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Abstract

Determining the extent and distribution of genetic diversity is an essential component of

plant breeding. In the present study, we explored the genetic diversity and population struc-

ture of Vernonia amygdalina, a fodder, vegetable and medicinal species of Africa and some

parts of Yemen. Most empirical studies demonstrate that populations that are separated by

geographic or ecological factors may experience genetic differentiation resulting from

restricted gene flow between populations. A total of 238 individuals were sampled from two

populations: i) Lake Victoria crescent (LVC) and ii) Southern and Eastern Lake Kyoga basin

(SEK) agroecological zones of Uganda and genotyped using DArT platform. Of the two pop-

ulations, the overall mean observed heterozygosity (Ho) was low to medium (Ho = 0.07[sili-

coDArTs] and 0.2[SNPs]). Inbreeding levels were also very low (-0.04 to -0.08) suggesting

the presence of random mating. Partitioning of genetic structure in the two populations indi-

cated that SEK exhibited a higher genetic diversity than LVC. The principal coordinates

analysis (PCA) showed no geographical structuring, consistent with the low genetic differen-

tiation (Fst = 0.00) and the low Euclidean genetic distance (1.38–1.39) between the LVC and

SEK populations. However, STRUCTURE analysis with admixture models revealed weak

possible genetic clusters with very small genetic distance among them. Overall, the results

suggest low genetic diversity and weak genetic differentiation between the two populations.

One possible explanation of the results could be the presence of human assisted gene flow

over long distances.

Introduction

Population genetic theory predicts that geographic distance will cause genetic differentiation

among populations on the landscape, implying that populations that are near each other will

often be more genetically similar, while distant populations are often more divergent [1, 2].

Geographic distances can limit allele exchange, for example through constraining seed and

pollen dispersal in plants, producing geographically structured genetic variation [3, 4]. Various

studies have showed the existence of correlations between genetic differentiation and geo-

graphic distance in many types of organisms [5, 6]. Genetic differentiation could be driven by
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natural forces even though current anthropogenic activities have caused a breakdown in struc-

tural connectivity (area and spatial configuration of habitats). By studying DNA sequence data

from natural populations, research has begun to elucidate how these natural and anthropo-

genic processes are impacting on functional connectivity (gene flow) and genetic diversity of

populations and hence their long-term survival.

Molecular markers have increasingly become popular as neutral tools for measuring genetic

diversity and population structure [7, 8]. Genome reducing techniques such as Diversity Array

Technology (DArT) (http://www.diversityarrays.com/) have improved the rate of genotype

calling and the ability to sequence more samples for less cost [9]. Genotyping-by-sequencing

(GBS) platform DArTSeq utilises Next-Generation-Sequencing to unravel the most informa-

tive representations of genomic DNA and thereby simplify marker discovery. DArTseq pro-

duces dominant (SilicoDArT) and co-dominant (SNP) markers that have been successfully

applied for genetic structure analysis in several crops [10–12]. The markers allow the charac-

terisation of population structure without prior knowledge of the genome or diversity [12–14].

Single nucleotide polymorphisms (SNPs) and SilicoDArT markers have become more popular

for genetic analysis since they are ubiquitous in eukaryotic genomes and are bi-allelic in nature

[15–18]. Therefore, using such molecular markers to characterise the genetic diversity of plant

populations of interest can provide an efficient guidance for conservation.

Vernonia amygdalina Del (Asteraceae) (2n = 40) is a small perennial shrub growing pre-

dominantly in tropical African countries and some parts of Yemen on the Arabian Peninsula.

It has dark green leaves and a rough bark, with height of up to 10 m. Its flowers are bisexual,

regular, numerous, and strongly exserted (https://uses.plantnet-project.org/en/Vernonia
amygdalina (PROTA)). The flower of Vernonia is considered to exhibit protandry, which

imposes allogamy on this plant [19]. Vernonia amygdalina leaves, bark and roots are harvested

for treatment of amoebic dysentery, gastrointestinal disorders, antimicrobial and antiparasitic

activities [20, 21]. It is cultivated in some West African countries, where it is also consumed as

a green leafy vegetable [20]. In Uganda, Vernonia amygdalina is especially important in the

treatment of malaria [21], and accordingly several studies have documented the antimalarial

properties of the different plant parts [20, 22]. Vernonia amygdalina has also been used to treat

syphilis, ulcers, liver problems, tuberculosis, cough, abdominal pain, wounds, hernia and head-

ache [21], hence it is important for bioprospecting.

In Uganda, Vernonia amygdalina occurs naturally in forest margins, woodlands and grass-

lands. It often occurs in disturbed localities such as abandoned farmland and can be found

growing spontaneously in secondary forests [23]. Although no harvesting rates for this species

have been estimated, various studies have shown that V. amygdalina is the most preferred spe-

cies for malaria treatment in most parts of Uganda, including the study areas [21, 24]. This

indirectly has an implication on the demand and, hence harvesting. In addition to its medici-

nal uses, it is also an important fodder species for domestic and wild animals in Uganda [25].

However, given the threat to natural areas from anthropogenic and non-anthropogenic causes,

ex-situ conservation of this species is required. Since degradation of habitats has potential

threats to the genetic integrity of most species, establishing the genetic structure of V. amygda-
lina can help to establish appropriate conservation, management, and sustainable utilization

strategies [4, 26–28].

In spite of the high interest for Vernonia amygdalina among rural communities due to its

therapeutical action on both bacterial and protozoal parasites [29], little is known on its popu-

lation structure and genetic variation in Uganda. In the present study, genotyping-by-sequenc-

ing (GBS) using the DArTseq platform was used to genotype two geographically separated

populations of Vernonia amygdalina in Uganda. The objectives were: 1) to assess genetic diver-

sity in the two geographically isolated populations using SilicoDArT and SNP markers; 2) to
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investigate spatial genetic structure of V. amygdalina. We hypothesize that the geographical

and ecological separation of V. amygdalina may cause genetic differentiation due to restricted

gene flow between populations.

Materials and methods

Plant material

Leaf samples were collected from trees in two agroecological zones; the Lake Victoria crescent

(LVC, n = 120) and Southern and Eastern Lake Kyoga basin (SEK, n = 122), with specific coor-

dinates, where samples were collected in S1 Table. The two populations will henceforth be

referred to as LVC and SEK respectively. The geographical distance between the two sampling

sites is approximately 353 km (Fig 1). Up to three young leaves were harvested from selected

plants using a pair of scissors, which were cleaned with ethanol between each successive sam-

pling. The sampled plants were at least 100m apart. The leaf samples were also cleaned using

ethanol and immediately placed in a Ziplock bag with silica gel. The bags were stored in a cool

box. The samples in silica gel were sent to Biosciences Eastern and Central Africa (BecA-ILRI)

hub in Nairobi for DNA extraction.

DNA extraction and DArTseq genotyping

DNA extraction was done on individual samples using Nucleomag plant genomic DNA

extraction kit (Macherey-Nagel). The genomic DNA extracted was in the range of 50–100 ng/

ul. DNA quality and quantity were checked on 0.8% agarose gel.

DNA was sent to Diversity Arrays Technology Pty Ltd laboratories in Canberra, Australia

for sequencing using the HiSeq 2500 following the protocol optimised for V. amygdalina.

DNA samples were processed individually in digestion/ligation reactions using a combination

of PstI and HpaII Restriction Enzymes (RE) as described ealier [9, 12]. Briefly, mixed frag-

ments” (PstI-HpaII) were amplified in 30 rounds of polymerase chain reaction (PCR) using

Fig 1. Map of Africa showing the location of Uganda and the map of Uganda showing the sites within the Lake

Victoria crescent (LVC) and Southern and Eastern Lake Kyoga basin (SEK) agroecological zones where V.

amygdalina (inset) samples were collected. The maps were generated in R.

https://doi.org/10.1371/journal.pone.0283563.g001
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the following reaction conditions: 94˚C for 1 min, 30 cycles of; 94˚C for 20 sec, 58˚C for 30

sec, 72˚C for 45 sec, followed by a final hold of 72˚C for 7 min.

After PCR, equimolar amounts of amplification products from each sample of the 96-well

microtiter plate were bulked and applied to c-Bot (Illumina) bridge PCR followed by sequenc-

ing on Illumina Hiseq2500. Sequences generated from each lane were processed using proprie-

tary DArT analytical pipelines. SNP markers were aligned to the reference genomes of

Chickpea_ICC_v2, Grape_v8 in the National Centre for Biotechnology Information (NCBI) in

order to identify chromosome positions. The BLASTN algorithm with an e-value� 5e-7 and

an identity percentage of> = 90% was used. SilicoDArTs were scored as "dominant" markers,

with "1" = Presence and "0" = Absence of a restriction fragment with the marker sequence in

genomic representation of the sample. SNPs were scored as codominant markers with 0 for

the homozygous allele aa, 1 for the heterozygous allele Aa and 2 for the homozygous allele AA.

Finally, identical sequences were collapsed into “fastqcoll files”. The markers were tested for

reproducibility (%)–the proportion of technical replicate assay pairs for which the marker

score exhibited consistency; call rate (%)–the success of reading the marker sequence across

the sample; polymorphism information content (PIC)—the degree of diversity of the marker

in the population and the usefulness of the marker for linkage analysis; and one ratio–the pro-

portion of the samples for which genotype scores equalled ‘1’.

Genetic diversity analyses

The data were filtered using the dartR v 1.9.9.1 package [30] in R to remove all SNPs and silico-

DArT markers that had > 5% missing data and individuals with > 10% missing data. Markers

with a reproducibility score (RepAvg) < 100% were also removed as well as those that origi-

nated from the same fragment. Non-informative monomorphic markers including those with

missing data were also removed. SNPs with a minor allele frequency (MAF) of< 1% were also

discarded. MAF filtration was not done for presence/absence silicoDArT. Markers that could

be adaptive were not excluded from the analysis [31]. The raw SNP data were deposited in fig-

share (10.6084/m9.figshare.21829035).

Analyses were done on the silicoDArT and SNP markers that were retained after the filtra-

tion above using the two populations (LVC and SEK). All genetic diversity indices were esti-

mated using the R package “ADEGENET” [32]. The R package ADEGENET uses discriminant

analysis of principal components to allow for data dimensionality reduction in large genomic

datasets. The following diversity indices were therefore computed to illustrate the overall

genetic divergence among the subpopulations: observed (Ho) and expected heterozygosity

(He), total gene diversity (Ht), genetic differentiation (Fst) and population inbreeding coeffi-

cient (Fis). Marker allele frequency–the frequency at which the second most common allele

occurs in a given population [33], was also computed as the number of minor alleles in the

population/total number of alleles in the population. The allelic richness (number of alleles in

a population) and Shannon information index were also estimated using dartR package.

Genetic distances were based on the Euclidean distance measure.

Population structure analyses

To explore the geographical structuring of the genetic variation among individuals, a super-

vised principal coordinate analyses (PCoA) using dartR was used. PCoA was performed sepa-

rately on the SNP and SilicoDArT datasets. To further examine the genetic structure of the

populations that could be independent of geographical location, an unsupervised model-based

Bayesian clustering was conducted using STRUCTURE 2.3.4 software using only SNP mark-

ers. The STRUCTURE program uses a Markov Chain Monte Carlo (MCMC) algorithm to
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cluster individuals into genetic populations on the basis of multilocus genetic data [34]. The

analysis was run separately for silicoDArT and SNPs. Numbers in the range from 1 to 10 were

assumed for K, since the micro-genetic structure of the species is unknown. The initial burn-

in period, for each run, was set to 100,000 with 100,000 Markov chain Monte Carlo (MCMC)

iterations [35]. This was replicated 5 times. The admixture model was applied without using

any prior population information. To find the optimal value of K, the number of clusters (K)

was tested in the range from 1 to 10, and were then plotted against ΔK in STRUCTURE HAR-

VESTER [36] to identify the most likely value of K. The 10 runs of the optimal value of K were

summarized using CLUMPP [37]. Further genetic analyses were explored based on clusters

instead of geographically defined populations. Analysis was done up to the K value when all

individuals were confidently placed in a cluster.

Results

SilicoDArT and SNP detection in V. amygdalina
A total of 8088 and 5429 silicoDArT and SNPs markers respectively were generated from 234

individuals of V. amygdalina. The call rate of the silicoDArT markers (average = 0.97) was

higher than that of SNP markers (average = 0.78). Similarly, the reproducibility of the silico-

DArT markers was higher (averaged to 1.0) than that of the SNP markers (average = 0.98).

However, the average one ratio estimated for silicoDArTs (0.22) was similar to the SNPs (0.21)

(Table 1).

Genetic diversity

The PIC value for SilicoDArT markers ranged from 0.02–0.5 (average = 0.08) and was lower

than that of SNPs (range = 0–0.50, average = 0.21) for unfiltered data. The proportion of infor-

mative markers was higher for SNPs than silicoDArTs (Fig 2).

Table 1. Minimum, maximum and average of marker quality parameters assessed for silicoDArTs and SNPs.

silicoDArTs SNPs

Min Max Average Min Max Average

Call rate 0.80 1.00 0.97 0.36 1.00 0.78

One ratio 0.00 1.00 0.22 0.00 1.00 0.37

Reproducibility 0.95 1.00 1.00 0.90 1.00 0.98

https://doi.org/10.1371/journal.pone.0283563.t001

Fig 2. The polymorphic information content of the a) silicoDArT and b) SNP markers before data filtration.

https://doi.org/10.1371/journal.pone.0283563.g002
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After filtering the data, all individuals and 5084 (62%) of silicoDArT markers were retained.

For SNPs, 234 individuals and 1722 (31.7%) markers were retained. These were used for the

proceeding analyses. The mean minor allele frequency (MAF) based on SNPs ranged between

0.002–0.5 with an average of 0.13. Only 43% of the SNP markers had minor allele frequency

less than 0.05. MAF was not estimated for the dominant silicoDArT markers. After filtration,

the PIC estimates ranged between 0–0.5 (average = 0.04) for silicoDArTs and 0–0.5 (aver-

age = 0.23) for SNPs.

Based on the two populations (LVC and SEK), the estimates for genetic diversity and differ-

entiation were generally low for both markers. The genetic diversity calculated as expected het-

erozygosity (He) in the populations was 0.02 for silicoDArTs and 0.20 for SNPs (Table 2).

Between the two populations, the diversity calculated as allelic richness, Shannon information

index and heterozygosity was also low (Table 3).

Geographical genetic differentiation

Genetic relationships among the individuals from LVC and SEK explored by principal coordi-

nates analysis (PCoA) (Fig 3) indicated that the two populations could not be clearly separated.

Irrespective of location, there are two possible groups (clusters) that occur in both regions.

The principal coordinates explained little variation between the populations, where the first

principal coordinate axis explained only 4.9% [silicoDArTs] and 7.9% [SNPs]. The second

principal coordinate axis explained 4.1% [silicoDArTs] and 1.3% [SNPs]. The Euclidean

genetic distance estimated based on geographical populations was also low for both silico-

DArTs (1.38) and SNPs (1.39). Consistently, an Fst value of 0.00 was estimated, suggesting no

genetic differentiation between these two populations (Table 2). Very low coefficients of

inbreeding (-0.08 [silicoDArTs], -0.04[SNPs]) were also estimated.

Based on unsupervised clustering of SNP markers in STRUCTURE, the optimal K-value

showed the possibility of having two subpopulations, consisting of 45% and 55% of individuals

Table 2. Genetic diversity of V. amygdalina based on silicoDArT and SNP markers. The populations were defined

by the geographical origin (Lake Victoria cresecent-LVC and Southern and Eastern Lake Kyoga basin-SEK). Estimates

with p indicate that these are corrected e.g. corrected Fst = Fstp.

silicoDArTs SNPs

Ho 0.02 0.20

He 0.02 0.19

Ht 0.02 0.19

Htp 0.02 0.19

Dst 0.00 0.00

Dstp 0.00 0.00

Fst 0.00 0.00

Fstp 0.00 0.00

Fis -0.08 -0.04

Dest 0.00 0.00

https://doi.org/10.1371/journal.pone.0283563.t002

Table 3. Allelic richness ± standard deviation, Shannon information index ± standard deviation and heterozygosity ± standard deviation of the two geographically

defined populations estimated from SNP markers. The populations were defined by the geographical origin (Lake Victoria crescent-LVC and Southern and Eastern

Lake Kyoga basin-SEK). These parameters cannot be generated from dominant silicoDArT markers.

nloci Allelic richness Shannon information index Heterozygosity

LVC 1722 0.80 ± 0.40 0.29 ± 0.25 0.18 ± 0.18

SEK 1722 0.88 ± 0.32 0.30 ± 0.24 0.18 ± 0.17

https://doi.org/10.1371/journal.pone.0283563.t003
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(S1 Fig). However, in addition, there was a small peak observed at K = 4 (S1 Fig), which might

indicate another informative population structure. Therefore, the STRUCTURE results at

K = 2, 3 and K = 4 were subject to additional genetics analyses. Still, low genetic diversity esti-

mates were generated, when K was assumed to be 2, 3 or 4 (S2 Table). There was no clear sepa-

ration detected by the PCOa using these clusters (S2 Fig data not shown), suggesting a lack of

genetic structuring among between the two sampled populations, and that the clusters are pos-

sibly artifacts. However, the genetic estimates improved by using the clusters instead of the

geographically defined populations (Table 4, S3 Table). The Euclidean genetic distances also

increased with the number of clusters, where distance was 4.5 (K = 2), 6.9 (K = 3) and 7.0

(K = 4) (S4 Table). The results also showed an admixture of individuals between/among the

clusters, where some individuals were placed in two or more groups (S2–S4 Figs). Genetic

indices within and between individual clusters also indicate high levels of genetic differentia-

tion among individuals of some clusters (S4 Table) but not among the clusters. However, very

small genetic distances were detected among individuals of the same clusters (S5 Table). Only

SNP markers were used for STRUCTURE analysis.

Discussion

Based on silicoDArT and SNP markers, the results indicated; (i) low to medium genetic varia-

tion in V. amygdalina with potential consequences on the species ability to recover from

demographic, environmental and genetic stochasticity [28]. (ii) no genetic differentiation

Fig 3. Principal coordinates analysis plot to infer group structure of V. amygdalina based on a) silicoDArT b) SNP markers. The

populations were defined by the geographical origin (Lake Victoria crescent-LVC and Southern and Eastern Lake Kyoga basin-SEK).

https://doi.org/10.1371/journal.pone.0283563.g003

Table 4. Allelic richness ± standard deviation, Shannon information index ± standard deviation and

heterozygosity ± standard deviation of the STRUCTURE defined clusters (K = 2) estimated from SNP markers.

Number of loci (nloci) = 1722. Individuals that were not significantly placed in either cluster were discarded during

these analyses.

1 2

proportion membership (%) 55 45

expected heterozygosity 0.18 0.19

Genetic differentiation 0.16 0.10

Allelic richness 0.93 ± 0.26 0.92 ± 0.28

Shannon information index 0.37 ± 0.24 0.38 ± 0.25

Heterozygosity 0.25 ± 0.18 0.25 ± 0.19

https://doi.org/10.1371/journal.pone.0283563.t004
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between the two populations samples in the two geographical areas. Irrespective of location,

two possible genetic groups exist.

Low genetic diversity

The low genetic diversity estimates observed with silicoDArTs could have resulted from the

very low PIC values (0.08) exhibited by these markers. PIC is often underestimated for domi-

nant markers. Informativeness of markers based on PIC can be low (0 to 0.10), medium (0.10

to 0.25), high (0.30 to 0.40) and very high (0.40 to 0.50) [38, 39]. In contrast SNPs exhibited

medium to informativeness (average PIC = 0.21) suggesting that they can detect the polymor-

phism among the individuals of V. amydalina. The silicoDArTs PIC value was lower than

what has been established for tropical plants [12]. For SNPs, the PIC value was in the range for

other trees in the same region like Trema orientalis (average PIC = 0.27) [12], suggesting that

SNPs are a better predictor of genetic diversity than silicoDArTs. In theory, larger populations

of V. amygdalina should hold more genetic variation than the small populations (Amos and

Harwood 1998) such as T. orientalis, which was not the case [40]. The low PIC values corrobo-

rate with the low measures of allelic richness and Shannon information index, signifying low

genetic diversity for populations. The low PIC values in this study contrasted high estimates in

other V. amygdalina populations [41] indicating presence of population specific bottlenecks.

The low to average genetic variation in V. amygdalina could be due to reduction in the

occurrence of sexual reproduction, resulting from the frequent removal of young twigs for

medicinal use and forage by domestic and wild animals. Removing young twigs reduces flower

production that consequently reduces the effective population available for crossing. Under a

neutral model, effective population size is a key factor that determines population’s genetic

diversity [42]. Additionally, in areas where V. amygdalina is frequently harvested in the wild,

the plants tend to reproduce through root vegetative reproduction. Asexual reproduction is

predicted to experience reduced genetic variation as a result of the absence of segregation and

genetic recombination [43].

The very low inbreeding coefficient estimated based on geographical location is consistent

with the possible lack of flowering mentioned above. The reduced genetic variation could also

be explained by the premise that V. amygdalina is expanding its range as a result of enlarge-

ment of disturbed localities and secondary forests, where the plant prefers to grow, or intro-

ductions by humans into previously unoccupied areas as they transport medicine from one

place to another. Populations that are the result of range expansions into previously unoccu-

pied areas may have lower levels of genetic diversity as a result of repeated founder events [44].

This is also suggested by the slight negative Fis. The low genetic diversity within a population

is widely acknowledged to lead to a reduction in adaptive potential, which may increase extinc-

tion risk [28].

Geographical structuring of genetic variation

In this study, the supervised PCOa did not clearly separate the two populations. This was con-

sistent with the very low genetic differentiation coefficient (Fst; SNPs = 0.0008, silico-

DArTs = 0.0005) suggesting that the 353 km distance and other geographical barriers such as

river Nile between the study sites is not a constraint to gene flow in this species. Ideally, Fst val-

ues below 0.05 indicate low genetic differentiation, while values between 0.05–0.15, 0.15–0.25,

and above 0.25 indicate moderate, high, and very high genetic differentiation respectively [45].

The near-zero Fis estimate based on geographically determined populations signifies the pres-

ence of random mating also known as Hardy–Weinberg equilibrium, and that the available

parents experience a high level of outcrossing leading to homogenization of the populations.
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Concerning the mode of fertilization, the flower of Vernonia is considered to exhibits protan-

dry, which imposes allogamy on this plant [19].This also implies that the mode of dispersal

between the two populations is quite efficient.

The spatial scales for causing genetic differentiation in plant species vary greatly, dependent

on factors such as biology of the species, geography among others. Durka, Michalski [46] for

example indicated that genetic differentiation may occur at scales of 3.5–800 km. The literature

discussing pollination modes of V. amygdalina gives the impression that the species is polli-

nated by insects (Dumas et al. 2017). Although pollen flow is commonly skewed toward short

distances of just a few meters, reflecting insect behaviour and the spacing of the plants, there is

increasing evidence that small flying insects can disperse over large distances [47]. Given that

V. amygdalina occurs naturally in mostly open places; forest margins, woodlands and grass-

lands or disturbed localities such as abandoned farmland and secondary forests makes it prone

to frequent visits by pollinators, and hence the weak spatial structure. There also seems to be a

constraint on self-pollination in V. amygdalina, where the plant seems to be allogamous [19].

Self-incompatibility is one of the evolutionary adaptations that promotes high out-crossing

rates in plant species [4]. In addition to natural factors, the absence of genetic differentiation

strongly suggests the presence of human-assisted long-distance gene flows. Whether the

migration was from Lake Victoria crescent-LVC to Southern and Eastern Lake Kyoga basin-

SEK or vice versa may be an interesting subject of investigation. The plant is very commonly

used in the treatment of various diseases especially malaria [20]. The widespread effects of

malaria and other diseases in Uganda may have driven its dispersal by humans from a few nat-

ural locations to other areas. The results of this current study however, contrast observations

in other V. amygdalina populations where, geographical distinctness with a possible effect of

plant isolation by distance and restricted gene flow were observed among the accessions [41].

The unsupervised Bayesian clustering algorithm implemented in STRUCTURE clustered

individuals into different numbers of clusters, possibly suggesting presence of short-scale

genetic differentiation. It is also possible that the clustering results from sampling of different

‘varieties’. Elsewhere, some variations have been observed in V. amygdalina, based on the level

of bitterness, which ranges from very bitter to less bitter, with the ‘bitter’ type possessing a

deep green coloration and a deep bitter taste and the ‘less bitter’ type possessing a fairly light

green coloration with little or no bitter taste [41]. Although, these differences are also locally

known for Uganda V. amygdalina, they were not considered during the sampling for this

study. Future studies possibly need to genetically characterise these ‘bitterness’ groups sepa-

rately for further understanding of genetic relationships among V. amygdalina. There was,

however, still low genetic differentiation between/among the different clusters, which allows

us to assume that the two sampled populations constitute a single genetic population cohesive

probably by the movement of pollen by insects and by the use that the local population gives to

this species. The high positive FIS values and small genetic distances suggest presence of high

inbreeding between and among individuals of different clusters. One possible explanation of

this observation could be that insect mediated mating occurs among specific relatives, possibly

over short distances to cause inbreeding, but human assisted gene flow causes homogenisation

of genetic structure over long distances. It is also possible that the individuals in both LVC and

Southern and SEK are remnants of a single population of much greater density, where related

individuals had greater opportunity to interbreed.

Management implications

The low levels of genetic diversity in the studies V. amygdalina populations could decrease

their ability to cope with anthropogenic and other environmental threats, leading to species
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endangerment or even extinction. Deliberate efforts to reduce overuse, as well as enhancing

seed production for example through controlled crosses could improve genetic diversity. How-

ever, characterizing the genetic diversity of other populations, that could be more genetically

diverse as well as considering potential phenotypic differences of ‘varieties’ will be important

for making core collections for ex-situ management. It is acknowledged that where there is sig-

nificant genetic differentiation among populations or groups of populations, they should be

managed as distinct entities. In our case, Lake Victoria Crescent (LVC) and Southern and

Eastern Lake Kyoga basin-SEK populations can be treated as the same population, for making

core collections and for conservation. This study also suggests that geographical distance

between populations should not necessarily be considered as the sole or best determinant of

gene flow levels among populations of plants.
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10. Macko-Podgórni A., et al., Conversion of a diversity arrays technology marker differentiating wild and

cultivated carrots to a co-dominant cleaved amplified polymorphic site marker. Acta Biochimica Polo-

nica, 2014. 61(1). PMID: 24644550

11. Brinez B., et al., A whole genome DArT assay to assess germplasm collection diversity in common

beans. Molecular breeding, 2012. 30(1): p. 181–193.

12. Nantongo J.S., et al., SilicoDArT and SNP markers for genetic diversity and population structure analy-

sis of Trema orientalis; a fodder species. PloS one, 2022. https://doi.org/10.1371/journal.pone.0267464

PMID: 35994436

13. Elshire R.J., et al., A robust, simple genotyping-by-sequencing (GBS) approach for high diversity spe-

cies. PloS one, 2011. 6(5): p. e19379. https://doi.org/10.1371/journal.pone.0019379 PMID: 21573248

14. Muktar M.S., et al., Genotyping by sequencing provides new insights into the diversity of Napier grass

(Cenchrus purpureus) and reveals variation in genome-wide LD patterns between collections. Scientific

reports, 2019. 9(1): p. 1–15.

15. Andrews K.R., et al., Harnessing the power of RADseq for ecological and evolutionary genomics.

Nature Reviews Genetics, 2016. 17(2): p. 81–92. https://doi.org/10.1038/nrg.2015.28 PMID: 26729255

16. Hall D., et al., Parentage and relatedness reconstruction in Pinus sylvestris using genotyping-by-

sequencing. Heredity, 2020. 124(5): p. 633–646. https://doi.org/10.1038/s41437-020-0302-3 PMID:

32123330

17. Korinsak S., et al., Genome-wide association mapping of virulence gene in rice blast fungus Magna-

porthe oryzae using a genotyping by sequencing approach. Genomics, 2019. 111(4): p. 661–668.

https://doi.org/10.1016/j.ygeno.2018.05.011 PMID: 29775784

18. Nadeem M.A., et al., In-depth genetic diversity and population structure of endangered Peruvian Ama-

zon Rosewood germplasm using genotyping by sequencing (GBS) Technology. Forests, 2021. 12(2):

p. 197.

19. Dumas N.G.E., et al., Assessment of the modes of pollen dispersal of Vernonia amygdalina Del. and

Vernonia calvoana Hook. African Journal of Plant Science, 2017. 11(9): p. 362–368.

20. Oyeyemi I.T., et al., Vernonia amygdalina: A folkloric herb with anthelminthic properties. Beni-Suef Uni-

versity Journal of Basic and Applied Sciences, 2018. 7(1): p. 43–49.

21. Tugume P., et al., Ethnobotanical survey of medicinal plant species used by communities around

Mabira Central Forest Reserve, Uganda. Journal of Ethnobiology and Ethnomedicine, 2016. 12(1): p.

5–12.

22. Masaba S., The antimalarial activity of Vernonia amygdalina Del (Compositae). Transactions of the

Royal Society of Tropical medicine and Hygiene, 2000. 94(6): p. 694–695. https://doi.org/10.1016/

s0035-9203(00)90236-0 PMID: 11198659

23. Katende A., Birnie A., and Tengnas B., Useful trees and shrubs for Uganda. Identification, propagation

and management for agricultural and pastoral communities. Regional soil conservation unit (RSCU),

Swedish International Development Authority (SIDA), 1995: p. 1–710.

24. Galabuzi C., et al., Responses to Malaria incidence in the Sango bay forest reserve, Uganda. Human

Ecology, 2016. 44(5): p. 607–616.

PLOS ONE Geographical structuring of Vernonia amygdalina

PLOS ONE | https://doi.org/10.1371/journal.pone.0283563 July 26, 2023 12 / 13

https://doi.org/10.1371/journal.pgen.1006911
http://www.ncbi.nlm.nih.gov/pubmed/28771477
https://doi.org/10.1371/journal.pone.0155638
https://doi.org/10.1371/journal.pone.0155638
http://www.ncbi.nlm.nih.gov/pubmed/27348423
https://doi.org/10.3109/07388551.2014.959891
http://www.ncbi.nlm.nih.gov/pubmed/25430893
http://www.ncbi.nlm.nih.gov/pubmed/24644550
https://doi.org/10.1371/journal.pone.0267464
http://www.ncbi.nlm.nih.gov/pubmed/35994436
https://doi.org/10.1371/journal.pone.0019379
http://www.ncbi.nlm.nih.gov/pubmed/21573248
https://doi.org/10.1038/nrg.2015.28
http://www.ncbi.nlm.nih.gov/pubmed/26729255
https://doi.org/10.1038/s41437-020-0302-3
http://www.ncbi.nlm.nih.gov/pubmed/32123330
https://doi.org/10.1016/j.ygeno.2018.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29775784
https://doi.org/10.1016/s0035-9203%2800%2990236-0
https://doi.org/10.1016/s0035-9203%2800%2990236-0
http://www.ncbi.nlm.nih.gov/pubmed/11198659
https://doi.org/10.1371/journal.pone.0283563


25. Tabuti J.R. and Lye K., Fodder plants for cattle in Kaliro District, Uganda. African Study Monographs,

2009. 30(3): p. 161–170.

26. Coates D.J., Byrne M., and Moritz C., Genetic Diversity and Conservation Units: Dealing With the Spe-

cies-Population Continuum in the Age of Genomics. Frontiers in Ecology and Evolution, 2018. 6(165).

27. Nantongo J.S., et al., Quantitative Genetic Variation in Bark Stripping of Pinus radiata. Forests, 2020.

11(12): p. 1356.

28. Frankham R., et al., Introduction to conservation genetics. 2002: Cambridge university press.

29. Katuura E., et al., Documentation of indigenous knowledge on medicinal plants used to manage com-

mon influenza and related symptoms in Luwero district, central Uganda. Journal of Medicinal Plants

Research, 2016. 10(39): p. 705–716.

30. Gruber B., et al., dartr: An r package to facilitate analysis of SNP data generated from reduced repre-

sentation genome sequencing. Molecular Ecology Resources, 2018. 18(3): p. 691–699. https://doi.org/

10.1111/1755-0998.12745 PMID: 29266847

31. Candy J.R., et al., Population differentiation determined from putative neutral and divergent adaptive

genetic markers in Eulachon (Thaleichthys pacificus, Osmeridae), an anadromous Pacific smelt. Molec-

ular Ecology Resources, 2015. 15(6): p. 1421–1434. https://doi.org/10.1111/1755-0998.12400 PMID:

25737187

32. Jombart T., adegenet: a R package for the multivariate analysis of genetic markers. Bioinformatics,

2008. 24(11): p. 1403–1405. https://doi.org/10.1093/bioinformatics/btn129 PMID: 18397895

33. Tabangin M.E., Woo J.G., and Martin L.J.. The effect of minor allele frequency on the likelihood of

obtaining false positives. in BMC proceedings. 2009. Springer.

34. Pritchard J.K., Wen W., and Falush D., Documentation for STRUCTURE software: Version 2. Univer-

sity of Chicago, Chicago, IL, 2010.

35. Alam M., et al., Ultra-high-throughput DArTseq-based silicoDArT and SNP markers for genomic studies

in macadamia. PloS one, 2018. 13(8): p. e0203465. https://doi.org/10.1371/journal.pone.0203465

PMID: 30169500

36. Earl D.A., STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE output and

implementing the Evanno method. Conservation genetics resources, 2012. 4(2): p. 359–361.

37. Jakobsson M. and Rosenberg N.A., CLUMPP: a cluster matching and permutation program for dealing

with label switching and multimodality in analysis of population structure. Bioinformatics, 2007. 23(14):

p. 1801–1806. https://doi.org/10.1093/bioinformatics/btm233 PMID: 17485429

38. Serrote C.M.L., et al., Determining the Polymorphism Information Content of a molecular marker. Gene,

2020. 726: p. 144175. https://doi.org/10.1016/j.gene.2019.144175 PMID: 31726084

39. Botstein D., et al., Construction of a genetic linkage map in man using restriction fragment length poly-

morphisms. American journal of human genetics, 1980. 32(3): p. 314. PMID: 6247908

40. Amos W. and Harwood J., Factors affecting levels of genetic diversity in natural populations. Philosophi-

cal Transactions of the Royal Society of London. Series B: Biological Sciences, 1998. 353(1366): p.

177–186. https://doi.org/10.1098/rstb.1998.0200 PMID: 9533122

41. Aikpokpodion P., Abebe J., and Igwe D., Genetic diversity in Vernonia amygdalina Delile accessions

revealed by random amplified polymorphic DNAs (RAPDs). BioTechnologia. Journal of Biotechnology

Computational Biology and Bionanotechnology, 2018. 99(2).

42. Kimura M., The neutral theory of molecular evolution. 1983: Cambridge University Press.

43. O’Brien E.K., Denham A.J., and Ayre D.J., Patterns of genotypic diversity suggest a long history of clon-

ality and population isolation in the Australian arid zone shrub Acacia carneorum. Plant Ecology, 2014.

215(1): p. 55–71.

44. Templeton A.R., The reality and importance of founder speciation in evolution. Bioessays, 2008. 30(5):

p. 470–9. https://doi.org/10.1002/bies.20745 PMID: 18404703

45. Wright S., Evolution and the genetics of populations: a treatise in four volumes: Vol. 4: variability within

and among natural populations. 1978: University of Chicago Press.

46. Durka W., et al., Genetic differentiation within multiple common grassland plants supports seed transfer

zones for ecological restoration. Journal of Applied Ecology, 2017. 54(1): p. 116–126.

47. Ahmed S., et al., Wind-borne insects mediate directional pollen transfer between desert fig trees 160

kilometers apart. Proceedings of the National Academy of Sciences, 2009. 106(48): p. 20342–20347.

https://doi.org/10.1073/pnas.0902213106 PMID: 19910534

PLOS ONE Geographical structuring of Vernonia amygdalina

PLOS ONE | https://doi.org/10.1371/journal.pone.0283563 July 26, 2023 13 / 13

https://doi.org/10.1111/1755-0998.12745
https://doi.org/10.1111/1755-0998.12745
http://www.ncbi.nlm.nih.gov/pubmed/29266847
https://doi.org/10.1111/1755-0998.12400
http://www.ncbi.nlm.nih.gov/pubmed/25737187
https://doi.org/10.1093/bioinformatics/btn129
http://www.ncbi.nlm.nih.gov/pubmed/18397895
https://doi.org/10.1371/journal.pone.0203465
http://www.ncbi.nlm.nih.gov/pubmed/30169500
https://doi.org/10.1093/bioinformatics/btm233
http://www.ncbi.nlm.nih.gov/pubmed/17485429
https://doi.org/10.1016/j.gene.2019.144175
http://www.ncbi.nlm.nih.gov/pubmed/31726084
http://www.ncbi.nlm.nih.gov/pubmed/6247908
https://doi.org/10.1098/rstb.1998.0200
http://www.ncbi.nlm.nih.gov/pubmed/9533122
https://doi.org/10.1002/bies.20745
http://www.ncbi.nlm.nih.gov/pubmed/18404703
https://doi.org/10.1073/pnas.0902213106
http://www.ncbi.nlm.nih.gov/pubmed/19910534
https://doi.org/10.1371/journal.pone.0283563

