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1. INTRODUCTION

1.1. Weeds and their management

Perennial weeds are common problem in differenpxraVeeds can compete with
productive crops or pasture, or convert productare into unusable scrub. They are also
often poisonous, distasteful, produce burrs, thomsther damaging body parts or otherwise
interfere with the use and management of desirgldats by contaminating harvests or
excluding livestock.

Weeds tend to thrive at the expense of the moiaegfedible or ornamental crops.
They provide competition for space, nutrients, wated light, although how seriously they
will affect a crop depends on a number of factors.

The presence of weeds does not necessarily meath#édyaare competing with a crop,
especially during the early stages of growth wharheplant can find the resources it requires
without interfering with the others. However, a% theedlings size increases, their root
systems will spread as they each begin to requieatgr amounts of water and nutrients.
Estimates suggest that weed and crop can co-earshdmiously for around three weeks,
therefore it is important that weeds are removetlyem in order to prevent competition
occurring. Weeds competition can have quite draivedfects on crop growth. Distribution of
weeds is determined by various environmental anological characteristics. Human
activities are mainly responsible for their regibpatterns and have certainly played an
important role in their spread. Plant species &e affected when their habitat are disturbed
(Harlan and dieWelt, 1965). In fact, in a balaneed healthy ecosystem weeds do not exist.
They originated only after humans disturbed theathed of natural ecosystems, and weeds
have now become their integral components. In agestem weeds have evolved due to

continuous selection pressure imposed by humardhntéogical advancement, and/or



through agricultural practices. The role of humemnselecting crop plants vis-a-vis evolution
of weeds is clear from the fact that over 40 peroéithe world’s total weed species belong to
Asteracee (sunflower family) and Poaceae (grasdyfgrwhich happen to provide over half

of world’s food and food products. Nearly 44 petcehthe world’ s worst weeds belong to
family Poaceae, which happens to provide eight majops, namely, wheat, maize, rice,
sorghum, barley, millet, oat, and sugarcane (Kethil, 2006).

Weeds assume large proportions of the area ofitiva@sion. They possess certain traits
or characteristics that make them ideal for prddifien. Traits such as the ability to reproduce
at a faster rate, rapid growth from seedling touséyhase, phenotypic plasticity, and high
tolerance to environmental heterogeneity are aasamtiwith weedy plant species (Baker,
1974). Weed population are highly adaptable to petdn system through herbicidal
resistance and shifts in their populations. Weenlss@ss adaptive strategies that determine
their survival, productions and success in a pagrcenvironment (Holt, 1988). On the basis
of intensity of stress and disturbance for suceggstablishment of a given area , plants can
be stress tolerators, competitors or ruderals (&rit®79). Weeds, however, falls into two
combined categories: they can be competitive rusl@rastress- tolerant competitors (Grime,
1979). They take advantage of human-made habitatsee highly responsive to changes in
environmental conditions in such a beneficial manarabling them to survive and grow in
nature (Grime, 1979). Many annual, biennial anchgxerennial weed species found on arable
fertile land are know as competitive ruderals tgedw rapidly and competition in them
occurs before flowering. Stress-tolerant compeifmnimarily trees or shrubs and even some
perennial herbs, are characterized by rapid dryenatroduction, large stem extension, and
high leaf area production. In addition to grow wges, weeds possess several other

characteristics that make them successful colowizargiven area (Kohkt al, 2006).



Such the typical plant species d@@sium arvensgL.) Scop. (Fig. 1) and Sonchus
arvensisL. (Fig. 2) (both from Asteraceag commonly called Canada thistle and perennial
sowthistle, respectively (Donald, 1990; Lemna aresd&rsmith, 1990).

Canada thistleés a persistent perennial weed that grows vigoyouigirming dense
colonies and spreading by roots growing horizoptiflat give rise to aerial shoots. It spreads
by seed, either by wind or as a contaminant in a®gd. Canada thistle is native to south
Eastern Europe and the eastern Mediterranean late@s spread to most temperate parts of
the world and is considered an important weedrallizd the world as it infests many habitats
such as cultivated fields, roadsides, pasturesamgkeland, railway embankments, and lawns
(Holmet al, 1977).

Classified as a noxious weed in many states andirm®s, perennial sowthistle is a
problem in several crops, where it causes econdasses due to reduced crop Yyields,
increased cultivation and herbicide expenses, and Hbepreciation. At high densities (27
shoots/m), it has reduced spring wheat yields up to 45 graréin North Dakota. Perennial
sowthistle is also a host of several economicaitypartant plant pests (Lemna and
Messersmith 1990). A native of Eurasia, perenn@ithistle is distributed from South
Scandinavia to Italy and from east to the westemtigns of the former Soviet Union (Holm
et al, 1977). Since its introduction to North Americahas spread widely throughout the
northern United States and southern Canada. Tin¢ e also established in South America,
Australia, and New Zealand. Widely establishedeimperate regions, it is not found in the
tropics (Lemna and Messersmith 1990).

On the Canadian prairie, perennial sow-thistlent®iag the 15 most abundant weeds in
annual crops. It was the most abundant weed irbign@nial-perennial category in Manitoba
between 1975-1978 (Thomas and Donaghy, 1991) vt 8f the cultivated fields infested

with an average of 4.8 plantsinDensities of 5 and 10 S. arvensis shodtséduced canola



yields by 12 and 18% (Peschken, 1984). In AlbeBaskatchewan and Manitoba rapeseed
yield reductions were estimated at 6.7 million didlannually. Densities of 3 to 27 stenfs/m
reduced spring wheat yields by 4.5 to 27% (Lemrd Miessersmith, 1990). Perennial sow-
thistle is readily eaten by cattle so vigorous dtaare confined to ungrazed areas. There are
two varieties of perennial sow-thistle in Canadat tihybridize: var.arvensisand var.
glabrescensIn some floras these are given species st&usyvensisand S. uliginosus
respectively. Both have a hairless lower stem,ib8. arvensighe upper stem and bracts
have conspicuous gland-tipped hai@nchus arvensigsar. arvensisis most abundant in
Ontario, Quebec and the Atlantic provinces. \ggabrescenss most abundant on the prairies
and extends north to Great Slave Lake.

Two annual sow-thistles also occur in Candslanchus aspeand Sonchus oleraceous
These have taproots but their flower heads arelemal5-2.5 cm in diamete&. aspehas
unlobed leaves with weak spin€S. oleraceoushas deeply lobed leaves that are almost
spineless. Annual sow-thistles are an increasiraplpm. In 1987 they ranked 48th in
abundance in Alberta cereal and oilseed crops.By they were 29th in the survey (Thomas
et al.,1998) and they are most serious in pulse crops.

Perennial sow-thistle seed germinates when thehssilwarmed in the spring, weeks
until the leaves are about 3 cm long and then famssette. First year rosettes form vertical
roots up to 2 m deep, produce vegetative buds ftepths up to 50 cm and horizontal roots
with a spread of 60-100 cm. The roots are mycoarlfi¥einet al., 1992). Bolting usually
occurs in the second year when the rosette ha® 12ates. When cut during cultivation, root
pieces as small as 1 cm can produce a flowering pldhin a year.

Flowers are produced as a succession from easgyuddil frost. They open 2-3 h before
sunrise and close near noon, are insect pollinateldcross pollination is necessary for viable

seed production. Each head produces about 30 swdnaoats produces about 3,000



seeds/plant. The seed, attached to a pappus,persisl by wind (about 10 m in a 16 km/h
wind) and hooked pappus tips catch in fabric anchahfur. In Saskatchewan, 18 out of 20
seeds flew out of sight at average wind speed$ dfni/h gusting to 22km/h. The pappus of
all but one of 26 seeds was firmly attached at vépdeds averaging 7 km/hr and gusting to
22 km/h. The pappus of one seed became entangledgmtation and fluttered in the wind
for 15 minutes but did not separate from the s@ed¢hken, 1984.).

Seed is also spread in hay. Seed viability is /A-9th 85% emerging in the first year.
Seedling survival is generally poor unless theywaréer litter or are irrigated. The thistle is
moderately resistant to most broadleaf herbicithess, auxin type herbicides used on early
vigorous growth can prevent flowering.

A combination of chemical and cultural controlsoiféen more effective at reducing
both crop competition and reproduction by both saedl root. The introduction of herbicide
tolerant canola has reduced losses in this crdpa Berious problem remains in field peas and
beans.

The effort to control weeds is as old as agriceltuself. Humans, however, were
familiar with weeds even before the dawn of agtimé, as several aboriginal nomadic tribes
suffered from allergies, hay fever, and other legltoblems caused by poisonous plants.
Weeds management has progressed from bare harndsldpto animal power, to machine
power and finally to chemicals and integration oéls powers. Weed management strategies
have evolved with the advancement of agricultugahhology, shifts in weed flora, and the
formation of weed biotypes with herbicidal resisan(Kohliet al, 2006).

Today chemical methods have largely replaced therahethods of weed management.
Although fraught with accompanying problems of podn of soil and groundwater, and
toxicity of food products, herbicides are valuabled important tools that have provided

major benefit to the production system (Buhler, 9However new and alternate options



would provide farmers with more flexibility for eahcing the effectiveness of the herbicides.
These includes herbicidal mixtures, varietal miggjrsynergist, herbicide antidotes, breeding

of herbicide-tolerant and more competitive cropBel@athy and genetic engineering

(Gressel, 1992, 2002).



1.2. Weed management strategies

A number of weed management strategies have bakwéd, but none probably
provides a satisfactory solution to the weed pnmisleBroadly, four methods are employed
for the management of weeds: mechanical, cultgremical and biological. Each of these
methods has certain advantages and disadvantagesgithese, mechanical methods are
one of the oldest, involving physical removal ofeas by soil disturbance prior to planting or
by hand weeding or hoeing during crop growth. Oa thther hand, cultural methods are
applied largely during the active growth periodttod crop. This include crop rotation, use of
cover, smother and green manure crops, crops essidorop genotypes with better
competitive and allelopathic ability and manipuatiof sowing or planting date, crop density
and crop pattern (Kohkt al, 2006). These are effective when they are ablenteance the
differential development between crop and weedthéoadvantage of the former (Mohler,
1996). These methods were in use in traditionabemysystems, but with the modernization
of agriculture and herbicide application these ined.

The use of chemical methods is probably a twentetitury technology when the
herbicides, especially the hormonal ones discovemed940s, revolutionized agriculture.
Their improved efficacy and production of herbicr@sistant crop have further expanded this
revolution and become an important tool of modegedvmanagement. They are widely use
not only in the developed nations but also in tkgMag nations such as India. A 350 percent
increase in the use of herbicides occurred fronll 1871987 for control of weeds in rice and
wheat fields in India (Alstrom, 1990).

Numerous herbicide families are known that diffedely in respect to spectrum, unit
activity, crop safety, toxicology and environmengdfects. However, increasing herbicidal
resistance, environmental and toxicological conedrave put a question mark on their large

scale use (Burnside, 1993; Heap, 2005).



Combinations of mechanical, cultural, and chaimethods are more effective than
any single method used alone. (Trumble and Kok,2198lerbicides recommended for
chemical control of the perennials in non-orgamapping systems are restricted to few active
substances (clopyralid, dicamba, chlorsulfuron, tdwmemm, phenoxy-acids) (Lemna and
Messersmith, 1990Grekul et al, 2005). These chemical are frequently low speatyfiand
are weakly biodegradable, accumulating in plant$ iandrinkable water, producing heavy
environmental pollution, or creating problems torfam and animal health (Evidente and
Abouzeid 2006). Management of weeds, should, tbezebe achieved through strategies that
do not affect the sustainability of agroecosystams the life support system. Obviously, new
compounds should be actually developed as herlsicdgminst the composite weeds. The
biological agents offer the advantage of being catibfe with the environment, often with
high specificity and represent a long term solutadso in the control of weed particularly
resistant to chemical herbicides. The applicatibbiological weed control offers significant
opportunities not only for farmers, nature conseovests and other vegetations managers but
also for institutions and companies that wish tib gkant protection services and products,
and for the general public that demands safe faudl @ visually attractive and diverse
environment. New herbicides have become of gre@traest due to either the few natural
product derived commercial herbicides already ia as the rapidly evolving resistance to
current herbicides. This supports the need for reffaet to be expended on a natural product
derived herbicides and makes attractive the praspécevaluating a vast number of
undiscovered or understudied natural compoundsadtetikely to have biological activity
(Evidente and Abouzeid 2006). The identificationd athe biological and molecular
characterization of microorganisms, useful as bir@d agents or as producers of bioactive
compounds, is of great interest for the modern esftb-compatible agriculture. Among the

microorganisms, fungi are the most common pathogémdants and therefore for weeds as



well. Some insects and fungi, which satisfy theéecia of efficacy, specificity and long-time
persistence, have been already commercialisedtesgbeautside from Europe (BottiglieBt

al., 2000). The use of phytopathogenic fungi in dgital control of weeds may represent a
promising alternative to the use of chemicdResearches in this field are carried out
according to the two fundamental strategies: thadative and the classical method. The first
one consists in the application of the pathogegenain the environment, as for herbicides,
so that these pathogens are usually called "mybatides”.

With the classical approach the biocontrol agenhisoduced in a restricted infested
area and, subsequently, allowed to spread. Annaliee approach to weed biocontrol is the
use of toxic metabolites produced by weed pathggenaddition or in alternative to the
pathogen, or in integrated weed control programriiés. replacement or the integration of
traditional chemical control methods to plant dsseéy the use of microorganisms and/or
their bioactive metabolites reduces the environalempact of agricultural productions and
gives effort to the agricultural biological prodact which is more and more present in the
national and international markets.

In this respect these bioactive secondary metasotibuld play an interesting role in the
induction of disease symptoms (phytotoxins, antiboand phytohormones) or of defence
response (elicitors).

The first approach is the isolation of microorgamssfrom tissues of infected infesting
plants, followed by selection of the strains wiigher specificity and virulence. The second
step is to find appropriate conditions for timevitro growth of the fungi to obtain culture
filtrates with high phytotoxicity against the hqgsants. Next, the phytotoxins are isolated,
characterized and in some cases derivatized beforee tested as potential herbicides.
Finally, the knowledge of the chemical structurdlefse substances may allow the partial or

total synthesis of the most appropriate naturabic&te. Furthermore, (if they are a virulent
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factor), the toxins could be used in indirect m@debiomarkers, to select the best fungal
strain or to optimise for their large scale prottuttEvidente, 2006; Evidente and Abouzeid
2006) and in combination with low dose of herbisidend the phytopathogenic fungus, to

develop integrated weed management strategy.
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1.3. Fungal phytotoxins

Numerous studies have been conducted on the usatwfal enemies such as insects,
nematodes, bacteria and fungi for weed control,dauticular interest has been directed to
phytopathogenic fungi that could be applied witfegaand simplicity. They have attracted
attention due to the hazards they cause to theudignial productivity of economic interest
and the environmental damage for which they anearesible.

Plant pathogens are good sources of potent phytstd&bbas and Duke 1995), as they
usually kill tissues before they consume them. gditesof this, those that kill weed species
have received relatively little attention in natysaoduct herbicide discovery efforts, with a
notable exception. Maculosin, produced Alyernaria alternata,a pathogen responsible for
diseased spotted knapwedfkeftaurea maculosham.), is the first phytotoxins with a high
degree of host specificity. Moreover, other studms the biological activity of this
phytotoxins and its practical application as a kwegd control agent were described in
previous work by Strobel and colleagues (1991).

Almost all fungal species produce phytotoxic melié® (Evidente and Abouzeid
2006). Phytotoxins are defined as microbial metédthat are harmful to plants at very low
concentrations. Most of the plant pathogenic fyprgduce toxins in culture and in their hosts.
Frequently, these compounds play an importantinotbe pathogenesis as reproduce some or
even all of the symptoms of the disease. In masgxdhe toxins are low molecular weight
compounds belonging to a variety of class of natoraducts. They are able to diffuse from
the site of the infection to surrounding tissuesaog translocable within the plant. The
virulence of the plant pathogen may depend onaigability to synthesize one or more toxins.

Fungal phytotoxins have facilitated advances in owmderstanding of numerous
phenomena in plant and fungal physiology, biochemigenetics, and molecular biology.

During the past few decades, phytotoxins have bemployed as tools contributing to
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fundamental discoveries in plant pathogenesis, $ystificity, mechanisms of resistance and
susceptibility, secondary metabolism, fungal genarganization, plant cell and organelle
functions, and fungal ecology.

Fungal phytotoxins can be classified as host-segledr non-selective. Although it is
difficult to find a clear line of demarcation, hasglective toxin are usually highly toxic only
to host-species or cultivars susceptible to thedgeing pathogen. Non host or resistant
cultivars are less sensitive to these toxins (Grahal, 1989).

It is possible to isolate phytotoxins from infectgldnt tissues and germinating conidia
of fungi, but this approach in not productive besmwf the low content of the target
compounds. Therefore, in order to isolate phytatexin amounts sufficient for studies of
chemical and biological properties, the fungi arkured in liquid nutrient media (the average
yield ranges from 1 to 50 mg per 1 | of liquid cué).In anumber of cases, it is possible to
isolate phytotoxins in settings that involve sopilase fermentation on natural substrates
(Berestetskiy, 2008).

Phytotoxin production is sensitive to a numbediokrse factors (e.g., the composition
of the medium, its acidity, and the duration andditons of culturing), most of which are
not identified in advance as being able to afféet process. Distinct strains of the same
species may very considerably in their capacity gbytotoxin production (Berestetskiy,
2008). Microorganism strains are genetically unstadnd their storage or reinoculation may
adversely affect the ability to produce toxins @&ahd Bennet, 1992).

Phytotoxins produced by fungal pathogens causetiesymptoms in most cases. It
has been long assumed that such pathogens killtisege by extracted toxin in advance of
colonization and live as saprophytes from the dsabdstrate. Actually, leakage of cell
constituents frequently occurs after the applicatd host-specific phytotoxins and non-host-

specific phytotoxins.
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1.3.1. Host-specific phytotoxins

This class of extracellular fungal metabolites lisquced by plant-specific pathogens.
Some compounds are so specific that they are orlg to certain cultivars, e.g. maculosin, a
cyclic dipeptide which is produced Alternaria alternataand is host-specific to spotted
knapweed Cantaeurea maculo$a Similarly, bipolaroxin from Bipolaris cyanodontis
Shoemaker, a fungal pathogen of Bermuda gr@gadqdon dactylop has been found to be
host selective in low concentrations. At concemdreg 20 times greater than that required to
affect Bermuda grass, bipolaroxin causes phytoityxto wild oats, sugarcane and maize.
(Saxena and Pandey, 2001)

Maculosin is the only host-specific phytotoxins smotted knapweed in the true sense.
Phomalairdenone is a new member of this group. iStpsoduced by black crop species share
common problem weed species, so host-specific Klrbe of little use and, commercially,
it would be prohibitively expensive to develop amse different herbicides for each weed

species, when compared to non-specific-toxins. ¢8axand Pandey, 2001).

1.3.2. Non-host-specific phytotoxins

Non-host-specific phytotoxins have a broader raofectivity and applicability on
weeds. Tentoxin, a by-product dflternaria alternata is a cyclic tetrapeptide causing
phytotoxic damage to both monocotyledonous andtyledonous weed species. The mode of
action of this secondary metabolite is the inhdmtiof CF1 ATPase activity (Steeé al,
1978). Zinniol is produced by a numberAiternaria spp. and®homa macdonaldiBoerma.
It causes necrosis in tissues, probably throughiwal regulation (Strobel and Sugawara
1986; Thuleawet al, 1988).

Scopulariopsis candidus, Cepahlosporissp. and Fusarium sp. produce a potent

phytotoxins, 1233A, which is inhibitor of 3-hydro¥®ymethylglutaryl co-enzyme A
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sinthetase (Greenspa al, 1987).Ascochyta hyalosporahe causal agent of leaf spot on
lambsquaters, produce several phytotoxins: ascecipytrenolide A and hyalopyrone. All
three compounds exhibit phytotoxic activity to niweed species, includinGhenopodium
album (lambsquarters)Sida spinosal. (prickly sida), [pomeasp. (morning glory) and
Sorghum halepens®ecently, two phytotoxic nonenolides (viz. putaoxin and pinolidoxin)
produced by phytopathogerifhomaandAscochytaspecies have exhibited potent herbicidal
activity (Evidenteet al,1998b).

Fusaric acid is produced both by the virulent plpathogenFusarium oxysporum
Schlechtend Fr. and by non-pathogenic fusarialispe€usaric acid has been demonstrated
to have herbicidal activity against several weeecss, including jimsonweed and duckweed

(Vesondetet al, 1992).
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1.3.3. Biological activities of fungal toxins

One of the major difficulties in studying and Wwihg a given phytotoxin is its
availability. This problem was overcome when Eusperoups in 1970s succeeded in
isolating and characterizing fusicoccin, a phytatoproduced byFusicoccum amygdali
(Ballio et al, 1964; Ballio 1977). This unleashed an unprecestentimber of physiologists,
biologists, chemists, pathologists, and agronormstan attack on the mode of action,
usefulness, and general biology of this phytotokiach of the many new phytotoxin that has
since been described provides a new target foortigh, concerted chemical and biological
investigation.

Besides their obvious role in the development ohstpms of certain plante diseases,
phytotoxins also posses some unusual chemical iatahlzal proprieties.

The effect of phytotoxins on plants is charactetiz®y the appearance of specific
symptoms; wilting and general growth suppressio,well as chloroses, necroses, and
spotting of aerial portions are the most commore fidverse is also true: if a plant disease has
symptoms described above, its causative agent n@ite forms phytotoxins, which play a
role in the pathogenesis.

Reviews on phytotoxins, published in Russia, covexins produced by soill
micromycetes (Berestetskat al, 1976; Berestetskiy and Borovkov, 1979; Berestgtakd
Borovkov 1981) and causative agents of plant dese&®m the generalternaria (Belyakova
and Levkina, 1990)-usarium(Bilai et al, 1977),PhytophthoraVerticillium (Filippov et al,
1980),Phoma andAscochytgUspenskaya and Reshetnikova, 1975).

As a rule, plants sensitive to a specific phytotqgenera, species, and even cultivars)
fall within the range of the hosts of its producBne spectrum of activities of a non-specific

phytotoxin is not limited to phylogenetic specialion of the producer pathogen. If the list of
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sensitive plants is still limited, e.g., to membefsa certain family, the non-specific toxin is
considered selective. (Berestetskiy, 2008)

Depending on the pathogenetic role, specific ployiot are divided into pathotoxins
and vivotoxins. Pathotoxins (as a rule, at very loancentrations, of nanomolar to
micromolar order) are prerequisite to induce plarfection by necrotrophic pathogens
(certain species dhlternaria, Cochliobolus Drechslera etc.). Mutant strains of these fungi,
incapable of synthesizing pathotoxins, lack virgkenBerestetskiy, 2008)

By definition, vivotoxins are synthesized by patbog in infected plant tissues; using
appropriate concentrations, these toxins accourth@®emergence of certain symptoms of the
disease. Vivotoxins are commonly non-selective.ckSand Hoppe, 1999). A considerable
number of phytotoxins are toxic to animals and/oicroorganisms. Depending on the
economic importance, they are classified with mggis or antibiotics. For example
ascochytin, the phytotoxin produced biscochyta pisithe causal agent of a leaf-spotting
disease in pea, is structurally related to thergat@ycotoxin citrinin and exhibits antifungal
properties (Oku and Nakanishi, 1963; Lepoivre, 198Zhe well-known antibiotic
griseofulvin (one of its producerskenicillium griseofulvuris also phytotoxic (Berestetskiy
and Borovkov, 1979).

Biological assays are used for both identifying tpkgxins in culture liquid and
assessing phytotoxic activity of extracts or puressances. In selecting biological assays, the
biology and ecology of the fungus are taken intooaat. For example, if a phytotoxin
originates in soil fungi or is causative agent @dtrrot diseases, the bioassay involves plant
seedlings. The extent of growth suppression ofsrtretated with serial dilutions of the culture
filtrate or the pure toxin is calculated using eated roots as controls. If the symptoms of the
disease caused by a phytotoxin producer involveelgaa solution of the substance tested or

the culture filtrate (5-2@l) is applied on to the leaf punctured by a needle.
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The results (chloroses, necrotic spots) are retat a#-72 h. In order to reduce the
requisite time for obtaining the results, isolakeaves (or parts thereof) may be placed into a
moist chamber or onto the surface of water agare®etskiy, 1982; Stierlet al, 1992). Of
course, the spectrum of bioassays is considerabbder that those described.

Thus, in recent years, effects of toxins have asirggly been studied in cultures of
plant or animal cells. The use of several bioassa diverse toxin concentrations likely
increases the value of the results. In additionis itdesirable to assay new phytotoxins

simultaneously for antibiotic and zootoxic actiegi(Coleet al, 1986; Kohmoto , 1992).
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1.3.4. Potential new herbicides

Microbially produced herbicidal compounds have treddy short lives, compared to
synthetic, halogenated chemical structures. Theymdegradable and do not leave residues
toxic to the environment. They are active in smalkntities, compared to the hight quantities
of pesticides currently used. Thus, it can be gdized that significant contamination of food
products, or the soil and water would be less Yiketh microbial compounds than with most
synthetic herbicides used at the same rates (SaxehBandey, 2001).

Most microbial phytotoxins are water-soluble andmalogenated compounds. They
are also more benign toxicologically and environtalyy compared to synthetic herbicides.
They have built-in species-selectivity, perhaps ttugheir isolation from host-specific plant
pathogens and weed hosts. This is a highly desigadgiperty, as avoidance of injury to crop
plants is a goal of synthetic herbicide developnpeagrams (Saxena and Pandey, 2001).

Microbial phytotoxins have a limited shelf-life @®mpared to synthetic chemicals.
Finding new herbicides with a new site of actionm®st important, since the rate of
appearance of weeds that have evolved resistan@yribetic herbicides has increased
logarithmically and market niches for currently bxed sites are reaching saturation (Saxena
and Pandey, 2001).

Microbial phytotoxins are used as tools for envisgghew molecular sites of action not
discovered by the traditional approaches of hedbialiscovery (Cutler 1991). Moreover,
there is little overlap between the sites of actidrphytotoxins and those of traditional or
commercial herbicidesTé@ble 1). The newer sites would be useful in overcomirggdhrrent
herbicide resistance problems encountered in w@dase attributes of microbial phytotoxins
have been found to satisfy the complex set of quesiput forth by crop protection research

groups; and this has influenced research by itistites and industry (Ayeet al, 1986;
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Kenfield et al, 1989). With advances in chemical technology antebhnology, this strategy
is becoming less time consuming.

Traditionally most investigators were concernechvifte isolation, characterization and
mode of action of phytotoxins from plant pathogehsrop plants.

Numerous surveys were carried out to find pathogés arvensgBerestetskiy, 1997;
Leth and Andreasen, 1999; Bailey al, 2000) and, to a lesser extent, f arvensis
(Berestetskiy and Smolyaninova, 1998).

Phytopathogenic fungi belonging to the gelscochytaare responsible for several
diseases, that cause necrotic lesions on leavestams (Melnik, 1971).

SomeAscochyta spphave also been proposed as mycoherbicides fobitklegical
control of noxious weeds, i.6A. caulinaagainstChenopodium alburfNetland et al., 2001),
or A. cypericolaagainstCyperus rotundugUpadhyayet al, 1991). The ability of many of
these pathogens to produce phytotoxins has beegrtaised and their involvement in
symptoms appearance has been discussed (Evieeatel993a,b; Strange, 1997). Recently,
three novel toxins have been purified and iderifiem the liquid culture oA. caulinaand
proposed as natural herbicides to be utilized dhtexh to or as an alternative to the use of the
pathogen (Evidentet al, 1998a , 2000; Vurret al, 2001).

Ascochyta soncHhiSacc.) Grove is a natural pathogen isolated fnegrotic leaves of
sowthistle Sonchus arvensis)(Evidenteet al, 2004).

A new phytotoxic enol tautomer of 4-pyridylpyruvacid, named ascosonchine, was
isolated from the culture filtrate éfscochyta soncl{Evidenteet al, 2004).

Ascosonchine 1; Fig. 3), characterised as (Z)-2-hydroxy-3-(4-pyridyl)-@&penoic
acid by spectroscopic methods, showed selectivadigal properties, that are not associated

with antibacterial, antifungal or zootoxic actiesi (Evidentest al, 2004).
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A simple and sensitive method has been developethdéorapid quantitative analysis of
ascosonchine based on HPLC with UV detection. Txéntcontent in culture filtrates of
different strains ofA. sonchiwas measured. Toxin production was compared with th
virulence on the host plant of each strain to aetee if the most virulent strains could be
simply selected by choosing the best toxin prodsiCEne results obtained do not support this
approach. The same HPLC method was also applieguamtify toxin production under
different fungal growth conditions, in order to aste the highest toxin production (Evidente
et al, 2006).

Two of the strains analysed, that don’t producecbssnchine (C-177 and S-9) was
reclassified aPhoma exiguaar.exigua (Cimminoet al, 2008). It was demonstrated that the
above two strains, grown in liquid and solid cudsir producedp-hydroxybenzaldehyde,
cytochalasins B, F, Z2 and Z3, and deoxaphomi3,(4, 5, 6 and7, Fig. 4. When assayed
on the leaves of botlE. arvenseand S. arvensisp-hydroxybenzaldehyde was inactive,
whereas deoxaphomin demonstrated the highest tdvixicity on leaves ofS. arvensis
Cytochalasin Z2 appeared to be the less toxiccogtiasin on both plants according to the
lack of the secondary hydroxyl group on C-7 (Cimot al, 2008).

Stagonospora cirsiia fungal pathogen isolated froth arvenseand proposed for its
biocontrol, produces phytotoxic metabolites in idqand solid cultures. Recently, the main
metabolite, stagonolide A8( Fig. 5 , with interesting phytotoxic properties, waslaed
from a liquid culture and characterized as a nemenolide (Yuzikhiret al, 2007). Five new
nonenolides, named stagonolides B9%- X0, 11, 12, 13, Fig. 5, were isolated from solid
culture and characterized using spectroscopic ndsthé/hen tested by a leaf disk puncture
assay at a concentration of 1 mg/ml, these commoahdwed no toxicity t&€. arvenseand

S. awvensis whereas stagonolide A was highly toxic. Stagateoh and stagonolide C were
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weakly toxic toColpoda steinii a protozoan, when tested at 0.05 mg/ml, with dteer
stagonolides non-toxic (Evideng¢ al, 2008a).

A further four nonenolides were isolated and chiarézed by spectroscopy. Three were
new compounds and named stagonolides G-I, andotmthfwas identified as modiolide A
(14, 15, 16 and 17, Fig. 6, previously isolated fronParaphaeosphaeriasp., a fungus
separated from the horse mussel (Tsetdal., 2003). Leaf disk-puncture assays at 1 mg/ml of
stagonolides H-I and modiolide A were phytotoxic @ arvense Only stagonolide H
inhibited chicory seedling root growth. The mosttgm toxin, stagonolide H, indicated
selectivity when tested on leaves of eight diffeq@ants. Canada thistle was most sensitive to
the compound (Evidentst al 2008b).

Considering that some pathogens of this perennedds produced nonenolides and
cytochalasins, a structure-activity relationshipgedg was conduced assaying 15 natural
analogues and derivatives belonging this two groapsrganic compounds. The toxic
nonenolides (stagonolide A, putaminoxin, pinolidgxiand cytochalasins (deoxaphomin,
cytochalasins A, B, F, T, Z2 and Z3) were isolatemm phytopathogeni&Stagonospora
PhomaandAscochyta spBerestetskiyet al.,2008).

Among the 15 compounds tested, stagonolide A amcag#gomin proved to be the
most phytotoxic toC. arvenseand S. arvensideaves, respectively. The tested phytotoxic
nonenolides were stronger inhibitors of photosysithein C. arvense leaves than
cytochalasines A and B. Stagonolide A had lesscefbn membrane permeability @.
arvenseleaves than cytochalasin B. Significant changedsighit absorption byC. arvense
leaves in visible and infrared spectra were causedtagonolide A. The functional groups
and the conformational freedom of the ring, appedre important structural features for the

nonenolides toxicity, whereas and the presencéefhiydroxy group at C-7, the functional
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group at C-20 and the conformational freedom ofrttaerocyclic ring are important for the
cytochalasins toxicity (Berestetslkey al,, 2008).

Also Phyllosticta cirsij a fungal pathogen isolated from diseaSe@rvensdeaves was
evaluated as a biocontrol agent of this noxiousmaeal weed, and was find produce different
phytotoxic metabolites with potential herbicidaltisty when grown in liquid cultures
(Evidenteet al, 2008c).

Phyllostictines A-D {8, 19,20 and?21, Fig. 7, four novel oxazatricycloalkenones, were
recently isolated from this pathogen and chemicatigt biologically characterized. Structure-
activity relationship showed that the size and fiomalities of macrocyclic ring are features
important for the phytotoxicity, with th@lactone appeared to be unessential (Evidensd,
2008d). To support the potencial use of phyllostectA as a natural herbicide, toxin
production has been studied using different meda aultural conditions. The toxin content
in the crude extracts has been determinate by wsiHELC method set up for this purpose.
Furthermore, its phytotoxicity has been evaluatedabacco protoplasts by flow cytometric
analysis, and orC. arvenseprotoplasts, by fluorescence microscopy. The puetabolite
proved to have rapid dose-dependant toxic effentd@st and non host plant protoplasts
(Zonnoet al.,2008).

Further purification of the same organic extracivpded two other metabolites, named
phyllostoxin and phyllostin22 and23, Fig. § , which were characterized by spectroscopic
technique (essentially NMR and MS). Phyllostoxind gohyllostin proved to be a new
pentasubstituted bicyclo-octatrienyl acetic acidteesand a new pentasubstituted
hexahydrobenzodioxine carboxylic acid methyl esespectively. When tested on punctured
C. arvenseleaves, phyllostoxin proved to be highly phytotoxcausing rapid and large
necrosis, whereas phyllostin had no phytotoxicitythis bioassay. This is not surprising,

considering the noteworthy structural differencessMeen the two compounds, suggesting the
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presence of active functional groups in phyllostoxiot present in the other metabolite
(Evidenteet al, 2008c).

Recently, the fungullternaria sonchhas been evaluated as a possible biocontrol agent
of sowthistle (Gannibadt al, 2006).

As also reported at paragraph 1.3, species belgrigithe genuglternaria are known
to produce bioactive metabolites, including nonthgds/totoxins e.g.: solanapyrones isolated
by cultures ofA. solanj the causal agent of early blight of tomato anthfmo(Icharaet al,
1983), dextrusins, ciclodepsipeptides, isolateanfid. brassicae which causes diseases on
numerous oil-yielding, vegetable, condiment, ornatale and wild and some cultivated and
wild non-cruciferous plants (Tewari and Bains, 19%Brefeldin anda,3-dehydrocurvularin
were isolated fromA. zinniae(Vurro et al, 1998) and several phytotoxins belonging to
different group of natural compounds including toteétramic acid, dibenzo[a]pyrones moiety
containing compounds, and alternatoxins | and dléGnd Cox, 198ITurner and Aldridge,
1983).

Considering the interest for bioactive metabolitgeduced by weed pathogens as
sources of novel natural herbicides, it seemedestang to investigate the production of

toxins byAlternaria sonchi
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2. OBJECTIVES

The present thesis has different objectives alblifred to the identification of
phytotoxic compounds produced in solid culturesAfternaria sonchi a fungal pathogen
isolated fromSonchus arvensiand proposed as biocontrol agent of this noxicerenmial
weed.

1. The first aim is the isolation and the identificattiof the fungus. These studies

were conduced by the research group of Dr. AlexarRrestetskiy , All Russian

Institute of Plant Protection, in Saint Petersburg.

2. The second aim of the present thesis was to is@date solid culture ofA.

sonchj one or more metabolites with phytotoxic activitxging common tecniques for

their extraction (solid-liquid) and for chromatoghac purification (CC and TLC) .

3. The third aim of the present thesis is to charadry spectroscopic methods

(IR; UV; *H and**C NMR; MS), the phytotoxins isolated frofn sonchi.

4, The fourth aim is the biological characterizatidrtiee phytotoxins isolated as

potential herbicides, carried out in collaboratwith the plant pathologist group.
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3. MATERIALS AND METHODS

3.1. Fungus

The fungusA. sonchiDavis was isolated from diseased leavessofirvensisy Dr.
Alexander Berestetskiy and monoconidial isolate 0@31was deposited in the culture
collection of All-Russian Research Institute of RI#@rotection, Pushkin, Saint-Petersburg,

Russia. The isolate was maintained in sterile tu@saining potato-dextrose-agar (PDA).

3.2. General Procedures

Optical rotation was measured in CHGblution on a JASCO (Tokyo, Japan) P-1010
digital polarimeter.

IR spectra were recorded as glassy film on a Rdtkner (Norwalk, CT, USA)
Spectrum One FT-IR Spectrometer and UV spectratakes in MeCN solution on a Perkin-
Elmer Lambda 25 UV/Vis spectrophotometer.

'H spectra were recorded at 600, 400 MHz, in GDu®l Bruker (Kalsrhue, Germany)
spectrometers:>C NMR spectra were recorded at 150, 100 and 75 NtHthe same solvent
and using the same instruments. The same solvesitusad as internal standard. Carbon
multiplicities were determined by DEPT (Distortiess Enhancement by Polarization
Transfer) experiment. DEPT, COSY-45 (Correlated cBpscopy), HSQC (Heteronuclear
Single Quantum Correlation), HMBC (Heteronuclear ltyle Quantum Correlation) and
NOESY (Nuclear Overhauser Effect Spectroscopy) exmnts (Berger and Braun 2004)
were performed using Bruker microprograms. Chenshdts are im (ppm).

Coupling constantsJ) are in Hertz. The following symbols were usedsinglet; d:
doublet;dd: double doublety: quartet.

ESI (ElectroSpray lonization) and HRESI MS (Higasolution ElectroSpray lonization

Mass Spectroscopy) spectra were recorded on Wiliersmass Q-TOF Micro and Agilent
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1100 coupled to a JOEL AccuTOF (JMS-T100LC) (MitfpMS, USA) instruments. EI MS
spectra were taken at 70 eVon a QP 5050 Shimadsairemeter.

Analytical and preparative TLC were performed dicaigel (Kieselgel 60 F254, 0.25
and 0.50 mm, respectively, Merck, Darmstadt, Gegjpan reverse phase (Whatman, KC18
F254, 0.20 mm, Maidstone, UK) plates; the spoteewesualized by exposure to UV light or
by spraying first with 10% k80O, in methanol and then with 5% phosphomolybdic aecid
ethanol, followed by heating at 110°C for 10 mi@olumn chromatography was performed

on silica gel (Merck, Kieselgel 60, 0.063-0.200 mm)
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4. EXPERIMENTAL

4.1. Production, extraction and purification of alernethanoxins A and B (24-25).

A. sonchiwas grown on autoclaved pearl barley in ten 100@&r@nmeyer flasks (pearl
barley 100 g, water 60 ml) for 21 days in the dadsr Fungal metabolites were extracted
from dry mycelium according to a slightly modifigototocol of Evidenteet al. 2002
(Evidenteet al.,2002). The dried material was extracted with th&tune acetone-2% NaCl
(1:1, 2 I). The suspension obtained was centrifugetD000g for 40 min. The same protocol
has been repeated two times on solid phase ustngame volume of the mixture acetone-
2% NaCl (1:1). The extract were combined and aftetone evaporation, the aqueous residue
was liophylized. The residue was dissolved in 5000hdistilled water and extracted with
EtOAc (3x500 ml). The organic extracts were com@ljndried (NaSQO,) and evaporated
under reduced pressure yielding a brown oily resi@®r5 mg). The organic extract, showing
high phytotoxicity, was purified by silica gel colun chromatography eluted with the CHCI
I-PrOH (9:1, v/v), to give 11 groups of homogenetrastions Gcheme ). Fractions were
tested for bioactivity again§. arvensisas described below and those showing phytotoxicity
were further purified. The residue (174.7 mg) & faurth fraction was purified by silica gel
column, eluted with CHGIi-PrOH (95:5, v/v), to yield 5 fractions. The resd(88 mg) of
the second fraction was purified by preparative T silica gel [eluent CHGIi-PrOH
(95:5, v/v)], to yield 8 fractions. The residue (Blg) of the sixth fraction appeared to be
homogeneous yellow solid, which was named alteemetkin A @4, Rf 0.38; 51.0 mgFig.

9). The residue of the fourth fraction was purifieg preparative TLC on reverse phase
[eluent EtOH-HO (6:4, v/v)] to yield an amorphous solid, whichhred alternethanoxin B

(25, Rf0.47; 2.2 mgFig. 9; Scheme 1
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4.1.1. Alternethanoxin A (24).

Alternethanoxin A 24, Fig. 9 obtained as an amorphous solid, had]2% D -16° ¢
0.2); IR vmax 3341, 1697, 1635, 1583, 1515, 1291 CrvV Amax (log €) nm 381 (sh); 299
(3.82); 241 (4.07)*H and**C NMR spectra: se€able 2 HRESIMS (+)m/z627 [2M+Na]+,

325.0701 [GeH1NaOs calcd. 325.0688, M +NaJ+ , 287 [M-Me]+.

4.1.2. Alternethanoxin B (25).

Alternethanoxin B(25, Fig. 9 obtained as an amorphous solid, had]2% D -32.5° ¢
0.1); IRvmax 3232, 1688, 1656, 1608, 1589, 1519, 1291, 1259, ¢V Amax (log €) nm 381
(3.6), 294 (3.8), 262 (4.4), 237 (4.3} and™*C NMR spectra; se€able 3 HRESI MS (+)

m/z623 [2M+Na]+ 323.0541 [GH1.NaGs calcd. 323.0532, M+Na]+.

4.1.3. Triacetylalternethanoxin A (26).

Alternethanoxin A 24, 10.0 mg) was acetylated with acetic anhydride (hOand
pyridine (70ul), at room temperature overnight. The reaction wstapped by addiction of
MeOH, and evaporated by & Btream. The residue (11.0 mg) was purified by pepee
TLC on silica gel [(eluent CHGi-PrOH (98:2, v/v)], yielding the triacetyl deriva#i of
alternethanoxin AZ6, Fig.10) as an amorphous soliRf(0.56, 8.0 mg). It hada]25 D —15°
(c0.2); IRVmax1770, 1724, 1670, 1620, 1575, 1433, 11765CV Amax (109 €) nm 287 (sh);
253 (3.93)H NMR, &: 7.82 (H, d,J=7.7, H-8), 7.50 (1H, dd] = 8.0, 7.7, H-9), 7.40 (1H, d,
J= 8.0, H-10), 6.86 (2H, each s, H-3 and H-6) 3.3H,(s, OMe), 2.40 (3H, MeCQR.02
(3H, MeC0OO0), 1.95 (6H, 2xMeCOO)7C NMR, &: 188.4 (MeCO), 168.8 (2xMeCOO),
168.5 (MeCOO), 165.9 (C-7), 150.5 (2C, s, C-4 ar8) Cl47.6 (C-1), 144.2 (2C, s, C-6a and

C-10a), 136.2 (C-10b), 130.6 (C-2), 129.0 (d, Ci®7.3 and 127.2 (2C, d, C-8 and C-10),
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122.0 (2C, d, C-3 and C-6), 52.5 (OMe), 21.55 (M&@320.5 (3xMeCOO); ESIMS (#)1/z

879 [2M+Na]+, 451[M+Na]+.

4.1.4. Alternethanoxin A dimethyl ether (27).

To alternethanoxin A24, 4.0 mg), dissolved in MeOH (0.5 ml), was addecktnereal
solution of diazomethane. The reaction was camigdovernight at room temperature in the
dark. The reaction was stopped by evaporation uNdestream. The residue (4.2 mg) was
purified by preparative TLC on silica gel [(eluepetrol-MeCO (8:2, v/v)], yielding
alternethanoxin A dimethyl ethe2q, Fig.1) as an amorphous solif0.31, 2.0 mg). It had:
[0]25 D -17 € 0.2); IRvmax2923, 1721, 1628, 1600, 1574, 1464, 1277CV Amax (l0g €)
nm: 337 (sh); 285 (3.84JH NMR, &: 12.95 OH, s), 7.61 (1H, dJ= 7.8, H-8), 7.36 (1H, dd,
J=7.8,7.7, H-9), 7.11 (1H, d= 7.7, H-10), 6.46 (1H, s, H-3) and 6.05 (1H,s, H&H74 (3H,

s, OMe), 3.72 (3H, s, OMe), 3.31 (3H, s, OMe), (28, s, MeCO); ESIMS (+n/z 683

[2M+Na]+, 353 [M+Na]+.

4.1.5. §)-a-Methoxy-a-trifluorophenylacetate (MTPA) ester of alternetharoxin A
(28).

(R)-(-)-MPTA-CI (20 ul) was added to alternethanoxin 24( 2.0 mg) and dissolved in
dry pyridine (40ul). The mixture was kept at room temperature. Afirh, the reaction was
complete, and MeOH was added. The pyridine was vethby a N stream. The residue was
purified by preparative TLC on silica gel [(elugmgtrol-MeCO (7:3, v/v)] yielding the S-
MTPA ester of alternethanoxin &8 (Fig. 12 as a homogeneous soligf(0.39, 2.0 mg). It
had: p]25 D — 12.7 ¢ 0.15); IRvmax 3374, 1771, 1725, 1637, 1595, 1284, 12140V hnax
log () 290 (3.9), 225 (sh) nmtH NMR, &: 7.97 (1H, dJ=7.5 Hz H-8), 7.51 (1H, ddl=8.0

and 7.5 Hz, H-9), 7.46-7.31 (5H, m, Ph), 7.39 (@H=8.0 Hz, H-10), 6.37 (1H, s, H-6), 5.93
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(1H, s, H-3), 3.76 (3H, s, OMe), 3.44 (3H, s, OMBR3 (3H, s, MeCO); ESIMS (/2541

[M+Na]+.

4.1.6.(R)-a-Methoxy-a-trifluorophenylacetate (MTPA) triester of alternethanoxin
A (29).

(9-(+)-MPTA-CI (20 ul) was added to alternethanoxin 24( 2.0 mg) and dissolved in
dry pyridine (40ul). The reaction was carried out under the sameditions used for
preparing28 from 24.

Purification of the crude residue by preparativeCTdan silica gel [(eluent petrol-MEO
(7:3, viv)] yielding R-MTPA ester of alternethanoxh, 29 (Fig. 12 as homogeneous solid
(Rf0.55, 1.7 mq). It hadw]25 D -33.6 € 0.13); IRvmax 1769, 1728, 1670, 1621, 1452, 1265,
1211, 1168 cit; UV Amax(log €) nm 287 (sh), 256 (4.62JH NMR, &: 87.58-7.25 (15H, m,
Ph), 7.49 (1H, dJ=7.6 Hz, H-8), 7.19 (1H, ddi=8.0 and 7.6 Hz, H-10), 6.92 (1H, 8.0
Hz, H-10), 6.76 (1H, s, H-6), 6.72 (1H, s, H-3B3(3H, s, OMe), 3.52 (3H, s, OMe), 3.45

(3H, s, OMe), 3.35 (3H, s, OMe), 2.38 (3H, s, MeCEBIMS (+)m/z973 [M+Na]+.
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4.2. Biological assay

All the biological assays were carried out at taleoratory of All Russian Institute of
Plant Protection, Pushkin (Saint Petersburg, Russraer the supervision of Dr. A.
Berestetskyi & Dr. G. Mitina whereas the zootoxatidty assay was carried out at the Saint

Petersburg State Technical University under supenviof Dr. Vonokhodov.

4.2.1. Leaf-puncture assay.

Culture filtrates ofA. sonchi its organic extract, the chromatographic fracti@nd
pure compound®4-27 were assayed by leaf disc-puncture bioassays.oarvensisand a
number of non-host plants. The plants were proddiaed pieces of underground shoots or
seeds and grown in a greenhouse. The discs (10iamm)dvere cut off well-expanded leaves
with cork borer, placed on moistened filter pap®al punctured by sharp needle in the centre.
Crude organic extract, chromatographic fractiond pare compounds were dissolved in a
small amount of EtOH and then brought up to delrabncentration with distilled 0. The
final concentration of EtOH in test solutions w&% ¥/v that is non toxic to leaves of all
plants in the control. Droplets (10) of the test solution were applied on the dised then
incubated in transparent plastic boxes at 24°C wd@eh photoperiod. After 2 days of

incubation the diameter of the necrotic lesions jmms measured.
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4.2.2. Antimicrobial assay.

Antifungal activity of alternethanoxin A was assdyen Saccharomyces cerevisiae,
Candida tropicalis, Fusarium poa, Bipolaris sorokina, Rhynchosporium secalis,
Penicillium sp, Aspergillus niger, while alternethanoxins B was assayed only on
Saccharomyces cerevisiaeTheir antibacterial activity was tested oManthomonas
campestris, Escherichia colnd Bacillus subtillis at the concentration 10Qg per disc

according to the method previously described (Biotiget al.,1990).

4.2.3. Best solvent assay of alternethanoxin A.

Solubility of alternethanoxin A2d) in different solvents was tested in order to éase
its activity. Solutions (2% and 5%) of methanol, hatol, dimethyl sulfoxide,
dimethylformamide, acetone, dioxane and acetoaitsiére tested as control on leavesSof
arvensisandC. arvenseusing leaf-puncture assay. All solvents used ah lsohcentrations
did not show phytotoxicity.

Alternethanoxin A, at the concentration 2 mg/ml,swdissolved in all solvents in
solution at 5%, and applied on leaves&farvensi@andC. arvensaising leaf-puncture assay,

as described before.
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4.2.4. Seeds germination assay.

Seeds of different plants were used to evaluateetieet of alternethanoxin A28) on
root growth. The seeds of lettuce, chicory, radigeat and pea were soaked for 5 minutes in
a solution 1% of sodium hypoclorite, after washethwlistilled water and incubated in water
for 48 h at 25 °C. Seeds with rootlets of 1-2 mngte were incubated in a solution of DMFA
at 5% together with the toxin at different concatitns (3.3 x 19, x10°, x10° M) for 1 h at
25 °C. All seeds were replaced in transparentiplastxes and incubated at 25 °C. The lenght
of roots (mm) was measured at time 0 and aftetrtreiat. DMFA solution (5%) was used as a

control treatment.

4.2.5. Zootoxic activity

The zootoxic activity was tested ¢taramecium caudatuniRaramecia were grown in
an infusion of 10 oat grains in 200 ml of water010 of a suspension with paramecia was
added to 10Qu of a solution 5% DMFA of alternethanoxin A atféifent concentration (6.6 x
10*, x10° x10° M). The solution was placed into a microscopeeslhd incubated in a
humid chamber. After 3 min, 15 min, 1 h and 3 hnalubation, the cell integrity and activity
of paramecia were estimated. A paramecium was deresl dead if it became no motile and
morphologically degraded (Biliai, 1982). The testdtbrnethanoxin A was considered to be
severely toxic, toxic, and relatively toxic if nesls than 70% of the paramecia died after 5, 20,
and 40 min of incubation, respectively. If mosttioé paramecia remained morphologically

unaltered after 60 min of incubation, the testethpound was considered non-toxic.
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4.2.6. Electrolyte leakage assay

For the assay, leaf discs Gf arvensg0.5 cm in diam.) treated with alternethanoxin A
(2 mg/ml, 5ul per disc) were cut for 4 peaces (10 discs pplicaion, 4 replications per
treatment) and placed in 5 ml of distilled watelheTdiscs treated with 5% DMFA were used
for negative control. The discs boiled in water $averal minutes were used as a positive
control. The peaces of discs were incubated at@%of 1 h and conductivity of resulted

extract was measured by a conductivity meter (Mefibledo, Swirzerland, S20 SevenEasy).

4.2.7. Assay of inhibition of mitosis in onion roc.

The effect of alternethanoxin A on mitotic activityas tested using garliAlium
sativum L). Garlic cloves were allowed to grow in Petritdis containing water in a growth
chamber with constant fluorescent light at 25 °@v€s with 2-cm-long roots were selected
and placed in a plastic dish containing 20 ml ¢éralethanoxin A solution of DMFA 5% at
concentrations 3.3 x 1010°, 10° M.

After 24 h, 3 mm of the root tip from germinatedwds were cut and fixed with Carnoy
fixative (absolute ethanol:glacial acetic acid solu 3:1) for 5 minutes at room temperature,
and for 1 h at -20 °C. The fixed root tips wereatbin aceto-carmin for 2.0 minutes at room
temperature. Root tips (2 mm) were sectioned uaidgsection knife, mounted on slides in a
drop of 45% acetic acid and examined under micq@sco

The remainder of the root was then discarded. Exs&@n was blotted with a paper
towel and the root tip was treated with a drop efodised water. A coverslip was then
lowered onto the root tip and firmly pressed inesrtb spread the cells into a single layer.
The mitotic index, frequency of mitotic cells ingphase and frequency of interphases with
multinucleolus were determinate. At least four noaristems from five different cloves were

investigated at each fixation time. About 1000 <gler root were sampled to estimate the
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mitotic index, frequency of mitotic cells in prog®eaand frequency of interphases with
multinucleolus. Cloves with 2 cm roots treated whPo of DMFA solution without

alternethanoxin A served as control.
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5. RESULTS AND DISCUSSION

5.1. Chemical characterization of alternethanoxingsolated from A. sonchisolid
culture.

The solid culture ofA. sonchi was exhaustively extracted as reported in the
experimental section (Paragraph 4.1). The orgattraet, showing a high phytotoxic activity
on leaves of S. arvensiswas purified by a combination of column chromaapdy and
preparative TLC on silica gel and reverse phaserepsrted in the experimental section
(Paragraph 4.1), giving two pure phytotoxic metabslScheme )

Their close relationship was shown 1y and**C NMR investigations and they were
named alternethanoxins &4) and B 25) (Fig. 9) (51.0 and 2.2 mg/kg, respectively) on the
basis of fungus source and their carbon skeleton.

Alternethanoxin A showed a molecular weight of 3@2ociated to a molecular formula
C16H1406, consistent with ten unsaturations, nine of whigdre due to a 1,2,3-trisubstituted
(A) and a pentasubstituted (C) aromatic rings and tarbonyl group. In fact, tHel NMR
(Table 2 and COSY (Berger and Braun, 2004) spedtig.(13 and 14 respectively) showed
two doublets §=7.5 andJ=7.1 Hz) and a double double}={.5 andJ=7.1 Hz) at the typical
chemical shifts value for a suitable trisubstitusgdmatic ring atoé 7.46 (H-8), 7.11 (H-10)
and 7.34 (H-9) (Pretscét al., 2000). The same spectrum showed three singletsadtiee
proton (H-3) of the pentasubstituted aromatic rargl another proton, a methoxy and an
acetyl groups ab 6.21, 3.62 and 2.23 (Pretseh al., 2000). The singlet ab 6.21, which
integrated for two protons, was due to the oveilagppf the H-3 signal and that of the proton
(H-6) of the aldehyde group bonded at C-6 of tlmratic A ring and hemiacetalized with a
phenolic group at C-5 of the aromatic C ring. Thessults were in full agreement with the
absorption bands for hydroxy, conjugated carboamgt] aromatic groups observed in the IR

spectrum at 3341, 1697 and 1583 c(Rig. 15 (Nakanishi and Solomon 1977), as well as
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with the absorptions maxima exhibited in the UVdpen at 381, 299, and 241 niFig. 16
(Pretsctet al.,2000). These partial structures were supporteitiédylata of thé’C and DEPT
spectra [Fig. 17 and 18 respectively,Table 2) and the couplings observed in the HSQC
spectrumFig. 19 (Berger and Braun, 2004). The aromatic protonasggtions, as well as, the
methoxy and the acetyl groups were observed atyffieal chemical shift value a¥ 131.0,
122. 2, 121.4, 109.5, 52.5 and 22.0 for C-9, C-8,0CC-3, MeO and MeO, respectively
(Breitmaier and Voelter, 1987). The same spectrism showed the significant signals for the
carbonyl and the hemiacetalic carbon (C-6) 468.7 and 109.5, with the latter overlapped to
the C-3 signal. The signals of the three and fivatgrnary carbons of the aromatic A and C
rings resonated at very typical chemical shiftaigalofé 167.3, 153.0 and 130.4 for C-7, C-
6a and C-10a and 148.8, 160.0 (double signals).612& 109.8 for C-1, C-4 and C-5, C-2
and C-10b and were essentially assigned on the ba#ie couplings observed in the HMBC
spectrum (Berger and Braun, 2008y 20, Table 2).

The couplings reported ifable 2 also allowed to deduce the presence of a 2,6-
pentasubstitutedt2-4-dehydropyran ring (B) accounting for the remagniunsaturation,
which resulted joined to the other two rings (A @by the bridge-head carbons C-6a and
C-10a and C-5 and C-10b, respectively. These fgelailowed to assign the chemical shift to
all the carbons and the corresponding protdrable 2) as well as to alternethanoxin A the
structure of a 1-(1,4,6-trihydroxy-7-methoxitenzo(d)chromen-2-yl)-ethanon24( Fig.

9).

This structure was supported by other couplingendesi in the HMBC spectrunirig.

20, Table 2) that showed, in particular, the correlation ol @nd C-3 ab 148.8 and 109.5

with the protons of methy(2.23) of acetyl group. Furthermore was observed the aiioa

between C-6ad(153) and the protons H-®(7.34) and H-10 § 7.11) of the aromatic ring A.
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The C-7 $ 167.3) correlated with the protons H-8 7.46) and the protons of methoxy group
at 0 3.62.

The data from the HRESIMS spectrukig( 21), recorded in positive modality, which
showed sodium clusters formed by the toxin itselfl ahe corresponding dimer at/z
325.0701, [M+Na] and 627 [2M+Na] and the fragmentation peak @iz 287 [M-MeT,
which was generated by the molecular ion by loss methyl residue.

The structure of alternethanoxin A was confirmedpsgparing two key derivatives
whose spectroscopic properties were full consistthit the structur@4. By usual acetylation
with acetic anhydride and pyridine alternethanoXinvas converted into the corresponding
triacetyl derivative26 (Fig. 10, whose IR spectrum showed the significant absesfce
hydroxy groups and the presence of bands due te mster carbonyl groups at 1770 and
1724 cnit (Fig. 22). Its *H and**C NMR spectraFRig. 23 and24 respectively) differed from
those of24 for the significant presence of the signals ofttiree acetoxy groups at2.02 and
1.95 (two_ M&€OO0) and ta 168.8 (two Me®O), 168.5 (Me©®O) and 20.5 (three MEOO).

In the same spectra also the downfield shili&=(0.65) of the overlapped signals of H-3 and
H-6 atd 6.86 and A0=12.5) of C-3 and C-6 & 122.0 were observed. The ESIMS spectrum
(Fig. 25 showed sodium clusters formed by triacetylaltdraroxin A itself and the
corresponding dimer an/z451, [M+Na] and 879 [2M+Nal.

By reaction with an ethereal solution of diazomathavernight at room temperati&4
was converted into the dimethyl ether deriva@7gFig. 11). Its*H NMR spectrum ig. 26)
differed from that o24 only for the presence of two more singlets duéhtonew methoxy
groups ad 3.74 and 3.31. Probably the phenolic hydroxy grau@-1 was not methylated as
it was hydrogen bonded with the carbonyl group-& generating a stable six-membered ring

as showed by the singlet observed at typical chansicift value ofd 12.95 (Pretsclet al.,
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2000). The IR spectrum &7 (Fig. 27) showed, in comparison with | spectrum2# the
absence of the hydroxy group band at 334T.cRrobably the proton of the hydroxyl group
on C-1 formed an hydrogen bond with carbonil oftgogroup. The UV spectrum &7 (Fig.
28) showed a maximum of absorbanceaf285 nm.

The ESIMS spectrumF{g. 29 of 27 showed sodium clusters formed by dimethyl
alternethanoxin A itself and the corresponding diaten/z353 [M+Na] and 683 [2M+Nal].

Alternethanoxin B showed a molecular weight of 388ociated to a molecular formula
of CigH1206 as deduced from its HRESIMS spectrum and congisteith eleven
unsaturations. It differs from alternethanoxin A tbe lacking of two hydrogens and one
unsaturation more. They showed very similar IR ddd spectra Fig. 30 and 31
respectively), while the comparison of th&it, 1°C and DEPT spectr&ig. 32, 33and 34,
Table 3) showed a very close structures with the onlyedéhce in the substitution of the
aromatic A ring. In fact, itSH NMR spectrum showed twortho-coupled aromatic protons
resonating as doubletd=0.0 Hz) atd 7.47 and 7.36 and assigned to H-9 and H-8, which
coupled in the HSQC spectruriig. 35 with the aromatic protonated carbon®dt22.2 and
125.4, and the absence of H-10 (Pretstchl., 2000, Breitmaier and Voelter, 1987). THE
NMR spectrum also showed the significant downf&hift (Ad=30.8) of C-10 attributable to
the presence of a tetrasubstituted furan ring, @toag for the additional unsaturation. This
new ring probably was generated by the attachmetteoxygen at C-1 of C ring to the
carbon C-10 of A ring.

The COSY spectrumF{g. 36) showed the absence of H-10, while the signalbl-&f
and H-9 § 7.36 and7.74 respectively) appeared as two doublets (J= 9.0dt?)7.36 and
7.74. This is characteristic coupling for two ogmton, a tetra substituted aromatic ring.
This partial structure was also consistent with ¢toeplings observed in HSQC spectrum

(Fig. 39, that also showed a further quaternary oxygenededon C-10. The assigned of the
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quaternary carbons was made on the basis of cgsptibserved in the HMBC spectrufid.
37, Table 3.

Furthermore, the examination of tHel NMR and COSY spectra also showed a
different chemical shift values for the protons Hef the pentasubstituted aromatic C ring
and that of the hemiacetalized aldehyde group (He®onating atd 6.73 and 6.62,
respectively, which coupled in the HSQC with thgnsils a® 107.2 and 111.4 (C-3 and C-6),
respectively. These findings suggested an oppseteteochemistry at C-6 25 in respect of
24, which was also supported by the presence inHhEMR spectrum o5 of a singlet ad
12.20 due to the hemiacetalic hydroxy group, whglprobably hydrogen bonded to the
methoxy group at C-7 and generating a stable sixipeeed cycle. This result was confirmed
by the couplings observed in the NOESY spectrag@eand Braun, 2004) 24 and25. In
fact, the NOESY spectrum @4, beside the expected effect observed between hd3fe
methyl of the acetyl group at C-2, also showedféacebetween H-6 and the methoxy group
at C-7. This latter effect was significantly absenNOESY spectrum di5.

These findings allowed to assign the chemical shafties to all the carbons and the
corresponding protond @ble 3) and to alternethanoxin B the structure of 1-@if9ydroxy-1-
methoxy-9H-4,8-dioxacyclopenta[def]phenanthrenJseghanone 45, Fig. 9). This structure
was supported by the other couplings observedarHiBC spectrumTable 3) and by the
data of the HRESIMSHig. 38), recorded in positive modality, which showed sodliclusters
formed by the toxin itself and the correspondinmeli atm/z 323.0541, [M+Na] and 623
[2M+Na]".

The absolute stereochemistry of the secondary Rkythted carbon C-6 of
alternethanoxin A Z4) was determined applying the Mosher’'s method (Calal., 1969;
Ohtani et al., 1991By reaction with ther-(-)-a-methoxyea-trifluorophenylacetate (MTPA)

and S(+)MTPA chlorides, alternethanoxin A was convertéd the corresponding
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diastereomericSMTPA ester andR-MTPA triesters 28 and 29, Fig. 12, whose
spectroscopic data were consistent with the strecassigned t@4. In particular, the IR
spectrum oP8 (Fig. 39 showed the presence of an hydroxy group ban@at 8m'" and the
presence of a band at 1771 trfor the presence of the ester carbonyl group. Uhe
spectrum Fig. 40) showed a maximum of absorbanceiatx 290 nm. The ESIMS spectrum
(Fig. 41) recorded in positive modality showed the presenficeodium cluster ain/z 541
[M+Na]".

The IR spectrum oR9 (Fig. 42 showed, in comparison with the spectrum2df the
absence of the hydroxy group band, and the presainicands due to more ester carboxylic
group at 1769 and 1728 &m The UV spectrumRjg. 43) showed a maximum of absorbance
at Amax 256 nm. The ESIMS spectrurkig. 44) recorded in positive modality showed the
presence of sodium clusterratz973 [M+Na].

The comparison between tf¢ NMR data of thesMTPA ester 28, Fig. 45 and those
of theR-MTPA triester 29, Fig. 46 of 24 [Ad (28-29): H-3 -0.79; H-8 +0.48; H-9 +0.42; H-
10 +0.49 MeO +0.21 and MeCO -0.15] allowed to assagR-configuration at C-6. In
alternethanoxin B C-6 has an opposite stereochgmist respect t024, so that aS

configuration could be assigned to this chiral carim 25.
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5.2. Biological activity of alternethanoxins.

Compound24-27were tested by leaf disc-puncture assay at a rahgencentrations
from 0.1 to 4 mg/ml on leaf discs 8f arvensis

Only alternethanoxins A and B4 and25) were shown to be phytotoxic. Small necrotic
lesions were seen at the concentration of 0.1%,0%5, 1 and 2 mg/ml fo24 and 25,
respectively. At the highest concentration2dfand 25 (4 mg/ml) lesions reached 3 mm in
diameter, respectively{g. 47aand47b, Fig. 48aand48b).

When tested at the concentration 2 mg/ml on leafsdof a number plant species
(Sonchus arvensis, Cirsium arvense, Taraxacum odfis, Aegopodium podagaria, Trifolium
pratense, Phelum pratense, Rumex obtusifolia, Gimtiom album, Cannabis sativand
Elytrigia repen$ alternethanoxins A and B showed similar non-spea@iftivity (lesions ~ 1-2
mm diameterFig. 49aand49b).

Furthermore, the inactivity of derivativeé and 27 demonstrated that the phenolic
hydroxy group at C-4 of C ring is a structural teatimportant for the phytotoxicity while the
activity of alternethanoxin B showed that the otbae at C-1 and the hemiacetal hydroxyl
group at C-6 are unessential. The reduction of Hwthemiacetal and the acetyl groups at C-
6 and C-2 and the eletrophilic substitution of @memore hydrogens of ring A and C rings
with a suitable group could contribute to demonstrahe importance of the
benzo(d)crhomene moiety and the role of the aagiylip. Both24 and 25 demonstrated
neither antibiotic nor antifungal activity when tes at 100ug/disc onBacillus subtilis
Xanthomonas campestrisscherichia colandSaccharomyces cerevisiae

Alternethanoxins A and B are two fungal metabolitesvhich an ethanone group was
bonded to an original polysubstituted benzo(d)cleoen and dioxacyclopenta[def]-

phenanthrene residue, respectively, and occurhierfitst time as natural compounds with
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interesting biological activity. In particular, tineain fungal metabolite alternethanoxin 24)
and also alternethanoxin BY) showed potential herbicidal properties.

A number of well-known fungal metabolites (alteliogr its monomethyl ether,
altenuene, and altenuisol), which belong to a claéstoxic metabolites containing
dibenzofi]pyrone moiety, are structurally close to alteraetbxin A. These compounds are
produced by differenfAlternaria species isolated from plant material and theiib#otic,
cytotoxic and teratogenic activities are usuallgsted (Cole and Cox, 1981). Interestingly,
that alternethanoxins A and B did not demonstratetiimicrobial activity. Furthermore, the
most closest compounds to alternethanoxin A froengitoup of ethanones appeared to be the
acetophenones, namely cynandiones A-D, cynanchathemalogues, isolated from the root
of different Cynanchumplant species and showing potential pharmacolbgpalications
(Huang et al., 1999). Compounds close to alternethanoxin B amsehbelong to the
cylopenta[d,e,flphenathrene group including theig® toxic metabolites produced by some
Fusarium sporotrichiellsstrains, isolated from naturally infected grainif€on et al.,1961).

Taking in the consideration the structural relatofralternethanoxins A and B to some
mycotoxins of Alternaria spp., it was interesting to assay activity on mepecies of
microorganisms. Therefore, alternethanoxins A veasetd against fungtandida tropicalis,
Fusarium poa, Bipolaris sorokiniana, Rhyncosporigatalis, Pennicilliunsp, Aspergillus
niger, and this assays demonstrated that alternethanoxiiidl Aot showed antifungal activity
at concentration 100g/disc.

The toxicity of alternethanoxin A and B was testedeaves o5. arvensisn combined
application. The toxins are present in fungal aeltun mixture, so it was interesting to test
their synergistic effect. Antagonist effect wasrdun action of these compounds, possibly

they interact with the same molecular target aneriaere action of each other. The necrosis
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evaluated on leaves of host plant, showed lessedeamvhen the two toxins were applied
together, instead of both toxins applied aldrig.(50).

Considering the enough amount of alternethanoxiravailable, other assays were
conduced for the biological investigation of thesin.

The best solvent for the solubilization of alteh@stoxin A was determinate to be

dimethylformamide.

5.2.1 Effect of concentration of alternethanoxin Aon root growth.

The ability of alternethanoxin A to inhibit rootayth in seeds of different plants
(lettuce, chicory, radish, wheat and pea) was iinyated. All seedling were sensitive and the
toxin inhibited significantly the root growth ofeds of lettuce (88% at 1.6 x 101). Wheat
was find less significantly sensitive plant (68%& x 10* M) then lettuce, while sensitivity
of chicory, radish and pea was intermediafég.( 51 and 52). This results show that

alternethanoxin A is is able to inhibit root growtbn-selectively.

5.2.2. Effect of alternethanoxin A on zootoxic actity.

Paramecium caudaturtest model (Protozoa subkingdom) is widely usedttaly the
biologic activity of various drugs (Greet al., 1989).P. caudatunhas morphological signs
of a cell and responds to environmental stimuliilsirty to multicellular organisms.

Alternethanoxin A did not show zootoxic activity & tested on the infusorium

Paramecium cEven after 3 h of treatment with the toxin 1002inéusoria remained viable.
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5.2.3. Effect of alternethanoxin A on conductometd properties of C. arvense
leaves.

The effect of Alternethanoxin A on electrolyte legk in leaves dirsium arvensaevas
investigated. Leaf discs treated with alternetham@xin the light showed an increment of
conductivity significaly different in comparison thidiscs treated with the toxin in the dark.
Both the positive controls (light and dark) showiagcrement of conductivity in comparison
with the negative control (100%). This results sbdwhat the action of alternethanoxin A is
light-dependentKig. 53). This toxin could be involved in disruption ofrae photosynthesis
process. Lost of membrane integrity occurring omlytissues exposed to light may be
associated with compounds that act as photosyatéletttron diverters (i.e., bipyridiliums) or

cause photodynamic pigment to accumulate (i.eibitans of protoporphyrinogen oxidase).

5.2.4. Effect of alternethanoxin A on inhibition ofmitosis in onion roots.

The differences in mitotic index in onion rootsIselwere measured after treatment
with alternethanoxin A. The mitotic index was obtd by dividing the total number of cells
undergoing mitosis by the total number of cellsestaed Table 4). At least three replicates
should be included for each treatment with a mimmaf 1000 cells, and their various states
in mitosis are recorded per replication. In additim important quantitative data, visual
observation of the root squashes also may deteabaormal mitotic arrangement or atypical
cell wall formation that would suggest either ardigion of the microtubule-organizing
centers or alteration of processes involved in wall biosynthesis. Considering the % of
cells presented in different phases of mitosis fpase, metaphase, anaphase, telphase) in
comparison with the total cells taking in examioati as expressed imable 4, after

treatament with the toxin a decrease of cells itaptease and telophase was observed. The



46

most cells examined show an abnormal metaphasie,several swollen cells, bigger than
normal, and some dead cells. Also several cellsvetidhe presence of a vacuole inside the
nucleo that could indicate the beginning of thd’selead.More cells in prophase means the
inhibition of the division processes. More cellstelophase means appearance binucleate
cells without septa and divisiofig 54). It means that alternethanoxin A is a potentbrtbr

of microtubule assembly.
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6. CONCLUSION

The fungusAlternaria sonchiwas selected as a pathogerSohchus arvensis.

The best conditions for the production in solidterd of phytotoxic metabolites
were found.

Bioassay-guided purification of the organic extratthe solid culture allowed to
isolate two new metabolites with phytotoxic acivit

Two phytotoxic metabolites named alternethanoxirend B, were characterized by
extensive use of spectroscopic (essentially NMR M&dtechniques) and chemical
methods, as new phytotoxic policyclic ethanones.

Alternethanoxins A and B showed a significant phytec activity against host plant
and other several weeds.

Structure-activity relationship studies testing fohgxic activity, showed that the
hydroxy group at C-4 is an important factor to imectivity while the other two on
C-1 and C-6 appear to be unessential.

Alternethanoxins A and B didn’t showed antimicrdlaetivity.

Application of both alternethanoxins on leaves afsthplant did not showed
synergistic effect.

Other experiments were carried out with alternedianA.:

The best solvent for the toxin appeared dimethgitonide.

The toxin inhibited root growth non-selectively.

The toxin did not showed zootoxic activity.

The toxin increased conductivity on leaves@f arvensg and this activity was
light-dependent.

The toxin was found to be a potent inhibitor of@sis process in onion roots.



48

7. REFERENCES
Abbas H.K. and Duke S.O. (1995)Phytotoxins from plant pathogens as potential
herbicidesJournal of Toxicology-Toxin RevieiM, 523-543.
Alstrom S. (1990)Weeds in human affairs in Sub-Saharan Africa: ioapion for sustainable
food productionWeed Technolody, 680-690.
Ayer W.A., Brawne L.M., Feng M.C., Orszanska H. andSaeedi-Ghomi H.(1986) The
chemistry of the blue stain fungi. Part 1. Someatelites ofCeratocystisspecies associated
with mountain pine beetle infected lodgepole pi@anadian Journal of Chemisti§4, 904-
9009.
Bailey K.L., Boyetchko S.M., Derby J., Hall W., Sawhyn K. and Nelson T.(2000)
Evaluation of fungal and bacterial agents for kgotal control of Cirsium arvense In:
Spencer N.R. (Ed.), Proceedings of X Internati@ahposium on Biological Control Weeds,

Montana State University, Bozeman, Montana, USp, 203-208.

Baker H. (1974)The evolution of weedé&nnual Review of Ecology and Systemdiick-24.
Ballio A. (1977) Fusicoccin: structure-activity relationships. Inedulation of cellular
membrane activities in plants. (Ed.) Marre E. aifer@ O. pp. 217-223.

Ballio A., Chain E.B., De Leo P., Erlanger B.F., Mari M. and Tonolo A. (1964)
Fusicoccin: a new wilting toxin produced by fusicom amygdaliNature203, 297.
Belyakova G.A. and Levkina L.M. (1990)Toxic metabolites of Alternaria I. specific toxins
Mikologiya and Fitopatologiy24, 128—136.

Berestetskiy A. and Smolyaninova N.V. (1998tudy of the mycobiota &onchus arvensis
for developing a bioherbicide. In: Burge M.N. (EdBroceedings of the IV International
Bioherbicide Workshop Programme and Abstracts. ehsity of Strathclyde, Glasgow,

England, p. 27.



49

Berestetskiy A., Dmitriev A., Mitina G., Lisker I., Andolfi A. and Evidente A. (2008)
Nonenolides and cytochalasins with phytotoxic agtiggainstCirsium arvenseandSonchus
arvensis A structure-activity relationships studyhytochemistry69, 953-960.

Berestetskiy A.O. (2008)A review of fungal phytotoxins: from basic studiespractical use.
Applied Biochemistry and Microbiolog§4, 453-465.

Berestetskiy O.A. (1982)Metody eksperimental’noi mikologi{Methods of Experimental
Mycology), BilaiV.l. (Ed.), Kiev: Naukova Dumkap. 321-333.

Berestetskiy O.A. and Borovkov A. V. (1981)Phytotoxic metabolites of soil aspergilli.
Mikrobiologichskii Zhurnak3, 517-530.

Berestetskiy O.A. and BorovkovA.V. (1979) Phytotoxic metabolites of soil penicillium.
Mikrobiologichskii Zhurnakl, 291-302.

Berestetskiy O.A., Patyka V.F. and Nadkernichnyi 3. (1976) Voprosy ekologii i
fiziologii mikroorganizmov,ispol’zuemykh v sel’'skom khozyaistu@roblems ofEcology
and Physiology of Microorganisms Used inAgriculduréeningrad: VNII Sel'skokhoz.
Mikrobiology 56—-60.

BerestetskiyA. (1997) Mycobiota ofCirsium arvensend allied species over the territory of
the European part of RussMikologiya i Fitopatologiya31, 39-45 (in Russian).

Berger S. and Braun S. (2004200 and More Basic NMR Experiments: a Practical (Seu
Wiley-VCH: Weinheim, ' Ed.

Bilai V.l. (1977) Physiological and taxonomic aspects of studying titality of soli
micromycetesMicrobiologichnii Zhurnal 39, 557-565.

Bottalico A., Capasso R., Evidente A., Randazzo @nd Vurro M. (1990) Cytochalasins:
structure-activity relationship®hytochemistry9, 93-96.

Bottiglieri A., Zonno M. C., Vurro M. (2000) | bioerbicidi contro le piante infestanti.

L’informatore agrariol3, 69-73.



50

Breitmaier E. and Voelter W. (1987)Carbon-13 NMR SpectroscgpyCH: Weinheim, pp.

183-280.

Buhler D.D. (1999) Expanding the context of weed managemeldurnal of Crop
Production2, 1-8.

Burnside O.C.(1993)Weed science: the step chilfeed technology, 515-518.

Cimmino A., Andolfi A., Berestetskiy A. and Evidene A. (2008) Production of
phytotoxins byPhoma exiguavar. exigug a potential mycoherbicide against perennial
thistles.Journal ofAgricultural Food Chemistr$6, 6304-6309.

Cole R.J. and Cox R.H. (1981)Handbook of Toxic Fungal MetaboliteAcademic
Press:New York, pp. 614-645.

Cole R.J., Cutler H.G. and Dorner J.W. (1986) Modern Methods in the Analysis and
Structure Elucidation of Mycotoxin€ole R.J. (Ed.), Orlando: Academic, pp. 1-28.

Cutler H.G. (1991) Phytotoxins of microbial origin. In: Toxicology gdlant and fungal
compounds, handbook of natural toxins. Keeler BRrfel Tu A.T. (Ed.) Marcel Dekkar, New
York, pp. 411-438.

Dale J. A., Dull D. L. and Mosher H. S.(1969) a-Methoxy-a-trifluorophentlacetic acid, a
versatile reagent for the determination of enangibencomposition of alcohols and amirees.
methoxyea-trifluorophentlacetatelournal of Organic ChemestB4, 2543-2549.

Donald W.W. (1990)Management and control of Canada thisBegium arvensg Reviews
Weed Sciencg, 193-250.

Evidente A. (2006)Chemical and biological characterization of toxpr®duced by weed
pathogenic fungi as potential natural herbicides. Rimando A.M. and Duke S.O. (Ed.)
Natural Products for Pest ManagemensCS Symposium Series 927, Oxford University

Press, Washington DC, pp. 62-75.



51

Evidente A. and Abouzeid M.A. (2006) Characterization of phytotoxins from
phytopathogenic fungi and their potential use abibeles in integrated crop management.
In: Handbook of Sustainable Weed Managem8&iigh P.H., Batish D.R. and Kohli R.K.
(Ed.) The Harworth Press Inc., New York, pp. 502-53

Evidente A., Andolfi A., Abouzeid M.A., Vurro M., Zonno M.C. and Motta A. (2004)
Ascosonchine, the enol tautomer of 4-pyridylpyruai@d with herbicidal activity produced
by Ascochyta sonchPhytochemistrg5, 475-480.

Evidente A., Andolfi A., Vurro M., Zonno M.C. and Motta A. (2002) Cytochalasins Z1,
Z2 and Z3, three 24-oxa[ld]cytochalasans produced Pyrenophora semeniperda
Phytochemistry0, 45-53.

Evidente A., Berestetskiy A., Andolfi A., Zonno M.C, Cimmino A. and Vurro M. (2006)
Relation betweem vitro production of ascosonchine and virulence of stodithe potential
mycoherbicide Ascochyta sonchia method for its quantification in complex sansple
Phytochemical analysis7, 357-364.

Evidente A., Capasso R., Abouzeid A.M.A., Lanzett®., Vurro M. and Bottalico A.
(1993a) Three new toxic pinolidoxins frorAscochyta pinodesournal of Natural Products
56, 1937-1943.

Evidente A., Capasso R., Andolfi A., Vurro M. and Hnno M.C. (1998a)Putaminoxins D
and E fromPhoma putaminunPhytochemistryl8, 941-945

Evidente A., Capasso R., Andolfi A., Vurro M. and Hnno M.C. (1998b) Structure-
activity relationships studies of putaminoxins apgholidoxins: phytotoxic nonenolides
produced by phytopathogerffhiomaandAscochytaspeciesNatural Toxinss, 183-188.
Evidente A., Capasso R., Cutignano A., Taglialatet&cafati O., Vurro M., Zonno M.C.
and Motta A. (1998c)Ascaulitoxin, a phytotoxibis-amino acid\-glucoside fromAscochyta

caulina Phytochemistry8, 1131-1137.



52

Evidente A., Capasso R., Vurro M. and Bottalico A(1993b)Ascosalitoxin, a phytotoxic

trisubstituted salicylic aldehyde froAscochyta pisiPhytochemistryd4, 995-998.

Evidente A., Cimmino A., Andolfi A., Vurro M., Zonno M.C., Cantrell C.L. and Motta
A. (2008a) Phyllostictines A-D, oxazatricycloalkenones proglidoy Phyllosticta cirsij a
potential mycoherbicide faCirsium arvenseletrahedron64, 1612-1619.

Evidente A., Cimmino A., Andolfi A., Vurro M., Zonno M.C. and Motta A. (2008b)
Phyllostoxin and phyllostin, bioactive metaboli®duced byPhyllosticta cirsij a potential
mycoherbicide forCirsium arvenseiocontrol.Journal of Agricultural and Food Chemistry
56, 884—888.

Evidente A., Cimmino A., Berestetskiy A., Andolfi A and Motta A. (2008c)Staganolides
G-I and modiolide A, nonenolides produced I8tagonospora cirsii a potential
mycoherbicide oCirsium arvenseJournal of Natural Product31, 1897-1901.

Evidente A., Cimmino A., Berestetskiy A., Mitina G, Andolfi A. and Motta A. (2008d)
Staganolides B-F, nonenolides producedsbggonospora cirsiia potential mycoherbicide of
Cirsium arvenselournal of Natural Productg1, 31-34.

Filippov V.V., Andreev L.N. and Bazilinskaya, N.V. (1980) Fitopatogennye griby roda
Vertisillium (Phytopathogenic Fungi of théertisillium Genus), Moscow: Nauka Pub.
Gannibal Ph.B., Egorova A.V. and Berestetskiy A(2006)Potential of theAlternaria fungi
for biocontrol of sow thistle. InProceedings of International Conference "Develognoén

Environmentally Friendly Plant Protection”, PUhagrEstonia, p. 27.

Graniti A., Durbin R.D. and Ballio A. (1989) Phytotoxins and Plant PathogenesMATO
ASI Series, Series H, Vol 27, Springer-Verlag, Berl
Greenspan M.D., Yudkovitz J.B., Lo Y., Chen J.S., Werto A.W., Hunt V.M., Chang

M.N., Yang S.S., Thompson K.L., Chiang Y.C.P., Chadda J.C., Monaghan R.I. and



53

Schwartz R.L. (1987) Inhibition of hydroxymethylglutaryl coenzyme A synthase by L-
659,669.Proceedings of the National Academy of SciencehefWnited Stated of America
84, p.7488-7492.

Grekul C.W., Cole D.E. and Bork E.W. (2005)Canada thistle Girsium arvensg and
pasture forage responses to wiping with varioubibeles.Weed Technology, 298—-306.
Gressel J.(1992) Addressing real weed science with innovationeed technolog@, 509-
525.

Gressel J.(2002)Molecular Biology of Weed Contralaylor and Francis, London.

Grime J. P. (1979)Plant Strategies and Vegetation Processkhn Wiley and Sons., New
York.

Harlan J. R. and deWelt J. M. J. (1965 Some thoughts about wee@onomic BotanyL9,
16-24.

Heap (2005) The international survey of herbicide resistanteage Available on line at
www.weedscience.org/in.asp.

Holm L. G., Pluckett D. L., Pancho J. V. and Herbeger J. P. (1977)The World's Worst
Weeds (Distribution and Biologyiniversity Press of Hawaii, Honoloulou, pp. 84-91.

Holt J. S. (1988)Ecological and physiological characteristics oed® In Altieri M.A. and
Lieboman M. (Ed),Weed Management in Agroecosystems: Ecological Agpes CRC
Press, Boca Raton.

Huang P.L., Won S.J., Day S.H. and Lin C.N(1999) A cytotoxic acetophenone with a
novel skeleton, isolated frol@ynanchum taiwanianunHelvetica Chimica. Aet 82, 1716-
1720.

Ichara A., Tazaki H. and Sakamura S. (1983)Solanapyrones A, B and C, phytotoxic

metabolites from the funguMternaria solani Tetrahedron Letter24, 5373-5376.



54

Kale S. and Bennett J.W. (1992)in: Handbook in Applied MycologyMycotoxins in
Ecological Systems, Bhtnagar D., Lillehoj E.B., afwbra D.K. (Ed.), New YorkMarcel
Dekker, pp. 311-331.

Kenfield D., Bunkers G., Strobel G. and Sugawara H1989)Fungal phytotoxins-potential
new herbicides. InPhytotoxins and Plant Pathogenes@raniti A., Durbin R.D. and Ballio,
A. (Ed.), Springer-Verlag, Berlin , pp 319-335.

Kohli R. K., Batish D. R. and Singh H. P. (2006)Veeds and their management: rationale
and approaches. Itdandbook of Sustainable Weed Managem8&irigh P.H., Batish D.R.
and Kohli R.K. (Ed.), The Harworth Press Inc., Néark, pp. 1-19.

Kohmoto K. (1992) Plant Toxin Analysis. InModern Methods of Plant Analysisinkens
H.F. and Jackson J.fd.), Springer, Berlin, pp. 51-73.

Lemna W.K. and MessersmithC.G. (1990) The biology of Canadian weeds. ®bnchus
arvensisL. Canadian Journal of Plant Scien@@, 509-532.

Lepoivre P. (1982)Sensitivity of pea cultivars to ascochitine and possible role of the
toxin in the pathogenicity cAscochyta pis{Lib.) Phytopathologische Zeitschrit03, 25-34.
Leth V. and Andreasen C.(1999) Septoria Ramulariaand Phomopsiscirsii as potential
control agents oCirsium arvensgL.) Scop. In: Hatcher P. (Ed.) Workshop on Biobad)

Weed Control EWRS/COST-816, Basel, Switzerland,&p.
Mel'nik V.A. (1971)Taxonomy of genuAscochytd ib. Mikologia i Fitopatologia5, 15-22.

Mohler (1996) Ecological bases for the cultural control of arinuaeeds. Journal of
Production Agricultured, 468-474.
Nakanishi K. and Solomon P. H.(1977) Infrared Absorption Spectroscapidolden Day:

Oakland,; 2" Ed., pp. 17-44.



55

Netland J., Dutton L.C., Greaves M.B., Baldwin M. Vurro M., Evidente A., Einhorn G.
and Scheepens P.C(2001) Biological control of Chenopodium albuni. in Europe.

BioControl46, 211-228.

Ohtani I., Kusumi T., Kashman Y. and Kakisawa H.(1991)High-filed NMR application
of Mosher's method. Absolute configurations of mariterpenoidsJournal of American
Chemestry Societyl3, 4092-4096.

Oku H. and Nakanishi T. (1963)A toxic metabolite fromAscochyta fababaving antibiotic
activity. Phytopathology3, 1321-1325.

Olifson L.E., Cheloveka M. and Zhivotnykh S. (1961 hemical activity of some species of
fungi which infest cereal grainReferat. Zhur. Khim. Biol. KhimAbstr. No. 10S704. CAN
56:27191 AN 1962:27191. (Compositae), pp 205-209Blological control programmes 410
Pp.

Peschken D.P. (1984F%onchus arvensik., perennial sow-thistle$S. oleraceud.., annual
sow-thistle andS. asper(L.) Hill, spiny annual sowthistle (Compositae), gp5-209. In:
Biological control programmes against insects anekdg in Canada 1969-1980. (Ed.)
Kelleher J.S. and Hulme M.A. Commonwealth AgriccduBureaux. Farnham Royal, U.K.

410 pp.

Pretsch E., Buhlmann P. and Affolter C.(2000) Structure Determination of Organic

Compounds — Tables of Spectral D&&aringer-Verlag, Berlin, pp. 161-243, 313-383.

Saxena S. and Pandey A.K. (200Microbial metabolites as eco-friendly agrochemidals
the next millenniumApplied Microbiology and Biotechnoo&p, 395-403.
Sock J. and Hoppe H.H. (1999Phatogenicity of sirodesmin-deficient mutantsRéfoma

lingam.Journal of Phytopatolog¥47, 169-173.



56

Steele J.A., Uchytil T.F., Durbin R.D., Bhatnagar P and Rich D.H. (1978)Chloroplast
coupling factor I: a species-specific receptor fentoxin. Proceedings of the National
Academy of Science of the United Stated of Ameri8a2245.

Stierle A., Strobel G., Stierle D. and Sugawara H1992)Plant toxin analysis. Invlodern
Methods of Plant Analysitinkens H.F. and Jackson J.F. (Ed.), Springer,iBenol. 13, pp.
1-32.

Strobel G. and Sugawara F. (1986)Zinniol, a phytotoxin, is produced b¥homa
macdonaldii Plant Sciencé3, 19-23.

Strobel G.A. (1991) .1l controllo biologico delle erbe infestantie Scienze277, 56-63.

Tewari J.P. and Bains P.S.(1997) Phytotoxins produced bylternaria brassicaeand
bioassay of dextrusin B. InToxins in Plant Disease and Development and Evglvin
Biotechnology Upadayay R.K. and Mukerji K.G. (Ed.) Oxford & IBPublishinf CO. PVT.
LTD.: New Delhi, pp. 21-36.

Thomas A.G. and D.l. Donaghy (1991A survey of the occurrence of seedling weeds in
spring annual crops in Manitob@anadian Journal of Plant Scien@é&, 811-820.

Thuleau P., Graziana A., Rossignol M., Kauss H., Aol P. and Ranjeva R. (1988)
Binding of the phytotoxin zinniol stimulates thetmnof calcium into plant protoplasts.
Proceedings of the National Academy of Sciencéefunited Stated of America 85, p. 5932-
5935.

Trumble J. T. and Kok L. T. (1982) Integrated pest management techniques in thistle
suppression in pastures of north AmerMéeed researcB2, 345-359.

Tsuda M., Mugishima T., Komatsu K., Sone T., TanakaV., Mikami Y. and Kobayashi

J. (2003) Modiolidea A and B, two new 10-membered macroliflesn marine-derived
fungus.Journal of Natural Product66, 412-415.

Turner W.B. and Aldridge D.C. (1983)Fungal MetabolitesAcademic Press: London.



57

Upadhyay R.K., Kenfield D., Strobel G.A. and Hess WM. (1991) Ascochyta cypericola
sp. nov. causing leaf blight of purple nutsed@yperus rotundys Canadian Journal of

Botany69, 797-802.

Uspenskaya G.D. and Reshetnikova 1.A(1975) Toxins produced by spheropsidal fungi.
Mikologiya and Fitopatologiy®, 355—-357.

Vesonder R.F., Labeda D.P. and Peterson R.E. (199Phytotoxic activity of selected
water-soluble metabolites ofFusarium sp. against Lemna minor L. (Duckweed).
Mycopathologyl 18, 185-189.

Vurro M., Evidente A., Andolfi A., Zonno M.C., Giordano F. and Motta A. (1998)
Brefeldin A and a,3-dehydrocurvularin, two phytotoxins fromAlternaria zinniag a
biocontrol agent oKanthium occidentald’lant Sciencéd 38, 67-79.

Vurro M., Zonno M.C., Evidente A., Andolfi A. and Montemurro P. (2001) Enhancement
of efficacy of Ascochyta caulindgo controlChenopodium alburby use of phytotoxins and

reduced rates of herbiciddgiplogical Control21, 182-190.

Wein R.W., Wein G.W., Bahret S. and Cody W.J. (1992Northward invading non-native
vascular plant species in and adjacent to WoodaBufNational Park, Canad&anadian
Field-Naturalist106, 216-224.

Yuzikhin O., Mitina G. and Berestetskiy A. (2007) Herbicidal potential of stagonolide, a
new phytotoxic nonenolide fronStagonospora cirsiiJournal of Agricultural and Food
Chemistry55, 7707-7711.

Zonno M.C., Vurro M., Lucetti S., Andolfi A., Perrone C. and Evidente A. (2008).
Phyllostictine A, a potential natural herbicide ¢guoed by Phyllosticta cirsii in vitro

production and toxicityPlant Sciencéd 75, 818-825.



Fig. 1.Cirsium arvense
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Fig. 2. Sonchus arvensis
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Fig. 3. Structure of ascosonchin® solated fromAscochyta sonclaulture filtrates.
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Fig. 4. Structure ofp-hydroxybenzaldehyde?), cytochalasins B and F, and deoxaphorin (
4 and5) isolated from liquid and solid cultures oP. exiguavar. exigua strain C-177,
structure of cytochalasins Z2 and A38gnd7) isolated from a solid culture &f. exiguavar.

exiguastrain S-9.
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63

17

16

Fig. 6. Structure of stagonolides G-14-16 and modiolide A 17), isolated from liquid
culture ofS. cirsii
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Fig. 7. Structure of phyllostictines A-DLB-21) isolated from liquid culture d®. cirsii.
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Fig. 9. Structure of alternethanoxins A andZBland25) isolated fromAlternaria
sonchi.
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Fig. 10.Acetylation of alternethanoxin A.
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(MPTA) of alternethanoxin A28 and29).
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Fig. 13. H NMR spectrum of alternethanoxin A recorded at B04xz.

70



71

|

Fig. 14.COSY spectrum of alternethanoxin A recorded at lGB{x.
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Fig. 17. 3C NMR spectrum of alternethanoxin A recorded at B{.
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Fig. 23. 'H NMR spectrum of triacetylalternethanoxin A receddat 600 MHz.
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Fig. 47a and 48bEffect of concentration of alternethanoxin A opesof necrotic lesion
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Fig. 48a and 48bEffect of concentration of alternethanoxin B aresof necrotic lesion
onS. arvensisgeaf discs.
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Phleum pratense, 7= Rumex obtusifolia, 8 =Chenopodium album, 9

Cannabis sativa, 10=Elytrigia repens).

Cirsium arvense, 3= Taraxacum officinalis, 4= Aegopodium podagaria, 5= Trifolium

Fig. 49a and 49b. Host range assay of aternethanoxins A (1= Sonchus arvensis, 2

pratense, 6
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Fig. 50. Effect of combined application of alternethanoxfnand B
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Fig. 51. Effect of alternethanoxin A tested at differenhcentration on root growth in
seedlings of lettuce (24 h post application). Memasked with same letter are not differed
significantly at p=0.05 by Fischer’s LSD test
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Fig. 52. Effect of alternethanoxin A on root growth in skegk of different plants at the
concentration 0.05 mg/mi
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Fig. 53. Effect of alternethanoxin A (tested at the conmin 2 mg/ml) on electrolyte
leakage in leaves @irsium arvens€l8 h post application)
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Fig. 54.Effect of alternethanoxin A on morphology of onicells. 24 h after treatment.
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Solid Culture
1.5 Kg

Extraction with 2%NaCl solution -acetone (1:1)

I:I Phytotoxic fractions*

|:| Organic extract
No phvtotoxic fractions 975 mg
¢ silica gel column
Eluent CHCI;- iso-PrOH 9:1
A B C D E F G H | 713 Aceton
7.6 64 68 174.7 55 62.2 76.3 112 157 21.3 e

i Silica gel column
Eluent CHCI;- iso-PrOH 95:5

1 2 3 4 5
6 mg 88mg | 11mg | 10mg | 22 mg

TLC
‘ Eluent CHCIs- iso-
PrOH 95:5
T 17T T 17 17 11
1 2 3 4 5 6 7 8
TLC
Reverse phase ¢ \
eluent
Alternethanoxin Alternethanoxin
B 2.2 mg A 51 mg
(mg/kg) (mg/kg)

Scheme 1Process of extraction of solid culturefAfsonchiand purification of the corresponding organiaast by column
chromatography
*The phytotoxicity was assayed by leaf disc puncassay on leaves of host plant



Table 1.Promising phytotoxins for use as natural herbicides
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Microbial source Phytotoxin Target weed Site of etion

Fungi

Alternaria alternata Tenuazonic acid Datura innoxia

A. alternata Tentoxin Grasses, broad-leaved weeds CF 1-ATPase

A. alternata f. sp. lycopersici AAL-toxin Garden cress

A. alternata f. sp. maculosa Maculosins Spotted knapweed

A. zinniae Zinniol Lettuce seedlings Disruption of calcium-

regulated cell processes

Ascochyta hyalospora Ascochytine; Lambsquaters, prickly sida Elegtimleakage and
hyalopyrone inhibition of root growth

A. caulina Trans-4- Chenopodium rubrum Unknown
aminoproline

Bipolaris cynodontis Bipolaroxin Velvet leaf and pigweed

Cepahlosporium spp 1233A HMG CoA synthase

Cercospora kikuchii

Fusarium sp.
Gliocladium virens

Helminthosporium sativum
Irpex polyhedon

Paecilomyces variotii SANK
21086

Actinomycetes

Nocardia sp. no. 2-200

Streptomyces hygroscopicus

S. hygroscopicus
S. hygroscopicus var. geldanus

Streptomyces sp..

S. suganonensis

S. toyacaensis
S. hygroscopicus

Streptomyces sp. A7847
Streptomyces sp.

Streptomyces sp. 620061
Streptomyces sp. AM-3672

Bacteria

Cercosporin

Fusaric acid
Viridol

Prehelminthosporal

Irpexil
Cornexistin

Thiolactomycin

Hydantocidin

Polyethrin A
Geldanamycin

Anisomycin

Herbicidins A/B

Toyocamycin
Nigericin

Herboxidiene

SF-701

Pyrizadocidin
Herbimycin

Pseudomonas syringae var. tabaciTabtoxin

P. syringae var. phaseolicola

P. syringae pv. atropurpurea

Cyanobacteria
Scytonema hofmanni

Phaseolotoxin

Coronatine

Cyanaobacterin

Higher plants (not defined)
Broad spectrum
Johnsongrass

Dicotyledonous weeds and

some monocotyledonous
weeds

Higher plants (not defined)

Broad spectrum

Garden cress
Garden cress

Barnyard grass and crabgrass

Monocotyledonous and
dicotyledonous weeds

Broad spectrum
Barnyard grass

Gaint foxtail
Digitaria spp., giant foxtail
(Echinocloa crusgalli),

Chenopodium and Portulaca

Broad spectrum
Glycine wightii and
Macrophillium atropurpureum

Lemna gibba

Lipidgedation and
photo-sensitizing action

Jimsonweed and dwatkwe

Unknown
Enzyme inhibitor

Aspartateami
transferase
inhibition

Type Il fatty acid
synthetase

Inhibits ceramide lsgse

Inhibioib
photosynthesis

Potassium ionphore and
photophosphorylation
inhibitor

Unknown

Inhibition via starch
synthesis

Elctron transporhihition
Unknown

GS-GOGAT pathway
Ornithine carbamoyl
transferase inhibitor

Inhibits PSII site
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Table 2 *H and**C NMR data of alternethanoxins A (24)

Compound 24

Position  &C nf OH HMBC

1 148.8 s MeCO

2 128.6 s

3 109.5d 6.21s MeCO

4 160.0 s H-3

5 160.0 s

6 109.5d 6.21s

6a 153.0s H-10, H-9
7 167.3 s H-8, OMe
8 122.2d 7.46 dJE7.5 Hz) H-10, H-9
9 131.0d 7.34dd)=7.5and 7.1 Hz) H-8

10 121.4d  7.11 dI(=7.1 Hz) H-8

10a 130.4 s H-9

10b 109.8 s H-6 and/or H-3
MeO 52.5¢q 3.62s

MeCO 198.7 s H-3
MeCO 22.0q 2.23s H-3

#The chemical shifts are tvalues (ppm) from TMS.

P2D H, H (COSY)®C,'H (HSQC) NMR experiments delineated the
correlations of all the protons and the correspandarbons.
“Multiplicities were assigned by DEPT spectra.
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Table 3.'H and**C NMR data of alternethanoxins B (25)

Compound 25

Position  3C nf oH HMBC

1 148.8 s MeCO
HOC-C(3), H-3,

2 112.4 s MeCO

3 107.2d 6.73s HOC-C(3), MeCO

4 161.1s HOC-C(3)

5 155.6 s H-3

6 111.4d 6.62s

6a 150.8 s H-8, H-9

7 169.2 H-8, OMe

8 125.4d  7.36 dJ(J=9.0 Hz) H-9

9 122.2d  7.47 d)(=9.0 Hz) H-8

10 152.2 s

10a 155.6 s H-9

10b 118.6 s

MeO 53.2 ¢ 4.00 s

MeCO 180.1s H-3

MeCO 22.7 q 243 s H-3

#The chemical shifts are tvalues (ppm) from TMS.

2D 'H, *H (COSY)*C,’H (HSQC) NMR experiments delineated the
correlations of all the protons and the correspaogdarbons.
“‘Multiplicities were assigned by DEPT spectra.



Table 4. Mitotic index of onion root tips exposed to altethmnoxin A
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Total cells observed, %

Concentration
Prophase Metaphase Anaphase Telophase
0.1 mg/ml 1.45 3.60 1.50 0.20
0.01 mg/ml 2 1.76 1.23 0.05
0.001 mg/ml 1.60 2.60 0.80 0.20
0 1.24 3.80 1.30 0.70




