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Summary
Parasitic weeds of the genera Striga, Orobanche, and Phelipanche pose a
severe problem for agriculture because they are difficult to control and are highly
destructive to several crops. The present work was carried out during the period
October, 2009 to February, 2012 to evaluate the potential of arbuscular mycorrhizal
fungi (AMF) to suppress P. ramosa on tomatoes and to investigate the effects of airdried powder and aqueous extracts from Euphorbia hirta on germination and
haustorium initiation in Phelipanche ramosa. The work was divided into three parts: a
survey of the indigenous mycorrhizal flora in Sudan, second, laboratory and greenhouse
experiments (conducted in Germany and Sudan) to construct a base for the third part,
which was a field trial in Sudan.
A survey was performed in 2009 in the White Nile state, Sudan to assess AMF
spore densities and root colonization in nine fields planted with 13 different important
agricultural crops. In addition, an attempt was made to study the relationship between
soil physico-chemical properties and AMF spore density, colonization rate, species
richness and other diversity indices. The mean percentage of AMF colonization was
34%, ranging from 19-50%. The spore densities (expressed as per 100 g dry soil)
retrieved from the rhizosphere of different crops were relatively high, varying from 344
to 1222 with a mean of 798. There was no correlation between spore densities in soil
and root colonization percentage. A total of 45 morphologically classifiable species
representing ten genera of AMF were detected with no correlation between the number
of species found in a soil sample and the spore density. The most abundant genus was
Glomus (20 species). The AMF diversity expressed by the Shannon–Weaver index was
highest in sorghum (H\= 2.27) and Jews mallow (H\= 2.13) and lowest in alfalfa (H\=
1.4). With respect to crop species, the genera Glomus and Entrophospora were
encountered in almost all crops, except for Entrophospora in alfalfa. Kuklospora was
found only in sugarcane and sorghum. The genus Ambispora was recovered only in
mint and okra, while mint and onion were the only species on which no Acaulospora
was found. The hierarchical cluster analysis based on the similarity among AMF
communities with respect to crop species overall showed that species compositions
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were relatively similar with the highest dissimilarity of about 25% separating three of the
mango samples and the four sorghum samples from all other samples.
Laboratory experiments studied the influence of root and stem exudates of three
tomato varieties infected by three different Glomus species on germination of P.
ramosa. Root exudates were collected 21or 42 days after transplanting (DAT) and stem
exudates 42 DAT and tested for their effects on germination of P. ramosa seeds in vitro.
The tomato varieties studied did not have an effect on either mycorrhizal colonization or
Phelipanche germination. Germination in response to exudates from 42 day old
mycorrhizal plants was significantly reduced in comparison to non-mycorrhizal controls.
Germination of P. ramosa in response to root exudates from 21 day old plants was
consistently higher than for 42 day-old plants (F=121.6; P<.0001). Stem diffusates from
non-mycorrhizal plants invariably elicited higher germination than diffusates from the
corresponding mycorrhizal ones and differences were mostly statistically significant.
A series of laboratory experiments was undertaken to investigate the effects of
aqueous extracts from Euphorbia hirta on germination, radicle elongation, and
haustorium initiation in P. ramosa. P. ramosa seeds conditioned in water and
subsequently treated with diluted E. hirta extract (10-25% v/v) displayed considerable
germination (47-62%). Increasing extract concentration to 50% or more reduced
germination in response to the synthetic germination stimulants GR24 and Nijmegen-1
in a concentration dependent manner. P. ramosa germlings treated with diluted
Euphorbia extract (10-75 % v/v) displayed haustorium initiation comparable to 2, 5Dimethoxy-p-benzoquinon (DMBQ) at 20 µM. Euphorbia extract applied during
conditioning reduced haustorium initiation in a concentration dependent manner. E. hirta
extract or air-dried powder, applied to soil, induced considerable P. ramosa germination.
Pot experiments were undertaken in a glasshouse at the University of Kassel,
Germany, to investigate the effects of P. ramosa seed bank on tomato growth
parameters. Different Phelipanche seed banks were established by mixing the parasite
seeds (0 - 32 mg) with the potting medium in each pot. P. ramosa reduced all tomato
growth parameters measured and the reduction progressively increased with seed
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bank. Root and total dry matter accumulation per tomato plant were most affected. P.
ramosa emergence, number of tubercles, and tubercle dry weight increased with the
seed bank and were, invariably, maximal with the highest seed bank. Another objective
was to determine if different AM fungi differ in their effects on the colonization of
tomatoes with P. ramosa and the performance of P. ramosa after colonization. Three
AMF species viz. GIomus intraradices, Glomus mosseae and Glomus Sprint® were
used in this study. For the infection, P. ramosa seeds (8 mg) were mixed with the top 5
cm soil in each pot. No mycorrhizal colonization was detected in un-inoculated control
plants. P. ramosa infested, mycorrhiza inoculated tomato plants had significantly lower
AMF colonization compared to plants not infested with P. ramosa. Inoculation with G.
intraradices, G. mosseae and Glomus Sprint® reduced the number of emerged P.
ramosa plants by 29.3, 45.3 and 62.7% and the number of tubercles by 22.2, 42 and
56.8%, respectively. Mycorrhizal root colonization was positively correlated with number
of branches and total dry matter of tomatoes.
Field experiments on tomato undertaken in 2010/12 were only partially
successful because of insect infestations which resulted in the complete destruction of
the second run of the experiment. The effects of the inoculation with AMF, the addition
of 10 t ha-1 filter mud (FM), an organic residues from sugar processing and 36 or 72 kg
N ha-1 on the infestation of tomatoes with P. ramosa were assessed. In un-inoculated
control plants, AMF colonization ranged between 13.4 to 22.1% with no significant
differences among FM and N treatments. Adding AMF or FM resulted in a significant
increase of branching in the tomato plants with no additive effects. Dry weights were
slightly increased through FM application when no N was applied and significantly at 36
kg N ha-1. There was no effect of FM on the time until the first Phelipanche emerged
while AMF and N application interacted. Especially AMF inoculation resulted in a
tendency to delayed P. ramosa emergence. The marketable yield was extremely low
due to the strong fruit infestation with insects mainly whitefly Bemisia tabaci and tomato
leaf miner (Tuta absoluta). Tomatoes inoculated with varied mycorrhiza species
displayed different response to the insect infestation, as G. intraradices significantly
reduced the infestation, while G. mosseae elicited higher insect infestation.
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The results of the present thesis indicate that there may be a potential of
developing management strategies for P. ramosa targeting the pre-attachment stage
namely germination and haustorial initiation using plant extracts. However, ways of
practical use need to be developed. If such treatments can be combined with AMF
inoculation also needs to be investigated. Overall, it will require a systematic approach
to develop management tools that are easily applicable and affordable to Sudanese
farmers. It is well-known that proper agronomical practices such as the design of an
optimum crop rotation in cropping systems, reduced tillage, promotion of cover crops,
the introduction of multi-microbial inoculants, and maintenance of proper phosphorus
levels are advantageous if the mycorrhiza protection method is exploited against
Phelipanche ramosa infestation. Without the knowledge about the biology of the
parasitic weeds by the farmers and basic preventive measures such as hygiene and
seed quality control no control strategy will be successful, however.
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Zusammenfasung
Parasitäre Wildkräuter der Gattungen Striga, Orobanche und Phelipanche
stellen ein akutes Problem für die Landwirtschaft dar, weil sie schwer zu
kontrollieren sind und destruktiv auf eine Reihe von Kulturpfanzen wirken. Die
vorliegende Arbeit wurde in der Zeit von Oktober 2009 bis Februar 2012
durchgeführt, um das inhibierende Potenzial von Mykorrhizapilzen (Englisch:
arbuscular mycorrhizal fungi (AMF)) auf P. ramosa bei Tomaten zu bewerten. Dabei
wurden die Auswirkungen von lufttrockenem Pulver und wässrigem Extrakt aus
Euphorbia hirta auf die Keimung und Haustoriuminitierung in P. ramosa untersucht.
Die vorliegende Doktorarbeit ist in drei Teile geliedert: a) Recherche zur
einheimischen Mykorrhizaflora Sudans, b) Labor- und Gewächshausexperimente (in
Deutschland und Sudan), um die Grundlage für c) einen weiteren Feldversuch im
Sudan zu konstruieren.
Im Jahr 2009 wurde eine Untersuchung im White Nile state, Sudan,
durchgeführt, um die AMF-Sporendichte und -Wurzelbesiedlung in neun Feldern mit
13 verschiedenen und wichtigen Kulturpflanzenarten zu beurteilen. Darüber hinaus
wurde

der

Versuch

unternommen,

die

Beziehung

zwischen

physikalisch-

chemischen Bodeneigenschaften und AMF-Sporendichte, -Kolonisationsrate, Artenreichtum und weitere Diversitätsindizes zu erkunden. Der durchschnittliche
Anteil der AMF-Kolonisierung betrug 34% und varierte zwischen 19 und 50%. Die
Sporendichten (ausgedrückt als 100 g pro Boden (trocken)) verschiedener
Pflanzenrhizosphären war relativ hoch und variierte von 344 bis 1222 mit einem
Mittelwert von 798. Eine Korrelation zwischen Sporendichte im Boden und der
Wurzelbesiedlung wurde nicht gefunden. Insgesamt konnten 45 Arten aus zehn
Gattungen morphologisch klassifiziert werden. Eine Korrelation zwischen der AMFArtenzahl und der Sporendichte in den Bodenproben konnte nicht festgestellt
werden. Die am häufigsten vorkommende Gattung war Glomus (20 Arten). Die
AMF-Diversität, verdeutlicht durch den Shannon-Weaver-Index, war am höchsten
bei Sorghum (H/=2,27) und Corchorus olitorius (Jews mallow) (H/=2,13) und am
niedrigsten bei Luzerne (H\=1,4). Die Gattungen Glomus und Entrophospora
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wurden in fast allen Kulturen angetroffen, mit Ausnahme von Entrophospora in
Luzerne. Kuklospora wurde nur bei Zuckerrohr und Hirse gefunden. Die Gattung
Ambispora wurde nur in Minze und Okra entdeckt, während Minze und Zwiebeln die
einzigen Arten waren auf denen keine Acaulospora gefunden wurde. Hierarchische
Cluster-Analysen basierend auf der Ähnlichkeit zwischen den AMF-Gemeinschaften
je Kultur zeigten, dass Artenzusammensetzungen relativ ähnlich waren, wobei die
größten Ungleichheiten von etwa 25% zwischen drei der Mango-Proben und vier
der Sorghum-Proben und dem Rest auftraten.
In

den

Laborexperimenten

wurde

der

Einfluss

von

Wurzel-

und

Stammexsudaten infizierter Tomaten mit drei Glomus-Arten auf die Keimung von P.
ramosa untersucht. Wurzelexsudate von drei Tomaten sorten wurden 21 oder 42
Tage nach den Topfen (DAT) und Stammexsudate 42 DAT gesammelt und deren
Wirkungen auf die Keimung von P. ramosa Samen in vitro getetstet. Die Keimung
als Reaktion auf Exsudate aus 42 Tage alten mykorrhizierten Pflanzen im Vergleich
zu Nicht- mykorrhizierten Kontrollen war signifikant reduziert. Die Keimung von P.
ramosa als Reaktion auf Wurzelexsudate von 21 Tage alten Pflanzen war durchweg
höher als für 42 Tage alte Pflanzen (F = 121,6, P <.0001). Stammexsudate aus
nicht- mykorrhizierten Pflanzen provozierten durchweg höhere Keimungensraten als
Exsudate aus den entsprechenden mykorrhizierten Pflanzen, wobei Unterschiede
meist statistisch signifikant waren.
Weiterhin wurde eine Serie von Laborexperimenten durchgefuehrt, um die
Auswirkungen wässriger Extrakte von E. hirta auf die Keimung, Wurzelverlängerung
und Haustoriuminitiation von P. ramosa zu untersuchen. P. ramosa Samen, die
zuerst Wasser Konditioniert wurden und anschließend mit verdünntem E. hirtaExtrakt (10-25% v/v) behandelt, keimten zwischen 47 und 62%. Steigende
Extraktkonzentration von 50% und mehr reduzierte die Keimung im Vergleich zu
synthetischen

Stimulanzien

wie

GR24

und

Nijmegen-1

in

einer

konzentrationsabhängigen Weise. P. ramosa-Keimlinge, die verdünnten EuphorbiaExtrakten (10-75% v/v) ausgestst wurden, wiesen Haustoriuminitiationen auf, die
vergleichbar zu den von ausgetsben DMBQ bei 20 µM waren. Euphorbia-
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Extraktanwendungen

während

der

Konditionierung

reduzierte

die

Haustoriuminitiation in einer konzentrationsabhängigen Weise. Sowohl in Boden
eingebrachte E. hirta-Extrakte als auch lufttrockenes Pulver, induzierten die
Keimung von P. ramosa erheblich.
Topfexperimente unter Gewächshausbedingungen wurden an der Universität
Kassel, Deutschland, durchgeführt, um

die Auswirkungen

von P. ramosa

Samenbank auf Tomatenwachstumsparameter zu untersuchen. Dazu wurden
verschiedene P. ramosa Samenbanken durch Mischen der Parasitensamen (0-32
mg)

mit

Blumenerde

erzeugt.

P. ramosa

verminderte

alle

gemessenen

Wachstumsparameter, wobei die Verminderung mit jeder Stufe zunahm. Die
Wurzel- und Gesamttrockensubstanzakkumulation pro Tomatenpflanze war der am
stärksten betroffene Parameter. P. ramosa Aufkommen, Zahl der Tuberkel und das
Tuberkeltrockengewicht stieg mit der Samenbank und erreichte, ausnahmslos,
Maximalwerte bei höchstem Samenbankniveau.
Ein weiteres Ziel war es festzustellen, ob verschiedene AM Pilze sich in ihrer
Wirkung auf die Besiedelung von Tomaten mit P. ramosa und deren Leistung von P.
ramosa nach der Kolonisierung unterscheiden. GIomus intraradices, Glomus mosseae
und Glomus Sprint

(eine kommerzielle Mischen) wurden dazu verwendet. Für die

Infektion wurden P. ramosa Samen (8 mg) mit den oberen 5 cm Boden je Topf
vermischt. Es wurde keine Mykorrhizierung in den uninokulierten Kontrollpflanzen
festgestellt. Die mit P. ramosa befallenen, mykorrhizainokulierten Tomatenpflanzen
zeigten eine signifikant niedrigere AMF Kolonisation im Vergleich zu nicht befallenen
Pflanzen. Inokulation mit G. intraradices, G. mosseae und Glomus Sprint® reduzierte
die Zahl der aufkommenden P. ramosa Pflanzen um 29,3, 45,3 und 62,7% und die Zahl
der Tuberkel um 22,2, 42,0 und 56,8% betragen. Die Mykorrhizawurzelbesiedlung war
positiv mit der Zahl der Äste und der Gesamttrockensubstanz der Tomaten korreliert.
Feldversuche mit Tomaten im Winter 2010/11 und 2011/12 waren nur
teilweise erfolgreich, weil starker Insektenbefall zur vollständigen Zerstörung des
zweiten Durchlaufs führte. Während dieses Experiments wurde die Auswirkung der
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Beimpfung mit AMF, die Zugabe von 10 t ha-1-Filter Schlamm (Englisch: filter mud
(FM)), ein organischer Rest aus der Zuckerherstellung und 36 bzw. 72 kg N ha-1 auf
den P. ramosa Befall von Tomaten bewertet. In nicht mit AMF inokulierten
Kontrollpflanzenvariante die AMF Kolonisation variierte zwischen 13,4 bis 22,1%
ohne

signifikante

Unterschiede

zwischen

FM-

und

N-Behandlungen.

Das

Hinzufügen von AMF oder FM führte zu einer signifikanten Zunahme der
Verzweigung der Tomatenpflanzen ohne additive Effekte. Die Trockengewichte
wurden durch die FM-Anwendung und ohne N leicht und signifikant mit 36 kg N ha1 erhöht. Es konnte keine Wirkung von FM bis zum ersten P. ramosa Aufkommen
festgestellt werden, wohingegen AMF- und N-Anwendung interagierten. Besonders
die AMF Beimpfung führte tendenziell zu verzögertem P. ramosa Aufkommen.
Der marktfähige Ertrag war aufgrund des starken Fruchtbefalls mit Insekten,
v. a. durch die Weiße Fliege Bemisia tabaci und die Tomaten-Miniermotte Tuta
absoluta äußerst gering. Tomaten, die mit unterschiedlichen Mykorrhizaarten
beimpft wurden zeigten unterschiedliche Reaktion auf den Insektenbefall. So
verringerte G. intraradices den Befall deutlich während G. mosseae einen
verstärkten Insektenbefall hervorrief.
Die Ergebnisse dieser Arbeit zeigen Perspektiven zur Entwicklung von
Management Strategien auf Basis von Pflanzenextrakten für P. ramosa auf, die die
Frühphase der Keimung und Haustoriumsinitiierung zum Ziel haben. Diese müsen
allerdings für die Praxis entwickelt werden. Ebenfalls muss die Kombinierbarkeit mit
AMF Inokulation überprüft und optimiert werden. Insgeamt bedarf es eines
Systemansatzes, um im Sudan anwendbare Methoden zu entwickeln. Diese
müssen für die Landwirte leicht einsetzbar und nicht zu teuer sein.
Es ist allgemein bekannt, dass angemessene agronomischen Praktiken, wie
z. B. die Gestaltung einer optimalen Fruchtfolge in Anbausystemen, reduzierte
Bodenbearbeitung,

Förderung

von

Gründüngung,

die

Einführung

von

multimikrobiellen Impfstoffen und die Einhaltung eines adequaten Phosphatspiegels
von Vorteil sind, wenn die Mykorrhiza-Schutzverfahren gegen den Phelipanche
ramosa Befall ausgeschöpft sind. Ohne Wissen um die Biologie des Parasiten und die
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Anwendung

der

notwendigen

grundlegenden

präventiven

Methoden

wie

Hygienemaßnahmen und Saatgutkontrolle, kann jedoch keine Kontrollstrategie zum
Erfolg führen.
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1.1 Introduction
Parasitic plants are a taxonomically and biogeographically diverse group of
organisms

that

include

both

angiosperms

and

gymnosperms.

There

are

approximately 3000–4000 parasitic angiosperm species in total (Press, 1998) that
belong to 270 genera and 22 families (Nickrent, 2002) with parasitism having
independently evolved approximately 11 times (Barkman et al., 2007). Parasitic
plants are distributed- from the arctic to the tropics (Watling and Press, 2001). By far
the most economically damaging root parasitic weeds are members of the
Orobanchaceae mainly species belonging to the genera Striga, Orobanche and
Phelipanche. They are widespread in the Mediterranean areas in Asia, Southern and
Eastern Europe and North Africa attacking crops (Parker and Riches, 1993).
Orobanche and Phelipanche species commonly known as broomrapes are found in
temperate regions of the northern hemisphere as well as in the sub-tropics and
tropics, especially in arid and semi-arid regions. The Mediterranean region where
large areas are heavily infested (Parker and Riches, 1993) is assumed to be the
center of origin of broomrapes. The parasites have recently been reported in the
USA, Australia and some countries in South America (Rubiales et al., 2009). The
broomrape species infect important crops including members of the Solanaceae,
Fabaceae, Compositae, Cruiciferae, and Umbelliferae families (Parker and Riches,
1993). Annual crop losses from Orobanche spp. in the Middle East are cautiously
approximated at $1.3 billion to $2.6 billion (Aly, 2007). Sauerborn (1991) estimated
that over one million ha of faba bean in the Mediterranean region and western Asia
are infested or at risk from O. crenata. The parasite can cause losses of up to 100%
on farmers fields, which they often have to abandon due to non- productivity
(Kroschel and Klein, 2004). Yield losses due to Orobanche spp. vary between 5 to
100% depending on host susceptibility, level of infestation and environmental
conditions (Abang et al., 2007).
1.2 Broomrape status in Sudan
In Sudan, three Orobanche and Phelipanche species P. ramosa (L). Pomel, O.
cernua Loef. var desertorum (G. Beck) Stapf and O. minor SM. were reported as
early as 1948 as minor pests on horticultural crops, ornamental plants, and common
weeds (Andrews, 1956). O. crenata Forsk, was introduced recently as it was not
2
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reported prior to the year 2001 (Babiker et al., 2007). P. ramosa and O. crenata, the
most noxious and pestiferous among the Orobanche spp., are mainly confined to the
fertile alluvial soils of the Nile Valley (Babiker et al., 2007). P. ramosa (branched
broomrape) was first reported in Wadi Halfa on the southern border of Egypt and in
Khartoum in 1948 (Andrews, 1956). Since the 1970s, the parasite has become a
major pest on solanaceous crops. It has spread into central Sudan and has become
a limiting factor to tomato production in the rich alluvial soils along the Nile banks
from El Gaily in Khartoum State to southern borders of the Gezira State. Recently,
infestations were reported along the Blue Nile to the South of Roseries (Babiker et
al., 2007).
1.3 The life cycle of Phelipanche
Phelipanche spp are obligate root holoparasites characterized by a lack of
chlorophyll and depend completely on their hosts for sustenance. The tiny
Phelipanche seeds (0.35 x 0.25 µm, 3 to 6 µg) are limited in energy reserves and
after germination they must attach themselves to a host root within days or otherwise
they will perish (Parker and Riches 1993). Estimates of seed production per single
plant range between 31 000 to 500 000.
Seeds can survive in the soil for more than 20 years, display dormancy and in
general require after ripening period in a warm and dry environment. This period is
broadly called after-ripening or post-harvest ripening (Matusova et al., 2005). A
second requirement for germination is the preconditioning of the seed, which requires
about 7 days of a warm (15-21ºC), wet environment before seeds respond to
germination stimulants. Apparently, during the conditioning period, seeds are
released from dormancy through an increase in seed coat permeability and /or
changes in the levels of endogenous germination promoters or inhibitors (Press et
al., 1990). For germination, preconditioned seeds require chemical stimulants from
potential hosts.
Once germinated, Phelipanche can survive in the free-living state only a few days
due to the small seed reserves. Thus, in nature germination must be synchronized
with the presence of a plant root within close proximity of the seed.
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After germination, the radicle grows towards the host root and this process is thought
to be directed by the concentration gradients of germination stimulants (Dubé and
Olivier, 2001). Contact between the tip of the radicle and the host root starts an
attachment process that leads to the formation of a haustorium-like structure. The
haustorium is a multifunctional organ acting as a conduit for the flow of water and
nutrients from host to parasite (Hood et al., 1998). The establishment of this organ
requires other host-derived chemical signals to initiate and guide this developmental
transition. Among these chemicals are the quinones 2, 6-dimethoxy-1, 4benzoquinone (DMBQ), a degradation product of host root lignin (Chang and Lynn,
1986) and 5, 7-dihydroxynapthoquinone (Takeuchi et al., 1995) and the flavonoid
peonidin (Albrecht et al., 1999).
Following the establishment of the connection with the host, the parasite develops
underground structures the so-called tubercles that assist to accumulate nutrients.
The tubercle is a juvenile parasite. At a certain stage, it matures and forms a
flowering shoot (plate 1.1) that emerges above the soil surface and produces flowers
and seeds. The development of both the juvenile and the mature parasites (plate 1.2)
is coordinated with that of the host (Joel, 2000).
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Plate 1 1 Phelipanche ramosa infestation of tomatoes in the field in Khartoum, Sudan
(Photos by Tilal Sayed).
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Plate1. 2 Striga and Phelipanche life cycle (modified from Scholes and Press, 2008)
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1.4 Natural and other germination stimulants
The germination stimulants play an important role in the fine-tuning of the lifecycle of
the parasites to that of their hosts (Matusova et al., 2005). The first naturally
occurring germination stimulant for Striga was isolated in 1966 from root exudates of
cotton, a non-host for Striga or Orobanche (Cook et al., 1966). The rough structure of
strigol was elucidated in 1972, and its absolute stereochemistry was established by
x-ray diffraction analysis in 1985 (Cook et al., 1972; Brooks et al., 1985). Later on
sorgolactone, a compound with a structure similar to strigol was isolated from
sorghum (Sorghum bicolor (L.) Moench), a genuine host for Striga (Hauck et al.,
1992). Afterwards, the same authors reported the isolation of a germination
stimulant, alectrol from the root exudates of cowpea, which is a host for S.
gesnerioides (Müller et al., 1992). The collective name ‘Strigolactones’ was proposed
for this class of molecules (Butler, 1994). Another strigolactone, orobanchol, was
isolated from red clover, Trifolium pratense L., an Orobanche host (Yokota T. et al.,
1998). Moreover, Xie and co-workers found two interesting compounds having a 2 ′epi stereochemistry and a benzene ring namely: solanacol. 2′ -Epi-orobanchol,
respectively (Xie et al., 2007). However, more recently, Xie et al. (2008) have shown
that alectrol is most probably orobanchyl acetate (Xie et al., 2008). In most cases, the
compounds were recently ascribed to be apocarotenoids instead of sesquiterpene
lactones (Matusova et al., 2005).
Several studies confirmed that germination of Striga, Orobanche and Phelipanche
seeds is induced by other natural compounds including Sesquiterpene lactones
(which are not strigolactones), cytokinins, auxins, gibberellins, cotylenins, fusicoccins
and jasmonates (Fischer et al., 1989; Babiker et al., 1992; Logan and Stewart, 1995;
Yoneyama, al., 1998a,b ; Xie et al., 2010).
Ethylene has been found to efficiently stimulate witchweed (Striga spp) seed
germination (Eplee, 1975). In fact, it has been the major component of an integrated
witchweed management program in the US from 1956 to 1996 (Eplee, 1975).
However, ethylene gas is pressurized, flammable and requires specialized storage
and application equipment for soil injection and it is costly. This makes its direct use
very hazardous and generally unsuitable for small-scale African farmers. A role of
ethylene in Phelipanche seed germination has been proposed, but has never been
7
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clearly demonstrated. However, recently, Zehhar et al. (2002) strongly suggested
that ethylene synthesis is also required for the induction of P. ramosa seed
germination. Further research on the role of ethylene as germination stimulant on
broomrape species is needed.
There are also several synthetic compounds that induce germination of parasitic
plants (Reizelman and Zwanenburg 2002). Among them are the strigolactones GR24
and Nijmegen-1. GR24 is a very potent synthetic stimulant which induces
germination of many Orobanche and Striga spp. and is widely used as a positive
control in most laboratory experiments (Reizelman and Zwanenburg, 2002).
Nijmegen-1, was developed for possible commercial release by Zwanenburg and
Thuring (1997). Later on, Benvenuti and co workers (2002) reported that application
of Nijmegen 1 to tobacco field leads to 75% reduction of P. ramosa seed bank at 010 cm depth and dropped to about 35% at 20 cm depth.
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1.5 Orobanche and Phelipanche control
A multitude of control options against Phelipanche and Orobanche have been
studied including cultural measures like hand weeding and tillage (Parker and Riches
1993), soil solarization (Sahile et al., 2005), delayed sowing (Grenz et al., 2005), crop
rotation (Babiker et al., 2007), intercropping (Fernández-Aparicio et al., 2010),
suicidal germination (Eplee 1975), chemical control (Qasem 1998), biological control
(Klein and Kroschel, 2002), and host plant resistance (Echevarría-Zomeño et al.,
2006; Fernández-Aparicio et al., 2010). Despite the high potential of some of those
solutions so far no single option has shown to be both sufficiently effective and
durable as well as economically and practically applicable for low-input farming
systems (Joel, 2000).
Because the plant parasites exert much of the damage to host crops during the early
phases of attachment, control approaches should target the initial steps in the host–
parasite interaction, of which germination is the first (López-Ráez et al., 2009). As
germination stimulants play an essential role in the life cycle of parasitic plants this
might be an important target for the development of new control strategies for
agriculturally important parasitic weeds. Bouwmeester et al. (2003) suggested that
the infection of the parasitic plant can be reduced by lowering strigolactone
production in hosts. Some consequences of management approaches using
knowledge of germination stimulants are discussed below.
1.5. 1 Control through enhanced germination
1.5.1.1 Suicidal germination
Suicidal germination is regarded as the induction of germination in the absence or
away from the hosts root. Suicidal germination could be achieved by introducing
either natural or synthetic germination stimulants into the soil in the absence of a
suitable host leading to both seed bank depletion and death of weed germlings
because of complete dependence on the host for their sustenance (Parker and
Riches, 1993).
Evidente et al, (2006) tested about 25 natural analogues and derivatives of fusicoccin
and cotylenol for their stimulatory effects on in vitro seed germination of P. ramosa.
9
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Among these compounds, 8, 9-isopropylidene of the corresponding FC aglycone and
the dideacetyl derivative were considered as the most active FC derivatives (Andolfi
et al., 2004; Evidente et al., 2006). Later on, Algit Super an extract of Ascophyllum
nodosum was found to be an effective stimulant for the germination of P. ramosa
seeds (Economou et al., 2007). Other synthetic stimulants include Strigol analogues
and ethylene. However, most of these chemicals are labile and have a very short
persistence (Babiker and Hamdoun, 1983). Lack of stability precludes leaching of the
chemical to desired soil depths (Vurro et al., 2012). Another limitation of this
approach is that the synthetic stimulants should be easy to handle and affordable to
peasant farmers particularly in the African continent, where the problem exists.
1.5.1.2 Trap and catch Crops
Trap cropping relies on plants which offer the advantage of stimulating germination of
the root parasites without themselves being parasitized (Parker, 1991; FernándezAparicio et al., 2009). Most recently, Fernández-Aparicio et al., 2011) suggested that
pea could be a promising candidate as trap crop for O. foetida and P. aegyptiaca.
Catch-cropping is another means of depleting Striga and Orobanche seed reserves
in soil. Contrary to trap cropping, which relies on false hosts, catch cropping employs
true hosts of the parasite which are allowed to be parasitized, however, the crop has
to be destroyed before the parasite can reproduce (Babiker et., 2007). The efficacy of
catch and trap crops could possibly be increased if overproduction of germination
stimulants can be achieved through selection and breeding.
1.5.2 Control through reduced germination
1.5.2.1 Using Chemicals
Classically, strigolactones have been considered to be sesquiterpene lactones
(Akiyama et al., 2005; Akiyama and Hayashi, 2006). However, recently it was shown
that strigolactones are derived from the carotenoid biosynthesis pathway (Matusova
et al., 2005). Therefore, it has been hypothesized that the strigolactone pathway and
ultimately seed germination can be inhibited by carotenoid biosynthesis inhibitors and
Jamil et al. (2010) found that the carotenoid inhibitors, fluridone, norflurazon,
clomazone and amitrole, applied to rice either through irrigation or through foliar
10
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spray significantly

decreased

strigolactone

production

and

S.

hermonthica

germination and attachment. However, addition of fluridone and norflurazone during
the conditioning period of S. asiatica shortened the conditioning period (Kusumoto et
al., 2006) and prevented the inhibitory effects of both light and supraoptimal
temperature (40°C) on seed germination (Chae et al., 2004). In addition, seed
treatment with the same compounds after conditioning in water induced germination
in a manner similar to the effects of natural germination stimulants (Chae et al.,
2004).
Ibrahim et al (1985) and Babiker et al. (1988) reported that aqueous extracts from
several Euphorbia spp. including E. hirta and E. aegyptiaca induced germination and
haustorium initiation in Striga hermonthica. However, to the best of our knowledge,
no similar work has been reported with Orobanche and/or Phelipanche spp.
1.5.2.2 Breeding for low germination stimulants
One of the best characterized mechanisms of host resistance to parasitic weeds is
reduced exudation of the compounds required for stimulation of the parasite seed
germination by host plant roots (Hess et al., 1992). Genotypic variability in production
of Striga germination stimulants in Sorghum has been described (Haussmann et al.,
2001: Ejeta 2007). Genes encoding low stimulant production were identified and
introduced into high-yielding sorghum cultivars in several African countries. Genetic
variation for the induction of P. aegyptiaca germination has also been described in
tomato (El-Halmouch et al., 2006) making breeding for low germination stimulants
(LGS) feasible and attractive. In addition, it has recently been shown that different
cultivars of tomato produce/exude largely different amounts of strigolactones (LópezRáez et al., 2008a). The tomato mutant high pigment-2 (hp-2dg), an important
mutant line endowed with high levels of carotenoids including lycopene, was found to
be less susceptible to O. aegyptiaca infection than the corresponding wild-type. The
reduced susceptibility to the parasite correlated well with a lower production of
strigolactones (López-Ráez et al., 2008b). Several other mutants in tomato and
maize, such as notabilis and vp14, respectively, also produce less strigolactones
than their corresponding wild types (Matusova et al., 2005; López-Ráez et al.,
2008b). Overall, results indicate that selection of Striga and Orobanche spp. resistant
cultivars and/or lines based on low germination stimulant production is a valid and
11
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promising strategy. However, strigolactones also play a role in the interaction with
AMF (see 1.6.2) and reducing them may not only have positive effects.
1.6 Bringing together different components into a systems approach
Many of the factors discussed above may contribute to the control of parasitic weeds.
However, many of the possible interactions are not fully understood and need more
attention.
1.6.1 Strigolactones and nutrient status of the plants
As described above, Striga, Orobanche and Phelipanche tend to be associated with
low soil fertility. Several reports showed that fertilizers, mainly phosphorus and
nitrogen, lead to significant reductions in infestation of host crops by Striga,
Orobanche and Phelipanche and the reduced infestation appears to be linked with
alteration in strigolactone production (Yoneyama et al., 2001; Raju et al., 2006). On
the other hand, elements such as K, Ca or Mg seem to have no influence on
strigolactone production (Yoneyama, et al., 2007a,b).
Recent research showed that production of strigolactones was invariably higher
under phosphorus starvation (Yoneyama, et al., 2007b; López-Ráez et al., 2008a).
López-Ráez et al., (2008 a,b) reported that tomato plants grown for 4 days in
phosphorus deficient nutrient solution induced over three fold higher germination of
P. ramosa seeds than that induced by the corresponding control with full strength
phosphorus. In sorghum, N deficiency and/or P deficiency was reported to promote
production and exudation of 5-deoxystrigol (Yoneyama et al., 2007 a,b). In rice, P
deficiency (Umehara et al., 2010) as well as N deficiency (Jamil et al., 2011) was
shown to enhance strigolactone exudation. The relationship between production of
strigolactones and nutrient availability may explain the prevalence of root parasitic
weeds on soils of poor fertility especially those low in organic matter or those with
high pH where nitrogen and available phosphorus are predominantly low. Therefore,
fertilizer rate and composition should be carefully optimized.
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1.6.2 Mycorrhiza and strigolactones
A recent investigation into the effect of AMF on parasitism by Striga on sorghum and
maize reported a strong correlation between an increased soil mycorrhizal load, and
increased resistance of host plants to damage by Striga (Lendzemo et al., 2005). The
effect was ascribed partly to improved crop performance owing to enhanced nutrient
uptake by the successfully colonized roots, and partly to a reduction or delay in Striga
germination and emergence (Lendzemo et al., 2005, 2007). Accordingly, the use of
mycorrhizae for integrated management of parasitic weeds was proposed
(Lendzemo et al., 2005).
Besides being natural germination stimulants for the seeds of root parasitic plants
(Bouwmeester et al., 2007) strigolactones are also host detection signals for AMF in
the rhizosphere (Akiyama et al., 2005). This can explain in part the impact of AMF
on parasitic plants. AMF inoculation leads to a reduction of the impact of Striga,
apparently related to a reduction in strigolactone production (Lendzemo et al., 2007).
Most recently, López-Ráez et al. (2011) observed that root extracts from tomatoes
colonized by G. mosseae induce lower germination of P. ramosa seeds compared to
the corresponding control non-mycorrhizal plants (López-Ráez et al., 2011).
Moreover, a reduced production of strigolactones in a tomato mutant correlated with
less susceptibility to Phelipanche spp. (López-Ráez et al., 2008 b). Thus, down
regulation of strigolactone production may be achieved by enhanced AMF
colonization instead of breeding for reduced strigolactone production.
1.6.3 Integration of various components into the a system approach
It is possible to affect tomato root production of germination stimulants by altering
host plant growing conditions. Proper soil management practices involving the use of
AMF, crop residues as good source of phosphorus, and nitrogen application could
contribute to control parasitic weed genera Phelipanche. In order to be able formulate
an effective systems for control P. ramosa in tomato, it is important to know which
AMF species present in import Sudanese ecosystems. As Phelipanche germination
is dependent upon the quantity and quality of strigolactones, we need to know are
different tomato genotypes and AMF fungal species influence the stimulation pattern,
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and the exact relationship between fertilizer application, mycorrhiza inoculation and
Phelipanche infestation.
1.6.4 Research objectives and thesis outline
The present study was undertaken with the primary objective of developing simple,
environmentally friendly methods for control of P. ramosa on tomato focusing on
arbuscular mycorrhizal fungi (AMF) and plant extracts of E. hirta. A second objective
was to determine if and what mycorrhiza fungi are present in important crops in
Sudan
The thesis is divided into seven chapters. Chapter 2 describes the taxonomic
diversity of Sudanese AMF associated with thirteen agricultural crops at the White
Nile state, Sudan. In the subsequent chapter (Chapter 3) the effects of colonization
of tomatoes by different Glomus species on the effects of tomato root and stem
exudates on Phelipanche seed germination in vitro are studied. For this, three tomato
varieties commonly grown in Sudan were inoculated with three Glomus species at
two inoculum densities. Root exudates were collected 21or 42 days after
transplanting (DAT) and stem exudates 42 DAT and tested for their effects on
germination of P. ramosa seeds in vitro. The effects of air-dried powder and an
aqueous extract from E. hirta on germination and haustorium initiation in P. ramosa
are studied in Chapter 4. In Chapter 5, results of a glasshouse pot experiment are
described that was undertaken to investigate whether AMF could have an influence
on Phelipanche-tomato interactions in vivo. The effects of three Glomus species on
Tomato ‘Strain B’ which is sensitive to Phelipanche were tested. In Chapter 6, the
combined effect of AMF, organic amendments based on sugar cane filter mud and N
fertilization on occurrence of and damage by P. ramosa under field conditions in
Sudan are described. Finally, Chapter 7 presents the general discussion and
possible implications of the study for Phelipanche management.
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Species composition and diversity of arbuscular mycorrhizal fungi
in White Nile state, Central Sudan

Abstract
A survey was conducted in thirteen selected crops in the Nile valley of Central Sudan
to assess root colonization, spore densities and species richness of arbuscular
mycorrhizal fungi (AMF), based on morphological aspects. For each crop, four
samples were taken from one field. Additionally, an attempt was made to study the
relationship between soil physico-chemical properties and AMF colonization rates,
spore densities, species richness and other selected AMF diversity indices. The
mean percentage of AMF colonization across all crops was 34%, ranging from 1950%. The spore densities retrieved from the different rhizospheres were relatively
high, varying from 344 to 1222 spores per 100 g dry soil with a mean of 798. There
was no correlation between AMF spore densities in the soil and the root colonization
rates. A total of 42 morphologically classifiable species representing ten genera of
AMF were detected without correlation between species richness in the soil and the
spore densities. The most abundant family was Glomeraceae with 19 species. The
AMF diversity expressed by the Shannon–Weaver index was highest in sorghum (H\=
2.27) and Jews mallow (H\= 2.13) and lowest in alfalfa (H\= 1.4). A hierarchical
cluster analysis based on the similarity among AMF communities with respect to the
crop species overall showed that species compositions were relatively similar with
the highest dissimilarities of about 25% dividing three of the four mango samples and
the four sorghum samples from all other samples.
Keywords
AMF community, ecosystem, soil properties, spore extraction, AMF infection
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2.1 Introduction
As widespread and copious members of the soil biota, the obligately symbiotic
arbuscular mycorrhizal fungi (AMF) are a generally acknowledged key factor in
agricultural ecosystem functioning and sustainability (Sanders, 2010; Verbruggen
and Kiers, 2010). The AMF have recently been placed into a new monophyletic
phylum, the Glomeromycota (Schüβler et al., 2001) and they form symbiotic
relationships with over 80% of all terrestrial plants (Brundrett, 2002). The bidirectional
exchange of nutrients between plants and AMF often results in a nutritional benefit
for both partners. The host plant provides the fungus with carbohydrates, while in
return the plant obtains mineral nutrients from the fungus, such as phosphorus and
other rather immobile nutrients (Smith and Read, 2008). AMF may also enhance host
growth (Sohn et al., 2003) and survival (Leung et al., 2007) by improving drought
tolerance (Yamato et al., 2009) and resistance to pathogens (Azcón-Aguilar and
Barea, 1997). They contribute to soil aggregate stability (Rillig and Mummey, 2006)
and may help in reducing salinity (Evelin et al., 2009). Lower AMF species richness
has been found in arable fields (e.g. Daniell et al., 2001), while species-rich AMF
communities were detected in different natural ecosystems and perennial
communities such as tropical forests (Oehl et al. 2005; Öpik et al., 2008). It has been
suggested that the occurrence of AMF species could alter plant communities by
influencing the relative abundance and diversity of plant species (van der Heijden et
al., 1998).
Sudan is one of the largest countries in Africa, covering about 1.8 million km2.
However, only about 15% of the land area is currently under cultivation due to limited
water and phosphorus (P) availability. Under such environmental conditions
symbioses between plants and AMF may be an important factor for plant adaptation
and survival. However, there are almost no data available describing AMF
occurrence and diversity in Sudan. Therefore, a survey was performed in 2009 in
White Nile state, Central Sudan, to assess AM root colonization and AMF spore
densities and species richness in nine fields planted with 13 different important
agricultural species. The White Nile state was selected for this study as it
encompasses a high diversity of agro-ecologies and cropping systems. In addition,
an attempt was made to study the relationship between soil physico-chemical
properties and AMF colonization rates, spore densities and species richness and
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selected AMF diversity indices. The AMF species were identified and classified
based on morphology.
2.2 Materials and methods
2.2.1 Study sites and sampling
The study area is located in White Nile state in the center of Sudan and about 300320 km south of Khartoum. The region has a semi-arid climate with three main
seasons namely; warm winter (October-February), a hot dry summer (March-June),
and a hot rainy summer (July-September) with annual precipitation varying from 300600 mm, with maximum rainfall peaks in August. The mean annual temperature is
about 28°C with a maximum of 32.2 °C in May and a minimum of 23°C in January.
The mean annual relative humidity between 7:00 and 8:00 a.m is about 50%.
Field soil samples were taken from Kosti province (western bank of the White Nile
River), El Jebelein province and Rabak province, which are situated on the eastern
bank of the White Nile river. The Calcaric Vertisol soils of the study sites have
developed in a hot, semi-arid climate under a savanna/scatter acacia shrub
vegetation (Robinson., 1971), and the soil textures were classified as heavy
montmorillonitic clay. The uppermost layer (0-30 cm) of the soils have a quite uniform
brownish colour (10 R 4/2 to 4/3), contain about 60% clay and they are moderately
alkaline (pH 7.5-8.5). They are non-saline, non-sodic and characterized by a high
cation exchange capacity (> 50), low available Phosphorus (< 8 ppm) and adequate
K levels (>150 ppm). The region accommodates both rainfed and irrigated farming.
The major irrigated areas are confined along the branches of the White Nile River.
Root and soil samples were collected from thirteen crops in May 2009 (Table 1). Per
crop approximately 1-2 kg of soil (including roots) were collected from a depth of 0-30
cm using an auger and stored in the refrigerator until processing. There were four
sampling points in each field near the field corners. At each sampling point, four 250
g subsamples were collected within about 5 m2 each, mixed and pooled to produce
composite soil samples. A total of 52 soil samples were thus collected. From these
samples, the roots of the respective crop species were carefully freed from adhering
soil and immediately fixed in 50% ethanol.
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2.2.2 Soil analysis
Prior to analysis, soils were air-dried, ground and passed through a 2-mm mesh
sieve. Particle size analysis was based on the gravimetric pipette-method (Day
1965), and textural classes were identified according to the USDA triangle system.
Soil pH in a suspension 1:1 (soil: water) was determined according to McLean,
(1982). The cation exchange capacity (CEC) was estimated at pH 7 using
ammonium acetate as extractant (Richards 1954). Oxidizable organic carbon (%)
was estimated according to Walkley (1947). Total organic carbon was obtained by
multiplying

oxidizable

organic

carbon

with

the

recovery

factor

of

1.334.

Subsequently, C rates were multiplied by 1.72 to obtain soil organic matter (Walkley
(1947). Total N was measured by the Kjeldahl method (Bremner and Mulvaney
1982). Available phosphorus was determined according to the sodium bicarbonate
method (Olsen et al, 1954). Soil analyses were performed at the laboratory of the
Land and Water Research Center (LWRC), Agriculture Research Corporation (ARC),
Wad Medani, Sudan.
2.2.3 Staining and estimation of mycorrhizal root infection
Fixed roots in ethanol were rinsed repeatedly in tap water, cut into small segments (1
cm) and cleared at approximately 90°C in 10% KOH for 1 h; darker roots were
bleached in 3 % alkaline

H2O2 for 20 minutes (Kromanik and McGraw, 1982).

Thereafter, the roots were washed with tap water and stained with glycerol-trypan
blue solution (0.05%) at 90°C for 30 minutes (Phillips and Hayman, 1970).
Percentage of root length colonized by AMF was evaluated by the grid-line
intersection methods described by (Giovannetti and Mosse, 1980).
2.2.4 Extraction and estimation of mycorrhizal spores
Spores were isolated from their substrate using a mix of wet sieving and sucrose
gradient technique as described in Oehl et al. (2003). A sample of 25g of air-dried
field soil was mixed for 3 min with 100 ml of distilled water using a household
blender. The resulting mixture was passed through 500, 250, 150 and 40 µm sieves.
The fraction retained in the 500-µm sieve was checked for large spores, spore
clusters, sporocarps and organic matter debris. Soil materials retained by the 250,
150 and 32 µm sieves were recovered from each sieve, suspended in a water28
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sucrose solution (70% (w/v)) gradient and centrifuged at 2000 rpm for 2 min. The
supernatant was passed through the 32 µm sieve, washed with tap water, and
transferred to new Petri dishes. Spores, spore clusters and sporocarps were
recovered and counted at 40x magnification. For identification, spores were picked
under the dissecting microscope with a glass micropipette and subsequently
mounted on slides with polyvinyl-lactic acid-glycerol (PVLG) or polyvinyl-lactic acidglycerol mixed with Melzer’s reagent (1:1 (vol/vol); Brundrett., 2002) to get
permanent slides for spore observation an identification under a compound
microscope (Zeiss; Axioplan) at up to 400 x magnification. Taxonomic identification
was based on identification manuals (e.g. Schenck and Pérez, 1990), species
descriptions since 1990 and on own analyes of about 95% of the type specimens
deposited in the public mycological herbaria (see e.g. Oehl et al. 2008, 2011b).
Classification follows Oehl et al. (2011a).
2.2.5 Ecological AMF diversity indices
To determine differences in the structure of the AMF communities on different crops,
the following parameters were calculated: The isolation frequency of occurrence (IF)
was calculated as the percentage of samples in which a genus or species occurred
among all samples, and it reflects the distribution status. Relative spore density (RD)
was defined as the ratio between the spores densities of a particular genus or
species to the total AMF spore densities and it shows the degree of sporulation ability
of different AMF in a given soil. The Importance Value (IV) was used to evaluate the
dominance of AMF species based on IF and RA and was calculated as IV = (F +
RA)/2. An IV ≥ 50 % indicates that a genus or species is dominant; 10 % < IV < 50 %
applies to common genera or species; an IV ≤ 10 % indicates that a genus or species
is rare (Chen et al., 2012). Diversity indices were computed using statistical package
“Diversity

Excel

"add-in"

of

the

University

of

Reading

(http://www.reading.ac.uk/ssc/n/software.htm), last access 30 July, 2012). Species
richness (S) is the number of species present in a community; the Shannon-Weavier
index (H/) of diversity was calculated with the formula: H/ = -∑ ((ni/n) ln (ni/n)) where:
ni =number of individuals of species i and n=number of all individuals of all species;
Simpson's dominance index (D) was calculated with the formula D = ∑ (ni/n)2 ;
Evenness (E) was calculated by dividing Shannon diversity by the logarithm of the
species richness.
29

Chapter 2: Species composition and diversity of AMF

2.2.6 Statistical analysis
Data on spore densities and root colonization rates were logarithmically and arcsine
transformed, respectively, to meet assumptions of the Pearson correlation. Pearson
correlation analysis was used to detect the relationship between spore densities 100
g-1 soil, percent root colonization and AMF species richness using SAS 9.1 statistical
package (SAS Ins., North Carolina, USA). A cluster analysis was run to construct a
dendrogram showing similarity among AMF communities from different host plants.
The grouping was done with the Ward’s group linkage using squared Euclidean
distance making use of the software SPSS, version 18.0.
2.3 Results
2.3.1 Soil analyses
The physico-chemical soil analyses are summarized in Table 2. The pH was
uniformly moderately alkaline ranging from 7.9 to 8, and electrical conductivity (ECe
1:5) values ranged from 0.2 to 0.7 indicating that salinity effects were mostly
negligible (data not shown). However, cation exchange capacity (CEC) values varied
from 36 to 67 indicating that the soil has a high resistance to changes in soil
chemistry, while total amount of nitrogen and available phosphorus contents were
low. Organic carbon present in the soil was adequate. The carbon: nitrogen ratio
ranged from 10 to 19 indicating that the decomposition of organic matter under the
given environmental conditions was rather slow (Table 2.2).
2.3.2 AMF root colonization and spore density in the soil
All root samples surveyed in this study were colonized by AMF. The mean
percentage of AMF colonization was 34%, ranging from 19-50% (Fig 2.1 A). Percent
AMF root colonization was highest in roots collected from jews mallow (50%) and
lowest in okra (19%).
The spore densities (expressed as per 100 g dry soil) retrieved from different
rhizosphere crops were relatively high, varying from 344 on jews mallow to 1222 on
sorghum with a mean of 798 (Fig 2.1 B). There was no correlation between spore
densities in the soil and the root colonization rates (data not shown).
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2.3.3 AMF species found and diversity
A total of 1745 AMF spores were identified and classified from the 52 rhizosphere
soil samples. A total of 42 morphologically classifiable species representing eight
families and thirteen genera of AMF were detected with no correlation between the
species richness found in a soil sample and the spore density (data not shown). The
most abundant family and the most abundant genus were Glomeraceae (19 species)
and Glomus (14 species), respectively. All other families and genera were
represented by one to six and one to three species, respectively (Table 2.3). The
relative spore densities (RD) of AMF ranged from 0.1 to 12.6 %, the isolation
frequency (IF) from 1.9 to 98 %, and the importance values ranged from 0.99 to 55.3
(Table 2.3). RD was positively correlated with IF (r= 0.85 P<0.001). RD was
positively correlated with IF (r=0.85, P<0.001) (data not shown).
With respect to crop species, the genera Claroideoglomus, Glomus, Funneliformis
and Paraglomus were encountered in almost all crops. The genus Kuklospora was
recovered only in sorghum (Fig 2.2). Glomus intraradices was the most frequently
occurring AMF species (98.1 %) with a relative spore density (RD) of 12.6 %,
followed by Cl. etunicatum (IF= 92.3%, RD= 12.0), Paraglomus occultum (IF 80.1%,
RD 9.0), Glomus sp NIL31 resembling Gl. aureum (IF 76.9%, RD 13.6%), Fu.
mosseae (IF 69.2%, RD 6.9%), Cl. claroideum (IF 55.8%, RD 3.6%) and
Septoglomus constrictum (IF 53.9%, RD 3.5) (Table 2.3).
The AMF diversity expressed by the Shannon–Weaver index was highest in sorghum
(H\= 2.27) and Jews mallow (H\= 2.13) and lowest in alfalfa (H\= 1.4). AMF species
evenness ranged between 0.7 and 1.0 with a mean of 0.9. The least even distribution
was in mint, the highest in forage sorghum. Species dominance (Simpson’s
dominance index (D) was in parallel with evenness and highest in Jews mallow
(D=0.92), followed by sorghum (D=0.89) and lowest in mint (D= 0.67) (Fig 2.3).
2.3.4 Relationship between soil physico-chemical properties, crops and
parameters of AMF diversity
Nitrogen levels in the soils varied among crops from a mean of 0.5 g kg-1 soil to 1.4 g
kg-1 but varied relatively little within crop (Fig 2.4 A). The apparent decrease of the
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percentage root colonization with increasing N levels in the soil can thus not be
interpreted. C/N ratios were almost inverse to the N levels in soils, i.e. with increasing
N levels the C/N ratio decreased (data not shown). While N levels were highest in the
Okra field and lowest in Jews mallow, C/N ratios were lowest in Okra and highest in
Jews mallow.
In contrast to the N levels, P levels were more variable within and among fields.
Especially in some of the perennial crops, banana, grapefruit, lemon, Mango, and
alfalfa the variation was large (Fig 2.4 B). The spore densities in the soil in these
crops were rather uniform, however. For example, in lemon P availability in the
samples varied five-fold, ranging from 2 to 10 mg kg-1, while spore density varied only
between 528 and 784 per 100 g of soil. For banana, P ranged from 1 to 10 mg kg-1
and spore density was about 900-1200 per 100 g. Thus, the apparent negative
correlation between P level and AMF spore density in the soil could be an artifact and
may be overridden by the influence of the host crop.
Similarly, it was not possible to determine meaningful relationships among other soil
physico-chemical parameters and AMF communities.
The hierarchical cluster analysis based on the similarity among AMF communities
with respect to the crop species overall showed that species compositions were
relatively similar with the highest dissimilarity of about 25% dividing three of the
mango samples and the four sorghum samples from all other samples (Fig 2.5).
Otherwise no clear cluster emerged according to crop species or species group.
2.4. Discussion
Overall, a total of 42 AMF morphotype species were detected from the 52 soil
samples representing ten genera of AMF. This is an astonishingly high number, as
only about 250 species have been classified worldwide for the phylum
Glomeromycota (Oehl et al. 2011a). In general, relative spore density was found to
be positively correlated with isolation frequency.
Despite the sometimes large variability in soil environment, especially P availability
for banana, lemon, grapefruit and mango, the spore density in the soil was very
uniform for these crops. This finding supports the idea that crops do influence AMF
community.
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The relatively high spore densities of 344-1222 in 100 g rhizosphere soil in our study
sites could be due to the prevalent hot and arid environment throughout the year. It is
known that AM spore density is influenced by temperature (Cardoso et al., 2003) and
high sporulation may be a result of stress in the study area (Picone, 2000). In the
present study, samplings were carried out in the dry summer season (19th to 29th
May, 2009) when increased spore densities can be anticipated (Verbruggen and
Kiers, 2010).
The highest spore densities were recorded in rhizosphere soils of forage sorghum,
followed by onion and banana. This could possibly be attributed to the capability of
monocot species to generate large fibrous root systems within a relatively short
period of time compared to dicotyledonous species and subsequently better inoculum
production (Douds et al., 2005).
Although high levels of AMF colonization rates appeared to be associated with lower
spore densities for, e.g. Jews mallow and mango, no clear correlation between spore
density and root colonization existed. Similar results have been previously reported in
the tropical rain forest of Xishuangbanna and Dujiangyan, in southwestern China
(Zhao et al., 2001; Zhang et al., 2004). Lack of correlation could be due to the fact
that there are AMF species that rely more on extensive formation of hyphal networks
instead of survival through spore formation as primary infective propagules
(Biermann and Linderman, 1983).
In this study, there was a prominent divergence in the proportional distribution of
AMF genera among crop species. Spores from all orders of Glomeromycota were
found, except Gigasporales (including Gigaspora and Scutellospora). The absence of
Gigasporales might be due to the soil disturbance associated with cultivation
practices, especially soil tillage and fertilization. This has been shown by others
before (Boddington and Dodd, 1999; Muthukumar and Udaiyan, 2002). Johnson
(1993) reported that long term fertilization (8 years) resulted in a significant reduction
in relative spore densities of Gigaspora as well as Scutellospora with a concomitant
proliferation in Glomus intraradices. Furthermore, it has been reported that the spore
densities of Gigaspora and Scutellospora species were reduced upon conventional
tillage and disturbance (Boddington and Dodd, 2000) and Gigasporaceae have been
shown to rely solely on spores as their primary infective propagules. This might be
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the reason why the Gigasporales cannot cope well with disturbance (Daniell et al.,
2001). Moreover, soil texture might also play a key role for the occurrence of
Gigasporales spp. in tropical soils (Leckberg et al. 2007). These authors found
species of this order abundantly in sandy soils but not in clayey Vertisols that per
definition modify their soil aggregates permanently through repeated expanding and
shrinking processes that might harshly affect the hyphal networks of Gigasporales
(de la Providenica et al. 2005).
The genus Glomus was the most dominant and widely distributed followed by
Acaulospora. This is not surprising since it was previously shown that Glomus
species are most abundant among the glomeromycotan genera in tropical areas
(Snoeck et al., 2010), regardless of the type and intensity of disturbance in the
different ecosystems. Moreover, Glomus species have the potential to produce a
relatively high number of spores within a very short period of time (Oehl et al. 2009).
Douds and Schenck, (1990) reported that Glomus intraradices has been found to be
less sensitive to phosphorus and nitrogen fertilization, suggesting that the
intracortical sporulation by G. intraradices may reduce the path of carbon flux and
could contribute to the relative insensitivity of this species to fertilization.
Species richness was highest on sorghum followed by mango and orange, the lowest
number of species was observed in alfalfa. Similarly, it has been shown that AMF
community composition depends on host plant species and therefore, plant species
may have varying degrees of selectivity on AMF species that range from selective
specialists to nonselective generalists (Oehl et al., 2003; Scheublin et al., 2004). The
low number of AMF species in alfalfa as well as pigeon pea could be releated to the
fact that nodulation in legumes may systematically suppress AMF root colonization
via alteration of root exudates and carbon allocation strategy (Catford et al., 2003).
Overall, the results of the study indicate that AMF abundance and diversity are high
in the area studied with Glomus as the most common genus in all surveyed crops.
Furthermore, it appears that plant species play a role in regulating mycorrhizal
colonization and spore density. However, the role of crop rotations and soil
management might also affect significantly the AMF communities, which has to be
further explored in the future. Finally, in our study soil physico-chemical effects could
not be unequivocally related to the AMF communities, however.
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Fig 2.1. Average AMF root colonization rates (%) on different host plant species by
AMF; (B) Mean spore density 100 g-1 air-dried soil from different host plant species
(B), Means of four samples are shown. Error bars are standard error of the mean.
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Fig 2.2. Glomeromycota genera occurring in different crops in Sudan

Fig 2.3. Ecological diversity measures used to describe AMF communities collected
from different host plant species.
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Fig 2.4. AMF root colonization (%) on thirteen different crops as influenced by total N
in the soil and (B) AMF spore density on these crops as influenced by available P.
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Fig 2.5. Dendrogram of the cluster analysis based on the similarity of AMF species
composition across the host plant species in all samples.
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Table 2.1. Plant species and coordinates where samples were taken
Common
Banana
Grapefruit
Lemon
Sweet orange
Mango
Jews mallow
Mint
Okra
Onion
Alfalfa
Pigeon pea
Sorghum
Sugar cane

Scientific name
Musa spp L
Citrus paradisi L
Citrus limon L
Citrus sinensis L
Mangifera indica L
Corchurus olitorious L.
Mentha spp . L
Abelmoschus esculentus L
Allium cepa L
Medicago sativa L
Cajanus cajan L
Sorghum bicolor L
Saccharum officinarum L

Family
Musaceae
Rutaceae
Rutaceae
Rutaceae
Anacardiaceae
Tiliaceae
Lamiaceae
Malvaceae
Liliaceae
Fabaceae
Fabaceae
Poaceae
Poaceae
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Soil origin (latitude, longitude)
/
/
14°54 911”N
49°85 710”E
/
/
14°48 718”N
49°04 738”E
/
/
14°48 726”N
49°21 063”E
/
/
14°51 367”N
49°21 063”E
/
/
14°42 270”N
47°83 330”E
/
/
14°42 647”N
47°84 373”E
/
/
14°60 132”N
46°25 513”E
/
/
14°60 435”N
46°39 575”E
/
/
14°40 302”N
47°99 328”E
/
/
14°56 160”N
46°43 735”E
/
/
14°59 358”N
46°38 190”E
/
/
14°60 426”N
46°90 210”E
/
/
14°49 757”N
50°02 575”E
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Table 2.2. Chemical and physical soil characteristics of the experimental areas in White Nile state, Sudan Sudan (means per field based
on four samples are shown).
Chemical
Site
Kenana A1
Kenana A2
Kenana A2
Elmansori
Kenana A4
Elmansori
Abaisland
Assalayia
ElMakhada
Assalayia
Kenana A3
Kosti
Abaisland

Crops
Banana
Grapfruit
Lemon
Mango
Orange
Jews Mallow
Mint
Okra
Onion
Sorghum
Sugarcane
Alfalfa
Pigeon pea
Min
Max
Mean
Sd±

pH (paste)
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
0.2

CaCO3gkg57
19
19
24
23
38
80
80
19
97
86
73
76
19
97
53
29

1

CEC
67
58
61
53
60
58
36
36
52
36
63
67
54
36
67
54
11.3

P (pmm)
3
6
7
8
8
4
3
2
3
2
3
6
2
2
8
4
2.3
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Physical
O.C g kg
13.0
12.3
11.5
10.4
10.8
12.1
9.4
13.3
8.5
12.5
13.4
8.3
11.9
8.3
13.4
11
1.7

1

C/N
15
13
11
10
14
19
12
10
13
15
16
10
14
10
19
13
2.7

-1

N gkg
0.90
0.96
1.13
1.11
0.79
0.65
0.82
1.39
0.64
0.84
0.85
1.00
0.87
0.64
1.39
1
0.2

H.C
0.81
0.47
0.46
1.22
0.46
0.49
1.33
1.70
0.48
2.43
0.85
0.45
0.62
0.45
2.43
0.9
0.6

Sand%
7
12
13
22
12
7
38
42
5
46
7
9
16
5
46
18
14.4

Silt%
27
24
25
24
25
25
10
13
26
9
25
21
18
9
27
21
6.2

Clay%
66
64
62
54
63
69
52
45
69
45
69
70
66
45
70
61
9

Chapter 2: Species composition and diversity of AMF

Table 2.3. Absolute number of spores (S) identified per species, relative spore density (RD), isolation frequency (IF) and importance
value (IV) of arbuscular mycorrhizal fungi (AMF) identified from 52 soil samples from 13 crops in Central Sudan
AMF species
Acaulosporaceae
Acaulospora morrowiae
Ac. sieverdingii
Acaulospora sp. NIL3 resembling Ac. spinosa
Kuklospora kentinensis
Ambisporaceae
Ambispora gerdemannii
Ambispora sp NIL6
Ambispora sp NIL7
Archaeosporaceae
Archaeospora trappei
Archaeospora sp NIL9 resembling Ar. undulata
Archaeospora sp NIL10
Diversisporaceae
Diversipora aurantia
Diversispora eburnea
Diversispora sp NIL13
Entrophosporaceae
Claroideoglomus claroideum
Cl. etunicatum
Cl. sp NIL16 resembling Cl. luteum
Entrophospora infrequens
Entrophospora sp NIL18, resembling En. nevadensis
Entrophospora sp NIL19
Glomeraceae
Funneliformis coronatus
Fu. geosporus
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Abbreviation

S

RD%

IF%

IV%

AcNIL1
AcNIL2
AcNIL3
KuNIL4

15
1
25
6

0.85
0.06
1.42
0.34

15.38
1.92
17.31
3.85

8.12
0.99
9.36
2.09

AmNIL5
AmNIL6
AmNIL7

15
2
13

0.85
0.11
0.74

13.46
1.92
11.54

7.16
1.02
6.14

ArNIL8
ArNIL9
ArNIL10

3
2
10

0.17
0.11
0.57

5.77
1.92
13.46

2.97
1.02
7.01

DiNIL 11
DiNIL12
DiNIL13

1
5
1

0.06
0.28
0.06

1.92
4.77
1.77

0.99
2.06
0.99

GlNIL14
GlNIL15
GlNIL16
EnNIL17
EnNIL18
EnNIL19

63
177
69
1
3
15

3.57
10.04
3.91
0.06
0.17
0.85

55.77
92.31
15.38
1.92
3.85
15.38

29.67
51.17
9.65
0.99
2.01
8.12

GlNIL20
GlNIL21

7
14

0.40
0.79

9.62
19.23

5.01
10.01
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AMF species
Fu. mosseae
Glomus aggregatum
Gl. ambisporum
Gl. diaphanum
Gl. fasciculatum
Gl. intraradices
Gl. liquidambaris
Gl. sinuosum
Glomus sp OMAN5
Glomus sp. NIL31 resembling Gl. aureum
Glomus sp. NIL32 resembling Gl. coreomioides
Glomus sp. NIL33 resembling Gl. spinuliferum
Glomus sp. NIL34 resembling Gl. tortuosum
Glomus sp. NIL35
Glomus sp NIL36 closely resembling Gl. taiwanense
Septoglomus constrictum
Simiglomus hoi
Pacisporaceae
Pacispora sp. NIL40
Paraglomeraceae
Paraglomus bolivianum
Paraglomus occultum
Paraglomus sp. NIL42
Total AMF species richness: 42 species
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Abbreviation
GlNIL22
GlNIL23
GlNIL24
GlNIL25
GlNIL26
GlNIL27
GlNIL289
GlNIL29
GlNIL30
GlNIL31
GlNIL32
GlNIL33
GlNIL34
GlNIL35
GlNIL36
GlNIL37
GlNIL38

S
122
5
8
16
11
222
15
208
50
240
20
11
19
23
10
61
32

RD%
6.92
0.28
0.45
0.91
0.62
12.59
0.85
11.80
2.84
13.61
1.13
0.62
1.08
1.30
0.57
3.46
1.82

IF%
71.15
1.92
9.62
7.69
11.54
98.08
1.92
26.92
44.23
76.92
1.92
9.62
13.46
23.08
1.92
53.85
13.46

IV%
39.04
1.10
5.03
4.30
6.08
55.33
1.39
19.36
23.53
45.27
1.53
5.12
7.27
12.19
1.25
28.65
7.64

PaNIL40

16

0.91

19.23

10.07

PaNIL39
PaNIL41
PaNIL42

1
158
63
1763

0.06
8.96
3.57
100%

1.92
80.77
23.08

0.99
44.87
13.33
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Influence of root and stem exudates of tomatoes infected by
different Glomus species on germination of Phelipanche ramosa L.
Pomel in vitro
Abstract
A series of laboratory experiments were carried out in order to investigate the
influence of root and stem exudates of tomatoes infected by arbuscular mycorrhizal
fungi (AMF) on germination of P. ramosa. Three tomato varieties commonly grown in
Sudan were inoculated with three Glomus species at two inoculum densities. Root
exudates were collected 21 or 42 days after transplanting (DAT) and stem exudates
42 DAT and tested for their effects on germination of P. ramosa seeds in vitro. At the
higher inoculum density AMF colonization of tomato roots 42 DAT depended on crop
cultivar and mycorrhizal species with no interaction between the two factors.
Germination of P. ramosa was significantly lower in response to root exudates and
stem diffusates from mycorrhizal than from non-mycorrhizal tomato plants. Plant
roots harvested at 21 DAT had slightly lower rates of mycorrhiza infection (17.1%)
compared to roots of 42 day old plants (21%), albeit not significantly different.
Nevertheless, germination of P. ramosa was consistently higher in the presence of
root exudates from 21 day old plants than from 42 day old plants. No correlation
between amount of root colonization and P. ramosa germination suppression could
be found. The lack of difference between the germination in response to root
exudates from plants inoculated with different rates of AMF inoculum (250 and 500
spores per plant) is a promising result from a practical and economical point of view
particularly for field application of mycorrhiza.

Keyword:
P. ramosa, germination stimulants, Glomus species, inoculum levels
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3.1 Introduction
Several members of the genera Phelipanche and Orobanche are root parasitic
weeds on economically important dicotyledonous crops across the world (Parker and
Riches, 1993). P. ramosa (L.) Pomel (syn. O. ramosa), a root parasitic weed
predominant in the Mediterranean region, is distributed globally. Its host range is very
wide, including members of the families Alliaceae, Cannabidaceae, Asteraceae,
Brassicaceae, Solanaceae, Cucurbitaceae and Umbelliferae (Parker and Riches,
1993). Among P. ramosa hosts tomatoes (Solanum lycopersicon (L.)) are the most
susceptible and the most important on a global scale (Joel et al., 2007).
P. ramosa was first reported in Sudan in 1948 as a minor pest on horticultural crops
and common weeds in Wadi Halfa on the southern borders of Egypt (Andrews,
1956). Andrews (1956) documented a wide distribution and identified the parasite as
a threat to agriculture in the northern region of Sudan. Repeated importation of
contaminated seeds, poor production practices including continuous monocropping
of host plants, lack of awareness among farmers of the importance of the parasite, its
invasive nature and difficulties to control once established have led to wide dispersal
of the parasite and make it a weed of national importance. Severe infestation by the
parasite was reported to inflict over 80% losses in tomato yield (Babiker et al., 2007).
The infection process by P. ramosa, as with other obligate root parasitic plants
entails a defined sequence of tightly regulated developmental events. These include
host–induced germination of seeds, directed growth of the radicle towards the host
roots, and development of a haustorium, the attachment organ, that eventually
penetrates the host roots and forms a physiological bridge that ensures transport of
nutrients, water and carbon compounds from the host to the parasite (Watling and
Press, 2001). The pre-infection processes are controlled by environmental factors,
endogenous, and host-derived signals (Bouwmeester et al., 2007).
Strigolactones, a group of apocarotenoids that are exuded by roots of host and nonhost plants in extremely low concentrations stimulate seed germination of the
parasitic genera Striga, Orobanche and Phelipanche (Matusova et al., 2005). At the
same time, however, strigolactones play an important role in the interaction between
plants and arbuscular mycorrhizal fungi (AMF) (Akiyama et al., 2005; Besserer et al.,
2006). AMF are root symbionts of most terrestrial plants and are known to facilitate
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the uptake of water and inorganic nutrients, particularly phosphorus (P) and nitrogen
by their host plants. In return, they obtain photosynthetic products (Smith and Read,
2008).
It appears that plants release strigolactones to ‘announce’ their presence and
position to their beneficial fungal symbionts (Paszkowski, 2006) and it has been
shown that the secretion of strigolactones is increased by P deficiency in red clover
(Yoneyama, et al., 2007) and tomato (López-Ráez et al., 2008). Strigolactones have
also been shown to act as endogenous inhibitors of axillary bud outgrowth, but their
biosynthesis and mechanism of action are poorly understood (Gomez-Roldan, et al.,
2008; Umehara et al., 2008). It is thought that a part of the total pool of strigolactones
pool is synthesized in the roots and that they are either exuded into the rhizosphere
or transported to the shoot where they affect shoot branching.

Parasitic plants

appear to have co-opted the strigolactone based signals to recognize and locate host
roots (Bouwmeester et al., 2007).
Enhanced colonization with AMF can reduce Striga infection in maize and sorghum
(Gworgwor and Weber, 2003; Lendzemo et al., 2007). This is due to a reduction of
the production of strigolactones upon AMF infection. Lendzemo et al. (2009) found
that down-regulation of the Striga seed-germination activity occurs not only in root
exudates upon root colonization by different AM fungi but also in the compounds
produced by stems. It is unknown, however, if infection by AMF also results in
reduced germination of P. ramosa.
To elucidate changes in the effect of root and stem exudates on P. ramosa seed
germination through AMF infection the following questions were addressed in this
study: 1) Is the germination stimulation of P. ramosa by root and stem exudates of
tomatoes influenced by AMF genera and tomato genotypes? 2) Do different AMF
inoculum rates influence the stimulation pattern? and 3) Do changes in
germination stimulation depend on host age? Three tomato varieties commonly
grown in Sudan were inoculated with three Glomus species at two inoculum
densities. Root exudates were collected 21or 42 days after transplanting (DAT) and
stem exudates 42 DAT and tested for their effects on germination of P. ramosa
seeds in vitro.
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3.2 Materials and methods
3.2.1 Plant materials and growing conditions
Experiments were conducted at the University of Kassel, Germany during January to
July, 2010. Seeds of the tomato cultivars ‘Strain B’, ‘Peto 86’, and ‘Castle rock’, all
commonly grown in Sudan, were surface sterilized for 5 min with a 3% solution of
NaOCl containing two drops of 0.02% Tween 20 per 50 ml and thoroughly washed
with sterilized distilled water (H2O dist). Seeds were sown in peat and allowed to
grow for 10 days prior to transfer to 1 1 plastic pots filled with autoclaved sand.
Average day and night temperatures in the greenhouse were adjusted to 16h /24°C
and 8 h /19°C, respectively. Day light was supplemented by 1000 lux light intensity
supplied by Philips-Son 400 W sodium high pressure lamps and relative humidity
was kept at 50-60%. The plants were watered twice a week with tap water.
Fertilization was done every two weeks with 50 ml of Flory 2 , Euflor GmbH, Munich,
Germany (N: P: K, 0.038: 0.006: 0.062/ L).
3.2.2 Experimental design and inoculation
Experiment 1 was two factorial with five replications. The pots were randomized
once a week to minimize positional effects. Factor one was the AMF species GIomus
intraradices, Glomus mosseae and Glomus Sprint. The latter is a ready-made mix of
three Glomus species (G. etunicatum, G. intraradices and G. claroideum) obtained
from INOQ GmbH Germany. Factor two was the three tomato cultivars. At
transplanting, each plant was inoculated with approximately 500 AMF propagules
administered as 50 g soil-sand- based inoculum into the planting hole. Control plants
received 50 g autoclaved inoculum. Plants were kept in the greenhouse for 42 days.
In experiment 2, each treatment was replicated six times. Three of the replicates
were harvested after 21 days and three after 42 days. Each plant received 25 g soilsand- based inoculum of the three arbuscular mycorrhizal fungi prepared and applied
as previously described. The control pots received 25 g of autoclaved inoculum.
3.2.3 Root exudate collection and assessment of mycorrhizal infection
Root exudates were collected as described by Stevenson et al. (1995) and Pinior et
al. (1999). Roots of inoculated and control plants were gently washed free of sand
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and the plants transferred to conical flasks containing 100 ml H2O dist in which the
roots were completely submerged. The flasks were covered with aluminum foil to
exclude light. In experiment 1, the flasks were placed for 72 h, in experiment 2 for 24
h in the greenhouse with temperature, light and relative humidity set as previously
described. Subsequently, the fresh weight of the roots was determined and samples
taken for estimation of mycorrhizal infection. The exudate solution was adjusted with
H2O dist to 1 g root fresh weight per 100-ml or 20ml (w/v) in experiment 1 and 2,
respectively. Exudate solutions were immediately frozen and stored at –20°C until
use.
Mycorrhizal root colonization was assessed using 1 g of the fine roots. The roots,
cleared by heating in 10% KOH at 90 °C for 30 min, acidified with 1% HCl for five
min at room temperature, were stained with Trypan blue (Phillips and Haymann,
1979) at 90°C for 60 min using a water bath. Colonization was quantified as
percentage with a dissecting microscope (40 x magnification) using the grid-line
intersect method (Giovannetti and Mosse, 1980).
3.2.4 Conditioning of P. ramosa seeds
P. ramosa seeds, collected from P. ramosa growing under tomato plants in Gezira
state in 2006 were supplied by Dr. K. Idris of the Plant Protection Centre, Agricultural
Research Corporation, Sudan (ARC). For cleaning the seeds were placed in a
beaker (1000 ml) containing tap water, and agitated for five min. Floating materials
containing debris and immature light seeds were discarded. The process was
repeated several times. The seeds were surface sterilized by soaking for 3 min in
70% ethanol, followed by three min in 3% solution of NaOCl containing two drops of
0.02% Tween 20 per 50 ml. After this, the seeds were thoroughly washed with H2O
dist, dried on filter paper in a laminar flow hood, and stored in sterile glass vials at
room temperature until use. Approximately 75-100 surface-sterilized seeds were
placed separately onto discs of 1 cm diameter glass fiber filter paper (GFFP) discs.
Discs were transferred to 9 cm Petri dishes (five discs per Petri dish) lined with two
layers of filter paper wetted with 3 ml of H2O dist. The Petri dishes were sealed with
Parafilm, wrapped in aluminum foil, and incubated at 21°C in the dark for seven days.
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3.2.5 Germination assays
Discs containing preconditioned seeds were blotted dry on tissue paper for 30 min in
a laminar flow hood and transferred to new Petri dishes (five discs, each) lined with a
filter paper ring. Three ml of the respective root exudate solution were added to each
Petri dish. GR24 a synthetic germination stimulant provided by Prof. Zwanenburg from
the University of Nijmegen, The Netherlands (10 mg/l solution) or distilled water were
included as controls for comparison. The Petri dishes were sealed with Parafilm,
wrapped in aluminum foil and incubated as above for seven days. The seeds were
subsequently examined for germination under a dissecting microscope. Seeds were
considered germinated if the radicle protruded from the seed coat.
3.2.6 Stem cut assay
In both experiments, stems of 42 old tomato plants were cut into approximately 0.5
cm-fragments. Aluminum foil wells, approximately 1.5 cm deep and 3 cm in diameter,
with perforations at the bottom were placed in the centre of a 9-cm Petri dish lid lined
with two layers of filter paper (Whatman, No.2). The filter papers were moistened with
3 ml of H2O dist. A 1 g sample of cut stem was placed in each well.

Similar

arrangements of aluminum foil wells without stem fragments were made to serve as
controls for comparison. Three 1-cm GFFP discs containing conditioned P. ramosa
seeds were placed in a triangular fashion close to each well and 350µl H2O dist was
pipetted onto the stem fragments. In the control wells, 350 µl of either 10 mg/l GR24,
or distilled water were applied. Assessments were made as described above.
3.2.7 Statistical analysis
Prior to analysis of variance (ANOVA), data were checked for normality using
Shapiro-Wilks-W-Test. Data on percentage germination of P. ramosa seeds and
mycorrhiza infestation were arcsine square root transformed to fulfill ANOVA
requirements. No mycorrhizal colonization was detected in the control plants; data
from G0 treatments were not included in the analysis of variance of percentage of
root length bearing mycorrhizal colonization. The data were subsequently subjected
to ANOVA using SAS 9.1 statistical package (SAS Ins., North Carolina, USA). Mean
separations were made by Tukey honestly significance difference test at P> 5%.
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3.3 Results
As intended, the tomato plants suffered of nutrient deficiency in the experiments.
Fresh weight of plants 42 DAT varied from 2.3 to 3.8 g/ plant with no significant
effects of any of the treatments (Data not shown)
In experiment one mycorrhizal colonization of tomato roots depended on crop cultivar
and mycorrhizal species with no interaction between the two factors. Roots from
‘Peto 86’ (40%) had the highest colonization by AMF followed by ‘Castle Rock’
(29.7%) and ‘Strain B’ (26.2%). Inoculation with G. intraradices (31.1%) and G.
mosseae (32.6%) resulted in significantly higher colonization than with G. Sprint
(26.3%) (Table 3.1).
In experiment 2, when inoculum rate was half mean infection rates (24.5%) were
lower than in experiment 1 (30%). Plant roots harvested at 21 days had lower rates
of mycorrhiza infection (17.1%) compared to 42 day old plants (21%), albeit not
significantly different. For both harvesting times, differences in mycorrhizal
colonization among tomato genotypes and mycorrhizal species were not statistically
significant.
In both experiments, germination of Phelipanche seeds in the water controls was
negligible (data not shown). GR24 induced 40-42% germination and the root exudates
collected from non-mycorrhizal tomato plants after 42 days stimulated 24.3 and
25.6% germination of P. ramosa in experiment 1 and 2, respectively. Germination in
response to exudates from 42 day old mycorrhizal plants was significantly reduced in
comparison to non-mycorrhizal controls. The relative reduction in the germination
stimulatory activity of the exudates from roots of 42 day old plants colonized by the
three Glomus species ranged from 32 to 41% (Table 3 2 a, b). The magnitude of
reduction was similar for all mycorrhiza species and tomato varieties with no
significant interaction between the factors.
Germination of P. ramosa in response to root exudates from 21 day old plants was
consistently higher than for 42 day-old plants (F=121.6; P<0.01). There was an
interaction between mycorrhiza and tomato varieties (F=4.5; P=0.01). While
germination was consistently reduced in all cultivar-mycorrhiza combinations, these
reductions were not always statistically significant (Table 3 2 c). There was no
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discernible correlation between percentage of mycorrhizal infection and P. ramosa
germination (Fig 3.1).
P. ramosa germination in response to stem diffusates from non-mycorrhizal plants
was 16% in experiment 1 and 29% in experiment 2. In both experiments, stem
diffusates from non-mycorrhizal plants invariably elicited higher germination than
diffusates from the corresponding mycorrhizal ones and differences were mostly
statistically significant. In the first experiment, mycorrhiza infection reduced
germination in response to root exudates of ‘Castle Rock’, ‘Peto 86’ and ‘Strain B’ by
29, 22 and 39%, respectively. In contrast, in the second experiment, the respective
reductions in germination were 16, 19 and 24% (Table 3.3 a, b). The absolute
reductions in germination rates in response to AMF infection were very similar in the
two experiments, however. In experiment 1 the difference was 6.4%, in exp 2 it was
7.7% (Table 3.3). When taking into account the different levels of germination
inhibition by stem diffusates of the control plants in the two experiments no
correlation between amount of root colonization and P. ramosa germination
suppression could be found (Fig 3.2).
3.4 Discussion
Germination of P. ramosa was significantly lower in response to root exudates and
stem diffusates from mycorrhizal than from non-mycorrhizal tomato plants.
Germination of P. ramosa was also consistently higher in the presence of root
exudates from 21 day old plants than from 42 day old plants. However, no correlation
between amount of root colonization and P. ramosa germination suppression could
be found and tomato plants harvested at 21 DAT had an equal degree of AMF
colonization compared to those harvested at 42 DAT
The observed reduction in P. ramosa germination in the presence of root exudates
from mycorrhizal tomato plants supports previous results (Lendzemo et al., 2007;
López-Ráez et al., 2011). Mycorrhizal fungi increase uptake of nutrients mainly
phosphorus and this is supposed to lead to a subsequent down-regulation of
strigolactone production (Yoneyama, et al., 2007; López-Ráez et al., 2008, 2011).
Similarly, Pinior et al. (1999) and García-Garrido et al. (2009) found that a
modification in root exudates occurs once the AMF symbiosis is fully established that
represses further mycorrhizal colonization and concomitantly germination of parasitic
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plants. This might imply changes in root exudation patterns with plant age.
Alternatively, Mada and Bagyaraj (1993) suggested that this was due to a decrease
in root membrane permeability. However, to the best of our knowledge, alterations in
exudation patterns of strigolactones in response to AMF root colonization level have
not been proven directly.
The lack of difference between the germination in response to root exudates from
plants inoculated with varied rates of AMF inoculum (250 and 500 spores per plant)
is a promising result from a practical and economical point of view particularly for
field application of mycorrhiza. (See also chapters 5 and 6).
Stem diffusates of control plants (non AMF inoculated) from experiment 2 elicited
significantly higher P. ramosa germination than those from experiment 1. This could
possibly be due to differences in light during these experiments. Experiment 1 took
place during winter time (Jan-April), while experiment 2 was run from April-July.
Possibly, plants grown under short-day conditions produce lower amounts of
strigolactones resulting in lower germination stimulation. Mayzlish-Gati et al. (2010)
provided first evidence on the role of strigolactones as positive regulators of light
harvesting.
It has been reported that the culture conditions during the collection of exudates
influence both the quantity and composition of exudates (Jones and Darrah, 1993).
However, the mechanism of exudation of substances by plant roots is not yet fully
understood. In this study the root exudates of tomato plants collected during 72 h in
the first experiment and 24 h in the second experiment elicited similar germination
rates of P. ramosa. Přikryl and Vančura (1980) suggested that an accumulation of
high levels of organic substances in the vicinity of roots represses the release of
more organic compounds resulting in a decrease of exudation rate by plants in
hydroponic culture systems. This and a lack of aeration in the flasks used to collect
exudates may have led to similar results with both extraction methods.
In conclusion, AMF infections do reduce germination stimulation of P. ramosa in
response to root and stem exudates of tomatoes. There appear to be effects of light
intensity on this interaction which deserve more detailed investigation.
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Fig 3.1. Influence of arbuscular mycorrhizal colonization on the stimulation of P.
ramosa seed germination by root exudates of tomatoes

Fig 3.2. Influence of arbuscular mycorrhizal colonization on the stimulation of P.
ramosa seed germination by stem diffusates of tomatoes
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Table 3.1. Percent colonization of tomato roots with AMF 42 days after transplanting
as influenced by host genotype and mycorrhiza species1 at an inoculum rate of 500
spores / plant.
Variety2

GI

GM

GS

Mean3

‘Castle rock’

32.3 (±2.6)

2

31.2 (±1.8)

25.7 (±2.1)

29.7b

‘Peto 86’

36.7 (±3.1)

37.2 (±1.6)

28.1 (±1.4)

40.0a

‘Strain B’

24.3 (±0.8)

29.3 (±1.7)

25.1 (±1.3)

26.2c

Mean3

31.1a

32.6a

26.3b

1

GI= Glomus intraradices, GM; Glomus mosseae; GS: Glomus sprint (a ready-made

mix of three Glomus species (G. etunicatum, G. intraradices and G. claroideum).
2

Data between parentheses are standard errors of the mean.

3

Means followed by different letters are significantly different at P<0.05 (Tukey test).

Data were arcsine transformed for analysis; non- transformed means are presented.
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Table 3.2. Percentage seed germination of P. ramosa exposed to tomato root exudates
as influenced by genotype, mycorrhiza species and inoculum level, and time of sampling
(21 and 42 days after inoculation (DAT)1
a : inoculation= 50g AMF, sampling 42 DAT

Variety

Control

Castle rock

22.1(±3.3)

GM

GS

2

14.7(±1.2)

14.9(±1.8)

14.2(±1.9)

16.4a

Peto 86

25.9(±2.5)

17.9(±2.9)

16.6(±2.0)

14.4(±0.8)

19.1a

Strain B

25.0(±2.7)

16.3(±1.8)

14.4(±0.8)

15.1(±1.0)

17.7a

24.3a

16.3b

15.3b

15.1b

Mean

3

Mean

3

GI

+AMF

-AMF

Red%

24.3

37.9

+AMF

-AMF

Red%

16.1

25.6

37.1

+AMF

-AMF

Red%

21.2

34.5

38.6

15.1

b : inoculation= 25g AMF, sampling 42 DAT

Variety

Control

GI

GM

GS

Mean

Castle rock

25.4(±0.9)

15.5(±0.8)

19.0(±0.8)

17.0(±0.3)

19.2a

Peto 86

26.0(±1.5)

14.3(±0.6)

15.8(±0.3)

16.1(±0.9)

18.0a

Strain B

25.6(±0.6)

14.4(±1.0)

15.5(±0.6)

17.0(±0.3)

18.1a

25.6a

14.7b

16.8b

16.7b

Mean

c : inoculation= 25g AMF, sampling 21 DAT

Variety

Control

GI

GM

GS

Mean

Castle rock

33.1(±1.2)a

17.6(±0.9)c

20.9(±0.8)b

22.3(±0.8)b

23.5

Peto 86

b
40.6(±1.8)a

20.8(±1.0)b

c
22.8(±1.8)b

c
21.5(±0.5)b

26.4

Strain B

29.6(±0.6)a

c
21.9(±1.1)b

c
23.4(±1.1)b

c
19.5(±0.7)c

24.0

Mean

bc 34.5

c
20.1

c
22.3

21.1

1

Germination in the presence of GR24 (10 mg/l): P. ramosa (40-42%).

2

Data between parentheses are standard error of mean.

3

Variety means or AMF means followed by different letters are significantly different

at P<0.05 (Tukey test). Data were arcsine transformed for analysis; non- transformed
means are presented.
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Table 3.3. Percentage seed germination of P. ramosa exposed to tomato stem
diffusates as influenced by genotype host, mycorrhiza species and inoculum level1
a : inoculation= 50g AMF, sampling 42 DAT

Variety

2

GI

GM

GS

Castle

14.0(±1.2)

9.4(±1.1)

9.1(±1.0)

7.1(±0.5)

9.9b

rock
Peto 86

16.2(±1.2)

11.7(±0.6)

12.2(±1.0)

10.7(±0.4)

12.7a

Strain B

17.8(±0.2)

7.6(±0.5)

9.0(±0.49

9.2(±0.5)

10.9b

16.0a

9.6b

10.1ab

9.0c

Mean

3

Mean

3

Control

+AMF

9.6

-AMF

16.0

Red%

40.0

b : inoculation= 25g AMF, sampling 42 DAT

Variety

Control

GI

GM

GS

Mean

Castle

27.3(±1.2)

19.3(±1.7)

21.0(±3.5)

24.0(±3.6)

22.9ab

rock
Peto 86

30.7(±1.7)

20.3(±0.3)

26.7(±0.9)

22.0(±1.0)

24.9a

Strain B

28.3(±2.4)

18.0(±1.2)

19.7(±2.3)

18.7(±0.4)

21.6b

28.7a

19.2b

22.4b

21.6b

Mean
1

+AMF

-AMF

Red%

21.1

28.8

26.7

Germination in the presence of GR24 (10 mg/l): P. ramosa (26.1 %).

2

Data between parentheses are standard error of mean.

3

Variety means or AMF means followed by different letters are significantly different

at P<0.05 (Tukey test). Data were arcsine transformed for analysis; non- transformed
means are presented.

65

Chapter 4

Chapter 4:
Effects of powder and aqueous extracts of Euphorbia hirta on Phelipanche
ramosa germination and haustorium initiation

66

Chapter 4: Effects of E. hirta extracts on Phelipanche ramosa

Effects of powder and aqueous extracts of Euphorbia hirta on
Phelipanche ramosa germination and haustorium initiation

Abstract
Phelipanche ramosa, a devastating root parasitic weed, is a copious seed producer.
The seeds are characterized by prolonged viability and special germination
requirements. Following a conditioning phase seeds germinate in response to
exogenous stimulants. Subsequent to germination the radicle elongates and in
response to a second host-derived stimulant a haustorium is initiated and attachment
to the host root occurs. The parasite inflicts most of its damage to the host prior to
emergence. Therefore, manipulation of seed germination and pre-attachment stages
are mandatory for successful management. A series of laboratory experiments was
undertaken to investigate the effects of aqueous extracts and powder from Euphorbia
hirta on germination, radicle elongation, and haustorium initiation in P. ramosa. P.
ramosa seeds conditioned in water and subsequently treated with diluted E. hirta
extract (10-25% v/v) displayed considerable germination (47-62%). Increasing extract
concentration to 50% or more reduced germination in response to the synthetic
germination stimulants GR24 and Nijmegen-1 in a concentration dependent manner.
P. ramosa germlings treated with diluted Euphorbia extract (10-75% v/v) displayed
haustorium initiation comparable to the synthetic haustorium initiation DMBQ at 20
µM. Euphorbia extract applied during conditioning reduced haustorium initiation in a
concentration dependent manner. E. hirta extract or air-dried powder, applied to soil,
induced considerable P. ramosa germination. The results indicate that there is a
potential of E. hirta as a source of compounds that can be used as templates for
synthesis of more active compounds to manipulate pre-attachment stages in P.
ramosa.
Keywords:
Broomrapes, seed bank, conditioning, Euphorbia extract, pre-attachment stages
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4.1 Introduction
The broomrapes Orobanche and Phelipanche are obligate root holoparasites causing
severe damage to several economically important crops across the world (Parker
and Riches, 1993). The parasites, for centuries, were confined to the Mediterranean
region. However, currently several members of the genera have become problematic
in many tropical and sub-tropical areas including Sudan (Babiker et al., 1994).
In Sudan, the broomrapes Orobanche cernua loefl. var desertorum (G. Beck) stapf,
O. minor- Sm. and Phelipanche ramosa L. were reported as early as 1948 as minor
pests on horticultural crops, ornamental plants and common weeds (Andrews, 1956).
O. crenata was recently reported on faba bean (Vicia faba L.) (Babiker et al., 2007).
The parasite is regarded as a major threat to leguminous crop production north of
Khartoum. P. ramosa which has a wider host range occurs throughout the country,
particularly on tomatoes in the alluvial soils of the Nile valley (Babiker et al., 1994).
In nature, broomrape seeds germinate only when exposed to specific chemicals
exuded from roots of host and some non-host plants subsequent to conditioning in a
moderately warm (15-20 ºC) moist environment for several days (Matusova et al.,
2005). Copious seed production coupled with prolonged viability and special
germination requirements, together with intensified monocropping of host plants can
lead to build up of huge seed banks (Rubiales et al., 2009). Infestation levels, the
damage inflicted on the host and the success of management practices are
influenced considerably by the size of the seed bank (Abdelhalim et al., 2010, see
also Chapter 5). Hence, depletion of the seed bank is an important prerequisite for
any successful management programme.
Induction of germination in the absence of and/or away from host roots, i.e. suicidal
germination, has been advocated by several researchers as a possible control
measure for root parasitic weeds (Parker and Riches, 1993). Suicidal germination by
introducing appropriate natural and/or synthetic germination stimulants appears to be
an attractive approach for maintaining the Phelipanche seed bank in the soil below a
certain threshold. However, the instability of most, if not all germination stimulants
known to-date, coupled with variability of conditioning status of the parasite seeds
within the soil profile put serious limitations to the practical implementation of the
concept (Babiker and Hamdoun, 1983; Kgosi et al., 2012). Instead of the application
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of products to the soil, growing certain germination stimulating non-host plants may
be an option for the delivery of germination stimulants, haustorium induction and/or
they may serve as efficient trap crops. Ibrahim et al (1985) and Babiker et al. (1988)
reported that aqueous extracts from several Euphorbia spp. including E. hirta and E.
aegyptiaca induced germination and haustorium initiation in Striga hermonthica.
However, to the best of our knowledge, no similar work has been reported with
Orobanche and/or Phelipanche spp. The present research investigated the effects of
aqueous extracts and air-dried powder from E. hirta on germination and haustorium
initiation in P. ramosa.
4.2 Materials and methods
Five experiments were set up under laboratory conditions in a completely
randomized design with four replicates, each. Experiments were repeated at least
once to confirm the previous results.
4.2.1 Plant materials
P. ramosa seeds collected in 2006 from parasitized tomato plants, in Gezira state,
Sudan, were a gift from Dr. K. Idris, Plant Protection Centre, Agricultural Research
Corporation (ARC) Sudan. The seeds were stored in black plastic in the dark at room
temperature until use. Euphorbia hirta plants were obtained from the Horticultural
Research Orchards, Shambat Research Station, ARC Sudan in 2011. E. hirta plants
were washed and air-dried at ambient temperature. The dried plant materials were
ground into fine powder with a household blender for 10 minutes and stored in a
black plastic bag at room temperature until use.
4.2.2 Chemicals used and preparation of plant extracts
The synthetic germination stimulants GR24 and Nijmegen-1 were kindly provided by
Professor Zwanenburg (Department of Organic Chemistry, Radboud University,
Nijmegen, The Netherlands). The haustorium inducer 2, 6-dimethoxybenzoquinone
(DMBQ) was kindly provided by Professor. Y. Sugimoto, (Kobe University, Japan).
For the liquid extract, 10 g of powdered E. hirta shoots were suspended in 100 ml
sterile distilled water in a beaker and shaken at 150 rpm for 24 h at ambient
temperature. The suspension was centrifuged at 5000 rpm for 10 minutes and the
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supernatant was collected, filtered and diluted with sterile distilled water to the
desired concentrations.
4.2.3 Conditioning of P. ramosa seeds
P. ramosa seeds were surface sterilized by soaking for 3 minutes in 70% ethanol,
followed by 3 minutes in 2.24% NaOCl solution containing two drops of 0.02% Tween
20 per 50 ml. The seeds were washed thoroughly with sterilized distilled water, air
dried, and stored at room temperature until use. For conditioning, 25-30 P. ramosa
seeds were spread on moist glass fiber filter paper discs (GFFPD) (1 cm diam.),
placed in Petri-dishes, lined with two layers of filter paper and moistened with 5 ml
distilled water. The petri-dishes were sealed with Parafilm, wrapped in aluminum foil,
and incubated at 21 °C ±2, in the dark, for 7 days.
4.2.4 Exp 1. Effects of extracts from E. hirta on germination
Heat sterilized GFFPD were treated with 40 µl aliquots of 10, 25, 50, 75 and 100%
E. hirta extracts and subsequently placed for 30 minutes to dry in a laminar flow
hood. Discs containing pre-conditioned P. ramosa seeds, blotted dry on filter paper to
remove excess water, were placed on top of the treated discs. Each pair of discs was
moistened, with 40 µl distilled water. Conditioned P. ramosa seeds, on discs treated
with 40 µl distilled water or with the synthetic germination stimulants GR24 and
Nijmegen-1 solutions (10 mg/ l), were included as controls for comparison. The Petridishes were sealed with Parafilm, wrapped in aluminum foil, and incubated at 21°C
±2, in the dark for 7 days. Subsequently, seeds were examined for germination under
a stereomicroscope. A seed was considered germinated when the radicle protruded
from the seed coat (Plate 3).
4.2.5 Exp 2. Effects of extracts from E. hirta on haustorial initiation
P. ramosa seeds on 1-cm GFFPD, were conditioned and induced to germinate with
GR24 as previously described. Discs containing germinated Phelipanche seeds,
henceforth referred to as germlings, were blotted dry on filter paper and placed topdown on GFFPD without seeds. Each pair of discs was treated with 40 µl of undiluted
or diluted Euphorbia extracts as in Exp 1 or with DMBQ (10 µM). The Petri dishes
were sealed with Parafilm, wrapped in aluminum foil and incubated at 21 ±2 °C, in
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the dark for 5 days prior to assessment of treatment effects on haustorium induction
under a stereomicroscope. A seed was considered to have a haustorium when the
radicle tips were swollen and formed hairs.
4.2.6 Exp 3. Effects of extracts from E. hirta applied during conditioning on
seed germination
Surface sterilized P. ramosa seeds were prepared for conditioning as described in
Exp 1. The filter paper in the Petri dishes was moistened with 5-ml of either sterilized
distilled water or undiluted or diluted Euphorbia extracts as in Exp 1 and
subsequently incubated as described above. Discs containing the conditioned P.
ramosa seeds were transferred to new Petri dishes as described for Exp 2. They
were treated with 40 µl GR24 (Exp 3a) or Nijmegen-1 (Exp 3b), each at 0.1, 1, or 10
mg/l. The Petri dishes were incubated as above. The seeds were examined for
germination 7 days after treatment as described previously.
4.2.7 Exp 4. Effects of extracts from E. hirta applied during conditioning on
haustorial initiation
P. ramosa seeds, pre-treated with either Euphorbia extract (diluted or undiluted) or
distilled water as above, were treated with GR24 as in Exp 1 to induce germination.
The discs containing germinated seeds were processed as in Exp 2 and treated with
40 µl solution of DMBQ (10µM) each and subsequently incubated for 5 days prior to
examination for haustorial initiation as described above.
4.2.8 Exp 5. Effects of E. hirta powder or aqueous extract on P. ramosa seed
germination in soil
Soil samples (0-30 cm), collected from the demonstration farm of the College of
Agricultural Studies (Shambat) Sudan University of Science and Technology, were
air dried and sieved through a 2 mm mesh. Prior to conditioning, 100 to 150 P.
ramosa seeds were placed on a 3- by 3-cm piece of nylon monofilament screen cloth
having a mesh opening of 116 µm. The screen cloth was folded and tied firmly
with a nylon string to form a seed packet. Three seed packets were inserted at a
depth of 3 cm in 6.7 cm plastic pots filled with 100 g soil. Soil moisture was adjusted
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to field capacity (40% w/w). The pots were incubated in the dark at 20°C and water
loss was replenished every 2 days. After seven days seed packets were retrieved,
washed free from adhering soil, blotted dry on filter paper and transferred to plastic
pots containing 100 g of freshly prepared soil mixed with 0, 1, 2.5, 5, 7.5 and 10 g E.
hirta powder. In a second set of pots with pure field soil, soil moisture was adjusted to
field capacity (40% w/w) by adding the appropriate amount of the E. hirta extract
dilutions. The pots were incubated for 7 days and the seeds examined for
germination as above.
4.2.9 Statistical analysis
Prior to analysis of variance (ANOVA), data were tested for normality and
homogeneity of variance using Shapiro-Wilks-W-Test and Levene-Test, respectively.
Data on percentage germination and haustorial initiation were arcsine square root
transformed to fulfill ANOVA requirements. Combined data from repeated
experiments were analyzed with experimental time as a factor to determine whether
there was an experimental effect or not. As there were no experimental effects, the
analyses were performed across experiments resulting in 8 replications per
treatment. The data were analyzed with SAS 9.1 statistical package (SAS Ins., North
Carolina, USA). Means were tested for significance by the Tukey honestly
significance different test at P< 5%.
4.3 Results
4.3.1 Effects of extracts from E. hirta on P. ramosa germination and haustorium
initiation (Exp 1 and 2)
P. ramosa seeds treated with distilled water displayed negligible germination (data
not shown). Germination rate of seeds treated with GR24 and Nijmegen-1 (10 mg/L)
was 63% and 45%, respectively (Fig 4.1). Euphorbia extracts at the lowest
concentration (10% v/v) induced 34% germination. Increasing concentration to 25-75
% v/v of the original undiluted extract elicited germination comparable to the synthetic
stimulants. The undiluted extract, on the other hand, induced only 27% germination.
No haustoria were initiated in P. ramosa germlings treated with distilled water.
However, in germlings treated with aqueous extracts from E. hirta, irrespective of
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dilution, haustorial initiation ranged from 57- 68% comparable to the DMBQ treatment
(69%) (Fig 4.2).
4.3.2 Effects of extracts from E. hirta, applied during conditioning, on seed
germination and haustorial initiation (Exp 3 and 4)
Seeds conditioned in distilled water and treated with GR24 at 0.1, 1, and 10 mg/l
displayed between 70 and 80% germination. Treatment with Nijmegen-1 resulted in
51-82% germination (Table 4.1). Conditioning seeds in E. hirta extract invariably
reduced P. ramosa germination in response to both GR24 and Nijmegen-1 and the
reduction progressively increased with extract concentration.
P. ramosa germlings arising from seeds conditioned in distilled water subsequent to
GR24 treatment showed considerable haustorium initiation (64.2-83 %) in response
to DMBQ. Conditioning in Euphorbia extract reduced haustorium initiation and the
observed reduction increased with concentration. The decrease in haustorium
initiation in response to GR24 was statistically significant at a concentration of 75%
or more of the original extract (Table 4.2). However, increasing GR24 to 1 and 10
mg/l decreased the suppressive effects of the extract.
4.3.3 Activity of E. hirta powder and extract on P. ramosa seed germination in
soil (Exp 5)
P. ramosa seeds treated with distilled water in soil displayed negligible germination
(data not shown). Seeds treated with E. hirta powder at the lowest concentration
(1%w/w) displayed considerable germination (33%), followed by those treated with
2.5% (23.5% germination) (Table 4.3). However, a further decline in germination
occurred at higher concentrations and the lowest germination (3.2%) was obtained in
soil treated with the highest (10% w/w) concentration (Table 4.3). P. ramosa seeds
treated with E. hirta extracts at 1, 2.5 and 5% (v/v) germinated at similar rates. A
further increase in extract concentration resulted in a significant decline in
germination.
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Plate 4.1. P. ramosa germination induced by E. hirta extract at 25% (v / v)
concentration. Arrows show Parasite radicle (Photos by Tilal Sayed)

Plate 4.2. P. ramosa germination induced by E. hirta extract at 50% (v / v)
concentration. Arrows show haustorium formation (Photos by Tilal Sayed)
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4.4 Discussion
E. hirta extract, when applied subsequent to conditioning in water induced both
germination and haustorium initiation in P. ramosa. However, when applied during
conditioning the extract suppressed germination in response to GR24 and Nijmegen1 as well as haustorium initiation in response to DMBQ. The effects of E. hirta on P.
ramosa germination and haustorium development also occur in soil, especially at a
low concentration of E. hirta extracts.
Induction of germination when the extract was added to seeds conditioned in
distilled water is in line with previous reports (Ibrahim et al., 1985) on stimulation of
germination of the closely related parasitic weeds S. asiatica and S. hermonthica by
aqueous extracts from Euphorbia spp. Germination of S. hermonthica and S. asiatica
involves ethylene biosynthesis and requires ethylene action (Logan and Stewart,
1991; Babiker et al., 1993). It is believed that germination of Striga spp is affected by
a joint action of germination stimulants and the ethylene produced by the seeds
(Babiker et al., 2000). Germination stimulants elicit ethylene biosynthesis through
induction of 1-aminocyclopropane-1-carboxylate (ACC) synthase, the limiting enzyme
in ethylene production (Logan and Stewart, 1991; Babiker et al., 2000). Babiker, et al
(2000) showed that the stimulants also increase activity of 1-aminocyclopropane-1carboxylate oxidase which converts ACC into ethylene.
Reports on induction of Phelipanche and Orobanche spp germination by ethylene are
controversial and early work did not support involvement of ethylene in P. ramosa
germination (Parker and Riches, 1993). However, later reports (Zehhar et al., 2002)
indicated possible involvement of ethylene in germination of P. ramosa.
The reduced response of P. ramosa seeds to GR24 and Nijmegen-1, applied
subsequent to conditioning in Euphorbia extract is consistent with numerous reports
on reduced germination following exposure to germination stimulants during
conditioning (Vallance, 1951a, 1951b). Hsiao et al., 1981 attributed the reduced
response to delayed conditioning while Babiker et al. (2000) attributed the reduced
response to reduction in ethylene biosynthesis resulting from curtailment of ACC
synthesis. Striga seed treated with germination stimulants, irrespective of
conditioning, was reported to display considerable increase in respiration (Vallance,
1951a, 1951b). It has been noted by several authors that prolonged exposure of
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seeds to CO2 may reduce activity and/or synthesis of ACC synthase (Mathooko,
1996; Babiker et al., 2000). The striking similarity of the germination behaviour of P.
ramosa and Striga seeds, the possible role of stimulants in making the seeds more
sensitive to ethylene (Babiker, et al., 2000) and the recent reports on stimulation of P.
ramosa by ethylene (Zehhar et al., 2002) suggest the plausibility of ethylene
involvement in germination of P. ramosa.
Induction of haustorium initiation by E. hirta extract is in line with the previous finding
of Ibrahim et al. (1985) that extracts from Euphorbia spp. induced haustorium
initiation in Striga hermonthica. Haustorium- initiating substances consisting of
phenolic compounds and cytokinins, among others, are widely distributed in plants
(Parker and Riches, 1993). Haustorium initiation concurrent with germination results
in perturbation of the orderly sequence of events in Striga germination and
development. It leads to shortening of radicles and hence minimizes contact with the
host roots. Furthermore, haustoria are non-specific in attachment and may even
attach to soil grains or glass surfaces (Tomilov et al., 2006). This non-specificity of
haustorial attachment may be made use of to reduce parasitism. In nature, both
germination and haustorial initiation occur in close proximity to the host roots and are
effected by two separate chemical signals (Parker and Riches, 1993). Resistance in
several sorghum lines has been attributed to precocious initiation of haustoria outside
the distance necessary for successful attachment (Tomilov et al., 2006). Reduction in
haustorium initiation in Phelipanche germlings arising from seeds, previously
conditioned in E. hirta extract, in response to DMBQ may be due to prolonged
exposure to the haustorium factor and its subsequent accumulation and possibly
transformation into other compounds with antagonistic effects. However, exhaustion
of seed reserves due to enhancement of respiration during conditioning and/or
involvement of more subtle interactions cannot be ruled out and further investigations
are needed.
Induction of P. ramosa seed germination in soil by E. hirta powder and extract
confirmed the ability of the active substance(s) in E. hirta to act in soil. Germination
was consistently maximal at the lower concentrations of extract and /or powder.
Moreover, the extract displayed higher activity than the powder form. The higher
activity of the extract may be attributed to solubilization of the active materials.
However, further studies on persistence, microbial decomposition and release of
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active compounds from E. hirta powder are needed. It is important to emphasize that
germination, radicle elongation and haustorium initiation are the early developmental
stages of root parasitic weeds and their timing and orderly sequence are crucial for
survival of the parasite.
The active compounds in E. hirta should be identified as they may offer leads or
templates for synthesis of more active and stable compounds that induce and/or
inhibit germination and haustorial initiation. In general, search for seed germination
and /or inhibitors in plant residues should receive more attention as plant residues
can also play an important role in weed control and soil protection.
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Fig 4.1. Effects of extracts from E. hirta (Eh) on P. ramosa germination in vitro.
GR24 (10 mg/l) and Nijmegen-1 (10 mg/l) were included as positive controls. Bars
represent the mean of 2 times 4 replications. Error bars represent the standard error
of mean. Bars marked with the same letter are not statistically significantly different at
P<0.05 (Tukey test).

Fig 4.2. Effects of extracts from E. hirta on P. ramosa haustorium formation in vitro.
DMBQ served as positive control. Bars represent the mean of two times four
replicates. Error bars represent the standard error of mean.
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Table 4.1. Effects E. hirta aqueous extracts applied during conditioning on germination percentage of P. ramosa in vitro in response to
the synthetic germination stimulants GR24 and Nijmegen-1
GR24 (mg/L) Solution
Dilution

0.1

Control

76.2 (±3.2)

10%

1

Nijmegen-1 (mg/L) solution
2

10

Mean

69.8 (±3.9)

80.5 (±6.4)

75.5a

51.8 (±9.6)

58.3 (±9.3)

71.3 (±4.2)

25%

49.8 (±4.0)

49.9 (±2.3)

50%

55.2 (±6.7)

75%

1

10

Mean

58.1 (±2.6)bc

63.5 (±8.3)ab

81.9 (±1.5)a

67.8

60.5b

24.3 (±4.5)ef

38.5 (±4.0)cde

55.4 (±5.3)bcd

39.4

68.3 (±4.8)

56.0b

27.9 (±5.0)ef

26.3 (±4.3)ef

32.5 (±0.8)de

28.9

40.8 (±2.6)

71.3 (±2.8)

55.8b

28.9 (±4.7)ef

39.6 (±4.7)cde

43.0 (±4.0)bcde

37.2

31.0 (±4.7)

32.9 (±3.5)

41.6 (±4.4)

35.1c

26.2 (±5.0)ef

24.7 (±4.5)ef

23.9 (±1.8)ef

24.9

100%

26.5 (±9.8)

21.6 (±2.8)

45.8 (±5.1)

31.3c

21.0 (±1.8)ef

10.6 (±1.5)f

26.6 (±4.0)ef

19.4

Mean

48.4b

1

45.6b

63.1a

0.1

3

31.1

33.9

43.9

1

Data between parentheses are the standard errors of the means.

2

For the analysis, data were arcsine square root transformed, non transformed means are shown. Main effects means followed by

different letters were significantly different at P< 0.05 (Tukey studentized test). F- Value for concentration of E. hirta= 24.3, P< 0.01, for
GR24 concentrations F=16.0, P<0.01.
3

Interaction of concentration of E. hirta and Nijmegen -1 was significant (F=3.0, P=0.05). Values followed by different letters are

statistically different at P< 0.05 (Tukey –test)
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Table 4.2. Effects of E. hirta, extract applied during conditioning on haustorium
initiation percentage of P. ramosa in response to DMBQ in vitro.
Dilution
Control
10%
25%
50%
75%
100%
2
Mean
1
2

GR24 0.1(mg/l)
1

64.2 (±4.6)
53.8 (±5.2)
50.2 (±8.8)
38.8 (±6.8)
19.6 (±6.9)
24.4 (±9.5)
41.9b

GR24 1(mg/l)
83.3 (±9.7)
59.1 (±2.9)
55.4 (±4.5)
48.0 (±7.1)
36.3 (±1.7)
8.5 (±5.9)
48.4ab

GR24 10 (mg/l)
68.4 (±9.0)
70.7 (±2.5)
65.8 (±4.9)
72.3 (±4.5)
32.3 (±1.8)
15.7 (±1.2)
54.2a

2

Mean
72.0a
61.2a
57.1a
53.0a
29.4b
16.2b

Data between parentheses are standard errors of means.
For the analysis, data were arcsine square root transformed. Main effect means

followed by different letters were significantly different at P< 0.05 (Tukey studentized
test).

Table 4.3. Germination percentage of P. ramosa seeds pre-conditioned in soil when
exposed to powder and aqueous extract of E. hirta in soil.
Dilution
1%
2.5%
5%
7.5%
10%
2
Mean
1
2

E. hirta powder

E. hirta extract
33.4 (±1.4)
39.7 (±3.7)
31.5 (±3.3)
18.9 (±3.8)
14.0 (±1.7)
27.5a

1

33.2 (±3.1)
23.5 (±2.1)
21.5 (±2.5)
8.6 (±1.2)
3.2 (±1.1)
18.0a

2

Mean
33.3a
31.6ab
26.5ab
13.7b
8.6b

Data between parentheses are standard errors of means.
For the analysis, data were arcsine square root transformed. Main effect means

followed by different letter were significantly different at P< 0.05 (Tukey studentized
test).
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Arbuscular mycorrhizal fungi have the potential to reduce infection caused by
the parasitic weed Phelipanche ramosa L. (Pomel) in tomato

Abstract
Branched broomrape Phelipanche ramosa, an achlorophyllous root parasitic weed on
several dicotyledonous crops, is a major constraint to tomato production across the
world. Pot experiments were carried out in a glasshouse at the University of Kassel
Germany to investigate 1) the effects of P. ramosa L. seed bank on tomato growth
parameters and 2) to determine if different arbuscular mycorrhizal fungi (AMF) differ
in their effects on the colonization of tomatoes with P. ramosa and the performance
of P. ramosa after colonization. In the first experiment, different Phelipanche seed
levels were established by mixing the parasite seeds (0 -32 mg) with the potting
medium in each pot. In the second experiment, three AMF: G. intraradices, G.
mosseae and Glomus sprint were used. Mycorrhiza free P. ramosa infested,
mycorrhiza infected P. ramosa free and P. ramosa and mycorrhiza free controls were
included for comparison. The results revealed that P. ramosa reduced all tomato
growth parameters measured and the reduction progressively increased with the
amount of seed used. Root and total dry matter accumulation were most affected. P.
ramosa emergence and the number of tubercles increased with the seed bank and
were maximal at the highest seed bank. Numbers of branches of tomato plants were
positively correlated with AMF colonization (R2=0.52, P<0.01). Phelipanche
infestation reduced infectivity of AMF. Suppression of Phelipanche by AMF varied
significantly among AMF species. Inoculation with G. intraradices, G. mosseae and
G. Sprint® reduced the number of emerged P. ramosa plants by 29.3, 45.3 and
62.7%, respectively, and the number of tubercles by 22.2, 42 and 56.8%,
respectively. The reduction was significant in case of G. mosseae and G. sprint, but
not for G. intraradices.

Keywords
P. ramosa, seed bank, tomato plants, Arbuscular mycorrhizal fungi
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5.1 Introduction
The genera Phelipanche and Orobanche are obligate holoparasites that attack roots
of almost all economically important crops in semiarid regions of the world (Joel et
al., 2007; Parker, 2009). Annual food crop losses from these weeds in the Middle
East can be conservatively estimated at $1.3 billion to $2.6 billion (Aly, 2007). These
holoparasites depend entirely on their hosts to get the nutrients and to complete their
life cycle, as they are not able to fix carbon through photosynthesis (Rubiales, 2003).
Phelipanche and Orobanche spp. are difficult to control because they are intimately
connected with the host roots and are concealed underground for most of their life
cycle.
The life cycle of these parasitic weeds starts with seed germination in response to
strigolactones which are exuded by roots of host and non-host plants and act as
germination stimulants (Bouwmeester et al., 2007). Following seed germination,
radicles elongate, form haustoria, penetrate the host root, and fuse with vessels of
the host vascular cylinder after the successful establishment of a xylem connection in
compatible interactions. Subsequently, following stalks emerge, flower and produce
seed (Parker and Riches, 1993). The parasites are capable to generate a huge
number of seeds that may stay viable in the soil for more than 20 years (Aly, 2007;
López Ráez et al., 2009). Once Phelipanche and Orobanche stalks come up from the
ground, most of the irreversible damage to the host crop has already been done and
it is too late to control the parasite (Goldwasser et al., 2003).
Strigolactones not only are needed for germination stimulation of parasitic weeds but
are also required for mycorrhizal mycelium formation and ramification, a crucial
process for arbuscular mycorrhizal fungal (AMF) colonization (Akiyama et al., 2005;
Matusova et al., 2005). Several reports showed that nutrient deficiency, which in
some cases is mitigated by AMF, can increase strigolactone production by potential
host plants (Yoneyama, et al., 2007a,b; López-Ráez et al., 2008). Apparently, the
parasitic weeds have evolved a mechanism by which they can abuse this “ cry for
help” plant signal to establish an interaction with their hosts (Bouwmeester et al.,
2007; López-Ráez, et al., 2011).
The recognition of the double functions of strigolactones has led to the suggestion
that manipulating mycorrhizal colonization could be used to manage parasitic plants
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(Akiyama et al., 2005). In fact, if sorghum is inoculated with AMF, this results in a
lower attachment and emergence of Striga, and root
sorghum inoculated with AMF induced

exudates of maize and

less germination of S. hermonthica

(Lendzemo and Kuyper, 2001; Gworgwor and Weber, 2003; Lendzemo et al., 2007).
The reduction in S. hermonthica infection upon AMF colonization is caused, at least
in part, by a reduction in the production of strigolactones and by the induction of
plant defense genes (Campos-Soriano et al., 2012). Similarly, peas colonized by AM
fungi induced less germination of seeds of Orobanche and Phelipanche species than
non-colonized plants (Fernández-Aparicio et al., 2010). Inoculation with AMF in the
indeterminate tomato variety 'BetterBoy' led to a reduction in the production of
strigolactones and thus reduced germination stimulation activity of root exudates
towards seeds of P. ramosa (López-Ráez, et al., 2011). Similarly, root as stem
exudates of 3 AMF colonized determinate tomato varieties were also found to be
active in this respect (see chapter 3, this thesis).
The purpose of this research was to 1) investigate the effects of P. ramosa L. seed
bank on tomato growth parameters and 2) to determine if different AMF differ in their
effects on the colonization of tomatoes with P. ramosa and the performance of P.
ramosa after colonization.
5.2 Materials and methods
5.2.1 Plant materials and growth conditions
P. ramosa seeds collected in 2006 from parasitized tomato plants in Gezira state,
Sudan, were kindly supplied by Dr. K. Idris Plant Protection Centre, Agricultural
Research Corporation (ARC) Sudan. Seeds were stored in a black plastic bag in the
dark at room temperature until use. The tomato (Solanum lycopersicon L.) cv. ‘Strain
B’, the most common variety in Sudan was used. Tomato seeds were surface
sterilized by immersion for 3 min in 70% ethanol followed by 3 min in 3% sodium
hypochlorite solution containing 0.02% (v/v) Tween20 and rinsed three times in
sterilized distilled water. The tomato seeds were sown in trays containing peat and
allowed to grow for 10 days before transplanting into plastic pots (18 cm i.d.) filled
with a mix of field soil, sand, and peat at 1:1:1 v/v, which had previously been
pasteurized at 80°C two times (6 h each).
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The experiments were undertaken in a glasshouse at the University of Kassel,
Germany. Average day and night temperatures in the glasshouse were adjusted to
16h / 24°C and 8 h / 19 °C, respectively. Day light was supplemented by 1000 lux
light intensity supplied by Philips-Son 400 WAT sodium high pressure lamps.
Relative humidity was kept at 50-60%.
5.2.2 Effects of P. ramosa seed concentration on tomato performance
The experiment was conducted in a glasshouse from October 2009- April 2010 to
investigate the effects of P. ramosa seed bank on tomato growth parameters and to
select an optimum level of P. ramosa seeds for the main experiments. Phelipanche
seed banks were established by mixing the parasite seeds (0, 0.5, 1, 2, 4, 8, 16, and
32 mg) with potting medium in each pot. The pots were watered and protected from
light for 1 week at the conditions mentioned above, to precondition the broomrape
seeds. Three 10 day old tomato seedlings were transferred in each pot. Two weeks
later, tomato seedlings were thinned to one per pot. Treatments were arranged in a
completely randomized design with four replicates.
Plants were watered 2-3 times a week and twice monthly fertilized with 50 ml of
Wuxal (N: P: K, 8:8:8, 50 ml/ l) fertilizer. After twelve weeks tomatoes and
broomrapes were uprooted. Broomrape attachments on host roots were counted and
biomass (dry weight) was measured for broomrapes and tomatoes.
5.2.3 Interactions of AMF and P. ramosa with tomatoes
The main experiment was a full factorial experiment with factor 1 arbuscular
mycorrhizal fungi (AMF), and factor 2 P. ramosa (present or absent) in a completely
randomized design with four replicates. The AMF species were GIomus intraradices,
Glomus mosseae and Glomus Sprint. The latter is a commercial mix of three Glomus
species (G. etunicatum, G. intraradices and G. claroideum) obtained from INOQ
GmbH, Germany.
For the infection, P. ramosa seeds (8 mg) were mixed with the top 5 cm soil in each
pot. The pots were watered and kept at 25°C in the dark for 1 week to precondition
P. ramosa seeds. P. ramosa free pots were included as controls. After preconditioning, AMF inoculum (500 spores) was mixed with the top 5 cm soil in the
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relevant treatments. AMF free treatments received of autoclaved AMF inoculum.
Three tomato seedlings were transplanted in each pot and thinned to one per pot two
weeks later. Plants were watered 2-3 times a week and fertilized every 2 weeks with
100 ml Wuxal solution (N: P: K; 10:5:10 50 ml /l), this regime is moderately Pdeficient to enhance AMF. The experiment was conducted twice from June September, 2010 and April-July, 2011.
Twelve weeks after transplanting, tomato plants were uprooted from the potting
medium and gently washed under running tap water to preserve the root system.
Shoots and roots were separated and fresh and dry weights were determined for
stems (SDW), leaves (LDW), and roots (RDW).
Mycorrhizal root colonization was assessed using 1 g of the fine roots. Roots were
cleared by heating in 10 % KOH at 90 °C for 30 min, acidified with 1% HCl for 5 min
at room temperature and stained with Trypan blue (Phillips and Haymann, 1979) at
90 °C for 60 min in a water bath. Colonization was quantified using the grid-line
intersect method under a dissecting microscope (40 x magnification) (Giovannetti
and Mosse, 1980). The percentage of colonized intersections was recorded.
Assessments of P. ramosa were: number of emerged shoots, number of tubercles,
fresh and dry weight of the parasite (aboveground shoots and underground
structures), average tubercle dry weight and tubercle to host root ratio. The latter was
calculated based on dry weight.
5.2.4 Statistical analysis
Prior to analysis of variance (ANOVA), data were tested for normality and
homogeneity of variance using the Shapiro-Wilks-W-Test and the Levene-Test,
respectively. Data on P. ramosa biomass and mycorrhiza colonization values were
log and arcsine transformed, respectively, to fulfill ANOVA requirements. Combined
data from the repeated experiment were analyzed with experimental time as a factor
to determine whether there was an experimental effect. As there was no
experimental effect, except for plant biomass, the analyses were performed across
experiments resulting in 8 replications per treatment. The data were analyzed with
SAS 9.1 statistical package (SAS Ins., North Carolina, USA). Mean separations were
made by Tukey honestly significance difference test at P> 5%.
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5.3 Results
5.3.1 Effects of P. ramosa seed concentration on tomato performance
P. ramosa reduced all tomato growth parameters measured and the reduction
progressively increased with the amount of seed used. Damage to the tomatoes was
statistically significant at 2 mg inoculum and above (Fig 5.1). Root and total dry
matter accumulation were most affected. P. ramosa emergence and the number of
tubercles increased with the seed bank and were maximal at the highest inoculum
density. The mean weight of the tubercles did not change significantly with increasing
infection, however, (Fig5.2). Beyond 8 mg seeds the number of tubercles and
emerged shoots did not increase significantly. Therefore, 8 mg was chosen as
inoculum density for the main experiment
5.3.2 Interactions of AMF and P. ramosa with tomatoes
No mycorrhizal colonization was detected in un-inoculated control plants. G.
mosseae and G. intraradices inoculation resulted in 37%. Infection success by G
Sprint was significantly lower with 29%. P. ramosa infested, mycorrhiza inoculated
tomato plants had significantly lower AMF colonization compared to plants not
infested with P. ramosa (Table 5.1). The highest AMF colonization was found in P.
ramosa free plants inoculated with G. intraradices (47.5%) followed by P. ramosa
free plants inoculated with G. mosseae, (43.9%). The AMF mycorrhizal colonization
(21.4%) was on plants inoculated with G. Sprint® and P. ramosa (Table 5.1).
Mycorrhizal tomato plants, irrespective of P. ramosa infestation, grew significantly
taller and produced more branches, root, stem, leaf, and total dry matter than nonmycorrhizal plants (Fig 5.3 and Table 5.2). Plant height and dry matter production
were highest in tomato plants inoculated with G. intraradices. Plant height of P.
ramosa infested plants inoculated with G. mosseae was comparable to the P.
ramosa infested control. Infection with P. ramosa significantly reduced all these
parameters except branching, with no interaction in the effects of AMF and P. The
maximum number of branches was recorded in P. ramosa free G. Sprint, inoculated
plants (18.3) followed by and P. ramosa G. mosseae inoculated plants (17.5),
whereas the lowest number of branches was found in non-mycorrhizal, P. ramosa
infested plants (11.0).
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In 2010, the root dry weight, stem dry weight and total dry matter of plants inoculated
with AMF, without Phelipanche was significantly higher than that of Phelipanche
inoculated mycorrhizal plants (Fig 5.3).
Inoculation with G. intraradices, G. mosseae and G. Sprint® reduced the number of
emerged P. ramosa shoots by 29, 45 and 63%, respectively, and the number of
tubercles by 22, 42 and 57%, respectively. The reduction was significant in case of
G. mosseae and G. Sprint®, but not for G. intraradices (Table 5.3). Mycorrhizal fungi
had no significant effects on the P. ramosa fresh weight; however, significant
reductions in dry weight were observed in pots treated with G. mosseae and G.
Sprint® (Table 5.3). Mycorrhiza infection did not reduce tubercle fresh weight,
tubercle dry weight, or average tubercle weight but it increased the root mass of the
tomatoes (Table 5.3). Thus, in the absence of mycorrhiza the dry weight of tubercles
of P. ramosa was more than 3- fold that of tomato root dry weight. In contrast, in the
presence of AMF the ratios were reduced to 1.2-2.1.
5.4 Discussion
The study showed that in pot experiments AMF have the potential to reduce P.
ramosa infestation and mitigate, at least in part, its negative effects on growth of
young tomato plants. This finding is consistent with previous reports on alleviation or
enhancement of resistance to a variety of pathogens and pests due to inoculation
with AMF, including plant pathogenic bacteria, fungi and the root parasitic weeds
Striga hermonthica and Orobanche spp (Lendzemo and Kuyper, 2001; Gworgwor
and Weber, 2003; Bouwmeester et al., 2007; Lendzemo et al., 2007; FernándezAparicio et al., 2010). The observed reduction in parasitism of tomato plants by P.
ramosa and mitigation of its suppressive effects on plant growth may be attributed,
as reported in similar situations to increased plant fitness, systemic induced
resistance (Campos-Soriano et al., 2012), and down-regulation of strigolactone
production by AMF (López-Ráez et al., 2011). However, the possibility of more subtle
interactions involving changes in gene expression and/or alterations in the cellular
organization and physiology of the root cortical cells following mycorrhizal infestation
cannot be ruled out. Butler (1994) postulated that subsequent attachment and
penetration of the host root, connection of S. asiatica to the host vascular system is
guided by the internal chemistry of the host root (Butler, 1994). This could be
changed by AMF interaction.
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Infection with G. mosseae and G. sprint reduced significantly the number of emerged
Phelipanche and number of tubercles, whereas reductions were non-significant with
G. intraradices, despite its highest infectivity on tomato roots. Differential effects of
AMF species on resistance to plant pathogens have been observed by Maherali and
Klironomos, (2007) and Sikes et al. (2009), with Fusarium infection and Allium.
Better plant growth of AMF infected plants compared to the corresponding nonmycorrhizal plants is most likely due to enhancement of nutrient uptake, since
mycorrhiza increases the absorptive surface of the root through mycelium (Morgan et
al., 2005; Parniske, 2008) and the formation of hyphal networks that facilitate
acquisition of nutrients (mainly phosphorus) (Bücking and Shachar-Hill, 2005),
synthesis of plant growth hormones (Allen et al., 1980), and improved water uptake
by increasing root hairs (Augé, 2001).
López-Ráez et al. (2008) proposed that under nutrient deficiency plants increase the
biosynthesis of strigolactones to reduce shoot branching and at the same time
maximize the symbiotic interactions with AMF to facilitate uptake of mineral nutrients.
In fact, strigolactones have been shown to function as an endogenous
phytohormone.. The significantly increased branching in tomatoes inoculated with
AMF could thus be due to down-regulation of strigolactone production. In addition,
AMF may increase shoot branching indirectly by making phosphorus available to the
plant and hence raise cytokinin levels in the plants and consequently promote shoot
branching (Danneberg et al., 1993; Barker and Tagu, 2000).
The fact that P. ramosa infestation significantly reduced AMF colonization is
consistent with the hypotheses by Gehring and Whitham (1992) and Davies and
Graves, (1998), that parasitic plants might be capable of suppressing the growth of
AMF possibly through down regulation of strigolactone production in affected host
plants. It has to be borne in mind that both AMF and P. ramosa are obligate
biotrophic and are thus totally dependent on the host for their carbon supply.
In conclusion, mycorrhizal inoculation, irrespective of P. ramosa infestation improved
tomato growth. The Glomus species used in this study reduced P. ramosa incidence
in tomato and mitigated its negative effects on tomato plants. However, the
magnitude of the observed reductions varied with the fungal species. Before
recommending the use AMF as part of an integrated approach for parasite
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management, there is a need to answer a number of questions, however. These
include the field performance of AMF inoculation and interactions with soil, climate,
resident AMF, and nutrient management
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Fig 51. Effects of different Phelipanche inoculum levels (in mg of seed per tomato
plant) total dry matter production of tomatoes (g). Bars represent the mean of 2 times
4 replications. Error bars represent the standard error of mean. Bars marked with the
same letter are not significantly different at P<0.05 (Tukey test).
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Fig 5.2. Effects of different Phelipanche inoculum levels on (A) number of emerged
Phelipanche and (B) average tubercle dry weight. Bars represent the mean of 2
times 4 replications. Error bars represent the standard error of mean. Bars marked
with the same letter are not statistically significantly different at P<0.05 (Tukey test).
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Fig 5.3. Relationships between AMF root colonization percentage and (A) root dry
weight, (B) stem dry weight, and (C) total dry matter of tomato plants over
experiments, G0= Control (without mycorrhiza), GI= Glomus intraradices, GM=
Glomus mosseae,; GS= Glomus Sprint, +P= With P. ramosa, -P= wit hout P. ramosa,
G0-P = Positive control (without P. ramosa, without mycorrhiza) and G0+P= Negative
control (with P. ramosa, without mycorrhiza).
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Table 5.1. Arbuscular mycorrhizal colonization (%) of roots of 12 week old tomato
plants as influenced by the presence and absence of Phelipanche ramosa.
1

Mycorrhiza
GI
GM
GS
4
Mean

without P. ramosa
2
47.5 (±1.9)
43.9 (±0.9)
36.3 (±1.9)
42.5a

3

with P. ramosa
26.6 (±0.8)
31.1 (±2.8)
21.4 (±1.9)
26.3b

Mean
37.1a
37.5a
28.8b

1

GI= Glomus intraradices, GM= Glomus mosseae, GS= Glomus Sprint

2

Values are means of eight replicates. Data between parentheses are standard

errors of the means
3

Mycorrhiza or Phelipanche means followed by different letters are significantly

different at P<0.05, Tukey test. Data were arcsine transformed for analysis, nontransformed means are presented

Table 1.2. Average Plant height (PH); number of branches (No.B); root dry weight,
(RDW); stem dry weight, (SDW) and leaf dry weight (LDW) of 12 week old tomato
plants inoculated with three inocula of AMF in the presence and absence of P. ramosa
seeds
Treatment
Mycorrhiza
G0
GI
GM
GS
Phelipanche
Without P. ramosa -P
with P. ramosa

Plant height (cm)

No of branches/plant

54.5b
65.5a
61.7a
64.0a

2

11.0b
15.4a
16.1a
15.7a

66.3a
57.1b

15.3a
13.7a

1

G0= Control without mycorrhiza, GI= Glomus intraradices, GM= Glomus

mosseae, GS= Glomus Sprint.
2

Means of eight replicates. Values followed by different letters among mycorrhiza

treatment or between Phelipanche treatments were significantly different at P< 0.05
Tukey test.
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Table 5.3. Performance of Phelipanche ramosa on tomato plants inoculated with three Glomus species. NoEP= no of emerged
Phelipanche; NoTub= number of tubercles per plant; PhFW=Phelipanche fresh weight; PhDW=Phelipanche dry weight;
TubFW=Tubercle fresh weight; TubDW=Tubercle dry weight; AvTubDW=average tubercle dry weight; Tub : root = Tubercle to root ratio
based upon weight
1

Mycorrhiza

NoEP
2

NoTub

PhFW (g)

PhDW (g)

TubFW (g)

TubDW (g)

AvTubDW (g)

Tub:root (g)

GI

5.3 (±0.8)ab

6.3 (±0.8)ab

20.3 (±2.5)

5.0 (±0.5)ab

25.0 (±2.9)

10.0 (±0.9)

1.9 (±0.4)

1.2 (±0.3)b

GM

4.1 (±0.4)b

4.7 (±0.5)b

16.5 (±5.3)

3.9 (±1.0)b

27.3 (±3.5)

10.8 (±1.3)

2.5 (±0.4)

2.1 (±1.3)ab

S

2.8 (±0.7)b

3.5 (±0.5)b

17.0 (±4.9)

3.9 (±1.0)b

22.1 (±3.3)

9.1 (±1.2)

2.8 (±0.3)

1.4 (±0.3)b

G0

7.5 (±0.8)a

8.1 (±1.0)a

23.0 (±3.5)

7.8 (±0.5)a

29.4 (±2.8)

13.2 (±1.0)

1.8 (±0.3)

3.3 (±2.5)a

1

GI= Glomus intraradices; GM= Glomus mosseae; GS= Glomus Sprint, G0= without

2

Values represent the mean ±SE. N=8. Numbers within the same letter per column are not statistically significant (Tukey test, P <
0.05). Ns=Not significant.
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Effects of mycorrhiza inoculation, nitrogen levels, and sugar cane residue
based organic amendments on Phelipanche ramosa incidence, and tomato
performance in the field
Abstract
Parasitic flowering plants are significant constraints to agricultural production
worldwide. The present work was undertaken to investigate the possibilities of
combining the use of AMF, organic residues from the sugar industry, and N
fertilization for the management of P. ramosa in tomato plants. The experimental
design was a split split plot design with four replications. AMF (Glomus intraradices,
Glomus mosseae, or control), sugarcane filter mud (FM) (10 t ha-1 or none), and
nitrogen doses (Urea 0, 36, or 72 kg/ha) were assigned to main, sub, and sub-sub
plots, respectively. In un-inoculated control plants, AMF colonization ranged between
13 to 22 % with no significant differences among FM and N treatments. AMF
colonization levels in inoculated plots ranged from 31 to 49%. Adding AMF or FM
resulted in a significant increase of branching in the tomato plants with no additive
effects. Dry weights were slightly increased through FM application when no N was
applied and significantly at 36 kg N ha-1. There was no effect of FM on the time until
the first P. ramosa emerged while AMF and N application interacted. Especially AMF
inoculation resulted in a tendency to delayed P. ramosa emergence. The marketable
yield was extremely low due to a heavy fruit infestation with insects. Adding AMF led
to a significant decrease the level of titrable acidity. G. mosseae infected plants
produced significantly higher total yield than G. intraradices infected plants; however,
the insect damage was also significantly higher on G. mosseae infected plants. Due
to the severe insect infestation destroying a large part of the experiments there is a
need to continue the study before making a final conclusion.
Keywords:
Sugar cane residue, AMF, soil fertility, Sustainable agriculture, P. ramosa

104

Chapter 6: AMF, nitrogen levels and sugar cane residue on P. ramosa

6.1 Introduction
Tomatoes are the second most important vegetable crop after potatoes (Dorais et al.,
2008) with a world production of about 160 million t in 2010 (FAOSTAT, 2012). In
Sudan, the estimated production of tomato is about 504,000 t (FAOSTAT, 2012).
However, tomato yields are low and unstable due to low soil fertility as well as
incidence of diseases and pests and the area has declined from 50,000 to 35,280 ha
between 1997 and 2007 (Abbo et al., 2009).
One of the major constraints to tomato cultivation in Sudan is broomrape infection by
Phelipanche ramosa (L.) Pomel (syn. Orobanche ramosa) (Babiker et al., 2007), a
parasitic weed of great economic importance on solanaceous crops. The major
impediment to the control of Orobanche and Phelipanche species is the huge
number of seeds produced which are easily dispersed and remain viable in the soil
for up to 20 years in the absence of the host.
Low soil fertility is believed to be an important factor related to the high infestation of
fields by weedy root parasites (Fernández-Aparicio et al., 2011) and much of the
damage to the host is caused prior to the weeds emergence (Joel et al., 2007). Yield
losses due to Phelipanche and Orobanche infestation range from 5-100% depending
on host susceptibility, level of infestation and environmental conditions (Abang et al.,
2007).
Phosphorus (P) is one of the least available of all essential nutrients in soils. Up to
80% of applied P may be fixed in the soils due to the interactions with other ions
making it unavailable to plants (Raghothama, 1999). Under P limiting conditions
plants up-regulate the secretion of strigolactones in the rhizosphere to promote the
formation of symbioses with arbuscular mycorrhizal fungi (AMF) and to minimize
excessive shoot branching (Bouwmeester et al., 2007; López-Ráez et al., 2008;
Umehara et al., 2010). At the same time, strigolactones act as seed germination
stimulants for parasitic weeds such as Striga, Orobanche and Phelipanche
(Bouwmeester et al., 2003). Like AMF, parasitic weeds are biotrophic and it appears
that they evolved to employ the same signal molecules exuded by living plants to find
the roots of their hosts.
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As AMF usually improve P- availability to their hosts, successful AMF infection has
been suggested as a means to reduce infection by parasitic weeds by reducing
strigolactone production (López-Ráez et al., 2008). This was shown recently for
tomatoes where inoculation with AMF resulted in reduced strigolactone production
and reduced germination rates of seeds of Phelipanche in vitro (López-Ráez et al.,
2011). This was confirmed in chapter three of this thesis where it is shown that as
well root as shoot exudates of AMF infected tomatoes reduces the germination rates
of P. ramosa. On the other hand, addition of ammonium and P to deficient soil has
been reported to reduce O. minor infection on clover (Yoneyama et al., 2001).
However, the influence of ammonium and P application on AMF was not documented
in this study.
Increasing prices of chemical fertilizers and the recognition that for sustainable soil
management the addition of organic matter is crucial have led to an increased use of
organic industrial wastes from the sugar industry as soil amendments in Sudan
(Elsayed et al., 2008). Filter mud (FM) is a major sugar cane processing waste,
mostly retrieved from press and vacuum filters, when sludge from the clarification
process is dewatered. Boktiar and co workers (2001) reported that application of FM
to poor soils resulted in improved fertility, productivity, and other physical properties.
Furthermore, FM is a good source of organic matter with a high C/N ratio, NPK, and
many micronutrients.
An important question when attempting to reduce infestation with and the impact of
P. ramosa on tomatoes is if it is possible to combine increased AMF infection with
optimized fertilization. For this it is important to choose fertilizer and organic
amendment rates that will not suppress AMF infections but that are still high enough
to improve the crop performance while overall reducing P. ramosa infestation and
propagation.
The present study aimed at studying the possibilities of combining the use of AMF,
moderate sugar cane filter mud applications, and N fertilization for the management
of P. ramosa in tomato plants. This was tested in a three-factorial field experiment in
Sudan.
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6.2 Materials and Methods
6.2.1 Study site
Two experiments were conducted in the experimental field of the Department of Plant
Protection, College of Agricultural Studies, Sudan University of Sciences and
Technology, Shambat, Khartoum, Sudan in the 2010-2011 and 2011-2012 seasons.
The area is a semi-desert situated in the low land of the river Nile, at 15° 40‘N and
32° 32‘E. Annual rainfall ranges from 75-800 mm, occurring mainly from July to
September. Mean temperatures in Khartoum are 41.7°C and 15.6°C in April and
January, respectively. The winter time is from November to March and is relatively
cool and dry. The summer season which is hot and dry is the off-season. The soil is a
silty clay loam with physical and chemical properties which make it ideal for
vegetable production. Pumping of water from the river Nile is common; in addition,
subsoil water is used as a source of irrigation.
6.2.2 Experimental setup
The experimental design was a split split plot design with four replications. AMF
(Glomus intraradices, Glomus mosseae, or control), filter mud (FM) (10 t ha-1 or
none), and nitrogen doses (Urea 0, 36, or 72 kg/ha) were assigned to main, sub, and
sub-sub plots, respectively. The plot size was 4x 4 m with two 4 m long and 1.2 m
wide raised beds per plot surrounded by a protective dam to control the irrigation
water.
FM obtained from Elguneid Sugar Cane Company was applied on the top of beds of
relevant treatments and worked into the soil using spades and garden forks three
weeks before planting. In 2010, the input was equivalent to 50, 110, 85, and 620 kg
ha-1 N, P, K, and Ca, respectively with a C/N ratio of 63 (Table 6.1). Due to the failure
of the experiment in 2011 (see below) the analyses of FM were not performed.
At sowing, on 26th November 2010 and 15th November 2011 both, AMF and P.
ramosa were directly added to the sowing hole together with the tomato seeds. Ten
ml AMF sand based inoculum was added at a concentration of 12 spores ml

-1

of G.

intraradices or G. mosseae, respectively (i.e. about 120 AMF spores) per hole in the
relevant experimental treatments. For Phelipanche infestation, 1 g of P. ramosa
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seeds were mixed with 1 kg of Shambat soil and 5 g of the mixed inoculum (i.e. 5 mg
Phelipanche seeds) were applied per hole. Three seeds of the tomato variety ‘Super
Strain B’ were sown per hole at 30 cm in-row spacing on both bed sides. Three
weeks after sowing, tomato seedlings were thinned to one plant per hole; thinned out
seedlings were used for replanting the absent holes, if possible. Per plot, there were
thus initially 40 tomato plants. Immediately after sowing the first irrigation (920 m3 ha1

) was applied and afterwards every week until the end of season.

N fertilization (Urea) at levels of 36 kg/ha and 72 kg/ha was applied by placement in
holes under the bed at two equal doses, four and seven weeks after sowing in the
appropriate treatments. Weeds other than Phelipanche were removed by hand 30,
45, and 60 days after sowing. No fungicides were used in this study. Two commercial
synthetic insecticides were used in 2010/11; the first insecticide was Imidacloprid,
commercially known as Confidor® 70 WG. This chemical is a new systemic
insecticide of the chemical group Chloronicotinyle. It was applied at a rate of 50 g ha1

, three times at 21, 42 and 60 days after sowing. The second systemic insecticide

was Thimethoxam (Neonicotinoid) commercially known as Actara 25 WG, applied at
a rate of 60 g ha-1 two times, 30 and 50 days after sowing. For management and
prevention of tomato yellow leaf curl virus (TYLCV), the infected-looking plants were
removed and immediately buried. The process was repeated weekly until the end of
the season. Therefore, before harvest, the number of plants per plot was determined.
In 2011/12 a serious early infestation with the whitefly species Bemisia tabaci and
tomato leaf miner Tuta absoluta occurred in the experiment which could not be
controlled with the insecticides. This resulted in a total loss and the second run of the
experiment had to be abandoned after 6 weeks.
6.2.3 Assessments
Data were collected from the central part of each plot, five tomato plants were
randomly selected from each plot and tagged and used for the following
observations: Plant height (cm) was measured from the tip of the main stem to the
ground level; number of branches; days to first flowering from sowing; after final
harvest, data were taken on tomato shoot fresh and dry weight. The number of plants
per plot was counted at each harvesting time.
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First emerge of Phelipanche was assessed after 6-8 weeks from sowing date in the
two central rows in each plot. The numbers of emerged, branched and flowering P.
ramosa shoots were counted weekly for 5 weeks after the first P. ramosa emerged
on all plants in the whole experiment.
Mycorrhizal root colonization was assessed three months after sowing; three plants
were randomly selected and uprooted. Roots were separated from soil by careful
washing with tap water. Roots (1 g) were cleared by heating in 10 % KOH at 90 °C
for 30 min, acidified with 1% HCl for 5 min at room temperature and stained with
Trypan blue (Phillips and Haymann, 1979) at 90 °C for 60 min in a water bath.
Colonization was quantified using the grid-line intersect method under a dissecting
microscope (40 x magnification) (Giovannetti and Mosse, 1980). The percentage of
colonized intersections was recorded.
Tomato fruits were harvested once the colour turned from breaker to red three times
from 15th to 30th of March, 2011. Fruits were picked by hand from the whole plot and
then were categorized as marketable and unmarketable fruits. Unmarketable fruits
were sorted into sunscald damage, blossom end rot, and insect infested.Yield data
presented were from three picking times.
Total soluble solids (TSS) were measured directly from the fruit juice, using a Kruss
hand refractometer (model HRN-32). Three fruits were selected randomly from each
plot and three readings were taken per fruit. Means were calculated and corrected
according to the refractometer chart.
Flesh firmness was measured by the Magness and Taylor firmness Tester (D.Ballauf
Meg.Co) equipped with an 8-mm diameter plunger tip. Two readings were taken from
opposite sides of each fruit. Flesh firmness was expressed as pounds per square
inch (0.453 kg / 2.5 cm-2).
Titratable acidity was assessed as the amount of alkali (KOH) utilized to neutralize
the acidity in a known volume of juice. Fifteen g of fresh ripe fruit were finely
macerated with a pestle and mortar in 10-15 ml of distilled H2O. The juice was filtered
through a muslin cloth to remove turbidity and juice volume was adjusted to 50 ml. A
10-ml aliquot clear juice was pipetted out to a 100 ml conical flask and 1-2 drops of
Phenolphthalein indicator was added and titrated against 0.1 N NaOH. Based on the
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titre value, the titratable acidity of tomato fruits was estimated. One ml of 0.1 N NaOH
consumed by titration is equivalent to 0.064 g citric acid (Ranggana, 1979).
Ascorbic acid contents were measured from 10 g of fruit that was homogenized in
10-15 ml of 4 % oxalic acid with a pestle and mortar. The juice was filtered through
muslin cloth and the clear juice was filled up to 125 ml with 4 % oxalic acid. A 20 ml
aliquot of the diluted juice was titrated against 0.02 % 2, 6- dichlorophenolindophenol dye until the juice turned a faint pink. A similar titration was performed for
a standard ascorbic acid solution (100 mg ascorbic acid in 100 ml of 4 % oxalic acid)
in order to compute ascorbic acid of the sample juice. For dye strength, 5 ml of
standard ascorbic acid solution was added to 10 % oxalic acid solution in a beaker
and titrated with the dye solution to a faint pink colour (Ranggana, 1977).
6.2.4 Data processing and statistical analysis
Because of the destruction of the second run of the experiment, only data from the
2010/11 season were processed and are presented. Due to the removal of virus
infected-looking plants, yield data per plant are presented, since the numbers of
plants in the plots was not uniform. Prior to analysis of variance (ANOVA), data were
tested for normality using the Shapiro-Wilks-W-Test. Data on P. ramosa biomass and
mycorrhiza colonization were log and arcsine transformed, respectively, to fulfill
ANOVA requirements. The data were analyzed with SAS 9.1 statistical package
(SAS Inc., North Carolina, USA). Mean separations were made by Tukey honestly
significant difference test at P> 5%.
6.3 Results
6.3.1 AMF root colonization
AMF inoculation increased percent colonization two - to three-fold (F-value = 347,
P<0.01). In addition, all three main factors, AMF, FM application, and N interacted (F
= 2.7, P<0.01) (Table 6.2). In un-inoculated control plants AMF colonization ranged
between 13 to 22 % with no significant differences among FM and N treatments. The
highest root colonization was found in the AMF inoculated treatments with FM and
without N (49 and 44 %). However, there were no statistically significant differences
to all other FM and N treatments except for the G. mosseae treatment with 72 kg ha-1
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N and 10 t ha-1 FM (31 %), the treatment responsible for the significant three-way
interaction (Table 6.2). In the absence of FM, N applications had no discernible
effects on AMF levels. In contrast, when filter mud was applied, there was a tendency
towards reduced AMF levels with increased N-inputs.
6.3.2 Tomato growth and development
Adding AMF or FM resulted in a significant increase of branching in the tomato plants
with no additive effects, however (Fig 6.1 A). Tomatoes inoculated with mycorrhiza
flowered three to four days earlier compared to the control (F = 8.0, P<0.01) while
FM and N had no influence on flowering time (data not shown, appendix table 6, 8).
Plants inoculated with G. intraradices had significantly higher fresh weight compared
to the control (229 g versus 190 g, respectively). When inoculated with G. mosseae
the mean fresh weight was in between the two at 210 g. Differences in dry weights
among AMF treatments followed the same pattern but were not statistically
significant. FM and N levels interacted with respect to fresh and dry weights in a
similar way. Dry weights were slightly increased through FM application when no N
was applied. Increases were and significant at 36 kg N ha-1. A reverse trend occurred
at 72 kg ha-1 N, however (Fig 6.1 B). For fresh weight the tendencies were similar but
more variable (data not shown, appendix table 6, 8).
6.3.3 Development of P. ramosa
The first P. ramosa emerged in the treatment without mycorrhiza and without
fertilization 54 days after sowing, while the last emergence after 70 days occurred in
the treatment with Glomus intraradices, FM, and 72 kg/ha N. There was no effect of
FM on the time until the first Phelipanche emerged while AMF and N application
interacted (Fig 6.2). Especially AMF inoculation resulted in a tendency to delayed P.
ramosa emergence.
Both, AMF treatments as well as the highest N application significantly reduced the
number of emerged P. ramosa stems. Branching and flowering were also reduced by
both factors but only AMF effects were statistically significant (Table 6.3).
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6.3.4 Yield data
Generally, the marketable yield was extremely low due to the insect infestation. Only
the application of filter mud resulted in a significantly higher marketable yield,
irrespective of the mycorrhiza species and nitrogen levels. Nitrogen application
greatly reduced the incidence of blossom end rot. The highest blossom end rot
incidence was found in the treatment without mycorrhiza, without filter mud, without
nitrogen. Insect damage on tomatoes inoculated with G. mosseae was significantly
higher compared to those inoculated with G. intraradices. Although, G. intraradices
reduced the insect damage compared to the non AMF control the difference was
statistically not significant. There were no apparent differences among the treatments
in terms of fruit with sun scald symptoms (Table 6.4). Number of fruits followed the
same pattern as marketable yield (see appendix table 7).
6.3.5 Fruit quality
There were no obvious differences among the treatments in ascorbic acid contents.
These ranged from 23 to 26 mg 100 g-1. Mycorrhiza significantly decreased the level
of titrable acidity based on citric acid contents. The effects of AMF on titrable acidity
interacted as well with N application (F=3.7; P=0.01) and between mycorrhiza and
FM (F= 4.9; P=0.01) (Fig 6 3 A, B). At the high N input level, G. mosseae inoculated
plants produced significantly firmer fruit than G. intraradices inoculated plants. The
differences disappeared at the lower N levels, however.In fruit firmness, a significant
interaction between mycorrhiza and N (F= 5.5; P=0.001) occured (Fig 6.4 and
Appendix table 12).
In the absence of FM and N, G. intraradices increased fruit TSS contents significantly
compared to the control (without AMF, FM or N). The highest TSS (8.8) was
recorded with G. intraradices, without FM, with 36 kg ha-1 N and with G. mosseae,
with FM, with 72 kg ha-1 N followed by treatments with G. intraradices, with FM and
without N, whiles the lowest TSS (7.2) was observed in G. intraradices, with FM and
36 kg ha-1 N (Table 6.5).
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6.4 Discussion
Despite the huge problems with insect infestation which greatly reduced yields in the
first year and led to the abandonment of the experiment in the second year some
preliminary results emerge from the field experiment.
AMF inoculation was successful in increasing AMF colonization up to three-fold and
interacted with FM and N application. Overall, AMF reduced the number of emerged,
branched, and flowering Phelipanche per tomato plant and delayed Phelipanche
emergence by up to 16 days. This finding confirms the outcomes of previous studies
under controlled conditions (López-Ráez et al., 2011; chapter 5). However, the
suppression of Phelipanche due to AMF inoculation did not result in an increase in
tomato yield. In contrast, application of N at a rate of 36 kg ha-1 but not at 72 kg ha-1
dramatically decreased the incidence of blossom end rot.
The significant increase in branching of tomatoes inoculated with AMF could be due
to down regulation of strigolactone production in response to AMF inoculation and
corresponds to the observation made in potted tomato in chapter 5. Strigolactones
are plant hormones involved in shoot growth regulation by preventing the outgrowth
of leaf axillary buds Gomez-Roldan et al, (2008).
Application of FM with a high C/N ratio tends to increase soil reserves of organic
matter, organic carbon, total nitrogen and available phosphorus (Elsayed et al., 2008)
and FM application had beneficial effects on the performance of tomatoes without
clear effects on P. ramosa. Ayongwa et al (2011) reported that organic matter
amendments incorporated in the soil significantly depressed Striga hermonthica
survival and that the effect was associated with a low C/N ratio in the organic matter.
Organic matter with a low C/N ratio may rapidly release mineral nitrogen. In contrast,
a high C/N usually initially immobilizes soil nitrogen. Especially under hot conditions,
a high C/N ratio might be of interest as it may slow down the volatilization rate of the
nutrients, particularly nitrogen.
It has been reported that during organic matter biodegradation, various compounds
including ethylene, are released (Ayongwa et al., 2011). Babiker et al (2000)
suggested that ethylene could induce S. hermonthica seed germination in the
absence of host roots and subsequently decrease the parasite seed banks. The lack
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of effect of FM on Phelipanche development neither supports nor contradicts this
hypothesis.
Normal sowing date for tomatoes in Sudan should be the third week of October. The
high infestation with insects mainly the whitefly species Bemisia tabaci and tomato
leaf miner Tuta absoluta may be due to the late sowing dates which may have
favoured the multiplication of the insects as the temperatures tend to be relatively
warm. In addition, insects may migrate from surrounding harvested fields further
increasing pressure.
the differential effects of the AMF on insect damage is in line with work by Gange
(2006) who found that inoculation of plants with G. intraradices, reduced chewer
performance, whereas all other fungal species tended to have a positive effect on
chewing insects. They concluded that mycorrhizal status of the host plant thus
influences insect herbivore performance; however, “the magnitude and direction of
the effect depend upon the feeding mode and diet breadth of the insect and the
identity of fungi” (Bennett and Bever, 2007).
Firmness is a critical criterion of tomato quality and it is necessary for preparation,
handling, and preservation of tomatoes over long periods of cold storage. In this
study, better tomato firmness was obtained in tomatoes inoculated with G. mosseae
with high N inputs. Charron et al. (2001) found that bulbs of onions inoculated with
Glomus versiforme were firmer than those inoculated with G. intraradices. Macnish et
al. (1997) reported that the enzymatic breakdown of pectin substances in the
epidermis is the main cause for fruit softening. Possibly, AMF infection alters plant
enzyme production or activity in a differential way.
Calcium deficiency during NH4+ nutrition can induce loss of membrane integrity,
which in turn may lower the concentration of Mg and influence the function of
chloroplasts and mitochondria and consequently induce the incidence of blossom
end rot disorder. Ca and Mg concentrations of the fruits decrease with
increasingNH4+ in the nutrient solution (Borgognone et al, (2012) and higher rates of
organic acid synthesis as a result of NH4+ nutrition may immobilize Ca and Mg within
the roots (Kotsiras et al, 2002). Apparently, the application of 36 kg ha1 N as Urea
had the most balancing effect on this interaction in our experiment.
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This paper provides the first results on the possible use of AMF for control of P.
ramosa through inhibition of early developmental events in parasite life cycles under
field conditions. The results confirm our previous finding with effect of mycorrhiza on
Phelipanche infestation under controlled conditions (Chapter 5). However, due to the
severe insect infestation destroying a large part of the experiments there is a need to
continue the study before making a final conclusion.
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Fig 6.1. No of branches/plant in tomatoes in response to Mycorrhiza inoculation and
sugarcane filter mud (FM) application (A). G0= no AMF inoculation; GI= Glomus
intraradices, GM= Glomus mosseae, (B) Tomato shoot dry weight as influenced by N
levels and FM. Bars marked with different letters are significantly different at P<0.05
(Tukey test). Bars represent means (N=4). Error bars are standard error of means.
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Fig 6.2. Days to first emergence of P. ramosa as influenced by mycorrhiza
inoculation (G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus
mosseae) and N levels. Bars marked with different letters are significantly different at
P<0.05 (Tukey test). Bars represent means (N=4). Error bars are standard error of
means.
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Fig 6.3. Titratable acidity (Citric acid %) in response to mycorrhiza inoculation and
filter mud application (A), and between mycorrhiza inoculation and nitrogen levels
(B). G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae).
Bars marked with different letters are significantly different at P<0.05 (Tukey test).
Bars represented means (N=8). Error bars are the standard error of means.
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Fig 6.4. Fruit firmness in response to mycorrhiza inoculation and nitrogen levels. Bars
marked with different letters are significantly different at P<0.05 (Tukey test). Bars
represented means (N=8). Error bars are the standard error of means.
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Table 6.1. Nutrient and heavy metal contents in kg per 10 t of filter mud applied to the
field experiment at a rate of 10 t ha -1 in 2010
2010
Nutrient

kg ha -1

Org- C

3059

Total-N

48.6

P

109.7

K

85.1

S

3.520

Ca

620.1

Mg

80.7

Fe

185.9

Na

9.6

Mn

4.754

Al

253.6

Cu

0.354

Zn

0.842

Pb

0.039

Ni

0.216

Cr

0.395

Cd

0.0012
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Table 6.2. Arbuscular mycorrhiza (AMF) colonization of tomato roots 90 days after sowing as influenced by inoculation with two AMF
species, application of sugar cane filter mud and nitrogen levels. Data were arcsine transformed for analysis; non-transformed means
are presented (± SE).
No filter mud
Nitrogen (kg ha-1 )
36

Mycorrhiza1
0
72
0
2
17.4
(±4.8)d
20.7
(±1.0)cd
13.4
(±2.2)d
19.9
(±1.7)d
G0
41.3 (±2.9)a
40.6 (±5.6)a
42.6 (±5.6)a
48.8 (±2.4)a
GI
41.3 (±1.7)a
40.6 (±5.6)a
42.6 (±5.6)a
44.3 (±2.2)a
GM
Filter mud
33.5
1
G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae
2

Means followed by different letters are significantly different at P<0.05 (Tukey test)
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10 t ha-1 filter mud
Nitrogen (kg ha-1 )
36

72

22.1 (±3.4)cd

15.0 (±2.6)d

40.6 (±5.6)a

39.4 (±2.9)ab

39.8 (±1.9)ab

30.5 (±6.7)bc

33.4

Mean
18.1
42.2
39.8
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Table 2.3. Main effects of AMF inoculation sugarcane filter mud application and
nitrogen levels on P. ramosa emergence, branching, and number of flowers.
No

of

emerged No

of

branched No

Phelipanche /plant Phelipanche/plant

of

flowering

Phelipanche /plant

Mycorrhiza1
2
0.36a
0.28a
0.28a
G0
0.22b
0.18b
0.18b
GI
0.22b
0.18b
0.17b
GM
Filter mud
0.28a
0.20a
0.22a
0
-1
0.26a
0.18a
0.20a
10t ha
Nitrogen
0.32a
0.22a
0.25a
0
-1
0.25ab
0.18a
0.20a
36 kg ha
-1
0.24b
0.17a
0.19a
72 kg ha
1
G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae
2

Means within main effects followed by different letters are significantly different at

P<0.05 (Tukey test)
Data were log transformed for analysis, non-transformed means are presented
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Table 6. 4. Amount of fruit (g plant-1) affected by Blossom end rot (BER), Sun scald,
insects, marketable fruits, and total yield as influenced by mycorrhiza species, filter
mud and nitrogen levels
BER

Sun Scald

Insect

Market

Total

Mycorrhiza1

G0

31.7a

2

47.2a

197.3ab

35.9a

312.1ab

GI

28.6a

54.3a

148.5a

47.6a

279.0b

GM

26.9a

48.1a

225.7b

44.1a

344.8a

0

28.0a

51.6a

188.1a

40.0b

307.7a

10t ha-1

30.2a

48.1a

192.9a

50.9a

322.1a

0

38.5a

52.4a

196.3a

47.9a

335.1a

36 kg ha-1

21.4b

55.4a

198.8a

32.4a

308.0a

72 kg ha-1

27.4ab

41.7a

176.3a

47.7a

293.1a

Filter mud

Nitrogen

1

G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae

2

Means within main effects followed by different letters are significantly different at

P<0.05 (Tukey test)
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Table 6.5. Total soluble solids (TSS) as influenced by inoculation with two AMF species, application of sugar cane filter mud and
nitrogen levels

Mycorrhiza1
G0

No filter mud
Nitrogen (kg ha-1 )
36

72

0

7.8 (±0.2)cdef

8.3 (±0.1)abcd

8.5 (±0.2)

7.5 (±0.6)ef

8.5 (±0.3)abc
8.8 (±0.2)a
8.5 (±0.2)abc
8.7 (±0.4)ab
GI
8.0 (±0.1)bcde
7.7 (±0.1)def
8.5 (±0.2)abc
7.8 (±0.2)cdef
GM
Filter mud
8.2
1
G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae

7.2 (±0.2)f

7.6 (±0.6)def

2

0

10 t ha-1 filter mud
Nitrogen (kg ha-1 )
36

7.7 (±0.4)def

2

8.2 (±0.2) abcde

Means followed by different letters are significantly different at P<0.05 (Tukey test)
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8.5 (±0.2)abc

8.1

72

8.8 (±0.2)a

Mean
8.0
8.2
8.2
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7.1 General discussion
The Sudanese soils of the central clay plane, where most of the agricultural activities
are located, are calcareous, alkaline with low organic matter, deficient in nitrogen and
are characterized by low available phosphorus. Such a situation necessitates
intensive research on mycorrhiza to improve land productivity and increase farmers
income and avoid some of the destructive pests viz Striga, Orobanche, and
Phelipanche which are most economically important parasitic weeds, as they have a
devastating impact on the production of many crop species (Parker, 2009), and are
associated with low soil fertility.
The intimate association between the parasites and their hosts, the complexity of the
life cycle of the parasite, the underground nature of early developmental stages,
copious seed production, germination requirements, variability between parasitic
weed population and existence of host specific populations and physiological variants
make the parasites difficult weeds to control (Rubiales et al., 2009). Inoculation of the
soil or the host plants with beneficial soil microorganisms which reduce the parasites
success at early developmental stages is advantageous as it may hamper the growth
of parasite and curtails its deleterious effects on hosts (López-Ráez et al., 2009).
These stages are especially fragile, can be modulated by phytohormones and are
very likely targets for control methods (Humphrey et al., 2006).
The present investigation, comprising laboratory, greenhouse and field experiments
was conducted to evaluate the potential of arbuscular mycorrhizal fungi (AMF) to
perturb early stages of P. ramosa growth and to investigate the effects of air-dried
powder and aqueous extracts from E. hirta on germination and haustorium initiation
in P. ramosa. The results revealed that 1) a total of 45 AMF morphotype species
were detected from the 52 soil samples representing ten genera of AMF. Glomus
was the most common genus in all surveyed crops, 2) Germination stimulation of P.
ramosa in response to root and stem exudates of AMF infected tomatoes is reduced,
3) AMF were shown to have an influence on P. ramosa attachment, growth and the
influence depends on fungal species identity, 4) AMF were found to enhance tomato
growth particularly number of branches, 5) there appears to be a potential of AMF to
reduce P. ramosa infestation under field conditions, and 6) E. hirta extract, when
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applied subsequent to conditioning in water induced both germination and
haustorium initiation in P. ramosa.
Work on mycorrhiza in Sudan is negligible. To the best of our knowledge no work has
been done on mycorrhiza abundance, distribution and diversity across the broad
range of agricultural land and agro-ecologies. In this study there was a divergence in
the proportional distribution of AMF genera among crop species. However, a more
detailed sampling would be necessary to clearly separate location and crop effects
on AMF species composition. Under open field conditions, where agronomical
practices take place, some indigenous AMF are anticipated to occur in the soil. It has
been thought that indigenous AMF population is more adapted to a given
environment. However, inoculation of crops with selected strains may be useful when
the indigenous AMF propagules belong to populations of relatively ineffective fungi or
when indigenous fungi are absent or only present at low levels in the rooting medium
(Plenchette et al., 2005). Proper agronomical practices such as the design of an
optimum crop rotation in cropping systems, reduced tillage, promotion of cover crops,
the introduction of multi-microbial inoculants, and maintenance of proper phosphorus
levels in the soil are all important for optimal functioning of the symbiosis (AzcónAguilar and Barea, 1997). For the successful introduction of AMF inoculum into the
field, several ecological factors need to be considered. These include soil properties,
level of fertilizer input, what specific AMF or mixture of species is best for target crops
grown under given environmental conditions, how much inoculum is required to
provide better mycorrhizal establishment? Without having all this information, using a
commercial inoculum is an adventure, one may or may not see outputs and it will be
even difficult to figure out the outcomes of AMF inoculation (Gianinazzi and Vosátka,
2004).
Down-regulation in strigolactone production is the underlying mechanism decreasing
the incidence of root parasitic plants on mycorrhizal plants (López-Ráez et al., 2011).
Moreover, it has been reported that the best characterized resistance phenotype to
parasitic weeds is low germination stimulant production (Rispail et al., 2007). The
mechanism has been deployed successfully in sorghum breeding to bestow
resistance of certain sorghum varieties to Striga (Haussmann et al., 2000). The
disadvantage of this strategy is that selecting for reduced production of germination
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stimulants might adversely influence plant interactions with beneficial AMF by
reducing hyphal branching in the root zone and subsequently less mineral nutrient
acquisition by the host plant (Akiyama et al., 2005). Interestingly, some strigolactones
were found to be active on parasitic germination stimulation and not active on AMF
hyphal branching (Besserer et al., 2006). It might thus be an option to search for
genotypes that produce the type of strigolactones that stimulate AMF without
inducing Phelipanche germination.
Orobanche and Phelipanche species require specific haustorial initiation factors
(HIFs), such as xenognosins, to induce haustorial differentiation (Estabrook and
Yoder, 1998). The mechanism of action of these HIF is still unclear; however, it is
thought that the parasite secretes H2O2 to the rhizosphere which, in a pH dependent
reaction, breaks down host cell wall phenolic compounds into benzoquinones,
specifically DMBQ. In nature, germination and haustorium induction are presumed to
be two distinct processes mediated by different chemical signals, and controlled by
distance to the host roots (Tomilov et al., 2005). Premature commitment to form the
haustorium and parasitic expression, together with loss of distance control
mechanisms and non-specificity of haustorium attachment, may reduce Phelipanche
infestation. Taking into consideration the different response of parasitic weeds to
different strigolactone structures, it may be assumed that there may be more than
one strigolactone structure in Euphorbia extract. In conclusion, the concurrent
induction of germination and haustorium initiation by Euphorbia may have a great
potential in research on Phelipanche and its control. Future work should investigate
the biochemical involvement of strigolactones and benzoquinones in the behaviour of
Euphorbia species and the natural mode of action. Further research is needed to
improve the application technology for large scale areas, optimize the emulsifier, and
factors affecting the stability and persistence of these chemicals in soils (work in
progress). Special attention should be given to the time of application (parasite
conditioning period, the actual application of either extracts or powder and planting of
the crop t is very important)
The field experiment conducted in actual field conditions in Sudan resulted in a real
reduction in P. ramosa infestation due to mycorrhiza application. However, the
reduction in Phelipanche was not associated yield increases. The field experiments
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were only partially successful because of high insect infestations for both seasons
leading to the abandonment of the experiment in the second season. High insect
infestation was attributed to the late sowing date, as normally farmers start sowing
around the third week of October. The late sowing date may favour the multiplication
of insects as the temperature tends to be relatively warm. In addition, insects tend to
migrate from already harvested fields. The main insects identified were the whitefly
species Bemisia tabaci and tomato leaf miner Tuta absoluta. The latter was recently
introduced to Sudan through the importation of tomato seeds from Egypt. The
damage was first reported in greenhouses close to the capital Khartoum. Differential
effects of AMF on insect damage warrant further investigation.
Currently there is no universally accepted and adopted control method for
Phelipanche. The present study indicated the possibility that good control of parasite
may be achieved by manipulation of the host-rhizosphere microorganisms in
combination with N and FM application. For a real implementation of this technology,
it is necessary to select the best AMF inocula adapted to the particular limiting
environmental factors. Future research should focus on the 1) the interaction
between the mycorrhiza and other beneficial microorganisms such as phosphorus
solublizing bacteria as an integrated management for parasitic weeds, 2) study the
effects of different filter mud amounts on mycorrhiza performance, tomatoes and
Phelipanche.
Despite the potency and proven ability, microbe management currently plays only a
minor role in agricultural practices. Lack of legislative policy focusing clearly on soil
ecosystems and degradation processes is likely a main reason (Stringer, 2008).
Another area of concern is the lack of awareness about the pivotal role of AMF in
agro-ecosystem among farmers besides their erratic performance under different
environmental conditions.
7.2 Concluding remarks
The outcomes of the present thesis point to the potential to develop a package of P.
ramosa control technologies targeted at the pre-attachment stage such as
germination and haustorial initiation. Their practical implication, however, will still
require further research before general recommendations for farmers can be made.
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The greenhouse experiment showed clearly the negative effects of mycorrhiza on P.
ramosa parasitism. Results from the field trial, despite insect damage, seem to
corroborate the greenhouse work. The laboratory experiments on the effects of
Euphorbia on P. ramosa germination and haustorium initiation provide evidence
about the feasibility of the suicidal germination approach. However, the time of the
actual application of Euphorbia extract (after conditioning) is essential. In practice this
may be achieved by pre-irrigating fields before sowing and only adding Euphorbia at
the time of sowing. It will be hugely interesting to investigate how fertility
management, AMF inoculation, and plant extracts could be combined for improved
overall P. ramosa management.

134

Chapter 7: General discussion

References
Akiyama, K., Matsuzaki, K., Hayashi, H., 2005. Plant sesquiterpenes induce hyphal
branching in arbuscular mycorrhizal fungi. Nature 435, 824–827.
Azcón-Aguilar, C., Barea, J.M., 1997. Applying mycorrhiza biotechnology to
horticulture: significance and potentials. Scientia Horticulturae 68, 1–24.
Besserer, A., Puech-Pagès, V., Kiefer, P., Gomez-Roldan, V., Jauneau, A., Roy, S.,
Portais, J.-C., Roux, C., Bécard, G., Séjalon-Delmas, N., 2006. Strigolactones
stimulate arbuscular mycorrhizal fungi by activating mitochondria. PLoS Biology
4, e226.
Burleigh, S.H., Cavagnaro, T., Jakobsen, I., 2002. Functional diversity of arbuscular
mycorrhizas extends to the expression of plant genes involved in P nutrition.
Journal of Experimental Botany 53, 1593–1601.
Estabrook, E.M., Yoder, J.I., 1998. Plant-plant communications: Rhizosphere
signaling between parasitic angiosperms and their hosts. Plant Physiology 116,
1–7.
Gianinazzi, S., Vosátka, M., 2004. Inoculum of arbuscular mycorrhizal fungi for
production systems: science meets business. Canadian Journal of Botany 82,
1264–1271.
Gomez-Roldan, V., Fermas, S., Brewer, P.B., Puech-Pagès, V., Dun, E.A., Pillot, J.P., Letisse, F., Matusova, R., Danoun, S., Portais, J.-C., Bouwmeester, H.,
Bécard, G., Beveridge, C.A., Rameau, C., Rochange, S.F., 2008. Strigolactone
inhibition of shoot branching. Nature 455, 189–194.
Haussmann, B.I., Hess, D.E., Welz, H.-G., Geiger, H.H., 2000. Improved
methodologies for breeding striga-resistant sorghums. Field Crops Research
66, 195–211.
Humphrey, A.J., Galster, A.M., Beale, M.H., 2006. Strigolactones in chemical
ecology: waste products or vital allelochemicals? Natural Product Reports 23,
592–614.

135

Chapter 7: General discussion

Ibrahim, N.E., Babiker, A.G.T., Edwards, W.G., Parker, C., 1985. Activity of extracts
from Euphorbia species on the germination of Striga species. Weed Research
25, 135–140.
Lendzemo, V.W., Kuyper, T.W., Matusova, R., Bouwmeester, H.J., Van Ast, A.,
2007. Colonization by arbuscular mycorrhizal fungi of sorghum leads to reduced
germination and subsequent attachment and emergence of Striga hermonthica.
Plant signaling and behavior 2, 58-62.
López-Ráez, J.A., Bouwmeester, H., 2008. Fine-tuning regulation of strigolactone
biosynthesis under phosphate starvation. Plant Signaling and Behavior 3, 963–
965.
López-Ráez, J.A., Charnikhova, T., Fernández, I., Bouwmeester, H., Pozo, M.J.,
2011. Arbuscular mycorrhizal symbiosis decreases strigolactone production in
tomato. Journal of Plant Physiology 168, 294–297.
López-Ráez, J.A., Charnikhova, T., Gómez-Roldán, V., Matusova, R., Kohlen, W.,
De Vos, R., Verstappen, F., Puech-Pages, V., Bécard, G., Mulder, P.,
Bouwmeester, H., 2008. Tomato strigolactones are derived from carotenoids
and their biosynthesis is promoted by phosphate starvation. New Phytologist
178, 863–874.
López-Ráez, J.A., Matusova, R., Cardoso, C., Jamil, M., Charnikhova, T., Kohlen,
W., Ruyter-Spira, C., Verstappen, F., Bouwmeester, H., 2009. Strigolactones:
ecological significance and use as a target for parasitic plant control. Pest
Management Science 65, 471–477.
Maherali, H., Klironomos, J.N., 2007. Influence of phylogeny on fungal community
assembly and ecosystem functioning. Science 316, 1746–1748.
Parker, C., 2009. Observations on the current status of Orobanche and Striga
problems worldwide. Pest Management Science 65, 453–459.
Plenchette, C., Clermont-Dauphin, C., Meynard, J.M., Fortin, J.A., 2005. Managing
arbuscular mycorrhizal fungi in cropping systems. Canadian Journal of Plant
Science 85, 31–40.

136

Chapter 7: General discussion

Rispail, N., Dita, M.-A., González-Verdejo, C., Pérez-de-Luque, A., Castillejo, M.-A.,
Prats, E., Román, B., Jorrín, J., Rubiales, D., 2007. Plant resistance to parasitic
plants: molecular approaches to an old foe. New Phytologist 173, 703–712.
Rubiales, D., Fernández-Aparicio, M., Wegmann, K., Joel, D.M., 2009. Revisiting
strategies for reducing the seedbank of Orobanche and Phelipanche spp. Weed
Research 49, 23–33.
Stringer, L., 2008. Can the UN convention to combat desertification guide sustainable
use of the world’s soils? Frontiers in Ecology and the Environment 6, 138–144.
Sugimoto, Y., Wigchert, S.C.M., Thuring, J.W.J.F., Zwanenburg, B., 1998. Synthesis
of all eight stereoisomers of the germination stimulant sorgolactone. The
Journal of Organic Chemistry 63, 1259–1267.
Tomilov, A.A., Tomilova, N.B., Abdallah, I., Yoder, J.I., 2005. Localized hormone
fluxes and early haustorium development in the hemiparasitic plant Triphysaria
versicolor. Plant Physiology 138, 1469–1480.
van der Heijden, M.G.A., Streitwolf-Engel, R., Riedl, R., Siegrist, S., Neudecker, A.,
Ineichen, K., Boller, T., Wiemken, A., Sanders, I.R., 2006. The mycorrhizal
contribution to plant productivity, plant nutrition and soil structure in
experimental grassland. New Phytologist. 172, 739–752.
Vurro, M., Yoneyama, K., 2012. Strigolactones—intriguing biologically active
compounds: perspectives for deciphering their biological role and for proposing
practical application. Pest Management Science 68, 664–668.
Yoneyama, K., Takeuchi, Y., Yokota, T., 2001. Production of clover broomrape seed
germination stimulants by red clover root requires nitrate but is inhibited by
phosphate and ammonium. Physiologia Plantarum 112, 25–30.

137

Appendix of figures

Appendix of figures

A-1

Appendix of figures

Fig A.2.1. Soil physical and chemical properties in fields planted to different crop
species and sampled for AMF at White Nile state, Sudan. (A) Soil pH (B) Calcium
carbonate
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Fig A.2.1. (cont.) (C) Soil available Phosphorus (D) Cation exchange capacity
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Fig A.2.1. (cont.) (E) Soil C/N ratio (F) organic carbon
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Fig A.2.1. (cont.) (G) Soil Potassium contents (H) Sodium adsorption ratio
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Fig A.2.1. (cont.) (I) Soil hydraulic conductivity (J) percentage of sand
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Fig A.2.2. The relationship between (A) Number of species and spore density and (B)
between AMF root colonization % and spore density.
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Fig A.2.3. Relationships between soil physical and chemical properties and AMF
parameters. (A) Soil pH versus AMF spore density (B); soil pH versus number of
AMFspecies .
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Fig A.2.3. (cont.) (C) hydraulic conductivity versus number of AMF species (D);
hydraulic conductivity versus AMF spore density .
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Fig A.2.3. (cont.) (E) C/N ratio versus AMF root colonization % (F); sand content
versus AMF root colonization %.
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Fig A.5.1. Effects of different Phelipanche seed levels on tomato leaf fresh
weight/plant (A), stem fresh weight/plant (B), leaf dry weight (C), stem dry
weight/plant (D), plant height/plant (E), and root fresh weight/plant (F).

A-11

Appendix of figures

Fig A.5.2. Effects of different Phelipanche seed levels on number of branched
Phelipanche (G), number of tubercles (H), Phelipanche dry weight (I) and tubercle
dry weight in P. ramosa infected tomatoes
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Fig A.5.3. Effects of different Phelipanche seed levels on tubercles to root ratio based
upon dry weight in P. ramosa infected tomatoes
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Fig A.5.4. Relationship between AMF root colonization and tomato growth
parameters

A-14

Appendix tables

Appendix tables

A-15

Appendix tables

Table A.3.1. Tomato fresh weight as influenced by genotype, mycorrhiza species and
inoculum, and time of sampling (21 and 42 days after inoculation)
a : inoculation= 50g AMF, sampling 42 DAT
Variety
Mycorrhiza
Castle rock
Peto 86
Control
2.6 (±0.5)
2.7 (±0.3)
GI
3.1 (±0.3)
3.0 (±0.6)
GM
2.3 (±0.2)
3.8 (±0.5)
GS
3.2 (0.6)
3.5 (±0.4)
Mean
2.8
3.2
b : inoculation= 25g AMF, sampling 42 DAT
Castle rock
Peto 86
Control
1.6 (±0.5)
2.8 (±0.4)
GI
2.6 (±0.2)
3.0 (±1.0)
GM
2.1 (±0.2)
3.8 (±1.0)
GS
3.1 (0.6)
3.4 (±0.7)
Mean
2.4
3.2
c : inoculation= 25g AMF, sampling 21 DAT
Castle rock
Peto 86
Control
0.5 (±0.1)
0.5 (±0.1)
GI
0.7 (±0.1)
0.6 (±0.02)
GM
0.5 (±0.1)
0.8 (±0.02)
GS
0.6 (±0.03)
0.8 (±0.1)
Mean
0.6
0.7

Strain B
2.6 (±0.2)
3.0 (±0.5)
3.2 (±0.3)
3.2 (±0.3)
3.1

Mean
2.6
3.1
3.1
3.3

Strain B
2.3 (±0.2)
2.7 (±0.2)
2.6 (±0.1)
2.6 (±0.2)
2.6

Mean
2.4
2.8
2.7
3.0

Strain B
0.5 (±0.1)
0.7 (±0.1)
0.6 (±0.1)
0.6 (±0.1
0.6

2

Mean
0.5
0.6
0.7
0.7

Data between parentheses are standard errors of the mean. Data were arcsine

transformed for analysis; non- transformed means are presented.
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Table A.3.2. Percent colonization of tomato roots with AMF 42 days after transplanting
(DAT) as influenced by host genotype and mycorrhiza species

Tomato
Variety
‘Castle rock’
‘Peto 86’
‘Strain B’
Myco, M
Variety, V
M*V

1

GI
18.1 (±1.0)
21.4 (±3.7)
19.3 (±1.0)

Second experiment
21 DAT
GM
GS
GI
15.2 (±3.3)
14.9 (±1.7)
19.4 (±0.4)
10.9 (±5.0)
17.7 (±2.1)
28.1 (±1.7)
18.5 (±3.2)
11.6 (±0.7)
20.3 (±2.3)
ns
ns
ns

42 DAT
GM
22.2 (±4.6)
21.8 (±4.4)
23.2 (±0.3)
ns
ns
ns

GS
15.7
18.1
19.0

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant.
1

GI= Glomus intraradices, GM; Glomus mosseae; GS: Glomus sprint (a ready-made

mix of three Glomus species (G. etunicatum, G. intraradices and G. claroideum).

Table A.3.3. P. ramosa germination and AMF root colonization as influenced by
mycorrhizal species (M), tomato variety (V), and time after transplanting (T, 21 DAT,
42 DAT)
Root colonization%

P. ramosa germination%

Source

DF

Mean Square

F Value

DF

Mean Square

F Value

Mycorrhiza,M

2

0.04

4.8**

3

0.33

106.8***

2

0.03

Variety, V

2

0.01

0.6

ns

Time, T

1

0.03

2.7

ns

1

0.13

123.7***

M*V

4

0.03

2.1

ns

6

0.03

2.4**

3

0.01

1.6

1.5

ns

M*T

2

0.01

1.7

ns

V*T

2

0.01

0.7

ns

2

0.01

4.7*

1.1

ns

6

0.02

2.7*

M*V*T

4

0.01

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant.
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Table A.3.4. Percentage seed germination of P. ramosa exposed to tomato root and
stem exudates as influenced by mycorrhiza species, tomato variety, and inoculum
level, 42 days after inoculation (DAT)
42 DAT
1

st

Source
Mycorrhiza, M
Variety, V
Plant Part, PP
M*V
M*PP
Variety*PP
Myco*Variety*PP

DF
3
2
1
6
3
2
6

1 experiment
Mean Square
F value
0.08
34.0***
0.02
06.7***
0.26
107.1**
ns
0.01
00.8
ns
00.4
0.01
ns
00.3
0.01
ns
0.01
00.6

nd

2

2 experiment
Mean Square
F value
0.06
52.92***
0.01
3.32 **
0.06
57.92***
ns
0.01
0.82
ns
0.01
1.00
0.04
3.87**
ns
0.01
1.22

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant
1

=Tomato plants inoculated with 50 g based upon sand inoculum of each

mycorrhizal species
2

=Tomato plants inoculated with 25 gm based upon sand inoculum of each

mycorrhizal species

Table A.3.5. Percentage seed germination of P. ramosa exposed to tomato stem
diffusates as influenced by genotype host, mycorrhiza species and inoculum level

Source
Mycorrhiza, M
Variety, V
Myco levels, ML
M*V
M* ML
V* ML
M*V* ML

P. ramosa germination%
DF
Mean Square
3
294.0
2
68.7
1
3141.7
6
12.3
3
12.0
2
14.7
6
9.8

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant.
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F value
48.8***
11.4***
521.8***
ns
2.1
ns
2.0
ns
2.5
ns
1.6
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Table A.6.1. Plant height (cm), days to first flowering and shoot fresh weight (g) as
influenced by mycorrhiza species, filter mud and nitrogen
Plant height (cm)

Days to first Flowering

Shoot fresh weight (g)

29.1
37.2
31.0

51.8a
48.3b
47.8b

190.4b
229.0a
210.0ab

30.3
34.6

50.0a
48.5a

200.8a
218.8a

31.2
30.0
35.1

49.0a
50.6a
48.1a

193.3a
206.5a
229.7a

Myco
1

G0
GI
GM
Filter mud
0
FM 10t/ha
Nitrogen
0
36 kg/ha
72 kg/h

2

1

G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae

2

Means within main effects followed by different letters are significantly different at

P<0.05 (Tukey test)
Table A.6.2. Number of Blossom end rot fruits/ plant (BER), number of fruits with
sun scald / plant, number of fruits infested by insects / plant and number of
marketable fruits/ plant as influenced by mycorrhiza species, filter mud and nitrogen
levels
BER

Sun Scald

Insect

Marketable

1

Mycorrhiza
G0

0.33a

2

0.36a

0.29a

1.19a

GI

0.31a

0.25a

0.24a

1.70a

GM

0.36a

0.33a

0.23a

1.94a

0.37a

0.31a

0.28a

1.47a

0.30a

0.31a

0.22a

1.75a

Filter mud
0
-1

10t ha

Nitrogen
0

0.46a

0.33a

0.27a

1.31a

-1

0.19b

0.28a

0.23a

1.68a

-1

0.35a

0.33a

0.26a

1.83a

36 kg ha
72 kg ha
1

G0= no AMF inoculation; GI= Glomus intraradices, GM = Glomus mosseae

2

Means within main effects followed by different letters are significantly different at

P<0.05 (Tukey test)
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Table A.6.3. Three way ANOVA and F values for tomato plant measurements from five
tomato plants were randomly selected from each plot
Plant height
Myco

(cm)
1.28

No.

Days to first

Plant Fresh

Plant Dry

Branches/plant
11.72***

Flowering
8.68***

weight (g)
3.18*

weight (g)
0.68

FM

0.98

4.27***

3.00

2.1

4.52**

N

0.46

2.99

2.95

1.21

1.0

Myco*FM

0.42

7.66***

1.58

0.35

2.09

Myco*N

1.01

2.26

1.30

0.50

0.60

FM*N

1.53

2.32

0.72

7.58***

5.58***

Myco*FM*N

0.56

1.80

1.75

0.64

0.63

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant
Table A.6.4. Three way ANOVA and F values of Phelipanche parameters
Days for

No of emerged

No of branched

No of flowered

Phelipanche
6.50***

Phelipanche
13.30***

Phelipanche
8.73***

Phelipanche
8.39***

FM

0.84

0.77

1.63

2.16

N

1.31

5.08***

2.21

1.37

Myco*FM

0.72

0.44

0.79

0.74

2.84**

2.11

1.63

1.87

FM*N

0.08

1.06

0.35

0.32

Myco*FM*N

0.18

0.39

0.20

0.18

Myco

Myco*N

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant

Table A.6.5. Three way ANOVA and F values for number of harvested fruits per plant
BER

Sun Scald

Insect

Marketable

Myco

0.31

1.40

1.10

3.92

FM

1.65

0.01

1.31

0.66

8.60***

0.21

0.34

1.41

Myco*FM

0.79

0.03

0.01

0.52

Myco*N

1.33

0.56

0.73

0.59

FM*N

0.14

0.38

0.50

0.21

Myco*FM*N

2.31

0.52

0.98

0.50

N
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Table A.6.6. Three way ANOVA and F values for weight of harvested fruits
BER/ha

Sun Scald

Insect

Marketable

Myco

0.15

0.17

3.95**

0.71

FM

0.29

0.25

0.05

3.95**

4.01**

0.60

0.40

1.54

Myco*FM

1.52

2.01

3.04

0.29

Myco*N

1.87

0.58

0.78

0.49

FM*N

0.33

0.28

0.58

0.18

Myco*FM*N

0.74

0.74

0.63

0.09

N

*=P<0.05;**= P<0.01; ***=P<0.001; ns=non-significant

Table A.6.7. Three way Anova and F values for yield quality data
Total soluble solid
Myco

(TSS)
2.45

Titrable acidity
(Citric acid %)

Ascorbic acid

Firmness
-2

9.42***

(Pound/inch )
11.67***

(mg/ 100g)
2.32

FM

0.34

2.24

0.10

0.02

N

0.02

1.05

0.06

1.42

Myco*FM

24.09***

4.92**

2.04

0.75

Myco*N

14.69***

3.66**

5.53**

1.03

3.51**

0.62

2.86

1.77

11.47***

0.95

11.35

1.46

FM*N
Myco*FM*N
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