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Summary

Striga hermonthica is a parasitic weed that poses a seri-
ous threat to the production of economically important
cereals in sub-Saharan Africa. The existence of genetic
diversity within and between S. hermonthica popula-
tions presents a challenge to the successful development
and deployment of effective control technologies against
this parasitic weed. Understanding the extent of diver-
sity between S. hermonthica populations will facilitate
the design and deployment of effective control technolo-
gies against the parasite. In the present study, S. her-
monthica plants collected from different locations and
host crops in Kenya and Nigeria were genotyped using
single nucleotide polymorphisms. Statistically signifi-
cant genetic differentiation (Fst = 0.15, P = 0.001) was
uncovered between populations collected from the two
countries. Also, the populations collected in Nigeria

formed three distinct subgroups. Unique loci undergo-
ing selection were observed between the Kenyan and
Nigerian populations and among the three subgroups
found in Nigeria. Striga hermonthica populations para-
sitising rice in Kenya appeared to be genetically distinct
from those parasitising maize and sorghum. The pres-
ence of distinct populations in East and West Africa
and in different regions in Nigeria highlights the impor-
tance of developing and testing Striga control technolo-
gies in multiple locations, including locations
representing the geographic regions in Nigeria where
genetically distinct subpopulations of the parasite were
found. Efforts should also be made to develop relevant
control technologies for areas infested with ‘rice-specific’
Striga spp. populations in Kenya.
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Introduction

Striga hermonthica (Delile) Benth. is an obligate hemi-
parasitic plant that belongs to the family Oroban-
chaceae. Globally, it is considered to be the most
economically important parasitic weed (Parker &

Riches, 1993). It infests 57% of the total area in sub-
Saharan Africa under cereal production (Sauerborn,
1991) and has shown a steady increase in geographic
distribution and infestation level, particularly in sub-
Saharan Africa (Ejeta & Gressel, 2007), due to the dis-
persal mechanisms of S. hermonthica seeds and lack of
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knowledge and means to properly control the parasite
(Berner et al., 1994). Changes in climatic conditions
may further increase the geographic distribution and
invasive potential of Striga, as habitats suitable for the
parasite’s growth are predicted to expand (Mohamed
et al., 2006). Striga hermonthica parasitises cereals,
causing significant reduction in growth and perfor-
mance of these crops. Each S. hermonthica plant pro-
duces a large number of seeds that go through a phase
called ‘pre-conditioning’, which is characterised by
moisture and high temperature for 7-14 days (Parker
& Riches, 1993), after which they germinate in
response to germination stimulants exuded from a suit-
able host. On contact with the host root, it attaches to
the root and penetrates the root cortex using hausto-
ria. The scanning electron microscopy study by Dorr
(1997) showed that invading Striga spp. cells perforate
the host vascular system using a specialised structure,
the osculum, to form xylem-to-xylem connections. The
parasite then abstracts water and nutrients from the
host roots via the haustorium. Infected host plants
show stunting, chlorosis and death in severe cases
(Dorr, 1997). A single plant of S. hermonthica can
inflict an approximately 5% loss in yield on a host
plant (Parker & Riches, 1993), and high infestations
can lead to total crop failure. Average losses of maize
in Kenya are estimated at 57%, while estimates of
maize crop area infested are 30-40% in Togo, Mali
and Nigeria (De Groote et al., 2008).

A number of control options for S. hermonthica
exist. Host plant resistance is considered to be the
most practical and economical approach for resource-
poor smallholder farmers (Kim, 1994). However,
breeding host plants with resistance to the parasite is
complicated by the ability of S. hermonthica to over-
come host resistance due to high levels of genetic vari-
ation within and between populations (Koyama, 2000).
This genetic variation also undermines other control
methods, leading to seasonal and geographic variabil-
ity in the effectiveness of S. hermonthica control
(Hearne, 2009).

Striga hermonthica is expected to have enormous
within- and between-population genetic variation (Boz-
kurt et al., 2015), which can enable the parasite to
evolve and adapt to changing environmental condi-
tions (Koyama, 2000). Therefore, knowledge of the
distribution of S. hermonthica genetic diversity can
facilitate selection of representative testing sites for
host resistance screening and evaluation of the viability
of other control options. This will allow for the devel-
opment of genotypes with durable resistance and other
control options for effective control across the preva-
lent broad range of ecotypes of the parasite.

The different diversity studies conducted in various
locations across Africa using a variety of markers
agree on the presence of relationships between geo-
graphic distance and genetic distance among the para-
site  populations, but disagree on the presence or
absence of host-specific S. hermonthica populations
(Koyama, 2000; Gethi et al., 2005; Estep et al., 2011,
Welsh & Mohamed, 2011; Bozkurt et al., 2015). This
highlights the need for more extensive studies involving
populations collected from different geographic areas
and an array of host crops. In the present study,
S. hermonthica parasitising the major staple crops in
agro-ecological zones in two countries were collected
and characterised using genotyping-by-sequencing
derived single nucleotide polymorphisms (SNP). The
populations were collected from maize, rice, pearl mil-
let and sorghum. The main objectives of this study
were to characterise the extent of diversity of S. her-
monthica populations collected in Nigeria and Western
Kenya and to determine the level of genetic differentia-
tion between populations collected within and between
the two countries.

Methods

Sample collection

Striga hermonthica plants were collected from infested
areas in Western Kenya and Northern Nigeria. Leaf
samples were collected from infested farms (Fig. 1 and
Figure S1, Table S1). In each site, S. hermonthica was
simultaneously collected from different hosts including
pearl millet, sorghum, maize and rice when present in
the farming system. Leaves from randomly selected
S. hermonthica plants were collected in each farm on
hosts found at least 1 m away from each other; each
sample came from a single Striga plant growing on a
different individual host within the population. The
samples were placed in separate sealable plastic bags
containing sufficient silica gel to dry them.

DNA extraction and GBS genotyping

High-quality DNA (showing high molecular weight
bands on agarose gel) was extracted from S. hermonth-
ica leaf samples using a CTAB extraction method
modified from Doyle and Doyle (1987). The extracted
DNA samples were digested using EcoR1 to determine
whether the extracted DNA can be completely
digested, indicating the absence of digest inhibitors.
The DNA was then lyophilised and sent to Cornell
University for genotyping-by-sequencing (GBS). Geno-
typing-by-sequencing was performed as described in
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Fig. 1 Geographic distribution of Striga hermonthica plants in Nigeria (left) and Kenya (right) analysed in this study. The middle inset
is the map of Africa showing the location of Nigeria and Kenya. The right inset highlights the study region in Kenya. Each rectangle
represents a plant, and the colour scheme represents the ancestral group(s) of each plant as determined by the study and shown in Fig. 2

at K = 4.

Elshire et al. (2011). In brief, genomic DNA samples
of individuals were digested separately with a selective
restriction enzyme known as ApeKI, a type II restric-
tion endonuclease that recognises a degenerate 5 bp
sequence (GCWGC, where W can be A or T), creates
a 3 bp 5 overhang and is partially methylation sensi-
tive. The digested DNA fragments were then ligated to
two types of adapters: common adapters and barcoded
adapters. The DNA samples were pooled and ampli-
fied using primers complementary to the adapter’
sequences. DNA fragments having adapter combina-
tions of common—common or barcoded—barcoded were
not amplified, but those with a combination of com-
mon-barcoded fragments are selectively amplified. The
PCR products were then purified and sequenced using
Illumina Hiseq 2500 (Illumina, USA), after which the
SNPs were called using the UNEAK (Universal Net-
work Enabled Analysis Kit) GBS pipeline (Lu et al.,
2013), which is part of the TASSEL 3.0 bioinformatics
analysis package (Bradbury et al., 2007) (Version:
3.0.166 Date: 17 April 2014). This method does not
require a reference sequence; SNP discovery is per-
formed directly within pairs of matched sequence tags
and filtered through network analysis (See Lu et al.,

2013 for an exhaustive discussion and description of
the method). Also, a GBS discovery pipeline, using
S. hermonthica transcriptome, available on Tassel (Ver-
sion: 3.0.166 Date: 17 April 2014) was used. In this
instance, sequence reads were mapped to the S. her-
monthica transcriptome.

Genetic diversity and population structure

The GBS-derived SNPs were further filtered using the
TASSEL software (Bradbury et al., 2007) to retain
only polymorphic SNPs with a maximum of 10%
missing values and a minimum and maximum allele
frequency of 0.05 and 0.95 respectively. The final fil-
tered data comprised 1029 individuals and 1576 SNP
markers for further analysis. Basic diversity indices for
each population were calculated using PowerMarker
(Liu & Muse, 2005) and GenAlex version 6.41 (Peakall
& Smouse, 2006). The pairwise genetic distance (iden-
tity-by-state, IBS) matrix was calculated among all
individuals using PLINK (Purcell et al., 2007). A
Ward’s minimum variance hierarchical cluster dendro-
gram was built from the IBS matrix using the analyses
of phylogenetics and evolution (ape) package (Paradis
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et al., 2004) implemented in R (R Core Team, 2015).
Population structures of the S. hermonthica samples
from Nigeria and Kenya were determined using two
complementary approaches: (i) a model-based maxi-
mum likelihood estimation of ancestral subpopulations
using ADMIXTURE (Alexander et al., 2009) and (ii)
discriminant analysis of principal components (DAPC)
(Jombart et al., 2010). The ADMIXTURE method
assumes linkage equilibrium among loci and Hardy—
Weinberg equilibrium within ancestral populations
(Alexander et al., 2009). For ADMIXTURE analysis,
the number of subpopulations, K, varied from 1 to 10.
The most appropriate K value was selected after con-
sidering the 10-fold cross-validations, whereby the best
K exhibits low cross-validation error compared with
other K and correspondence of the results with the
clustering pattern obtained by the hierarchical cluster.
The clustering pattern obtained from ADMIXTURE
was validated using discriminant analysis of principal
components (DAPC) using the R package ‘adegenet’
(Jombart, 2008). DAPC involves first using K-means
analysis to infer the optimal number of clusters of
PCA-transformed SNP data by varying the possible
number of clusters from 2 to 40 and then assessing the
best supported model by Bayesian information crite-
rion. Then, DAPC was carried out on the identified
clusters using the first 55 principal components. The
membership probabilities of each individual for the dif-
ferent groups were obtained from DAPC, and the
results of DAPC analysis, ADMIXTURE and the hier-
archical tree are compared.

The fixation index (Fst) and standardised Fgr
(F'st) of the observed populations were assessed using
analysis of molecular variance (AMOVA) implemented
in GenAlex 6.41. These analyses were also performed
for plants collected in Nigeria and Kenya partitioned
based on their host plants and geographic locations.
Correlations between pairwise linearised Fsr values
and geographic distance matrices were calculated using
the Mantel test, after 1000 random iterations, as imple-
mented in GenAlex software version 6.41.

To detect whether there were markers under selec-
tion within the population structure observed above,
we used the hierarchical Bayesian method described
in Beaumont and Balding (2004) as implemented in
BayeScan 2.1 software (Foll & Gaggiotti, 2008).
BayeScan assumes that allele frequencies within popu-
lations follow a multinomial Dirichlet distribution
(Balding & Nichols, 1995) with Fgr parameters being
a function of population-specific components shared
among all loci (f) and of locus-specific components
shared among all populations (x). For a given locus,
departure from neutrality is assumed when the locus-
specific component is required to explain the observed

pattern of diversity. BayeScan directly infers the pos-
terior probability of each locus to be under the effect
of selection by defining and comparing two alterna-
tive models: one model includes the locus-specific
component, while the other excludes it. The ratio of
the model posterior probabilities is used to calculate
the posterior odds (PO), which measures how much
more likely the model with selection is, compared
with the model without selection (Balding & Nichols,
1995). The estimation of model parameters was auto-
matically tuned on the basis of short pilot runs (10
pilot runs, length 5000 and burn in 50 000). The sam-
ple size was set to 5000 and the thinning interval to
10 resulting in a total chain length of 100 000 itera-
tions. False discovery rate (FDR) was used to control
for multiple testing. To identify loci under selection,
the posterior distribution of «; was used; a positive
value suggests that locus ‘i’ is subject to directional
selection, whereas a negative value suggests that sta-
bilising selection is tending to homogenise allele fre-
quencies over the populations. Loci were then ranked
according to their estimated posterior probabilities.
An R function (as provided in BAYESCAN) was
used to identify and plot outlier loci using different
criteria.

Results

Genetic diversity across countries

A total of 1576 SNPs from GBS was used to investi-
gate population structure in 254 S. hermonthica plants
collected in Kenya and 775 plants collected in Nigeria.
The plants from Kenya had a higher genetic diversity
as measured by effective number of alleles, observed
and expected heterozygosity and Shannon’s informa-
tion index in comparison with the Nigerian samples
(Table 1). In contrast, we found more private alleles in
the Nigerian plants (61) compared with the plants
from Kenya (11) (Table 1).

Table 1 Mean allelic patterns across populations of Striga
hermonthica collected in Kenya and Nigeria

Population Kenya Nigeria

Ne 1.405 (0.009) 1.315 (0.008)
| 0.380 (0.006) 0.324 (0.006)
Private Alleles 11 161

Ho 0.284 0.210

He 0.245 (0.005) 0.200 (0.004)

Standard error is given in parenthesis, Ne = no. of effective alle-
les I = Shannon’s information index = —1* Sum (pi * Ln (pi)),
private alleles = no. of alleles unique to a population/group,
Ho = observed heterozygosity, He = expected heterozygosity.
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The hierarchical cluster analysis separated all the
plants into two major groups with the first group con-
taining all the plants from Kenya and the second
group comprising plants from Nigeria (Fig. 2). The
Nigerian plants were further split into three major sub-
clusters (Fig. 2). ADMIXTURE analysis confirmed the
results of hierarchical cluster analysis. At K = 2, the
populations were separated by country of origin, while
at K = 4, the plants from Nigeria were further divided
into three genetic groups (Fig. 2). DAPC analysis also
revealed the presence of four genetic groups (Fig. 3),
one comprising the Kenyan plants and the other three
the Nigerian plants. The results from these three analy-
ses were consistent and showed good correspondence
(Fig. 2), indicating that the population structure within
the plants had been correctly identified.

Analysis of molecular variance (AMOVA) revealed a
moderate to high (Hamrick, 1982) level (Fst = 0.15) of
genetic differentiation between S. hermonthica plants
collected from Nigeria and plants from Kenya, which
was statistically significant (P = 0.001) (Table 2).

Genetic structure within Kenya

Analysis of molecular variance of the Kenyan plants
revealed an Fgr value of 0.021 (P = 0.001) among
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populations  collected from different locations
(Table 2), and Mantel’s test detected a strong relation-
ship between the geographic distance between sampling
locations and their pairwise linearised Fsr values
(R*=0.33, P=0.01, Figure S2). When the Striga
plants were grouped based on host plants, a low level
of differentiation (Fst = 0.02) was observed (Table 2).
The pairwise Fgt value between Striga plants collected
from rice and maize (0.049) and rice and sorghum
(0.047) was statistically significant (P = 0.001), whereas
the value between plants collected from maize and sor-
ghum was not statistically significant (0.002,
P =0.108) (Table 3). DAPC was used to further
explore the extent of genetic diversity and differentia-
tion between plants collected from different locations
and different host crops. The Kenyan plants did not
form clusters based on collection sites, but when clus-
tering was performed based on hosts, S. hermonthica
plants with rice as hosts clustered away from those
with maize and sorghum as hosts (Fig. 4).

Genetic structure within Nigeria

The three clustering methods used to investigate the
S. hermonthica plants collected in Nigeria showed the
presence of three genetic groups (Fig. 2). Mantel’s test

Ward's distance

00 05 10 15 20 25 30

ADMIXTURE
ancestry
#

=]
&

DAPC
cluster

Nigeria

Fig. 2 Combined Dendrogram, ADMIXTURE* and DAPC plots showing population structure correspondence between the three plots.
(*ADMIXTURE at k = 2, 3 and 4 progressively separates the entire samples into Nigerian and Kenyan plants and then splits the Nigerian
plants into three groups. (The groups of the DAPC plot and the arms of the dendrogram correspond to K= 4 of the ADMIXTURE plot)
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Fig. 3 DAPC plots of all the Striga hermonthica plants sampled. Points are plotted along PC1 and PC2 (A) and PC 2 and PC3 (B). The
clusters in each set are consistent with the population structure (at K 4) from Fig 2. (Groups 1, 2 and 3 = Nigerian populations, group

4 = Kenyan population).

detected a very weak relationship between the geo-
graphic distance between sampling locations and their
pairwise linearised Fgr values (R = 0.030, P = 0.05)
(Figure S3). The pairwise Fsr among the three genetic
groups varied from 0.045 to 0.054 and was statistically
significant (P = 0.001) (Table 4).

Table 2 Summary of AMOVA results

Striga hermonthica population Fst P Fsr

Between Nigerian and Kenyan 0.147 0.001 0.203

populations

Among Kenyan plants from 0.021 0.001 0.028
different locations

Among Kenyan population 0.019 0.003 0.026
on different hosts

Among the three observed 0.053 0.001 0.072
Nigerian groups

Among Nigerian population 0.009 0.001 0.012

on different hosts

Fst = fixation index = (variance among populations/total vari-
ance), Fgr = Standardised Fgr = (Fsp/Fst max), P = signifi-
cance.

Table 3 Pairwise Fst, P and Fst of Striga hermonthica plants
collected from different hosts in Kenya

Hosts FST P FST

Between maize and rice 0.049 0.001 0.067
Between maize and sorghum 0.002 0.108 0.003
Between rice and sorghum 0.047 0.001 0.066

Fst = fixation index = (variance among populations/total vari-
ance), Fst = standardised Fst = (Fst/Fst max), P = significance.

There was significant correlation between PCA1 and
longitude (P <2 x 107'°, Pearson’s r = —0.62), and
PC 2 and latitude (P <2 x 107 '®, Pearson’s r = 0.54)
(Table 5). The latitudinal stratification is also observed
in that a plot of co-ordinates of the sample collection
sites shows that the distinct S. hermonthica groups are
found in three separate areas within Nigeria (Fig. 1).
Genetic analysis of the groups reveal that group 3
which comprised Striga plants collected mostly in
north-eastern Nigeria was the most genetically diverse,
followed by group 2 that consisted of plants collected

—104
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T T T
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Fig. 4 Plot of Striga hermonthica plants collected from Kenya.
Plants from rice (in green) cluster separately from those from sor-
ghum and maize.
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Table 4 Pairwise Fgst, P and F'gr of the three populations of
Striga hermonthica plants observed in Nigeria

Populations Fst P Fst
Between 1 (north-west) and 2 0.057 0.001 0.077
(central region)

Between 1 (north-west) and 3 0.061 0.001 0.081
(north-east)

Between 2 (central region) 0.043 0.001 0.061

and 3 (north-east)

Fst = fixation index = (variance among populations/total vari-
ance), F'st =standardised Fst = (Fst/ Fst max), P = significance.

in the central part of the country, while group 1 that
contained plants collected in the north-western region
had the least genetic diversity (Table 6). Group 2 had
the highest number of rare alleles, while group 1 had
the least. It was observed that S. hermonthica collected
from pearl millet in Region 2 clustered with group 1. A
low level of genetic differentiation was observed when
host plants were used to group the plants (Fst = 0.009,
P =0.001) (Table 2). The pairwise Fgsr values varied
between maize and pearl millet (Fst = 0.02), and
between maize and sorghum (Fgr = 0.009) and between
sorghum and pearl millet (Fst = 0.07).

Outlier analysis

The BayeScan analysis was used to determine potential
markers under selection in the genetic groups detected
by population structure analysis: (i) one Kenyan and
three Nigerian populations, (ii) the three Nigerian
genetic groups observed by population structure analy-
sis only, (iii) the S. hermonthica plants parasitising sor-
ghum, rice and maize in Kenya and (iv) the entire
Nigerian S. hermonthica collection taken as a whole
and the Kenyan population (Figure S3). The Nigerian
versus the Kenyan collection showed nine markers to
be potentially under selection, FDR < 3%, and log
(PO) > 1.05 corresponding to ‘strong selection and
above’ on the Jeffery’s scale. All the nine markers also
showed positive o values and their Fgt values were
high (mean Fst = 0.45). Among the four genetic
groups observed between Nigeria and Kenya, based on
population structure analysis, 23 markers with
FDR < 2% and log (PO) > 1.6 corresponding to ‘very
strong selection and above’ on Jeffery’s scale of evi-
dence were identified as potentially under selection. All
of the 23 markers showed positive o values and rela-
tively high Fsr (mean Fsr = 0.39) indicative of positive
selection, and also the three genetic groups detected
within Nigeria revealed three markers to be potentially
under selection, FDR < 4% and log (PO) > 1, corre-
sponding to ‘strong selection and above’ on the

Genetic diversity of Striga hermonthica 7

Table 5 Correlation coefficients (Pearson’s r) between collection
location, given as latitude and longitude, and SNP PCA of the
Nigerian Striga hermonthica collection

PCA1 PCA2 PCA3
Latitude 0.1(9.74 e-08) 0.54(2.2 e-16) —0.2(3.99 e-09)
Longitude —0.62(2.2 e-16) 0.39(2.2 e-16)  0.1(3.0 e-05)

P value is given in parenthesis.

Table 6 Mean allelic patterns across populations observed in
Nigeria (1 in the north-west, 2 in the central region and 3 in the
north-east)

Population 1 2 3

Ne 1.27(0.013) 1.31(0.012) 1.34(0.012)
| 0.26(0.006) 0.31(0.006) 0.3(0.006)
Private alleles 10 46 19
Ho 0.193 0.2 0.229
He 0.164(0.005)  0.195(0.004)  0.209(0.004)

Standard error is given in parenthesis, Ne = no. of effective alle-
les, I = Shannon’s information index = —1* Sum (pi * Ln (pi)),
Ho = observed heterozygosity, private alleles = no. of alleles
unique to a population/group, He = expected heterozygosity.

Jeffery’s scale, all of which also showed positive o val-
ues and relatively high Fst (mean Fgr = 0.28) indica-
tive of positive selection. Analysis of the Kenyan
S. hermonthica plants parasitising maize, sorghum and
rice revealed two markers to be potentially under selec-
tion (FDR < 4%, and log (PO)) > | corresponding to
‘strong selection and above’. The two markers also
showed positive a values; however, their Fgr values
were low (mean Fst = 0.08) (Figure S4, Table S2).

Discussion

Genetic diversity

In this study, S. hermonthica plants, collected in Kenya
and Nigeria, were characterised using SNPs to deter-
mine the extent of genetic diversity existing within and
between the two countries. The S. hermonthica popula-
tions exhibited a high level of genetic diversity, and the
Nigerian and Kenyan populations were observed to be
two genetically distinct groups, indicating that they
have had limited exchange of genetic material. This is
consistent with the results of Bozkurt et al. (2015).

Population structure

The Kenyan population showed little or no population
structure and a low-level genetic differentiation that cor-
related with the distance between the sampling sites; this
suggests that the sampled S. hermonthica plants are
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interconnected by a stepwise exchange of genetic mate-
rial among adjacent populations resulting in an isola-
tion-by-distance pattern. The Nigerian plants, on the
other hand, showed significant structuring. The S. her-
monthica plants collected from Nigeria formed three
groups that are similar in distribution to the distribution
of three Striga gesnerioides (Willd.) Vatke biotypes
observed in Nigeria by Lane et al. (1996). Our study
suggests the presence of two biotypes in Kenya, one
adapted to rice and the other to both maize and sor-
ghum. This is, however, not conclusive, as the observed
differentiation might be due to isolation by distance.
Striga hermonthica plants attached to maize, pearl millet
and sorghum, collected in Nigeria, were not clearly sep-
arated. Our results strongly suggest that positive selec-
tion played a role in the divergence of the Kenyan and
Nigerian populations of S. hermonthica and also in the
divergence of the Nigerian populations. Information on
the Kenyan maize, sorghum and rice population is,
however, not conclusive because, while outlier tests indi-
cated diversifying selection, Mantel’s test also indicated
the presence of isolation by distance.

In studies on other parasitic plants like Striga ges-
nerioides (Lane et al., 1996) and Viscum album L.
(Zuber & Widmer, 2000), host adaptation was sug-
gested to drive race formation. However, Botanga and
Timko (2006) suggested that in addition to host adap-
tation, geographic isolation was also a critical factor in
race formation. Geography appears to be the major
element structuring genetic variation and differentia-
tion in this study, and our results suggest that S. her-
monthica populations retain a rather broad host range.
The rotation of crop cultivars and species, through
mixed cropping, relay cropping and crop rotation sys-
tems, that is common in Striga spp. infested areas in
Nigeria and Kenya (Ajeigbe et al., 2010), could pro-
vide an explanation for the maintenance of genetic
variability for host range in S. hermonthica popula-
tions (Huang et al., 2012). This is because changing
the crop varieties and species planted in a particular
location frequently will prevent tight adaptation of
Striga spp. to any one of them (Huang et al., 2011).
The subpopulations observed may therefore have
arisen as result of differential adaptation to environ-
mental conditions prevalent across the locations where
they are found.

The results in this study show that Kenyan and Nige-
rian populations of S. hermonthica represent distinct
ecotypes, with the Nigerian S. hermonthica divided into
three genetic groups that exist in different regions in
Nigeria. The results also show some host-based differen-
tiation in the Kenyan population. It may, therefore, be
useful to characterise these populations phenotypically,
to determine whether they exhibit variations in their

virulence characteristics and use these characteristics to
identify and pyramid resistance genes that will make cer-
eal varieties resistant to multiple ecotypes from every
region and host crop in the country and across the coun-
tries. As noted by Bozkurt ez al. (2015), factors driving
the formation and continued existence of these ecotypes
and their subpopulations need to be determined and
included in breeding efforts.

Testing of S. hermonthica control technologies in
Nigeria should be performed at sites representing the
areas of collections of the three genetic groups. This is
particularly important for breeding crop varieties with
broad-based resistance against different S. hermonthica
populations, as the gene flow that exists within the
three regions will make it difficult to develop control
options that will be specifically adapted to each sub-
population.
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Additional Supporting Information may be found in
the online version of this article:

Figure S1 Maps of Nigeria and Western Kenya
showing Striga hermonthica collection sites and host

crops.
Figure S2 A plot of geographic distance between

sampling locations in Kenya and linearised Fst values
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of Striga samples collected from those locations.
(R*=10.33, P =0.01, r = 0.57).

Figure S3 A plot of geographic distance between
sampling locations in Nigeria and linearised Fst values
of Striga samples collected from those locations.
(R>=0.004, P = 0.2, r = 0.064).

Figure S4 Results of BayeScan analysis for 1576
SNPs genotyped in Striga hermonthica. Marker-specific

Fgr is plotted against the posterior odds (PO) of being
under selection.
Table S1 Passport data showing the location, host

and GPS co-ordinates of the Striga hermonthica plants
collected.

Table S2 Outlier SNPs indicating positive selection
in a genome scan of 1578 SNP markers using the
method implemented in Bayescan 2.0.
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