0.112 0.423 1.51 4.64

Kiki 32 58 5.27 91 0.155 0.534 1.52 8.27

El Obeid 18 46 4.18 82 0.124 0.478 1.50 591

Somo 19 38 3.46 91 0.109 0.422 1.40 4.55

Tabé 22 42 3.82 91 0.118 0.430 1.45 5.36

Téra 86 57 5.18 100 0.149 0.505 1.49 10.45

Tourba 23 41 3.73 82 0.120 0.430 1.47 5.27

Mean 47.6 4.30 91 0.130 0.466 1.49 6.89 0.53
A. senegal tetraploid

Kordofan 33 28 2.55 11.6 0.017 0.430 2.19 1.55

Sodera 15 43 391 30.4 0.093 0.578 2.52 2.55

Tendjé 36 45 4.09 43.5 0.100 0.577 2.80 2.82

Mean 38.7 3.52 28.5 0.070 0.528 2.51 2.30 0.73
Overall mean 43.1 3.93 1.76 5.64 0.61

N individual sample size, 4 total number of alleles from all loci, 4" number of alleles per locus observed in the population, averaged over loci, P
percentage of polymorphic loci, / information index (I = — > p; Inp;), H, gene diversity corrected for sample size (Nei 1978), H' number of alleles
observed in an individual, averaged over loci, N, number of different single-locus allele phenotypes observed, averaged over loci, Hy total gene

diversity

*p<0.001; **p<0.05 (significant Student’s? test between diploid and tetraploid populations)

# p value not significant

than in diploid ones. But in A. senegal, Hyw; (0.73) was
higher than Hrgi, (0.53), while A4, (4.6) was higher than
Ay (3.6). So the greater diversity found in 4. senegal
tetraploids is not linked to the number of alleles but to fixed
heterozygosity, which was observed at almost all loci in
each tetraploid population (Fig. 3). Results shown by chlo-
roplast microsatellites suggest that populations diverged
recently as 1 locus out of 11 was seen to be polymorphic
and all diploid populations had a single allele. Two alleles
were found in tetraploids and two populations (Sodera and
Tendjé) had these two alleles, whereas one population

Fig. 4 Chlorotype variation in
the 4. senegal Sudano-Sahelian
range in Africa. Chlorotypes
were analyzed with one poly-
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Somo

(Kordofan) had only one allele that was the same as the
one in the diploid populations. This result shows that the
three tetraploid populations do not share the same cytoplasm
and consequently are not of the same origin. This result
implies that at least one tetraploid population is allotetra-
ploid, which is consistent with the fixed heterozygosity
observed using nuclear microsatellites. Some loci displayed
a bimodal distribution of alleles (data not shown). One mode
was alleles shared by diploids and tetraploids and the other
mode was private alleles in tetraploids, knowing that each
tetraploid population has its own private alleles. This result
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Fig. 5 PCO analysis of 364 trees, from 11 provenances in the natural
range of A. senegal, based on 11 microsatellite loci and Dice’s
similarity

suggests tetraploids have multiple origins, probably with 4.
senegal as one parent and the other parent coming from
another species or variety, probably within the 4. senegal
complex. Given that similar diploid relatives of 4. senegal
species are known, allopolyploidy is possible.

If tetraploid A. senegal are allotetraploids, expected het-
erozygosity H, is no longer a suitable parameter for com-
paring levels of genetic diversity between diploids and
tetraploids because of disomic inheritance and fixed hetero-
zygosity. In this case, we can only use the mean allele
number per locus (4), the percentage of polymorphic loci
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Fig. 6 Principal coordinate analysis (PCA) of Bruvo’s genetic distance
(Bruvo et al. 2004) between 11 provenances of 4. senegal

(P), and the Shannon index (/) to compare the two cyto-
types, and these parameters are higher in diploids. In the
case of allotetraploids, Bruvo’s genetic distance (Bruvo et
al. 2004) clearly separated all the tetraploid provenances,
also supporting the hypothesis that no allele from one an-
cestral allopolyploid genome is within three or four muta-
tion steps of any allele from the other ancestral genome. But
this hypothesis still needs to be confirmed. Hence, tetraploid
A. senegal showed lower genetic diversity than diploid 4.
senegal. Lower genetic diversity might be harbored by
recently formed polyploid populations if polyploid forma-
tion is a rare and/or recent event (Wagner 1970). When
polyploids formed only recently, they started out with lim-
ited genetic diversity, and it would take a considerable
amount of time to reach equilibrium between mutation and
drift, and hence higher levels of genetic diversity. Popula-
tion bottlenecks associated with the recent establishment of
a new population would also have led to loss of genetic
diversity in tetraploids. Each of these events would result in
lower genetic diversity in A. senegal tetraploids than in
diploids. But this hypothesis should be considered with
caution as tetraploid samples were collected in two prove-
nance comparison trials. For SSR genotyping, our sample
comprised 15 % from Sodera and around 4 % from Tendjé
and Kordofan. In our samples of these three provenances,
tetraploidy observed by SSR genotyping was confirmed by
chromosome counting in 15 descendants of each prove-
nance. Even though some provenances displayed high rates
of tetraploidy, it is difficult to affirm that all the populations
are tetraploids. In natural populations, both diploids and
tetraploids may coexist and a provenance seed lot may show
a different rate of polyploidy than that found at natural sites.
Furthermore, the distribution of tetraploids observed sug-
gests that they are likely to have multiple independent
origins, potentially through hybridization with different lo-
cal parent species. The fact that different chloroplast haplo-
types were found in tetraploid samples suggests that this is
the case and that earlier reporting of Acacia laeta as a
triploid hybrid is the first observed case of polyploidy in
this complex. More intensive sampling in the entire natural
Sudano-Sahelian range is required to improve these results.

Gene dispersal efficiency of diploid and tetraploid 4.
senegal

Fis did not significantly differ from zero in diploids whereas
it was highly significant and negative in tetraploids
(F1s=—0.56) reflecting an excess of heterozygotes that
could be explained by self-incompatibility or asexual
reproduction. Accordingly, either there was no break-
down of the self-incompatibility system in A. senegal
in response to low hybrid fitness (Petit et al. 1999) or
these populations are still in the process of asexual
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Fig. 7 Neighbor-joining
phylogram based on pairwise
Fs1/1—Fgr value calculated
with SpageDi software for 11
natural provenances of A.
senegal. The robustness of each
node was evaluated by
bootstrapping data over loci for
1,000 replications

Tourba

Somo

Tabé

Kidira

El Obeid

Tendjé

Sodera

reproduction (e.g., apomixis), which may enable poly-
ploids to survive until conditions become favorable.
Such a situation allows ecological speciation (Hegarty
and Hiscock 2008).

Population differentiation and genetic structure were not
the same in diploid and tetraploid 4. senegal in the Sudano-
Sahelian belt. The high Fgy value (Fst=0.35) among tetra-
ploids was confirmed by the dendrogram (Fig. 7), while
differentiation among diploids was shown to be weak
(Fs1=0.09). This result suggests that diploid and tetraploid

Kordofan

A. senegal do not have the same gene dispersal capabilities.
But to draw such a conclusion, it has to be assumed that
migration—drift equilibrium has been reached by both cyto-
types, whereas the above analyses of genetic diversity sug-
gest that equilibrium has not yet been reached in tetraploid
populations. According to the results of AMOVA, the pro-
portion of gene diversity distributed within diploid popula-
tions is larger than that distributed between them, whereas in
tetraploid populations the reverse is true, only 7 % of diver-
sity was shared by tetraploids and only 21 % of variation

Table 4 Hierarchical analysis of molecular variance showing the partitioning of genetic variation among and within populations of A. senegal

diploids and tetraploids

Source of variation df SS MS Est. var. Percent dpr
Diploids

Among population 7 300.219 42.888 1.104 17 0.169%*
Within population 283 1533.480 5.419 5.419 83

Tetraploids

Among population 2 937.257 468.628 17.465 93 0.92%*
Within population 82 113.958 1.390 1.390 7

Diploids and tetraploids

Among cytotypes 1 516.748 516.748 2.843 21 0.50*
Among population 9 1185.777 131.753 3918 29

Within population 356 2403.758 6.752 6.752 50

The analyses were performed on the ¢pr distance matrix of codominant data for 2x populations, and on binary SSR data (absence “0” and presence

“1” of a given allele) for 4x populations, with 10,000 permutations

df degree of freedom, SS sum of squares, MS mean squares, Est. var. estimate of variance, percent percentage of total variation (in percent)

#p<0.001
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Fig. 8 Bayesian inferences of the K clusters estimated with Structure
using the no-admixture model. a 4. senegal 2x and b A. senegal 4x. In
[Pr(X|K)] and AK values are plotted against K to identify the most
probable K in each cytotype. In diploid populations (a), four clusters of
genotypes were identified, whereas in tetraploid populations (b), three

was observed among cytotypes. Taken together, these
results suggest that diploids and tetraploids are reproduc-
tively isolated. As is generally true in polyploid complexes,
partial barriers to intercytotype gene flow may explain these
patterns of variation (Gauthier et al. 1998; Husband and
Schemske 1998, 2000). Gene flow may occur through inter-
cytotypes via the fertilization of a tetraploid by unreduced
gametes from a diploid and/or via backcrosses between a
hybrid triploid and one parental cytotype (Ramsey and
Schemske 1998) or through the recurrent formation of tetra-
ploids from existing diploid species (Soltis et al. 1993). The
latter hypothesis appears to correspond to 4. senegal tetra-
ploids as they are highly differentiated and do not have the
same cytoplasm. Some studies of polyploid plants emphasized
that the formation of polyploids is a continually repeated
process, at rates close to those of genic mutation (Ramsey
and Schemske 1998), and Soltis and Soltis (2000) stressed that
multiple origins of polyploids is the rule rather than the
exception. The recurrent formation of polyploids within a

e

2 1 2 3

clusters of genotypes were identified. ¢ Inference of individuals in
clusters. Clusters are represented by colors, and individuals are repre-
sented by columns. In each column (individual), the extent of the
component colors indicates the magnitude of the membership of each
cluster

species can create a mosaic of existing diploid populations
and provide independently established polyploid populations
throughout the range of the species concerned (Soltis et al.
1993). The establishment of newly formed polyploids will
depend on their ability to either colonize new habitats or to
persist in sympatry with the parental populations. In the latter
situation, they can suffer from the “minority cytotype disad-
vantage” (Husband 2000), whereby mating opportunities with
other polyploids or backcrosses with one or both parental taxa
will be rare. Allopolyploids may have more success in estab-
lishing themselves than autopolyploids thanks to their hybrid
origin, which allows them to easily overcome barriers such as
competition with progenitor species (Baack and Stanton 2005;
Rausch and Morgan 2005). Polyploids may also become
established if they are able to occupy new habitats where the
progenitor taxa are not present. To identify the strategy used
by tetraploids A. senegal, further investigations with an ap-
propriate sampling plan will be required to address the many
questions raised by the present study.
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Occurrence of tetraploids in A. senegal

Polyploidy, i.e., the possession of more than two basic
chromosome sets in nuclei, is regarded as a major force
driving plant evolution and speciation (Grant 1981;
Levin 2002; Rieseberg and Willis 2007). It is estimated
that about 50 % of angiosperms are polyploids (Grant
1981; Masterson 1994), and cytogenetic studies indicate
that many diploids were in fact previously polyploids
(Leitch and Bennett 1997). This study is the first report
of tetraploidy in 4. semegal and this finding confirms
the difficulty involved in delimiting the species. In
addition to wide individual variability, 4. semegal is
able to hybridize naturally with other species and pro-
duce new viable tetraploid offspring or new viable and
fertile diploid species. A. laeta, which has 2n=39 chro-
mosomes, is a triploid hybrid between A. senegal var.
senegal x Acacia mellifera subsp. mellifera (Khan 1951;
El Amin 1976; Ross 1979), even though both presumed
parents are diploid. The occurrence of tetraploids in A.
senegal could fuel the ongoing debate about the new
systematic of the genus Acacia (Maslin et al. 2003;
Newmaster and Ragupathy 2009).

Several questions arise including the origin of A.
senegal tetraploids. The results of our molecular analy-
ses suggest the occurrence of allopolyploidy. Allopoly-
ploids represent permanent hybrids and possess the
genes and gene products of both diploid progenitors.
They thus have the capacity to produce novel heterodi-
meric proteins that are not produced by either diploid
parent (Soltis et al. 2004). If 4. senegal tetraploids are
allotetraploids, gum arabic (i.e., water soluble proteina-
ceous polysaccharides) from different tetraploid popula-
tions may differ in composition and hence in quality. A
number of molecular studies at the genetic, transcrip-
tional and epigenetic levels have provided insights into
possible mechanisms behind the phenotypic variability
of polyploid species (Hegarty and Hiscock 2008).
Importantly, recent evidence from proteomic studies
suggests that the protein level is impacted by transcrip-
tional changes observed in microarray experiments.
While studying synthetic Brassica allopolyploids, Albertin
et al. (2007) identified several proteins (305 in the stem, 200
in roots) that displayed nonadditive changes to translation
compared with the parental taxa.

The impact of polyploidy on the population phenotype is
potentially vast and polyploidy is often accompanied by
adaptive advantages (Soltis et al. 2004; Prentis et al.
2008). Field-based model experiments should allow the
adaptive significance of A. senegal tetraploids to be demon-
strated, and future studies of association genetics are thus
required to determine whether the genetic variability ob-
served in tetraploids is indeed adaptive.

@ Springer

Conclusion

The present study revealed the presence of tetraploids in A.
senegal. We compared genetic diversity and structure
among populations and cytotypes within the polyploidy
complex. Based on the results of our analyses, a significant
fraction of diversity in this species is found in diploid
populations. When these populations are maintained across
the natural distribution range, the generation of new tetra-
ploid lineages is possible. Once several polyploidy popula-
tions have been established, mating among polyploids of
independent origin can create novel genetic combinations
that may subsequently increase genetic diversity of A.
senegal. These results are only based on our sample but
nevertheless add a new level of complexity to gum trees.
They also raise questions whose answers could influence
sustainable management of genetic diversity, genetic im-
provement, and the productivity of the gum belt. Exact
knowledge of the original genetic pool and its variation
is crucial for effective management as well as for genetic
improvement of A. senegal. Larger-scale studies are now
needed to better understand the origin and extent of
tetraploid populations in this complex of this species.
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