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Abstract

Sorghum is an important food, feed, and industrial crop worldwide. Parasitic weeds of the genus Striga constitute
a major constraint to sorghum production, particularly in the drier parts of the world. In this study we analysed the
Striga germination stimulants, strigolactones, in the root exudates of 36 sorghum genotypes and assessed Striga
germination and infection. Low germination-stimulating activity and low Striga infection correlated with the exuda-
tion of low amounts of 5-deoxystrigol and high amounts of orobanchol, whereas susceptibility to Striga and high
germination-stimulating activity correlated with high concentrations of 5-deoxystrigol and low concentrations of
orobanchol. Marker analysis suggested that similar genetics to those previously described for the resistant sorghum
variety SRN39 and the susceptible variety Shanqui Red underlie these differences. This study shows that the strigo-
lactone profile in the root exudate of sorghum has a large impact on the level of Striga infection. High concentra-
tions of 5-deoxystrigol result in high infection, while high concentrations of orobanchol result in low infection. This
knowledge should help to optimize the use of low germination stimulant-based resistance to Striga by the selection
of sorghum genotypes with strigolactone profiles that favour normal growth and development, but reduce the risk
of Striga infection.
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Introduction

The root-parasitic weed Striga (Striga hermonthica [Del.]
Benth.) is a serious threat to food security in sub-Saharan
Africa. The parasite is one of the most serious pests limit-
ing yields of the major cereal crops, maize (Zea mays L.),
pearl millet [Pennisetum glaucum (L.) R. Br.], and sorghum
(Sorghum bicolor [L.] Moench) (Taylor, 2003; Gressel et al.,
2004; Ejeta, 2007; Scholes and Press, 2008; Badu-Apraku
et al, 2013). Methods used to control Striga range from

cheap traditional means such as hand pulling, crop rota-
tion, fallow, and variety choice, employed by resource-limited
farmers, to modern, more expensive interventions such as
the use of herbicides and fertilizers, practised by resource-
rich farmers (Oswald, 2005; Parker, 2009). For decades, the
development of satisfactory, low-cost, and efficient control
technologies has been a major and difficult challenge, owing
to the complexity of the parasite’s life cycle, its production of
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large amounts of tiny seeds with prolonged viability, and the
serious damage inflicted on the host by the parasite while it
is still hidden underground (Scholes and Press, 2008; Spallek
et al., 2013). The increase in frequency and magnitude of
crop yield losses and the risk of potential future spread have
led to an intensification of studies aiming to improve Striga
control through cultural and chemical measures and the gen-
eration of Striga-resistant crop varieties. Striga-resistant crop
genotypes have been proposed to provide the simplest, cheap-
est, and most durable solution to the problem (Ejeta, 2005;
Tesso and Ejeta, 2011).

In general, Striga resistance refers to the ability to reduce
or prevent infection with and reproduction of the parasite,
while tolerance refers to the ability to support equally severe
levels of infection as other varieties of the same host spe-
cies without the associated impairment of growth or loss
in grain yield (Rodenburg et al, 2005; Rodenburg and
Bastinaans, 2011). One of the most studied and best doc-
umented mechanisms of resistance against Striga is based
on the fact that a host-derived signal is required for Striga
seeds to germinate. Low production of the germination sig-
nal could potentially be a mechanism of resistance (Ejeta
et al., 1992; Ejeta et al., 2000; Ejeta et al., 2007; Yoder and
Scholes, 2010; Cardoso et al., 2011). The sorghum cultivar
Framida, originating from Uganda, was reported as early as
1958 to be a low germination-stimulant producer (Williams,
1958). In Sudan, the sorghum cultivars Tetron and SRN39
were also reported to be low stimulant producers (Kambal
and Musa, 1979; Bebawi, 1981). In addition, positive corre-
lations between the amount of germination stimulant pro-
duced and Striga infection levels in the field were reported
by several authors (Vasudeva Rao, 1984; Rich et al., 2004;
Mohemed et al., 2016).

Parker et al (1977) used the double-pot technique to
screen a large collection of sorghum genotypes for low ger-
mination stimulant-based resistance to Striga asiatica. In
this technique, 7-day-old sorghum seedlings were grown in
sterile quartz sand in a pot with a perforated base, which
was placed in another pot without perforations to collect
root exudates. An aliquot of the root exudate was applied
to preconditioned Striga seeds to assess its germination-
inducing activity. Use of the double pot and other similar
techniques resulted in the identification of several low-stim-
ulant genotypes. Field screening for resistance to Striga in
Sudan revealed that field resistance is more frequent among
low stimulant producers than among high stimulant pro-
ducers (Babiker, 2002). The agar gel assay was developed
to screen sorghum genotypes for resistance to Striga based
on the low capacity of the root exudates to stimulate the
germination of Striga seeds under controlled conditions
(Hess et al., 1992; Haussmann et al., 2000). The agar gel
assay was also used for mapping of a low-germination-stim-
ulant quantitative trait locus (QTL), /gs, which was subse-
quently used as a marker to transfer the low-stimulant trait
into other sorghum genotypes (Hess et al., 1992; Scholes
and Press, 2008; Satish et al, 2012). In all the screen-
ing approaches described above, sorghum genotypes were
identified as low or high stimulant producers on the basis

of the germination-inducing activity of their root exudate
rather than on the composition and nature of the signalling
molecules. Identification of the sorghum-derived germin-
ation stimulant has been an important research target for
decades. Sorgoleone and dihydrosorgoleone were the first
identified sorghum-derived Striga germination stimulants
in cultivar IS 4225 (Chang et al., 1986). However, sorghum
cultivars with resistance to Striga based on low stimulant
production were found to produce the same amounts of
these compounds as the susceptible cultivars, undermining
an in planta role for sorgoleone in the induction of Striga
seed germination (Siame et al., 1993). Indeed, sorghum
also produces strigolactones, and these were found to be
more active in inducing Striga germination at extremely low
concentrations, and to correlate better with resistance to
Striga, than dihydrosorgoleone (Bouwmeester et al., 2003;
Ejeta et al., 2007; Xie et al., 2010). Strigolactones includ-
ing strigol, sorgolactone, sorgomol, and 5-deoxystrigol were
identified in a number of sorghum cultivars (Hauck et al.,
1992; Siame et al., 1993; Awad et al., 2006; Xie et al., 2008)
(Fig. 1). However, variation in the composition and quan-
tity of strigolactones produced by different sorghum varie-
ties have been discussed in only a few reports. For example,
Awad et al. (20006) characterized 5-deoxystrigol as the major
stimulant in three sorghum cultivars (M 800, Hybrid, and
Swarna), sorgomol as a second major stimulant in two of
them (M 800 and Hybrid), and strigol, but not sorgomol,
as the second major stimulant in the root exudate of the
third cultivar (Swarna). In addition, sorgolactone—which
was previously isolated by Hauck et al. (1992) from the sor-
ghum cultivar Haygrazer—was not detected in any of the
cultivars investigated by Awad et al. (2006). Structural vari-
ation among the strigolactones present in root exudates of
different sorghum genotypes has been suggested to influence
susceptibility to Striga in the field (Yoneyama ez al., 2015).
For example, the Striga-susceptible sorghum cultivar Tabat
exuded 5-deoxystrigol as the major stimulant (Yoneyama
et al., 2010), while the Striga-resistant cultivar SRN39
exuded only small amounts of 5-deoxystrigol and had sor-
gomol as its major stimulant, in addition to a number of
minor putative unidentified strigolactones (Yoneyama et al.,
2010). The authors suggested that susceptibility to Striga of
some sorghum genotypes is associated with the production
and/or exudation of more stable non-hydroxy strigolac-
tones, that is, 5-deoxystrigol and sorgolactone, rather than
the more unstable strigolactone alcohols such as sorgomol
(Yoneyama et al., 2010). Although strigolactones have been
analysed in sorghum root exudates and genotypic variation
for strigolactone exudation in sorghum has been demon-
strated, more studies on the direct association between host
genotype, strigolactone exudation, and Striga germination,
host specificity, and parasitism are still needed.

The present investigation, which included 36 sorghum
genotypes comprising landraces and improved varieties col-
lected from Sudan, was carried out to study the influence of
genotypic variation in the quality and quantity of strigolac-
tones in the sorghum root exudates and their role in Striga
infection.
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Fig. 1. Chemical structures of the strigolactones detected in root exudates of sorghum genotypes.

Materials and methods

Seeds of 36 sorghum genotypes were obtained from the gene bank
of the Agricultural Research Co-operation (ARC) Wad Medani,
Sudan (see Supplementary Table S1 at JXB online). Data on field
performance, agronomic traits, and susceptibility to Striga were
obtained from the sorghum breeding program of the ARC. Seeds
of a sorghum ecotype of Striga hermonthica (Del.) Benth. were col-
lected in 2009/2010 in a sorghum field at the Abu Naama Research
Station, Sudan, and were supplied by Dr A. Hamid, Sinnar
University, Sudan.

Analysis of root exudates

For the collection of root exudates, germinated sorghum seeds of
the 36 genotypes were planted in 3 litre plastic pots filled with 1.5
litres of sand. One week after planting, the seedlings were thinned to
five plants per pot. Half-strength modified Hoagland’s nutrient solu-
tion was applied to each pot (500 ml at 48 h intervals). The plants
were allowed to grow under controlled conditions in a climate room
with artificial light at 450 pmol m™2s™" and at a temperature of 28 °C
(day; 10 h)/25 °C (night; 14 h) and 70% relative humidity for 4 weeks.
In the fifth week, phosphorus (P) deficiency was created in each pot
to increase strigolactone production (Lopez-Réez et al., 2008). To
achieve this, 3 litres of P-deficient nutrient solution (half-strength
modified Hoagland’s nutrient solution minus P) were added to each
pot and allowed to drain freely from the pot. The plants were kept
under P deficiency for 1 week prior to flushing each pot with 3 litres
of P-deficient nutrient solution to remove accumulated strigolac-
tones. The plants were then allowed to grow for an additional 48 h,
after which root exudates were collected in a 1 litre plastic bottle
by passing 3 litres of nutrient solution without P through each pot.

The collected exudate was passed over a solid phase extraction
(SPE) C18 column (500 mg 3 ml™") and strigolactones were eluted
with 6 ml acetone. For further purification, the acetone was evapo-
rated under a vacuum at 25 °C using a rotary evaporator. The resi-
due was dissolved in 4 ml hexane and loaded on to a pre-equilibrated
Silica gel Grace Pure SPE (200 mg 3 ml™!) column; strigolactones
were eluted with 2 ml hexane:ethyl acetate (1:9). The solvent was
evaporated and the residue dissolved in 200 ul of 25% aqueous ace-
tonitrile. The sample was filtered through a Minisart SRP4 0.45 pm
filter (Sartorius, Germany) prior to LC-MS/MS analysis.

Strigolactone analysis

The strigolactones 5-deoxystrigol, sorgomol, and orobanchol were
identified and quantified using ultra-performance liquid chromatog-
raphy-tandem mass spectrometry (UPLC-MS/MS) as previously
described by Lopez-Raez et al. (2008). The samples were analysed
by a Waters Xevo triple quadrupole tandem mass spectrometer
(Waters, Milford, MA, USA) equipped with electrospray ionization
source and coupled to an Acquity UPLC system (Waters). Multiple
reactions monitoring (MRM) was used for quantification of strigo-
lactones in sorghum root exudates. 5-Deoxystrigol was detected at a
retention time of 7.8 min in MRM channels m/z 331>97, 331>216,
and 331>234; sorgomol at 4.8 min in MRM channels m/z 347>317,
317>97, and 317>133; orobanchol at 4.5 min in MRM channels
mlz 347>97, 347>205, and 347>233; sorgolactone at 4.7-4.8 min
in MRM channels m/z 317>97 and 317>133; strigol at 4.50 min
in MRM channels m/z 347>97, 329> 97, and 329>215; ent-2"-epi-
orobanchol at 4.5 min in MRM channels m/z 347>97, 347>205, and
347>233; and ent-2"-epi-5-deoxystrigol at 8.0 min in MRM channels
m/z 331>97, 331>216, and 331>234. Data acquisition and analysis
were performed using Mass Lynx 4.1 (TargetLynx) software (Waters).
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Assessment of germination-stimulating activity

Striga seeds placed on 8§ mm glass fibre filter paper discs (~50
seeds each) were surface sterilized and preconditioned as previ-
ously described by Matusova et al. (2004). The discs containing
preconditioned seeds were treated with aliquots (50 nl) of authen-
tic strigolactones (5-deoxystrigol, sorgomol, orobanchol, strigol,
sorgolactone, ent-2’-epi-5-deoxystrigol, and ent-2’-epi-orobanchol)
(0.02 pM in water) or a 100-fold diluted, C18-purified root exudate,
and then incubated at 30 °C for 48 h and subsequently examined for
germination (radicle protrusion). Distilled water and the synthetic
strigolactone GR24 (0.02 nM) were included as negative and posi-
tive controls, respectively. All treatments were replicated six times.

Assessment of Striga infection

Based on differences in strigolactone production and profile, 22
sorghum genotypes were selected for a pot experiment using soil
infested with Striga seeds to examine whether differences in strigol-
actone content in the exudate resulted in differences in Striga infec-
tion. Plants were grown in 18 litre pots (0.25 m length X 0.25 m width
% 0.30 m height) containing a mixture of sand and soil, collected
from the top layer (0-0.25 m) of an arable field near Wageningen.
Striga seeds (8 mg) were added and mixed thoroughly with the soil
in each pot. The pots were watered and kept for 10 days in the green-
house to allow for conditioning of Striga seeds. Subsequently, five
seeds of each of the 22 sorghum genotypes were sown in the mid-
dle of the pot. Seedlings were thinned to one plant per pot 4 days
after emergence. Plants were grown in a temperature-controlled
greenhouse at a temperature of 28 °C (day; 10 h)/25 °C (night; 14 h),
with natural sunlight supplemented with artificial light and at 70%
relative humidity. Half-strength modified Hoagland’s nutrient solu-
tion was applied in the first week (250 ml at 48 h intervals). For the
remainder of the experimental period, a nutrient solution with 20%
P (250 ml per pot at 48 h intervals) was applied to stimulate strigol-
actone exudation.

Counting of Striga seedlings started when Striga emergence was
first observed on the susceptible genotype Tabat, ~2 weeks after sow-
ing. Subsequently, the number of emerged Striga seedlings per pot
per genotype was assessed every 3 days until Striga had emerged on
all of the 22 genotypes. Further Striga counts were made at weekly
intervals for 10 weeks. The total number of Striga plants per host
plant was determined after harvesting each genotype at maturity by
root washing and counting the attached Striga tubercles and plants.

Gene expression analysis

To investigate the role of strigolactone biosynthetic genes as a
possible explanation for genotypic differences in strigolactone
production among sorghum genotypes, we selected three resist-
ant genotypes, SRN39, 1S9830, and Tetron, which produce low
amounts of 5-deoxystrigol and sorgomol but higher amounts of
orobanchol, and which induce low Striga germination and exhibit
low levels of Striga infection; and one susceptible genotype,
Fakimustahi, which produces high amounts of 5-deoxystrigol and
sorgomol but low amounts of orobanchol, and which elicits high
Striga seed germination and displays high levels of Striga infec-
tion. Differences in the expression of the sorghum orthologs of the
rice strigolactone biosynthetic genes DWARF27 (Sb05g022855.1),
DWARFI17 (CAROTENOID CLEAVAGE DIOXYGENASE?7,
CCD7) (Sb06g024560), DWARFI0 (CAROTENOID CLEAVAGE
DIOXYGENASE 8, CCDS8) (Sb03g034400.1), and MORE
AXILLARY BRANCHING 1 (MAXI) (Sb03g032220) were ana-
lysed for these genotypes (Supplementary Tables S2-S5).

Primers were designed on the basis of the predicted mRNA
sequences (Supplementary Table S6) in the National Center for
Biotechnology Information (NCBI) database. The D27 (DWARF27)
gene sequence was obtained from the published sequence in the
NCBI database (http://www.ncbi.nlm.nih.gov; clone ID-FJ641055)
and the corresponding sorghum orthologous gene was identified

by BLASTn analysis (Supplementary Table S2). For SbCCDS8 and
SbCCD7, the corresponding rice gene sequence was used to identify
the orthologs in sorghum (http://www.gramene.org) as described
previously (Vallabhaneni et al., 2010; Guan et al., 2012; Priya and
Siva, 2014) (Supplementary Tables S3 and S4). For SbMAXI,
Arabidopsis thaliana MAX1 (AT2G26170) was obtained from the
published sequence (http://www.arabidopsis.org) and the corre-
sponding sorghum orthologous gene was identified by BLASTn
analysis in PlantGDB (http://www.plantgdb.org/) (Supplementary
Table S5). Primer pairs for individual genes were designed with
Primer Express 2.0 software (Applied Biosystems, Foster City, CA,
USA). Primer sequences were confirmed using the BLASTn pro-
gram to ensure amplification of unique and appropriate cDNA frag-
ments (Supplementary Table S6).

Total RNA was extracted from roots of the genotypes that were
grown under conditions of P deprivation for 2 weeks. The RNA was
extracted from 150 mg of homogenized ground roots using 500 ml
Trizol (Invitrogen) and subsequently purified with chloroform and
precipitated with isopropanol. Pellets were washed with ethanol
(70% v/v) and then resuspended in 20 pl Milli-Q water, and DNA
was removed using a DNAase I Kit (Qiagen) according to the man-
ufacturer’s instructions. The RNA was cleaned by using a DNase
treatment prior to quantitative (q) PCR (Promega).

Gene expression was assessed by using cDNA from each sor-
ghum genotype. cDNA was synthesized by using the iScript cDNA
Synthesis Kit (BioRad) using 1 pg of total RNA per sample, fol-
lowing the manufacturer’s instructions. The qPCR reactions were
performed using iQ SYBR Green Supermix (BioRad). The gPCR
reaction consisted of 5 pl of SYBR Green Supermix, 0.5 ul of for-
ward primer, 0.5 pl of reverse primer (with each primer at a con-
centration of 0.1 uM), 1 pl of 10-fold diluted template cDNA, and
2 pl double-deionized water. The qRT-PCR program was one cycle
of 95 °C for 10 s, followed by 45 cycles of 94 °C for 10 s, 60 °C
for 10 s, and 72 °C for 15 s. The amplifications were detected by
using a BioRad CFX Connect. The relative levels of RNA for each
gene were calculated from cycle threshold values according to the
AACt method (Schmittgen and Livak, 2008). The specificity of the
reactions was verified by melting curve analysis. The expression
data presented are the average of three control and three biological
replicates. The sorghum actin gene ShACTIN (Sb01g010030.1)
(Supplementary Table S6) was used as a reference.

Marker analysis

PCR was performed in a total reaction volume of 25 pl. The reac-
tion was set up as follows: sterile distilled water 14.76 pl, bufter (5x)
5 ul, forward primer (10 mM) 0.5 pl, reverse primer (10 mM) 0.5 pl,
dNTPs (10 mM) 0.5 pl, MgCl, (25 mM) 2.5 ul, Taq DNA polymer-
ase (5U) 0.24 pl, and template DNA (50 ng pI™") 1 pul. PCR amp-
lification conditions were as follows: initial denaturation at 94 °C
for 5 min, followed by 40 cycles of denaturation at 94 °C for 1 min,
annealing at 50 °C for 1 min, and elongation at 72 °C for 2 min.,
followed by a final elongation step at 72 °C for 5 min. The reaction
products were loaded on to 3% agarose gels, stained with ethidium
bromide, and run in 1X Tris—acetate-EDTA buffer at 100 V for 1 h,
with a 50 bp DNA (0.5 pg per lane) ladder (Thermo Scientific).
Gels were visualized using an EpiChemi II Darkroom (UVP Ltd,
Cambridge, UK) gel documentation system. The sequences of the
forward and reverse primers for the SB3344 markers are provided in
Supplementary Table S7.

Statistical analysis

The statistical package SAS (version 15) was used for analysis of
variance (ANOVA) and Pearson’s correlation analyses. Duncan’s
honest significant difference test was subsequently performed to
establish the significance of differences. The relationship between
various strigolactones and the number of emerged Striga seedlings,
Striga biomass, and in vitro Striga germination was analysed by

610z Jaquialdes 90 uo Jesn Aleiqi- yoieasay us Alsieaiun usbuiusbepy Aq 6ZE8E8Y/S L 12/6/69/10B1S0e-a)o1ue/gxl/woo dno-olwsepeoe//:sdny WwoJj papeojumoq


https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
http://www.ncbi.nlm.nih.gov
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
http://www.gramene.org
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
http://www.arabidopsis.org
http://www.plantgdb.org/
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery041#supplementary-data

Strigolactone-based resistance to S. hermonthica in sorghum | 2419

correlation analysis and stepwise regressions using the IBM SPSS
Statistics 20 package. The Origin Pro 9 (64-bit) statistical software
package was used for principal component analysis (PCA). To meet
the assumption of normality, the strigolactone peak area and num-
ber of emerged Striga seedlings were subjected to logarithmic trans-
formation prior to ANOVA.

Results
Strigolactone analysis

The major strigolactones that were detected in the root
exudates of all sorghum genotypes under investigation
were S-deoxystrigol, sorgomol, and orobanchol (Fig. 1;
Supplementary Table S8). Other strigolactones, includ-
ing sorgolactone, strigol, ent-2’-epi-orobanchol and ent-
2’-epi-5-deoxystrigol, were detected in low concentrations
in the root exudates of some genotypes (data not shown).
The amount of strigolactones secreted and the ratio
between the individual strigolactones differed consider-
ably among sorghum genotypes (Supplementary Table
S8; Fig. 2). Among all the genotypes studied, Debeikri,
Feterita Geshaish, Hemisi, Kolom, Najad, Tabat, and N13
were the highest 5-deoxystrigol producers (Supplementary
Table S8). Bari, Dari, Fakimustahi, Wad Fahel, and
Wad Elmardi were the highest sorgomol producers, and
SRN39, Tetron, 189830, Framida, and Hakika were the
highest orobanchol producers (Supplementary Table S8).
The latter genotypes were also among the lowest 5-deox-
ystrigol producers. Arfa Gadamak, Korokollow, Mogud,
Tafsagabeid, Tokarawe, Wad Ahmed, and Wad Baco
secreted intermediate amounts of 5-deoxystrigol and low
amounts of sorgomol and orobanchol (Supplementary
Table S8).
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Proportions of 5-deoxystrigol, sorgomol, and
orobanchol in the root exudates

The relative proportion of 5-deoxystrigol in the compos-
ition of the strigolactone blend in root exudate was very
high (59-70%) in Arfa Gadamak, Baham, Tafsagabeid,
and Feterita; high (50-58%) in Korokollow, Hazaztokarwe,
Kolom, Mogud, Debeikri, Dabar, and Markoob; moder-
ately high (40-49%) in Gadam Elhamam, Feterita Geshaish,
Tabat, N13, Botana, Aklamoi, Tokarawe, Wad Ahmed,
Najad, Zahrat Elgadambalia, Hemisi, Framida, Wad Fahel,
Fakimustahi, Wad Elmardi and 1S15401; moderate (30—
39%) in Tetron, Wad Baco, Naten, Hariri, Dari, Bari, and
1S9830; and low (27-28%) in SRN39 and Hakika (Fig. 2).
The relative proportion of orobanchol in the composition
of the strigolactone blend was high (42-66%) in 1S9830,
Tetron, and SRN39; moderate (29-37%) in Hakika, Botana,
Korokollow, Framida, Mogud, Wad Baco, Wad Ahmed,
Arfa Gadamak, Najad, Dabar, Feterita Geshaish, 1S15401,
Hemisi, and Debeikri; low (20-24%) in Gadam Elhamam,
Tabat, N13, Naten, Zahrat Elgadambalia, Aklamoi, Bari,
Dari, Tokarawe, Wad Elmardi, Kolom, Markoob, Feterita,
Hazaztokarwe, and Hariri; and very low (2-9%) in Wad
Fahel, Baham, Tafsagabeid, and Fakimustahi (Fig. 2). The
relative proportion of sorgomol in the strigolactone blend
was high (40-44%) in Hariri, Bari, Fakimustahi, Dari,
and Naten; moderate (29-38%) in Wad Fahel, Hakika,
Wad Elmardi, 1S15401, Wad Baco, Zahrat Elgadambalia,
Aklamoi, Hemisi, Tokarawe, Najad, SRN39, Tabat, and N13;
moderately low (24-28%) in Markoob, Gadam Elhamam,
Wad Ahmed, Feterita Geshaish, and Framida; low (16-23%)
in Dabar, Hazaztokarwe, Tafsagabeid, Debeikri, Kolom,
Botana, Feterita, Baham, and Mogud; and very low (2-9%)
in Korokollow, 1S9830, Arfa Gadamak, and Tetron (Fig. 2).
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Fig. 2. Genotypic variation in the proportions of the strigolactones 5-deoxystrigol, sorgomol, and orobanchol in root exudates of sorghum.
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Germination-inducing activity of sorghum root
exudates

The C18-purified, 100-fold-diluted root exudates displayed sig-
nificant variation in germination-inducing activity (P<0.01)
(Fig. 3). The germination-inducing activity of root exudates
was very high (60-67%) for Bari, Dabar, Dari, Fakimustahi,
Feterita Geshaish, Kolom, Markoob, N13, Tabat, and Wad
Elmardi; high (50-59%) for Debeikri, Feterita, Hemisi, Gadam
Elhamam and Hazaztokarwe; moderate (30-49%) for Baham,
Tafsagabeid, Zahrat Elgadambalia, Wad Ahmed, Naten, Arfa
Gadamak, Najad, IS15104, 1S9830, Tetron, Hariri, Mogud, and
Korokollow; and low (0-29%) for Aklamoi, Botana, Framida,
Hakika, SRN39, Wad Baco, Wad Fahel and Tokarawe. Among
the genotypes, the germination-inducing activity of the root
exudates was highest for Wad Elmardi, Fakimustahi, and
Tabat, and lowest for SRN39, Wad Baco, and Framida (Fig. 3).
Distilled water and the synthetic strigolactone GR24 (0.02 uM)
induced negligible (0%) and 50% germination, respectively.

Germination-stimulating activity of standard
strigolactones

The natural strigolactones 5-deoxystrigol, sorgomol, oroban-
chol, strigol, sorgolactone, ent-2’-epi-5-deoxystrigol, and ent-
2’-epi-orobanchol, together with the synthetic strigolactone
GR?24, each at 0.02 uM, displayed significant differences in
germination-inducing activity (Fig. 4). GR24 induced 36%
germination. Sorgomol, strigol, sorgolactone and 5-deox-
ystrigol induced 57%, 58%, 47%, and 45% germination,
respectively. Ent-2"-epi-orobanchol, ent-2’-epi-5-deoxystrigol,
and ent-2’-epi-strigol induced 22%, 22%, and 11% germin-
ation, respectively. Orobanchol, by contrast, induced only 5%
germination.

Striga infection

To investigate the effect of the observed differences in germi-
nation-stimulating activity on Striga infection, a selection of
22 sorghum genotypes was grown in pots with soil infected
with Striga seeds. The mean total number of attached
Striga plants per pot was highest (18-24) on Najad, Gadam
Elhamam, Tabat, Hariri, and Wad Baco; moderate (11-15)
on Framida, Mogud, Fakimustahi, Wad Ahmed, Wad Fahel,
Naten, Zahrat Elgadambalia, Feterita Geshaish, Tokarawe,
Arfa Gadamak, and N13; low (9-10) on Botana, Korokollow,
and Aklamoi; and 1S9830; and negligible (2) on SRN39 and
Tetron (Fig. 5A).

The number of non-emerged attached Striga plants per
pot was highest (9—15) on Gadam Elhamam, Najad, Tabat,
and Framida; moderate (7-8) on Wad Ahmed and Wad
Fahel; low (3-5) on Naten, Korokollow, Mogud, Hariri, N13,
Aklamoi, Fakimustahi, Tokarawe, 1S9830, Arfa Gadamak,
Zahrat Elgadambalia, Wad Baco, and Feterita Geshaish; and
negligible (0-2) on Botana, Tetron, and SRN39 (Fig. 5B).

The number of emerged Striga plants per pot was high-
est (9-15) on Hariri, Najad, Fakimustahi, Wad Baco, Tabat,
Mogud, Zahrat Elgadambalia, Feterita Geshaish, Botana,
and Arfa Gadamak; moderate (6-8) on Naten, Tokarawe,
Wad Fahel, N13, Wad Ahmed, Framida, and IS9830; low (5)
on Aklamoi, Korokollow, and Gadam Elhamam; and negli-
gible (1-2) on SRN39 and Tetron (Fig. 5C).

Emergence time

The number of days to first emergence of Striga showed
significant (P<0.01) dependence on the sorghum geno-
type (Supplementary Table S9). Emergence was very early
[15-18 days after sowing (DAS)] on Aklamoi, Fakimustahi,
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Fig. 3. Genotypic variation in the germination-inducing activity of sorghum root exudates. Bars represent means+SE (n=5). Least significant differences
of means at P=0.05 by ANOVA. Letters above the bars indicate different significance groups after Duncan’s pairwise comparisons (P<0.05).
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Fig. 4. Germination response of Striga seeds to natural and synthetic strigolactones at 0.02 uM. Results represent the mean of five replicates. Error bars
indicate SE. Different letters above the bars indicate significant differences between mean values (P<0.05; ANOVA).

Feterita Geshaish, Tabat, Gadam Elhamam, Wad Fahel, and
Zahrat Elgadambalia; moderately early (23-27 DAS) on Arfa
Gadamak, Botana, Framida, Korokollow, Mogud, Naten,
N13, Najad, Tokarawe, and Wad Baco; and late (31-36 DAS)
on Hariri, 1S9830, SRN39, Tetron, and Wad Ahmed. Fig. 5D
shows the emergence of Striga for a selection of 10 genotypes.

Principal component analysis

The peak areas of 5-deoxystrigol, sorgomol, and oroban-
chol were used in PCA to visualize the relationship between
the different sorghum genotypes, their strigolactone pro-
file, and the germination-inducing activity of their root
exudates (Fig. 6A) and, for a subset of the genotypes, the
number of Striga per pot (Fig. 6B). The first two principal
components in Fig. 6A had an eigenvalue higher than 1,
and explained 74% of the variation in strigolactone content
(Supplementary Table S10). The first principal component
(PC1) explained 47% of the variation, with positive load-
ings for both 5-deoxystrigol and germination and a nega-
tive loading for orobanchol (Supplementary Table S10). The
second principal component (PC2) explained 27% of the
total variation, with a high positive loading for sorgomol
(Supplementary Table S10). Along PC1, genotypes are sepa-
rated based on 5-deoxystrigol and orobanchol concentration,
with the highest 5-deoxystrigol-producing genotypes, such as
Debeikri, Fakimustahi, Hazaztokarwe, N13, Tabat, and Wad
Fahel, clustering on the right side of the plot, and the highest
orobanchol-producing genotypes, such as Hakika, Framida,
SRN39, and Wad Baco, clustering in the upper left quadrant
(Fig. 6A). The PC2 differentiated genotypes with high and
low concentrations of sorgomol. The high sorgomol produc-
ers (Bari, Dari, and Wad Elmardi) clustered in the upper part
of the PCA, while low-sorgomol-producing genotypes, for

example, Arfa Gadamak, Korokollow, Mogud, Baham, and
Dabar, clustered in the lower part.

A PCA plot of the selection of genotypes that was assessed
in a pot experiment for Striga infection showed a similar clus-
tering of genotypes, as it was based on the same strigolac-
tone data (Fig. 6B). There was a striking strong correlation
between the vectors for germination (in root exudate) and
number of Striga plants per pot. According to the directions
and angles of the vectors, 5-deoxystrigol exhibited a positive
correlation with the germination-stimulating activity of the
root exudates, while orobanchol exhibited a negative correl-
ation with the germination-stimulating activity (Fig. 6A, B).
The perpendicular angle between sorgomol and germination-
stimulating activity suggests no correlation (Fig. 6A, B). The
angle between 5-deoxystrigol and Striga plants per pot sug-
gests a positive correlation, while that between orobanchol
and Striga plants per pot suggests a negative correlation
(Fig. 6B).

Correlation analysis

In addition to multivariate PCA, correlation analysis was
used to investigate the relationship between the concentra-
tions of S5-deoxystrigol, sorgomol, and orobanchol in root
exudates, and Striga germination and infection. The amount
of 5-deoxystrigol in the root exudates displayed a significant
positive correlation with Striga seed germination (r=0.38;
P<0.01), while orobanchol showed a significant negative cor-
relation (r=-0.25; P<0.01) and sorgomol showed a non-sig-
nificant negative correlation (Table 1).

Correlation analysis across all 22 genotypes between strigol-
actone peak areas in the root exudate and number of emerged
Striga plants in the pot experiment showed that 5-deoxystr-
igol significantly and positively correlated with the number of
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emerged Striga (r=0.36; P<0.01), while orobanchol displayed a
significant negative correlation (r=-0.41; P<0.05) and sorgomol
a significant positive correlation (+=0.23; P<0.05) (Table 1).
Stepwise regression with the peak areas of the strigolac-
tones as predictors for Striga emergence resulted in a model
(R’=0.27; P<0.001) (Table 2) containing S5-deoxystrigol,

sorgomol, and orobanchol as significant predictors for Striga
emergence. Of these, 5-deoxystrigol showed the highest
positive contribution, with a regression coefficient of 0.29
(P<0.006) (Table 2). The regression coefficients for sorgo-
mol and orobanchol were 0.25 (P<0.01) and —0.26 (P<0.01),
respectively (Table 2).
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relationship between strigolactone production and composition in selected sorghum genotypes grown in pots, germination of Striga seeds as induced by
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Variation in strigolactone biosynthetic genes

infection, we analysed four sorghum genotypes differing
in Striga resistance (Fig. 7A). RT-qPCR showed that the

To assess the relationship between expression of strigolac- expression of D27, CCD7, and CCDS differed significantly

tone biosynthetic genes and differences in the strigolactone

(P<0.025) among the genotypes (Fig. 7B). The expression

profile, induction of Striga seed germination, and Striga
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Table 1. Correlation coefficients between strigolactone levels
in the root exudates, in vitro Striga germination, and Striga
emergence in a pot experiment using 22 sorghum genotypes

5-Deoxystrigol Sorgomol Orobanchol
Germination 0.38* -0.17 NS -0.25"*
Striga plants per pot 0.36** 0.23* -0.41**
5-Deoxystrigol 1 0.19* -0.32**
Sorgomol 0.19* 1 -0.12 NS
Orobanchol -0.32** -0.12 NS 1

**Correlation is significant at the £<0.01 level (one-tailed). NS, not
significant.

Table 2. Summary for the stepwise best regression model
(R?=0.27) predicting the contribution of the strigolactone level in
the root exudates of sorghum genotypes to Striga emergence

Variables Coefficient of regression P
5-Deoxystrigol 0.29 0.006
Sorgomol 0.25 0.01
Orobanchol -0.26 0.01

of both D27 and CCDS8 was higher in the Striga-susceptible
genotype Fakimustahi than in the Striga-resistant geno-
types 1S9830, Tetron, and SRN39 (Fig. 7B). In contrast, the
expression of CCD7 was higher in genotypes 1S9830 and
Tetron than in Fakimustahi (Fig. 7B). Although there was no
significant difference in the expression of MAXI1 among the
genotypes, it showed a tendency towards the same pattern
of expression as CCD?7, that is, higher in the more resistant
genotypes. The amount of 5-deoxystrigol and sorgomol in
the exudate correlated positively with the expression of D27
(r=0.70; P<0.05, and r=0.73; P<0.05) and negatively with
that of CCDS (significant only for 5-deoxystrigol: r=-0.80;
P<0.01) (Supplementary Table S11, Fig. 7B).

Markers for germination-stimulating activity in sorghum

In an attempt to understand the genetics underlying the
differences in strigolactone profiles and Striga resistance
found in the present study, 12 sorghum genotypes were
genotyped. Primers were used corresponding to the marker
SB3344, recently reported for the /gs QTL for the low ger-
mination stimulant-based resistance of genotype SRN39
(Satish et al., 2012). PCR using these primers generated a
polymorphic band pattern discriminating the resistant low-
stimulant genotype SRN39 and the susceptible high-stim-
ulant genotype Shanqui Red, which lacks the resistance
allele (Satish et al., 2012) (Fig. 8A). The size of the PCR-
amplified bands ranged from 170 to 190 bp. For the geno-
types Tetron, 1S9830, and Framida, a similar haplotype
pattern to that of SRN39 was observed (Fig. 8B); the same
was observed for Hakika (data not shown). For the geno-
types Wad Fahel, Mogud, Wad Baco, and Hariri, a haplo-
type pattern similar to that of Shanqui Red was observed
(Fig. 8B). Two bands were amplified for the genotype

Korokollow, while for the genotypes Fakimustahi and
Tabat an intermediate-sized band was amplified (Fig. 8§B).

Discussion

Our results reveal that, irrespective of morphological group,
geographical location, climatic adaptation, and field reac-
tion to Striga, all sorghum genotypes release S5-deoxystri-
gol, sorgomol, and/or orobanchol as major strigolactones
(Supplementary Table S8). In addition, low concentrations of
strigol, sorgolactone, ent-2"-epi-orobanchol, and ent-2’-epi-5-
deoxystrigol were detected in the root exudates of some geno-
types. The results also reveal significant genotypic variation
in the total concentrations of strigolactones and their relative
amounts (Supplementary Table S8; Fig. 2). The production of
mixtures of strigolactones and the variation in their amount and
composition in sorghum root exudates are in line with several
previous reports (Awad et al., 2006; Yoneyama et al., 2010; Jamil
et al., 2013). Despite the reports on the identification and char-
acterization of several strigolactones, ent-2"-epi-5-deoxystrigol
and ent-2"-epi-orobanchol have never been reported before in
root exudates or extracts of sorghum. In rice, high levels of
ent-2"-epi-5-deoxystrigol were reported in the root exudates of
some cultivars (IAC 165, IAC 1246, and Gangweondo; Jamil
et al., 2012); whereas ent-2’-epi-orobanchol was reported and
characterized in tobacco root exudates as a potent germination
stimulant for Phelipanche ramosa L. seeds (Xie et al., 2007).
Furthermore, the present study, in line with a previous report
(Mohemed et al., 2016), unequivocally confirmed the produc-
tion of orobanchol by a range of sorghum genotypes, including
IS15401 and the Striga-resistant genotypes Framida, Hakika,
SRN39, Tetron, and 1S9830. Orobanchol was first character-
ized in red clover by Yokota et al (1998) and subsequently
reported by Jamil ez al. (2012) in rice.

In the germination bioassay, S5-deoxystrigol, sorgomol,
sorgolactone, and strigol exhibited relatively high germi-
nation-inducing activity in Striga seeds compared with the
other strigolactones, consistent with previous reports (Hauck
et al., 1992; Yasuda et al., 2003; Xie et al., 2008; Cardoso
et al., 2014a). Likewise, we showed that at a concentration
of 0.02 uM ent-2"-epi-5-deoxystrigol, ent-2’-epi-strigol, or
GR?24 displayed a moderate yet potent activity (>30% germi-
nation), while orobanchol showed negligible activity (<10%
germination). The low germination-inducing activity of
orobanchol in Striga is consistent with previous reports on
the low sensitivity of Striga (sorghum strain) to the oroban-
chol-type strigolactones (Nomura et al., 2013; Cardoso et al.,
2014a). The low sensitivity of Striga to orobanchol sug-
gests that selection for high orobanchol producers may be
an effective strategy to obtain sorghum genotypes with good
arbuscular mycorrhizal fungi recruitment, but lower Striga
germination-inducing activity. It is noteworthy that oroban-
chol is an effective inducer of mycorrhizal hyphal branching
(Akiyama et al., 2010). Indeed, high-orobanchol-producing
genotypes were less infected by Striga in a pot experiment
(Fig. 6B). Interestingly, we also found a correlation between
the level of Striga infection and the Striga emergence rate
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(Supplementary Table S12). Early emergence of Striga may physiological barriers delaying early infection and/or hinder-
reflect a highly compatible host—parasite interaction, while ing subsequent development (Arnaud et al, 1999; Gurney
late emergence suggests the presence of physical and/or et al, 1999; Haussmann et al., 2000; Van Ast et al., 2000).
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(A)Marker SB 3344 size (180 for SRN38 and 190 for Shanque red)
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Fig. 8. (A) PCR products obtained with a primer pair for the marker SB3344 and two reference genotypes of sorghum resistant (SRN39) and susceptible
(Shanqui Red) to Striga. The fragment sizes for the reference genotypes are ~170 bp for SRN39 and ~190 bp for Shanqui Red. (B) PCR products
obtained with the marker SB3344 primer pair for 10 further sorghum genotypes. Arrows indicate the amplified fragment of the low-stimulant genotypes.

Delaying the time of first infection not only influences Striga
parasitism and reproduction, but also strongly reduces its
damaging effects on host plants (Van Ast and Bastiaans,
20006) (Frost et al., 1997). Whether orobanchol plays a role in
the creation of this physical or physiological barrier, or is sim-
ply causing lower germination and therefore delayed attach-
ment, remains unclear.

The genotypes used in the present study can be classi-
fied into three groups with respect to the timing of Striga
emergence (Fig. 5SD; Supplementary Table S9). The first
group includes Fakimustahi, Feterita Geshaish, Zahrat
Elgadambalia, and Tabat, in which Striga emergence was early
(15-18 DAS) (Fig. 5A). The second group consists of Arfa
Gadamak, Botana, Framida, Korokollow, Mogud, Naten,
N13, Najad, Tokarawe, and Wad Baco, in which Striga emer-
gence was moderately early (23-27 DAS), and a third group
comprises Hariri, IS9830, SRN39, Tetron, and Wad Ahmed,
in which Striga emergence was late (31-36 DAS) (Fig. 5A).
These results, which are consistent with a report by Timko
and Scholes (2013), suggest that the first group has the least
mechanical and/or physiological barriers that delay ingress of
the parasite and/or reduce its growth rate, while in the latter
two groups constitutive and/or induced barriers may delay
the onset of parasitism and/or the growth rate of the parasite
(Fig. 5A).

It is noteworthy that all genotypes that showed late Striga
emergence possess a strigolactone blend low in 5-deox-
ystrgol or sorgomol and rich in the less active stimulant
orobanchol. Furthermore, the results revealed that differ-
ences in the proportions of 5-deoxystrigol, sorgomol, and
orobanchol in root exudates of different sorghum genotypes
influenced their germination-inducing activity and Striga
infection (Figs. 3, 4, 6B). The genotypes Feterita Geshaish,
Gadam Elhamam and Tabat, whose root exudates contain
a high proportion of 5-deoxystrigol and a low proportion
of orobanchol, were associated with high Striga germina-
tion and displayed high infection levels in pots (Fig. 5).
Similarly, the genotypes Fakimustahi and Hariri, the root
exudates of which contain a high proportion of sorgo-
mol and a low proportion of orobanchol, were associated
with high in vitro germination and high Striga infection.
Conversely, the genotypes SRN39, 1S9830, Hakika, and
Wad Baco, whose the root exudates contain a high propor-
tion of orobanchol and a low proportion of 5-deoxystrigol,
were associated with low Striga germination and displayed
low levels of infection by the parasite. These findings, which
are in agreement with previous reports that showed a sig-
nificant negative relationship between orobanchol, in vitro
germination, and field infection by the parasite (Vasudeva
Rao, 1984; Mohemed et al., 2016; Gobena et al., 2017), are
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further substantiated by correlation analysis, which showed
the existence of a significant negative association between
orobanchol and in vitro Striga germination and Striga emer-
gence in pots (Table 1). The notable negative correlation
between orobanchol and 5-deoxystrigol (Fig. 6B) suggests
a negative biosynthetic correlation between the two strigo-
lactones, resulting in low production of the strong Striga
germination stimulant 5-deoxystrigol when there is a high
level of orobanchol. However, a direct inhibitory effect of
orobanchol on Striga germination cannot be excluded with-
out further investigation.

The present study further revealed that high stimulant
production and in vitro germination are not solely responsi-
ble for high infection by the parasite in pot experiments. The
genotypes N13 and Tabat have high proportions of 5-deox-
ystrigol (Supplementary Table S8; Fig. 2) and induced high
in vitro germination of Striga (Fig. 3), but N13 displayed far
less infection by the parasite than Tabat in the pot experi-
ment (Fig. 5). The differential response in N13 could pos-
sibly be attributed to mechanical resistance, as reported by
Grenier et al. (2007) and Mbuvi et al. (2017). In addition,
high proportions of sorgomol in some genotypes, such as
Wad Fahel, did not necessarily result in higher germina-
tion-stimulating activity, although it was associated with a
higher Striga infection level in the pot experiment (Fig. 5B).
The discrepancy between the results of in vitro germination
assays and performance in the pot experiment of some gen-
otypes may be attributable to inherent differences between
the two assay methods. Root exudates may vary in composi-
tion with the species, cultivar, growth stage, and conditions
of growth. Hence, in soils the seeds of the parasite may be
exposed to root exudates with a constantly changing com-
position of strigolactones and other signalling chemicals
which may be synergistic or antagonistic to the action of
strigolactones (Yoneyama et al., 2009). Nevertheless, there
is a good correlation between in vitro germination induced
by root exudates and Striga infection in the pot experiment
(Fig. 6B). Our findings suggest that, in the absence of other
Striga resistance mechanisms, high strigolactone produc-
tion with a high proportion of 5-deoxystrigol and sorgomol
together with low orobanchol in the root exudates results
in high susceptibility to Striga. These findings confirm the
positive relationship between the level of 5-deoxystrigol in
the root exudates of genotypes grown in a greenhouse with
Striga infection of the same genotypes in the field previously
reported by Mohemed e al. (2016). On the other hand, high
proportions of orobanchol in the root exudates enhanced
resistance to the parasite. The PCA bi-plot (Fig. 6B) clearly
shows that low Striga infection in the pot experiment (in gen-
otypes SRN39, Tetron, IS9830, Framida, Mogud, and Wad
Baco) is associated with high proportions of orobanchol,
and conversely, susceptibility to the parasite is clearly associ-
ated with high proportions of 5-deoxystrigol.

The fact that most of the genotypes we investigated con-
tained mostly the same strigolactones suggests that str-
igolactone biosynthesis in sorghum is highly conserved.
Nevertheless, selection pressure or selection by breeders
for Striga resistance seems to have resulted in preferential

selection of genotypes that produce strigolactones with low
Striga germination-inducing activity, that is, orobanchol
(Gobena et al., 2017). The tendency of Striga-resistant sor-
ghum genotypes—previously described as low-germination-
stimulant producers— to produce higher levels of orobanchol
shows that it is not the flux through the strigolactone pathway
that was affected by selection for Striga resistance in these
genotypes, but the flux towards orobanchol, a strigolactone
with opposite stereochemistry to 5-deoxystrigol.

It is therefore also not unexpected that there were no large
differences in the expression of the strigolactone biosyn-
thetic genes, all of which catalyse the core strigolactone bio-
synthetic pathway. Nevertheless, the expression of D27 and
CCDS in root tissues of the susceptible sorghum genotype
Fakimustahi was 3- and 4-fold higher, respectively, than in
the resistant genotypes IS9830 and Tetron (Fig. 7B). In con-
trast, expression of CCD7 was higher in the resistant geno-
type IS9830 than in the susceptible genotype Fakimustahi
(Fig. 7B). In rice, Zhang et al. (2014) showed that the M A X1
homologs 0s900 and Os1400 catalyse the conversion of car-
lactone to ent-2’-epi-5-deoxystrigol (deoxyorobanchol) and
of ent-2’-epi-5-deoxystrigol (deoxyorobanchol) to oroban-
chol, respectively. The catalytic function of the four sorghum
MAXIs has not been elucidated yet, and there were no sig-
nificant differences in the expression of one of these MA X/
homologs in the sorghum lines investigated in this study.
Accordingly, it is difficult to find a direct correlation between
gene expression at this one time point and the levels of the
strigolactones in the root exudates; more genotypes need
to be studied to pinpoint the roles of these and other genes
in the changes in strigolactone biosynthesis in the resistant
genotypes.

Genotypes 159830, Framida, Hakika, and Tetron showed
the same amplification of the marker SB3344 as that of the
resistant genotype SRN39, confirming the results of Satish
et al. (2012). Hakika (also known as P9405) is in fact derived
from SRN39 (Mbwaga et al., 2007). The presence of the
SB3344 marker coincided with high relative proportions of
orobanchol in the root exudates of Tetron (59%) and 1S9830
(66%), but the root exudates of Framida and Hakika showed
less high relative proportions of orobanchol (32% and 37%,
respectively; Fig. 2). It is noteworthy that, based on peak
area, IS9830 produced far less 5-deoxystrigol than Tetron
and SRN39, and Tetron and IS9830 produced far less sorgo-
mol than SRN39 (Fig. 7).

In essence, the results show that in sorghum genotypes
SRN39, 1S9830, Framida, Tetron, and Hakika the low-stim-
ulant trait is associated with the same marker (SB3344), and
the low-stimulant allele for these genotypes might therefore
be identical. However, in the genotypes Wad Fahel, Mogud,
and Wad Baco, which are susceptible to the parasite des-
pite the relatively low germination-inducing activity of their
root exudates (Figs. 3, 7, 6B), the SRN39 low germination
stimulant (/gs) linked marker was not amplified. Instead,
amplification resulted in a fragment pattern similar to that
of the high-stimulant, Striga-susceptible Chinese sorghum
genotype Shanqui Red, suggesting that these genotypes lack
the resistance allele at the /gs locus. Genotypes Tabat and
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Fakimustahi, which produce high levels of 5-deoxystrigol, do
not show the expected Shanqui Red-type fragment pattern
(Fig. 8B). This may be caused by the possession of different
alleles at the /gs locus in these genotypes or recombination
between the marker amplified by the primers and the LGS
allele. Korokollow also does not show the typical fragment
pattern of either SRN39 or Shanqui Red (Fig. 8§B), but this
genotype has a quite atypical strigolactone profile (Fig. 2),
suggesting the absence of the standard /gs locus.

Our results confirm previous reports that low 5-deoxystrigol
and high orobanchol production are associated with low germi-
nation traits and low infection by the Striga parasite, and that
delayed emergence of the parasite reduces its damaging effects on
the host (Gobena et al., 2017, Mohemed et al., 2016). Moreover,
the results suggest the involvement of genes other than Igs in
controlling the low germination traits in some of the genotypes
investigated. These genes could provide additional sources for
the introgression of low germination traits from donors other
than SRN39 into new preferred sorghum varieties, such as
Feteritas, using marker-assisted selection and backcrossing.
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