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Abstract

BACKGROUND
Seed germination is a key phase of the parasitic plant life cycle which is stimulated by the secondary

metabolites, mainly strigolactones (SLs), secreted by the host roots. Interventions during this stage
would be particularly suitable for parasitic weed management practices since blocking these
chemical signals would prevent seed germination and thus parasite attack.

Four fungal strains with different ecological functions were considered for their possible capability to
metabolize SLs, i.e.: Fusarium oxysporum, F. solani), biocontrol agents of Phelipanche ramosa;
Trichoderma harzianum, a potential biopesticide; Botrytis cinerea, a phytopathogenic fungus. Four
different SLs (i.e. the natural strigol, 5-deoxystrigol (5DS) and 4-deoxyorobanchol (4DO), and the
synthetic analogue GR24) were added to fungal cultures, followed by the determination of the SL
content by liquid chromatography-tandem mass spectrometry.

RESULTS

Differences were observed among microorganisms, treatments and SLs used. Trichoderma
harzianum and F. oxysporum were the most capable to reduce the SL content; considering the whole
set of fungi used, 5DS and 4DO proved to be the most degradable SLs.

CONCLUSIONS

Beneficial microscopic fungi could differently be used for biocontrolling parasitic weeds, acting as a
"physiological" barrier, by preventing the germination of their seeds due to the capability of bio-

transforming the stimulatory signals.
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1. INTRODUCTION

Parasitic weeds of the genera Orobanche and Phelipanche (commonly named broomrapes), and
Striga (witchweeds) are responsible for enormous yield losses of several crops all around the World
(Parker, 2009). Traditional weed management methods including among others, the use of
herbicides, soil fumigation and solarization, mechanic, physical or biological control, can provide only
a modest or even a null control. Difficulties in controlling parasitic weeds are due to the large amount
of seeds produced that can remain viable, even in the absence of a host, for many years. The seed
germinates only if it is stimulated by host root exudates and produces a germ tube that, if it attaches
to the host root, develops a haustorium that penetrates the root and forms a tubercle. This is followed
by the withdrawal of nutrients, water, and photosynthates from the host by the parasite. Furthermore,
broomrapes have a long underground phase, so that when they emerge most of the damage has
already been produced (Book parasitic orobanchaceae).

The interaction between parasitic weeds and their indispensable hosts begins with the secretion of
secondary metabolites (germination stimulants) from the roots of the host that induce the germination
of the parasite’s seeds. Most important germination stimulants identified so far are strigolactones
(SLs) which are derived from carotenoids . Interestingly, SLs are produced by both the host and
non-host plants, and do not just act as germination stimulants but also as compounds responsible
for the induction of hyphal branching and/or spore germination in arbuscular mycorrhizal (AM) fungi,
obligate symbionts that help the plant by improving their uptake of inorganic phosphate and other
minerals %5. More recent studies have shown that SLs work as phytohormones inhibiting shoot
branching "® and regulating root architecture and root hair development °*!, secondary growth 12,
and senescence !, SLs have been reported to be present in the root exudates of a wide range of
different plant species, and thus it would not be surprising if these compounds would act as signals
also for microorganisms other than AM fungi, that could be both beneficial (e.g. ectomycorrhizal fungi,
biocontrol agents, biofertilizers, resistance inducers) as well as phytopathogenic ones. Recently, the
involvement of SLs in rhizobacterial colonization in legumes has also been reported 16, further
supporting this latter hypothesis. These aspects could be highly interesting from a practical point of
view, allowing novel approaches for parasitic plant management. For example, if beneficial
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microorganisms were able to metabolize SLs and rhizosphere competent, meaning that they could
grow along the root system of crop plants and could avoid signal recognition by the seeds of the
parasitic plants, preventing parasite germination and successive attachments to the host root, and
then resulting in natural crop protective agents.
The aim of the present article is to obtain first indications on the capability of some beneficial and
phytopathogenic fungi to detect the presence of SLs and possibly to biologically degrade/metabolize
them.
2. EXPERIMENTAL METHODS

2.1. Microorganisms
To perform the biological assay described in the subsequent section, one strain each of the following
fungal species was chosen: Botrytis cinerea (De Bary) Whetzel, Fusarium oxysporum Schlect.
emend. Snyd. & Hans. (strain FT2), F. solani (Mart.) Sacc. (strain ET4) and Trichoderma harzianum
Rifai.
The strains are stored in the mycological collection (Fungi Culture Collection) of the Institute of
Sciences of Food Production (ISPA), National Research Council (CNR) in Bari, Italy; and labelled
as ITEM 5154, 5107, 5106 and 908, respectively. Strains were maintained and routinely grown on
Potato Dextrose Agar (PDA) plates.
For an easier reading of text and tables, in the current article the fungal strains were named by using
the initials of their scientific names, and thus: BC for B. cinerea, FO for F. oxysporum, FS for F. solani
and TH for T. harzianum.

2.2. Strigolactones
To perform the biological assay below described, the following SLs were used: the natural (+)-strigol
(ST), (%)-5-deoxystrigol (5DS), (x)-4-deoxyorobanchol (4DO), and GR24 (mixture of four
stereoisomers). ST was a generous gift from Emeritus Professor Kenji Mori (The University of Tokyo,
Japan). 5DS, 4DO, and GR24 were kindly provided by Prof. Kohiki Akiyama (Osaka Prefecture
University, Japan). They were dissolved in dimethylsulfoxide (DMSO) at a concentration of 0.1 ug
uLt, and stored at —20°C until use.

2.3. Biological assay
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Conidial suspensions were prepared by surface scraping the fungal colonies actively growing on
PDA plates. The collected material was suspended in a few ml of a modified Wickerham’s medium
17 and gently shaken to disperse the conidia. Suspensions were then filtered through sterile filter
gauze to remove mycelium and debris, and the conidia concentration was determined by using of a
hemocytometer (Thoma chamber), by adjusting the final concentration to 107 conidia mI. Five ml of
suspension were used to inoculate 250 ml Erlenmeyer flasks containing 100 ml of Wickerham’s
medium mentioned above. Inoculated flasks were kept on a benchtop incubation shaker (Certomat
IS, Sartorius) at 25 £ 1°C at 120 rpm for three days. Then, three different experiments were
performed, by adding the SL solution (10 pl, containing 1 pg of SL) to 25 ml of: (i) actively growing
liquid fungal culture, culture substrate and fungus (CSF); (i) liquid culture filtrate (CF) after removal
of the mycelium by filtration through filter paper (Whatman, Grade 4); and (iii) non-inoculated medium
(used as control), culture substrate (C). Samples were placed in sterile polypropylene conical tubes
(Falcon® 50-mL centrifuge tubes) and left to incubate on an orbital shaker at room temperature
(25°C) at 100 rpm for 90 min. Each experiment was carried out in triplicate.
2.4, Extraction

Each sample prepared as described above (2.3) was extracted according to the following procedure.
After incubation, the whole sample volume was collected, filtered and extracted with ethyl acetate (3
x 25 mL, VWR International SAS, Fontenay-sou-Bois, France). Extracts were combined, washed
twice with an equivalent volume of 0.2 M K;HPO. buffer (Sigma Aldrich, USA), and dried over
anhydrous Na>SQO,. After filtration, the organic solvent was evaporated under reduced pressure by
using a Rotavapor (R-200 Buchi). Dried extracts were stored at —20°C then reconstituted in 400 pL
of methanol (HPLC grade, Mallinckrodt Baker, Milan, Italy) / water (ultrapure water produced by a
Milli-Q system, Millipore, Bedford, MA, USA) (60:40) and filtered through regenerated cellulose filters
(HPLC syringe filters, 0.20 pum, Alltech, Deerfield, IL, USA) just prior to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis. Mycelia obtained after filtration of the CSF were
first re-suspended on 0.2 M K;HPO, buffer (25 mL) followed by homogenization by using a
homogenizer (ULTRA-TURRAX, IKA-Werke GmbH & Co., Staufen, Germany), then filtered and

finally extracted with ethyl acetate as described above.
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2.5. LC-MS/MS analysis of strigolactones
LC-MS/MS analyses were performed on a QTrap MS/MS system, from Applied Biosystems (Foster
City, CA, USA) equipped with an electrospray ionization (ESI) interface and an 1100 series micro-
LC system comprising a binary pump and a microautosampler from Agilent Technologies
(Waldbronn, Germany).
The analytical column was a Zorbax C18 Eclipse XDB (100 mm x 4.6 mm, 3.5 um patrticles) (Agilent
Technologies, Waldbronn, Germany). The flow rate of the mobile phase was 300 pL/min, while the
injection volume was 10 uL. The column effluent was directly transferred into the ESI interface
without splitting. The column oven was set at 40°C. Eluent A was water and eluent B was MeOH. A
gradient elution was performed by changing the mobile phase compaosition as follows. The proportion
of eluent B was linearly increased from 60% to 100% in 30 min. The column was re-equilibrated with
60% eluent B for 10 min.
For LC-MS/MS analyses, the ESl interface was used in positive ion mode, with the following settings:
temperature (TEM) 300°C; curtain gas (CUR), nitrogen, 30 psi; nebulizer gas (GS1), air, 10 psi;
heater gas (GS2), air, 30 psi; ionspray voltage +4500 V. The mass spectrometer operated in MRM
(multiple reaction monitoring) mode, by monitoring two transitions for each compound, with a dwell
time of 100 ms. Selected transitions were: 369.1 > 272.1 and 369.1 > 257.1 for ST, 353.2 > 256.2
and 353.2 > 241.2 for 5DS and for 4DO, 299.1 > 185.2 and 299.1 > 157.1 for GR24.

2.6. Statistical analysis
Data were subjected to the analysis of the variance according to a complete randomized
experimental design with three replications. Furthermore, comparisons of the main effects and
interactions were made by using the SNK (Student-Newman-Keuls) method, with P = 0.01.
As the data obtained by LC-MS/MS analysis of the samples were expressed as area of the
chromatographic peak they were then expressed as reduction of SL content by comparison with the

relevant control, prepared as described above.

3. RESULTS AND DISCUSSION
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In order to evaluate the capability to recover SLs when using the set-up procedure, and to determine
the amount of SLs that could be degraded due to “natural degradation”, pure SLs were dissolved in
400 uL of methanol/water (60:40) and immediately analyzed in comparison with the controls, i.e. the
samples obtained by adding the SLs to the non-inoculated medium, extracted as described above.
SL content in the controls proved to be in the range between 83 and 96% of the “pure” injected
compounds, with a relative standard deviation lower than 5%. This means that the “natural”
degradation of the SLs was modest and thus not affecting the general results.

In the case of TH, a strong reduction in SL content was observed for 5DS, GR24 and 4DO, by 87.3,
82.8 and 75.5%, respectively, when using the whole culture broth (CSF). A quite modest and
significantly different reduction occurred in the case of ST (Figure 1).

In the case of FO, the SL content decreased by 79.2 and 70.4% for 5DS and 4DO, respectively,
when SLs where added to CSF (Figure 1); a much lower reduction occurred for GR24 and ST (55.9
and 25.0, respectively) (Figure 1), and almost negligible when SLs were added to the culture filtrates
after mycelium removal (CF) (data not shown). A quite similar trend was observed for BC, with over
70% reduction for both 5DS and 4DO, and much lower for the other two SLs. Very similar results,
but at lower levels, were also obtained when using FS (Figure 1), which caused a reduction over
50% in 5DS and 4DO contents, and a modicum one for the other two compounds. In case of the use
of the culture filtrates, the reduction effects were modest or negligible (data not shown). Furthermore,
SLs in the extracts from mycelia were not detectable at all, or detected as negligible traces (less than
1%) (data not shown).

Considering the effects of all the strains on the total pool of SLs, on average they were able to reduce
it by over 50% in case of the whole culture (CSF), significantly different by the less than 2% reduction
when using CF (data not shown). If considering the effectiveness of each fungus on the whole set of
compounds, the best proved to be TH, with a total capability to reduce their content above 70%
(Figure 2), followed by FO (around 57%), BC (44%) and FS (around 37%). When considering the
use of CF, the effectiveness dropped down to almost negligible values.

Interesting results appear when analyzing the effects of the strains used (considered as a whole) on
each SL. In this case, the most susceptible SLs to “bio-modification” appear to be 5DS and 4DO
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(73.5 and 68.9 %, respectively) followed by GR24 and ST, at significantly lower levels (Figure 3).
Negligible are the effects obtainable when using the CFs.

This could not be surprising. Indeed, GR24 is a synthetic stimulant and thus, although it is universally
used by scientists for experiments involving germinated seeds of parasitic weeds, it is feasible that
some microorganisms could not metabolize and transform it. ST is a natural SL isolated from the
root exudates of cotton (Gossypium hirsutum L.), a non-host of Striga &1°. Later on, ST was also
identified in the root exudates of real Striga hosts, i.e. sorghum [Sorghum bicolor (L.) Moench], maize
(Zea mays L.) and common millet (Panicum miliaceum L.) ?°. 5DS was originally identified as a
branching factor, an essential signal for root colonization by AM fungi °, and later on identified as a
germination stimulant of Orobanche and Striga seeds, too %L. 5DS is a stereoisomer (diastereomer)
of 4DO, which was initially identified as ent-2'-epi-5-deoxystrigol 822 that induces hyphal branching
in germinating spores of the AM fungus Gigaspora margarita, and is a stimulant of the seed
germination of Orobanche and Striga. Thus, it seems to be feasible that both 5DS and 4DO could
be the compounds more easily detected and metabolized also by other fungi. Further studies are in
progress in order to identify the possible degradation products. However, a possible metabolic
pathway seems to be different from the hydroxylation, as this could lead to the production of strigol
or orobanchol (for 5DS and 4DO, respectively).

Considering the hypothesis to use beneficial organisms as potential “bioherbicides” with a novel
biocontrol mechanism, four different fungal strains were chosen as follow:

(i) The two strains of Fusarium (FO and FS) were isolated by some of the authors in previous studies
aimed at finding fungal strains pathogenic to Orobanche, to be used directly in the field as biocontrol
agents against P. ramosa. In lab 2 and field (unpublished) experiments, they proved to be very
effective in causing necrosis of broomrape tubercles when applied to the parasite.

(ii) The strain of T. harzianum (TH) used in the current studies was previously isolated from olives
and proved to be a very interesting biopesticide to control soil-borne plant pathogens, e.g. Pythium
spp., Sclerotinia spp., Rhizoctonia spp. and Fusarium spp. Moreover, strains of this species proved
to act as biofertilizers, stimulating the root system of several crops and increasing the plant vigour,
by releasing some phytohormone-like compounds as well as by favouring the solubilisation of
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mineral nutrients 242°, More recently, the strain used in these experiments has been subjected to the
EU procedures necessary to register it as a commercial bio-agrochemical.

(iii) The strain of B. cinerea (BC) was isolated from Fragaria sp. in one of the author’s labs. The
fungus is known to be an air-borne plant pathogen with a necrotrophic lifestyle attacking over 200
crop hosts worldwide, including important protein, oil, fibre and horticultural crops. It can cause soft
rotting of all aerial plant parts, and rotting of vegetables, fruits and flowers post-harvest. Botrytis
cinerea produces a range of cell-wall-degrading enzymes, toxins and other low-molecular-weight
compounds such as oxalic acid.

Thus, the results seem to be in agreement with our hypothesis, that some fungi other than AM ones
could detect and metabolize SLs, at the physiological rates produced by the host roots. Indeed, the
most effective fungus in our experiments proved to be TH, which is a species that could commonly
be found in the soil and in the rhizosphere. Some strains are also rhizosphere competent 26, meaning
that they can grow along the root system as soon as it grows. In our case, if our strain were able to
metabolize SLs and grow along the host roots, it could offer an active protective system by the
“aggression” of the parasitic plants, by interrupting (preventing) the perception of the stimulants thus
blocking seed germination.

An analogous action could occur for the Fusarium strains. In this case, two different protective
mechanisms could be combined in one strain: the pathogenic one, which is the reason of the
identification of the strains, i.e. the capability to produce necrosis to the developing tubercles and
stems of the parasites; and the interruption of the perception of SLs as stimulants of the seeds of
the parasite. This could mean an increased efficiency of the mycoherbicide effectiveness of the two
strains.

The lower efficacy of BC seems to be in line with the expectations. Indeed, this fungus is usually
living on the aerial plant tissues and organs. Although there are many studies that report SLs could
be transported from roots to shoots, although not through the xylem #’, to inhibit bud outgrowth, it
would be feasible that the strain is not able to metabolize SLs as the shoot and leaf tissues it usually

colonizes do not excrete SLs.
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A not negligible aspect could be the capability of the fungi to metabolize the different sterecisomers
of the same compound. Indeed, GR24 was used as the mixture of the four stereoisomers; 5DS and
4DO were racemic mixtures (mixture of two enantiomers), whereas ST was the only one used as an
optically pure form. In our case, relationships between metabolic biodegradation capability of fungi,
and SL stereochemistry were not so evident, or at least they do not appear to be the main factor,
considering that the mixture of four sterecisomers (GR24) and the optically pure one (ST) proved
both to be metabolized in a lesser extent compared to 4DO and 5DS.

Finally, another weak point in the proposed approach was that the mycelia used in our experiment
could work as a “physical” trap for SLs, as a sort of filter able just to remove the compound from the
culture. In order to adjure this risk, mycelia obtained by the experiments described above were
extracted and analysed (see material and methods), confirming the negligible presence (lower than
1% of the SL amount detected in the control samples) or absence of SLs (data not shown).

To date, SLs have not been detected from microorganisms or macro organisms such as plant
feeders. Moreover, no information is available about the fate of the SLs when they are released from
the roots, e.g. how they are further metabolized by the soil microorganisms. The knowledge of other
biological "functions” of SLs and their metabolites in the environment and ecosystems could open
completely novel fields of research and of practical applications, from pest management to
pharmaceutical applications 28,

Proteomic and genetics approaches will be used in the future for identifying the enzymes in the
microorganisms involved in the metabolism of SLs, and the genes activated by SLs and/or their

metabolites.
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Figure 1. Reduction of strigolactone content (percentage compared to the control) in fungal

cultures
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Fungi: TH, Trichoderma harzianum; FO, Fusarium oxysporum; BC, Botrytis cinerea; FS,

Fusarium solani.

Strigolactones: GR24; ST, strigol; 5DS, 5-deoxystrigol; 4DO, 4-deoxyorobanchol.
See Materials and Methods for details.
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Figure 2. Reduction in SL content (percentage compared to the control) in the fungal culture (CSF)

and culture filtrate (CF) of four fungal strains. The four SLs analysed are here considered as a

whole.
Fungus* CSF CF
TH 70.1a 7.6d
FO 57.6b 3.7d
BC 445c | -140e
FS 375c 7.7d

*Fungi: TH, Trichoderma harzianum; FO, Fusarium oxysporum; BC, Botrytis cinerea; FS, Fusarium solani.
Values with different letters differ significantly by the SNK method, with P = 0.01
See Materials and Methods for details
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Figure 3. Reduction in SL content (percentage compared to the control) in the fungal culture (CSF)

and culture filtrate (CF). The four fungi analysed are here considered as a whole.

SL* CSF CF
5DS 735a| 1.0d
4DO 689a| -15d
GR24 453 Db 1.6d
ST 219c| 3.9d

*Strigolactones: 5DS, 5-deoxystrigol; 4DO, 4 deoxyorobanchol; GR24; ST, strigol.
Values with different letters differ significantly by the SNK method, with P = 0.01.
See Materials and Methods for details.
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