A peer-reviewed open-access journal

NeoBiota 11: 1–24 (2011)

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

doi: 10.3897/neobiota.11.1803

ReVIEW article

www.pensoft.net/journals/neobiota

1

NeoBiota

Launched to accelerate biodiversity research

Plant pathogens as biocontrol agents of
Cirsium arvense – an overestimated approach?
Esther Müller1, Wolfgang Nentwig1
1 Institute of Ecology and Evolution, University of Bern, Baltzerstrasse 6, CH 3012 Bern, Switzerland
Corresponding author: Wolfgang Nentwig (wolfgang.nentwig@iee.unibe.ch)
Academic editor: Ingolf Kühn | Received 13 June 2011 | Accepted 10 November 2011 | Published 30 November 2011
Citation: Müller E, Nentwig W (2011) Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated
approach?. NeoBiota 11: 1–24. doi: 10.3897/neobiota.11.1803

Abstract
Cirsium arvense is one of the worst weeds in agriculture. As herbicides are not very effective and not accepted by organic farming and special habitats, possible biocontrol agents have been investigated since
many decades. In particular plant pathogens of C. arvense have received considerable interest and have
been promoted as “mycoherbicides” or “bioherbicides”. A total of 10 fungi and one bacterium have been
proposed and tested as biocontrol agents against C. arvense. A variety of experiments analysed the noxious
influence of spores or other parts of living fungi or bacteria on plants while others used fungal or bacterial products, usually toxins. Also combinations of spores with herbicides and combinations of several
pathogens were tested. All approaches turned out to be inappropriate with regard to target plant specificity, effectiveness and application possibilities. As yet, none of the tested species or substances has achieved
marketability, despite two patents on the use of Septoria cirsii and Phomopsis cirsii. We conclude that the
potential of pathogens for biocontrol of C. arvense has largely been overestimated.
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Introduction
Cirsium arvense (L.) Scop. (Canada thistle) is a perennial root-budding geophyte capable of sprouting from creeping roots that make it a vigorous pioneer in open, disturbed
habitats especially on nutrient-rich deep soils (Tiley 2010). Likely to be native of Europe, Western Asia and North Africa (Kazinczi et al. 2001), it has spread worldwide
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(Figure 1), to become one of the most noxious weeds on agricultural land (Skinner et
al. 2000). The most severe problems are caused in cereal fields and pastures, especially
in Europe (Guillerm and Maillet 1982, Franzini 1982, Dietl 1982, Niemeth 2001,
Purgar and Hulona 2008, Macak et al. 2008, Privalov et al. 2008), North America
(Alex 1966) and New Zealand (Rahman 1982). Canada thistle was introduced to
North America probably in the 17th century from Eurasia (Moore 1975, Tiley 2010).
There it has become an invasive weed that aggressively suppresses crops on cultivated
land and native plants on fallow land ( Moore 1975, Stachion and Zimdahl 1980).
C. arvense reproduces sexually with seeds and vegetatively with an expanding system of root buds. While seeds aid long distance dispersal, the clonal propagation via
the root system is considered to be most important for the effective colonization of a
given location. New shoots develop out of root buds and build up dense patches of
thistle shoots over the whole growth period. The formation of 106 shoots per square
metre supported by a root system measuring 399 m in total length was observed by
Stach (1996). With respect to the effect of Canada thistle on agriculture it is noteworthy that new shoots can develop out of very short root parts if the latter bear at least
one root bud. At the end of the growing season only the above ground green parts of
the plants die, while the root system overwinters.
The density of shoots and the long root system suppress the growth of most other
plants. In the case of arable crops this causes a suppression of the cultivated plants.
Yield losses of up to 60% have been reported depending on the kind of crop and on
the weed density. In cereal crops for example, densities of 6 to 20 Canada thistle shoots
per square metre cause up to 30% loss in grain yield. The overall global annual losses
have been estimated at 320 million US$ (Bailey et al. 2000).
In conventional farming, herbicides are commonly applied to control Canada
thistle. However, herbicides can damage non-target plant species (Matarczyk et al.
2002, Rodwell and Sheffield 2005), other trophic levels (Bunemann et al. 2006) and
adjacent ecosystems (Hayes et al. 2002, Relyea 2005, Perez et al. 2007). Additionally,
in the case of C. arvense herbicides mostly affect the aboveground plant parts and not
the root system. Therefore, they need to be applied several times a year and every year
anew, making this procedure ineffective and expensive. In New Zealand, for example,
the annual costs for herbicides, mowing and vaccination of grazing animals wounded
by the thistle’s spines (Gourlay 2004) amount to NZ$ 27 million just for the pastoral
industry in two regions of New Zealand.
In organic farming, where herbicides are not accepted, several other methods
for thistle growth control are used. Hoeing and mowing, for example, are used as
mechanical control methods (Hurrell and Bourdot 1996, Bacher et al. 1997, Kluth
et al. 2003, Graglia et al. 2006, Lukashyk et al. 2008). Both of them do not harm
the thistle substantially as they do not destroy the root system. On the contrary, hoeing can even support the clonal spread of thistles, because they are able to form new
shoots out of very short root cuttings. Mowing may even have a positive effect on
the performance of the thistle as it can reduce the competitiveness of associated plant
species (Edwards et al. 2000).
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Figure 1. Distribution area of Cirsium arvense. The green area represents the native area, red indicates
the invaded area. Circles indicate major invaded island groups. For northern Africa it seems not to be
clear if this is part of the native area or already invaded. In South America the hatched area indicates that
the invaded area could be larger but references seem to be scarce. According to Meusel and Jäger (1992),
Weber (2003), Tiley (2010), ISSG (2011).

Another possibility to curtail weeds is biological control with the help of biocontrol agents, usually insects, fungi, bacteria or viruses (McFadyen 1998). In the case of
Canada thistle, useful control agents have been sought especially among competing
plant species, herbivorous insects and fungus species. Experiments were performed
with different competing clover species (Lukashyk et al. 2008) and grass/clover mixtures (Graglia et al. 2006) which, together with mowing, resulted in a reduction of C.
arvense shoot density of up to 90%. Additionally, a strongly decreased above ground
biomass was achieved, presumably by suppressing the regrowth of thistle shoots after
mowing. Ang et al. (1994) showed for arable crops that increased interspecific competition from non-crop plants can reduce the abundance of C. arvense. Though Edwards
et al. (2000) found similar results in a permanent grassland community, this technique
has been classified as too intense and costly to be accepted among organic growers
(Graglia et al. 2006). This technique is also not applicable in ruderal sites or habitats
of conservational value.
Additionally, numerous studies about herbivores as potential biocontrol agents of
C. arvense were performed. In a recent review, Cripps et al. (2011) reviewed five insect
species that have been released in North America and New Zealand, however without any indications of successful control. Neither the coleopterans Altica carduorum
Guérin-Méneville, Lema cyanella (L.) (Chrysomelidae), Hadroplontus litura (F.) (= Ceutorhynchus litura), and Rhinocyllus conicus (Frölich) (Curculionidae), nor the dipteran
Urophora cardui (L.) (Tephritidae) could be established at all locations, where they were
released. Additionally, none of the species had a significant influence on the Canada
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thistle populations (Cripps et al. 2011, Julien and Griffith 1999). Some other herbivorous beetles, like the chrysomelid Cassida rubiginosa Müller (e.g. Ang et al. 1995,
Bacher and Schwab 2000, Clough et al. 2007) or the curculionid Larinus planus (F.)
were accidentally introduced to North America. They became established at several locations, but also had little or no impact on Canada thistle (Julien and Griffiths 1999).
The curculionid Cleonus piger Scop. (Watson and Keogh 1980) showed a considerable
impact on C. arvense but has never been released as a biocontrol agent. A reason for
this is certainly that the host range of Cleonus piger includes the artichoke and it could
therefore not be considered as a suitable biocontrol agent (Cripps et al. 2011).
In their review Cripps et al. (2011) concluded that none of the herbivorous arthropod species had a significant influence on Canada thistles. Since plant pathogens
are often cited as second major group of biocontrol agents (e.g., Charudattan and
Dinoor 2000), we analysed the existing studies on plant pathogens, mainly fungi and
bacteria, as biocontrol agents to close this review gap. There are plenty of studies on
this topic adopting a range of taxonomically diverse organisms and approaches. With
the present paper we aim at summarizing the results of these works and at presenting
a comprehensive review on the application of fungi and bacteria for biocontrol of
Canada thistle, C. arvense.
Biological control is usually defined as the usage of living organisms to control
other organisms. The current praxis, however, ranges from whole organism applications to the use of reproductive stages such as spores, parts of organisms and purified
compounds. Such secondary metabolites may be included or excluded when defining
biological control, see Ash (2010).The wide usage of the term “mycoherbicide” also
plays with the obvious similarity between organisms, isolated compounds and synthetic herbicides, when applied as an aerial spray. Therefore, we decided to include also
fungal and bacterial products into this review, especially since six out of eleven biocontrol agents as listed below served as compound source and since they were specifically
targeted against C. arvense.

Fungi as biocontrol agents
A total of 10 fungal species have been tested as biocontrol agents of C. arvense (Table 1).
Some experiments tested the performance of the living fungi while others used fungal
products, such as toxins.

Puccinia punctiformis
Most work was done on the biotrophic rust fungus Puccinia punctiformis (syn. P. obtegens (Link) Tul. and C. Tul. and P. suaveolens (Pers.) Rostr.), which is considered to
have the highest potential as a mycoherbicide (French and Lightfield 1990). The big
advantage of P. punctiformis for a use as a biocontrol agent is its species specificity to
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Table 1. Pathogens of Cirsium arvense, proposed for biocontrol. For further details, compare text. Effectivity is subdivided into high (ability to kill the plant) and limited (not able to kill the plant). Specificity is
subdivided into very high (specific to one species), high (specific to a few species of one family), low (many
species of one family), very low (many species of different families).
Systematics

Pathogen

Affected
plant part

Effectivity

Specificity Main references

Basidiomycota

Puccinia
punctiformis

leaves,
shoots

limited,
local

very high

Ascomycota

Phomopsis
cirsii

high

high

limited,
local

very low

Brosten and Sands (1986),
Bourdot et al. (1993, 1995)

limited

low

Berestetskii et al. (2010),
Green and Bailey (2000 a, b),
Green et al. (2001a)

unclear

Guske et al. (1996), Guske
(2002), Kruess (2002)

Sclerotinia
sclerotiorum

dead stems
and leaves,
roots
dead and
decaying
stems and
leaves

Alternaria
cirsinoxia

leaves

Phoma
destructiva

dead and
living plant high
material

Phoma
exigua

leaves

Stagonospora
leaves
cirsii

inconsistent very low
high, with
restrictions

low

Septoria cirsii leaves
high
very high
unknown,
only
Phyllosticta
extracted
unknown
unknown
cirsii
phytotoxins
tested
seeds,
Fusarium
seedlings,
inconsistent low
spec.
leaves, roots

Bacteria

Pseudomonas
leaves,
syringae pv.
shoots
tagetis

high

low

Frantzen (1994), French et al.
(1988), French and Lightfield
(1990), Kluth et al. (2003)
Leth and Andreasen (1999),
Leth and Andreasen (2000),
Leth et al. (2008)

Bithell and Steward (2001),
Waipara ( 2003), Bilder and
Berestetsky (2006), Scott et al.
(1975)
Gasich and Berestetskiy
(2006), Mitina et al. (2005),
Yuzikhin et al. (2007)
Leth (1985, 1990)
Berestetskiy et al. (2005),
Evidente et al. (2007, 2008a)
Bailey BA et al. (1997 b,
2000), Bailey KL et al. (2000),
Gronwald et al. (2004)
Bailey KL et al. (2000),
Johnson and Wyse (1991),
Johnson et al. (1996),
Lukens and Durbin (1985),
Rhodehamel and Durbin
(1985), Tichich and Doll (
2006)

C. arvense. However, single reports of P. punctiformis on other Cirsium species and
Asteraceae genera (Tykhonenko and Minter 2002, Berner et al. 2002) require further
investigation. Research on P. punctiformis in biocontrol started almost 100 years ago
when Olive (1913) studied how C. arvense became infected by the rust fungus and pro-
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duced systemically infected shoots. The importance of these observations for a possible
control of C. arvense was recognized by Cockayne (1915) and Ferdinandsen (1923).
Later studies were carried out attempting to stimulate spore germination (French et al.
1988, French 1990, French and Lightfield 1990, Frantzen 1994, French et al. 1994),
to artificially spread spores in order to obtain higher infection rates (Thomas et al.
1994, Guske et al. 2003, Kluth et al. 2003, Demers et al. 2006, Wandeler and Bacher
2006, Müller et al. 2011) and studying interactions between P. punctiformis and insects
(Friedli and Bacher 2001a, Kluth et al. 2001, Kluth et al. 2002, Cripps et al 2009).
Puccinia punctiformis causes two different kinds of infections, local and systemic
infections. While local infections cause only small lesions on thistle leaves and influence the plant’s performance only marginally (Kluth et al. 2005), systemic infections
usually kill the infected shoots within a few months, mostly before flowering (French
and Lightfield 1990). Most studies were unable to reach higher rates of systemic infection than 20 to 50% by artificial inoculation (e.g., Van den Ende et al. 1987, French
et al. 1988, Frantzen 1994, Wandeler and Bacher 2006, Müller et al. 2011). This is
considered inadequate for a successful suppression of C. arvense (Van den Ende et al.
1987, Van Leest and Scheepens 1994).
Wandeler and Bacher (2006) observed that the weevil Ceratapion (= Apion) onopordi
Kirby (Coleoptera: Curculionidae) acts as a vector of P. punctiformis and that C. arvense
becomes systemically infected after spore transmission. Only females were found to cause
systemic infection (Friedli and Bacher 2001 a, b) suggesting that egg-laying, not feeding
on the host plant is likely to be the underlying mechanism. Unfortunately, spore transmission by female C. onopordi did not result in an adequate infection and control level, either.
The highest infection rate reached in this semi-field study was about 42%, whereas a rate
of more than 80% or 90% would be necessary for effective control. Moreover, Cripps et
al. (2009) found that rust infection rates were similar in areas with or without the weevil,
indicating that its presence does not enhance systemic rust infection.
One can conclude that P. punctiformis as a potential biocontrol agent against C. arvense presently has the serious handicap that there are no suitable methods to cultivate
this biotrophic rust fungus, to produce sufficient amounts of infectious spores, and to
applicate spores in an effective and economic manner to obtain the necessary infection
rate. The most difficult step in this chain of argumentation is obviously the lack of
understanding of the process by which a systemic infection is initiated.

Sclerotinia sclerotiorum
Sclerotinia sclerotiorum (Lib.) de By. is able to attack shoots and roots and can kill Canada
thistles (Brosten and Sands 1986). Under natural conditions this fungus leads to localised
patches of dead thistle shoots, ranging from one to several dead shoots. The extent of the
destruction is possibly limited by Sclerotina’s slow rate of expansion (Brosten and Sands
1986). All studies based on artificial infection showed mortality of vegetative shoots and
a reduction in the root biomass (Bourdot et al. 1993, 1995, Bourdot and Harvey 1996).
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Higher infection rates were achieved with plants that were experimentally wounded before
the treatment (Bourdot et al. 2004). The potential of S. sclerotiorum as control agent seems
to be limited, as thistle shoots need to be re-infected in the next growing season because
the fungus seems to be unable to hibernate in the root system of the thistle (Bourdot et al.
2006). A further limitation is the high variability of the impact of the fungus on the host
population, leading to a reduction ranging between 20 and 95%. This depends on site,
fungal strains and resistence of the C. arvense clones. Additionally, S. sclerotiorum needs a
minimum of free water like rain or dew for a successful infection. This also limits the use
as a biocontrol agent to some climate regions where free water is available (Brosten and
Sands 1986). The major objection against the use of S. sclerotiorum, however, is its lacking
host specificity and occurrence on several hundreds of known host plants. Whereas its
virulence on C. vulgare, Carduus nutans and many more wildflower species (Bourdot and
Harvey 1996) may not pose a problem, the virulence on canola and many vegetable species Pennycook 1989) limits its use as a biocontrol agent. As S. sclerotiorum is not virulent
on grasses and Trifolium ssp. Hurrell and Bourdot (1993) proposed using this pathogen
on pastures. Since S. sclerotiorum can survive for a long time in the ground (Bourdot et al.
2000) and as its spores are spread easily, its use on pastures may cause hazards after changes
of land use and for adjacent areas, even if a safety zone is allowed (De Jong et al. 2002)

Alternaria cirsinoxia
Another fungus widely discussed as a biocontrol agent is Alternaria cirsinoxia E.G.
Simmons and K. Mort., firstly isolated from C. arvense in Canada in 1993 (Simmons and Mortensen 1997). Though it causes severe foliar necrosis (Green and
Bailey 2000 a, b, Green et al. 2001a) its usefulness as a biocontrol agent is limited
by a number of shortcomings. First, the fungus is not species-specific. Green et al.
(2001a) tested several plant species from different families. With the exception of
leafy spurge (Euphorbia esula, Euphorbiaceae) only Asteraceae were infected, but
among these crops like sunflower (Helianthus annuus) and safflower (Carthamus
tinctorius) could be found. Secondly, climatic conditions must be appropriate for
the formation of appressoria and penetration of the leaf epidermis by the pathogen
(Green et al. 2001a). Climatic conditions are also a limiting factor for the performance of the mycelium. The mycelium survives at temperatures around 0°C and
can also overwinter; temperatures above 40°C kill it, thus it could only be used in
temperate climates. The growth optimum is reached at 20 to 25 °C (Green and
Bailey 2000 b, Green et al. 2001b). Also humidity conditions are limiting for a
survival of the fungus, as high air humidity or even free water is necessary for the
germination of the conidia (Green and Bailey 2000b). Alternaria cirsinoxia is primarily pathogenic on older, senescing leaves of C. arvense and infected plants can
recover by developing new, healthy leaves (Green and Bailey 2000a, Gannibal and
Berestetsky 2008) which additionally limits the fungus’ potential as a bioherbicide
(Green and Bailey 2000a). Berestetskii et al. (2010) identified zinniol as one of the
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phytotoxic substances in A. cirsinoxia. However, the use of zinniol as natural herbicide is apparently limited by its non-specific phytotoxic activity and its cytotoxicity.
A combined treatment of A. cirsinoxia and the herbicide glyphosate on C. arvense
was also tested. In a controlled environment, the combination of herbicide and the
fungus caused more severe damage to Canada thistle than glyphosate alone, but did
not reach a sufficient level of control. Moreover, the effects of A. cirsinoxia and glyphosate were not consistent in repeated field trials (Green and Bailey 2001). In conclusion,
A. cirsinoxia is not suitable for the biological control of Canada thistle due to its low
host specificity, unspecific toxicity and limited infection power.

Phomopsis cirsii
Phomopsis cirsii Grove, a necrotrophic fungus, was found on dead stems and leaves of C.
arvense and C. eriophorum in Great Britain (Grove 1935) and later on those of C. palustre
in Norway (Jørstad 1965) and Denmark (Leth 1985). In 2008, Leth et al. also found
the fungus on seeds of C. arvense. Early season symptoms are black leaf veins and small
limited necrotic lesions on stems, dying back of young shoots and wilting of shoots. Late
season symptoms are black necrotised peduncles and bracts, black veins and black or
brown necrotic lesions on the mature stems, often containing yellow patches with sporulating pycnidia (Leth et al. 2008). It can overwinter in dead stems and forms conidia
that are spread by rain splash or invertebrates. The fungus can be cultivated on artificial
substrates, and several experiments showed that it is possible to infect shoots of C. arvense
by spreading the fungal mycelium (Leth and Andreasen 1999, Leth and Andreasen 2000,
Leth et al. 2008). Precondition is that conidia and mycelial fragments are in contact with
free water at least for 18 h to cause infection. This time period can be shortened to 6 h by
the addition of alginate (Leth and Andreasen 2000). Spraying the mycelium on two-year
old thistle shoots resulted in a 50% reduction of fresh weight of the shoots (Leth and
Andreasen 1999). In other experiments, isolates killed 100% of the inoculated plants
(Leth et al. 2008), indicating a different virulence of different fungal strains. Leth et al.
(2008) suggested that it may be possible to increase the pathogen’s virulence against a
broad range of genotypes of C. arvense by optimising the cultivation practices. It remains
to be investigated whether this fungus is really restricted to Cirsium species and whether
it is able to kill whole thistle clones. If this turns out to be the case, the pathogen could
become a promising candidate for the biocontrol of Canada thistle. Some applications of
Ph. cirsii were covered by a patent (Leth 1985), for more details see below.

Phoma species
Phoma destructiva Plowr. was first mentioned in 1915 by Jamieson as the cause of a
fruit rot in tomatoes. Later it was also mentioned to cause leaf blight in tomato (Ebben and Critchle 1972) but the host spectrum is uncertain as Guske et al. (1996) and

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

9

Guske (2002) claim specificity of the fungus for C. arvense. This contradiction may
be accounted for by the presence of different varieties or special forms within Ph. destructiva (Aulakh et al. 1969). Guske et al. (1996) were the first to mention this fungus
as a biocontrol option against C. arvense. Germinating conidia cause systemic infections which influence the C/N ratio negatively and therefore reduce the plant growth
(Huber 1998), leading to chlorosis of the above-ground plant parts, a reduction in the
number of flower heads and seeds and a reduced biomass (Kruess 2002). It is possible
to inoculate thistle shoots (Kruess 2002) with this perthotrophic (Guske 2002) fungus.
Perthotrophic means that the fungus lives on dead plant material, killed before by the
fungus itself. This reduced plant quality was mentioned as a contraindication against
a combination of the fungal pathogen with the herbivorous beetle Cassida rubiginosa.
Infected plants were less attractive as hosts and larval performance and survival of the
beetle were reduced, so that synergistic effects were excluded (Kruess 2002) or perhaps
masked through decreased attractiveness of thistles to this beetle.
Better results were reached by a combination of Ph. destructiva with other plant
pathogens. The application of a mixture of four pathogens, Ph. destructiva, Ph. hedericola (Durieu and Mont.) Boerema, Ph. nebulosa (Pers.) Mont. and a Mycelium sterilum significantly reduced the reproduction of the plants and also affected their roots,
shown by a loss of dry root weight of 32% (Guske et al. 2004). A combination of Ph.
destructiva with P. punctiformis reduced the shoot density (Kluth et al. 2005) but not all
tested combinations of pathogens enhanced the control effect. A combination of Ph.
hedericola and P. punctiformis was less effective than Ph. hedericola alone. The single application of Ph. hedericola or Ph. nebulosa was less harmful to thistles than the combination of both. Application of Ph. nebulosa alone caused death of all main shoots. This
fungus is nevertheless inappropriate as a biocontrol agent, as more secondary shoots
arose after the primary ones died (Guske et al. 2004).
Another Phoma species found on C. arvense is Ph. exigua Desm. The weak leaf spot
pathogen (Waipara et al. 1997), preliminarily identified as Ascochyta sonchi (Mel’nik 2000)
and later reclassified to Ph. exigua (van der Aa et al. 2000, Boerema et al. 2004), parasitizes
more than 300 plant species and is discussed as a biocontrol agent against Taraxacum
officinale (Stewart-Wade and Boand 2004) and Gaultheria shallon (Zhao and Shamoun
2006). The Canada thistle was originally not identified as a host of Ph. exigua (van der
Aa 2000, Boerema et al. 2004) but could later be confirmed as such (Bithell and Steward
2001, Waipara 2003, Bilder and Berestetsky 2006). Inoculation experiments showed that
an artificial infection with the fungus is possible, but with inconsistent results between
different isolates. The disease development was much faster on detached than on attached
leaves, but the short-term experiment described by Bithell and Stewart (2001) does not
allow further conclusions on the progress of this infection. Scott et al. (1975) identified several phytotoxins in Ph. exigua which they recommended for biocontrol. However,
among these phytotoxins unspecific phyto- and cytotoxic cytochalasins are common and
cytochalasin A and B even cause potato gangrene (Scott et al. 1975). Moreover, the main
toxin ascosonchine is not virulent (Evidente et al. 2006), so that Ph. exigua cannot be
recommended for biocontrol (Cimmino et al. 2008).
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Stagonospora cirsii
Stagonospora cirsii Davis is a causal agent of brown foliar lesions on C. arvense. If sprayed
on seedlings during a dew period, it can kill nearly 100 % of the treated plants. The fungus
can also be dusted as mycelium powder onto the soil surface which led to the death of 60%
of treated seedlings in one study. Older plants are also affected but not killed. The fungus
is able to survive over long periods, at least in sterile soil and remains viable on organic
substrate after a cold winter period, but an infection of the thistle roots seemed to be impossible (Gasich and Berestetskiy 2006), which restricts its potential as a mycoherbicide.
S. cirsii also produces phytotoxins, demonstrated by the phytotoxic activity of
culture filtrates to leaves and roots of C. arvense (Mitina et al. 2005). Yuzikhin et al.
(2007) isolated a new phytotoxin, a nonenolid named stagonolide, from the fungus.
The phytotoxin was shown to be unspecific in general but more selective against
Asteraceae including sunflower (Helianthus annuus). Other crops, such as pepper
(Capsicum annuum), tomato (Lycopersicon esculentum), wheat (Triticum aestivum),
pea (Pisum sativum) and radish (Raphanus sativus) were also affected and displayed
leaf necrosis. Stagonolide was most harmful to leaves and acts as a strong inhibitor
of root growth in seedlings of C. arvense (30% decreased root length) and other
Asteraceae. Other isolated nonenolides, stagonolide B-F, showed no toxicity against
C. arvense (Evidente et al. 2008 b). Later, another four nonenolides were isolated by
Evidente and coworkers (Evidente et al. 2008 c). Three were new compounds, named
stagonolides G, H, and I, the fourth was identified as modiolide A, known from the
fungus Paraphaeosphaeria sp., living on the horse mussel Modiolus auriculatus (Tsuda
et al. 2003). Stagonolide G showed no toxic activity, whereas stagonolide H was most
toxic to C. arvense leaves, causing necrotic lesions. Also other plant species tested
showed necrotic lesions after inoculation with stagonolide H, but were less sensitive.
The authors concluded that this phytotoxin is highly phytotoxic and selective and
recommend it as a potential natural herbicide. However, as the fungus is highly infectious on seedlings of various plants and its extracted toxins are not specific and also
not that selective as mentioned by the authors, we question the potential of S. cirsii
as a biocontrol agent of C. arvense.

Septoria cirsii
Septoria cirsii Niessl causes leaf spot on Canada thistle. Because of its host specificity
and effective control of Canada thistle in the field, it had been proposed as a biocontrol agent (Leth 1985). Cultures of S. cirsii produce copious amounts of a phytotoxin
which was identified as beta-nitropropionic acid. The toxin inhibits seed germination,
root elongation and causes chlorosis and necrosis of the leaves of Canada thistle (Hershenhorn et al. 1993). S. cirsii is considered to be specific to the genus Cirsium, though
infections were also found on artichoke (Cynara scolymus), another Asteraceae. According to susceptibility tests, no signs of infection were found in plants outside the tribe

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

11

Cardueae of Asteraceae (Leth 1985). Active components of the fungus were suggested
as a mycoherbicide and their application seemed to be rather promising.
The application of Septoria cirsii and Phomopsis cirsii as mycoherbicide had been
covered by the patent of Leth (1985, 1990). This patent looked interesting but so far
never reached the market. At that time, Leth worked for Novo Industri A/S, Denmark.
In the 1990’s, Novo Industri sold its plant protection division to Abbott including
most of the patent rights, but not the Phomopsis patent. However, around 1999 Novo
Industri abandoned the case due to lack of interest and eventually, all patents on bioherbicides were abandoned. If no other party showed interest in the meantime, the patents
would have expired in 2004-2005 (personal communication Bo Hammer Jensen).

Phyllosticta cirsii
The fungus Phyllosticta cirsii Desm. has been evaluated as another possible biocontrol agent of Canada thistle (Berestetskiy et al. 2005). Since the genus Phyllosticta
is known to produce bioactive metabolites, studies concentrated on the isolation
of different phytotoxins. Evidente et al. (2007) identified the four phyllostictines
A to D, and later isolated phyllostoxin and phyllostin as further compounds (Evidente et al. 2008 a), with phyllostoxin being highly phytotoxic and phyllostin
not being toxic. Phyllostoxin was proposed as a potential natural herbicide but
its toxicity against other plant species was not tested and thus its specificity is
unknown. Evidente et al. (2008 a) also investigated potential side-effects of this
substance and concluded that antimicrobial or zootoxic activities were lacking.
However, these results base on only limited tests with three bacteria species, one
fungus species and one crustacean species and cannot be generalised. Until further
data become available phyllostoxin or P. cirsii itself cannot be regarded as suitable
biocontrol agents of Canada thistle.

Fusarium species
The genus Fusarium includes many species that are pathogenic to C. arvense, for example F.
equiseti (Corda) Sacc. (Gasich and Berestetskiy 2007). Species that occur on seeds can cause
the death of the seedlings, e.g. F. solani (Mart.) Sacc. and F. oxysporum E.F. Sm. and Swingle
(Fischl et al. 2004). Isolates of different Fusarium species reduced the emergence of new
shoots by 45-70% and shortened root growth by 25-52% when applied as a suspension on
the surface of root cuts (Bailey et al. 2000). Nep 1, an extracellular protein produced by F.
oxysporum f. sp. erythroxyli (Bailey 1995, Bailey et al. 1997 a), can cause necrosis of leaves of
dicotyledonous plants after foliar application (Bailey et al. 1997b, 2000a, 2000b, Jennings
et al. 2000). Gronwald et al. (2004) showed rapid desiccation and necrosis of leaves. The
greatest effect was observed in recent, fully expanded leaves, with 60 to 80% of the leaves
being necrotic after a few hours of foliar application. Two weeks after application the dry
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weight of the shoots was reduced by 30 to 41%. Similar results were obtained by a foliar
application of Nep 1 in combination with the bacterium Pseudomonas syringae pv. tagetis.
However, as neither the Fusarium spp. nor the extracted protein Nep1 are species specific,
they cannot be regarded as biocontrol agents.

Bacteria as biocontrol agents
The bacterium Pseudomonas syringae pv. tagetis (Pst), first found on Tagetes erecta (Hellmers
1955), is able to cause leaf spot and apical chlorosis on a number of Asteraceae, including
C. arvense (Johnson and Wyse 1991, Johnson et al. 1996, Rhodehamel and Durbin 1985,
Styer and Durbin 1982). The apical chlorosis is due to the production of the unspecific
compound tagetitoxin (Lukens and Durbin 1985, Durbin 1990). This toxin causes decreased vigour, inhibition of flowering and increased winter mortality (Johnson et al. 1996)
and it led to study Pst as a potential biological weed control agent. Bacteria have many
advantages compared to fungi: they grow very fast in liquid culture, can be stored frozen
or dried and are suited for genetic manipulation and selection (Johnson et al. 1996). Nevertheless, they were ignored for a long time as possible biocontrol agents mainly because
of their inability to penetrate intact plants (Templeton 1982). Field studies with a spray
application of Pst and a surfactant resulted in 100% disease incidence and greater severity
of disease symptoms than observed in natural infections. This led to a mortality of 57% of
the plants meaning a significant reduction of the thistle population (Johnson et al. 1996).
Another field study by Hoeft et al. (2001) showed similar results.
Application of Pst resulted in reduced survival of C. arvense, less height growth
and seed production. Less seed production leads to a reduced soil seed bank and less
regrowth of the thistle. Gronwald et al. (2002) tested different application methods
and effects of repeated applications. The authors found apical chlorosis in 67% of the
plants, resulting in a 31% reduction of plant height; they counted 81% fewer flower
heads and a survival rate reduced by 20% after two applications. Tichich and Doll
(2006) also found repeated applications to be more effective than a single one, as a
single application causes chlorosis but no loss of dry weight (Bailey 2000). In a growth
chamber experiment with foliar application of Pst, Gronwald et al. (2002) showed
a loss of dry weight of 52% and a loss of chlorophyll content of emerging leaves of
92%. Tagetitoxin inhibits plastidic RNA polymerase III, thus preventing chloroplast
biogenesis, so that infected plants produce new cells without chloroplasts and incapable of photosynthesis (Lukens and Durbin 1985, Lukens et al. 1987, Mathews and
Durbin 1990, Steinberg et al. 1990). To target the photosynthetic activity of aboveground plant parts appears to be a much better strategy than to try to deplete the roots’
reserves, followed by mechanical methods such as mowing (Tichich and Doll 2006).
However, also the repeated foliar application of the sap from naturally infected thistles
led only to a 50% incidence of disease, still not sufficient to effectively suppress thistle
growth (Tichich and Doll 2006). Further possibilities to increase the effectiveness of Pst as
a biocontrol agent include a strict selection for humid application periods to ameliorate the
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initial conditions for the plant pathogen (Tichich and Doll 2006, Tichich et al. 2006), selecting strains that produce more toxin (Gronwald et al. 2002, Tichich and Doll 2006), or
increase toxin production by optimal environmental and nutritional conditions (Bender et
al. 1999, Li et al. 1998), especially a high nitrogen supply during cultivation (Styer 1982).
These studies succeeded due to the combined application of Pst with Silwet L-77
or a similar organosilicone surfactant that facilitated the entry of bacteria into leaves
(Zidack et al. 1992, Zidack and Backman 1996) via the stomata and hydathodes, because of their property to lower surface tension (Neumann and Prinz 1974, Field and
Bishop 1988, Stevens et al. 1991). A combination of Pst with a chemical herbicide
such as glyphosate further increased disease symptoms and reduction of fresh and dry
weight significantly (Bailey et al. 2000). This suggests synergistic effects between the
bacterial agent and the herbicide (Christy et al. 1993).
Host specificity tests showed that tagetitoxin acts on a variety of Asteraceae (Johnson and Wyse 1991, Johnson et al. 1996, Rhodehamel and Durbin 1985, Styer and
Durbin 1982). Durban et al. (1989) described that wheat seedlings, after a first contact with tagetitoxin, completely lacked chlorophyll and Durbin (1990) designated
tagetitoxin a “non-host selective” compound. Obviously this substance is suitable as a
non-selective herbicide but not as a highly selective biocontrol agent.

Conclusion
Mycoherbicides have been praised since decades to solve problems of weeds in a
variety of habitats and as an upcoming strategy in organic farming but today results are still disappointing: only eleven products seem to have made it to the market worldwide (Charudattan and Dinoor 2000, Khetan 2001, Ash 2010). A recent
search among patents yielded 71 citations (Ash 2010) but this does not necessarily
indicate a huge product pipeline but rather underlines that most of them never will
be realised. On a global level, the reasons for this situation are multiple and heterogeneous but may be similar to those outlined for C. arvense and its pathogens.
The primary reason for the failure of most of the tested plant pathogens against
C. arvense is the missing host specificity (among the here presented pathogens,
this refers, e.g., to Alternaria cirsinoxia, Sclerotinia sclerotiorum, Phoma exigua, and
Pseudomonas syringae). A useful and safe biocontrol agent has to be as specific as
possible. Species-specificity would be ideal but is obviously very difficult to find.
Genus specificity may be acceptable quite often but has to be tested very carefully.
Less pronounced specificity, e.g. on family level, usually cannot be accepted. Also
the varying and low virulence of the pathogens pose a problem (e.g., Alternaria
cirsinoxia, Sclerotinia sclerotiorum, Phomopsis cirsii) as constant levels of virulence
must be ensured for a successful inhibition of the growth of the target weed. None
of the proposed fungi is able to kill a thistle clone, thus confirming the conclusion
in Charudattan’s (2005) review that weeds with a robust capacity for vegetative
regeneration are more difficult to control with pathogens. Another restriction en-
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countered is the obligate biotrophic nature of the rust Puccinia punctiformis which
poses the problem that this fungus cannot be cultivated in the laboratory to produce the necessary amount of inoculum.
This review shows for C. arvense, one of the single most important weeds of the
world, that despite nearly 100 years of research it was so far not possible to use fungi and
other pathogens as biocontrol agents. While it is generally undoubted that pathogens are
important regulators of plant populations (e.g., Mitchell and Power 2003), the specific
situation in a highly disturbed agricultural landscape is different since natural regulation
mechanisms are not strongly developed against C. arvense. At least for Canada thistles,
one could conclude that the potential of fungi as biocontrol agents has been overestimated even if Charudattan (2005) would state that this approach is still underdeveloped.
There is always a chance to find new and suitable biocontrol agents when increasing
the search effort. Nevertheless, for us it is today very difficult, to advice on suitable and
promising future research approaches for a biological control of Canada thistles.
The current regulatory situation where microbial products need to go through the
same registration procedure as conventional pesticides certainly represents a huge barrier for potential applicants. This may explain the considerable number of dead patents.
Size and diversity of a research consortium and the financial power of the industrial
partners may be further decisive parameters (Ash 2010, Bailey et al. 2010). Another
problem is target selectivity. Good biocontrol praxis demands an as high target specificity as possible. Economically speaking, however, such a small application basis is not
interesting at all. Therefore one could propose to accept agents of only medium target
selectivity since most applications would only occur in monocultures. While this even
may be correct for C. arvense, further candidate habitats would certainly include more
diverse landscapes and even natural habitats of conservational value. Since Canada thistles are invasive in most parts of the world, related, endemic thistle species, though protected and non-targets, suddenly could be affected by such an agent of low specificity.
In the case of C. arvense the research development of the last years, however,
points into the direction of applying secondary plant compounds. Such substances
quite often are structurally modified and can be produced synthetically. By this,
unspecific but powerful herbicides may come up. Though sometimes the term
“bioherbicide” is still used to indicate the biotic origin of such compounds they
are as good or bad as chemical herbicides with the classic problems of effectivity,
selectivity, degradability and potential side effects.

Acknowledgements
We are very grateful to Reinhard Berndt (Mycological Herbarium, ETH Zurich, Switzerland) for many comments and suggestions. We thank the Swiss Federal Offices for
Agriculture and for the Environment for long-term funding, Jan Pergl (Institute of
Botany, Czech Academy of Sciences, Pruhonice, Czech Republic) for composing the
distribution map, and two reviewers for their valuable comments.

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

15

References
Ang BN, Kok LT, Holtzman GI, Wolf DD (1994) Canada thistle (Cirsium arvense) response to
stimulated insect defoliation and plant competition. Weed Science 42: 403–410.
Ang BN, Kok LT, Holtzman GI, Wolf DD (1995) Canada thistle Cirsium arvense (L) Scop.
response to density of Cassida rubiginosa Muller (Coleoptera, Chrysomelidae) and plant
competition. Biological Control 5: 31–38. doi: 10.1006/bcon.1995.1004
Alex JF (1966) Survey of Weeds of Cultivated Fields in the Prairie Provinces, Canadian Department of Agriculture Experiment Farm, Research Branch, Regina, Canada.
Ash GJ (2010) The science, art and business of successful bioherbicides. Biol Cont 52:
230–240. doi: 10.1016/j.biocontrol.2009.08.007
Aulakh KS, Malhotra S, Grover RK (1969) Phoma destructiva, its variability, host range and
varietal reaction of tomatoes. Plant Disease Reporter 53: 219–222.
Bacher S, Heitzmann A, Nentwig W (1997) Problemunkräuter in ökologischen Ausgleichsflächen im Ackerbau. Agrarforschung 4: 65–67.
Bacher S, Schwab F (2000) Effect of herbivore density, timing of attack and plant community
on performance of creeping thistle Cirsium arvense (L.) Scop. (Asteraceae). Biocontrol Science and Technology 10: 343–352. doi: 10.1080/09583150050044619
Bailey BA (1995) Purification of a protein from culture filtrates of Fusarium oxysporum
that induces ethylene and necrosis in leaves of Erythroxylum coca. Phytopathology 85:
1250–1255. doi: 10.1094/Phyto-85-1250
Bailey BA, Hebbar P, Strem MD, Darlington LC, Lumsden RD (1997a) An alginate prill formulation of Fusarium oxysporum Schlechtend: FR. f. sp. erythroxyli for biocontrol of Erythroxylum coca
var. coca. Biocontrol of Science and Technology 7: 423–435. doi: 10.1080/09583159730839
Bailey, BA, Jennings JC, Anderson JD (1997b) The 24 kDa protein from Fusarium oxysporum f.
sp. erythroxyli: occurrence in related fungi and the effect of growth medium on its production. Canadian Journal of Microbiology 43: 45–55. doi: 10.1139/m97-007
Bailey BA, Collins R, Anderson JA (2000a) Factors influencing the herbicidal activity of Nep1,
a fungal protein that induces the hypersensitive response in Centaurea maculosa. Weed Science 48: 776–785. doi: 10.1614/0043-1745(2000)048[0776:FITHAO]2.0.CO;2
Bailey BA, Apel-Birkhold PC, Akingbe OO, Ryan JR, O’Neill NR, Anderson JD (2000b) Nep1
protein from Fusarium oxysporum enhances biological control of opium poppy by Pleospora
papaveracea. Phytopathology 90: 812–818. doi: 10.1094/PHYTO.2000.90.8.812
Bailey KL, Boyetchko SM, Derby J, Hall W, Sawchyn K, Nelson T, Johnson DR (2000) Evaluation of fungal and bacterial agents for biological control of Canada thistle. In: Proceedings of the X International Symposium on Biological Control of Weeds (ed. NR Spencer).
Bozeman, MT, Montana State University, 203–208.
Bailey KL, Boyetchko SM, Längle T (2010) Social and economic drivers shaping the future of
biological control: A Canadian perspective on the factors affecting the development and use
of microbial biopesticides. Biol Contr 52: 221–229. doi: 10.1016/j.biocontrol.2009.05.003
Bender CL, Alarcon-Chaidez F, Gross DC (1999) Pseudomonas syringae phytotoxins: mode of
action, regulation, and biosynthesis by peptide and polyketide synthetases. Microbiology
and Molecular Biology Reviews 63: 266–292.

16

Esther Müller & Wolfgang Nentwig / NeoBiota 11: 1–24 (2011)

Berestetskiy AO Yuzikhin OS, Katkova AS, Dobrodumov AV, Sivivogrivo DE, Kolombet LV
(2010) Isolation, identification, and characteristics of the phytotoxin produced by the
fungus Alternaria cirsinoxia. Applied Biochemistry and Microbiology 46: 75–79. doi:
10.1134/S0003683810010138
Berestetskiy A, Gagkaeva TY, Gannibal PB, Gasich EL, Kungurtseva OV, Mitina GV, Yuzikhin
OS, Bilder IV, Levitin MM (2005) Evaluation of fungal pathogens for biocontrol of Cirsium arvense. In: Barberi P, Bastiaans L, Christensen S (Eds) Proceedings of the 13th European Weed Research Society Symposium (). CCBC, Bari, Italy, Abstract 7.
Berner DK, Paxson LK, Bruckart WL, Luster DG, McMahon M, Michael JL (2002) First report of Silybum marianum as a host of Puccinia punctiformis. Plant Disease 86: 1271. doi:
10.1094/PDIS.2002.86.11.1271B
Bilder I, Berestetskiy A (2006) Potential of Phoma exigua var. exigua for biocontrol of perennial thistles. In: Proceedings International Conference: Development of environmentally
friendly plynt protection. Pühajarve, Estonia, 22–23.
Bithell SL, Stewart A (2001) Evaluation of the pathogenicity of Phoma exigua var. exigua on
California thistle. NZ Plant Protection 54: 179–183.
Boerema GH, de Gruyter J, Noordeloos ME, Hamers MEC (2004) Phoma identification manual: differentiation of specific and infraspecific taxa in culture. CABI Publishing, Wallingford, UK. doi: 10.1079/9780851997438.0000
Bourdôt GW, Harvey IC, Hurrell GA, Alexander RT (1993) An experimental mycoherbicide utilizing Sclerotinia sclerotiorum controls on pasture populations of Cirsium arvense in
Canterbury. In: Proceedings 1993 of the 46th New Zealand Plant Protection Conference,
Christchurch, New Zealand, 251–256.
Bourdôt GW, Harvey IC (1996) The potential of the fungus Sclerotinia sclerotiorum as a biological herbicide for controlling thistles in pasture. Plant Protection Quarterly 11: 259–262.
Bourdôt GW, Hurrell GA, Saville DJ (2004) Wounding of Cirsium arvense enhances the efficacy of Sclerotinia sclerotiorum as a mycoherbicide. New Zealand Plant Protection 57:
292–297.
Bourdôt GW, Hurrell GA, Saville DJ, Leathwick DM (2006) Impacts of applied Sclerotinia
sclerotiorum on the dynamics of a Cirsium arvense population. Weed Research 46: 61–
72. doi: 10.1111/j.1365-3180.2006.00481.x
Bourdôt GW, Saville DJ, Hurrell GA, Harvey IC, De Jong MD (2000) Risk analysis of Sclerotinia sclerotiorum for biological control of Cirsium arvense in pasture: Sclerotium survival.
Biocontrol Science and Technology 10: 411–425. doi: 10.1080/09583150050115007
Broston BS, Sands DC (1986) Field trials of Sclerotinia sclerotiorum to control Canada thistle
(Cirsium arvense). Weed Science 34: 377–380.
Bunemann EK, Schwenke GD, Van Zwieten L (2006) Impact of agricultural inputs on soil organisms – a review. Australian Journal of Soil Research 44: 379–406. doi: 10.1071/SR05125
Charudattan R (2005) Ecological, practical, and political inputs into selection of weed targets:
What makes a good biological control target? Biol Contr 35: 183–196. doi: 10.1016/j.
biocontrol.2005.07.009
Charudattan R, Dinoor A (2000) Biological control of weeds using plant pathogenes: accomplishments and limitations. Crop Protection 19: 691–695. doi: 10.1016/S02612194(00)00092-2

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

17

Christy AL, Herbst KA, Kostka SJ, Mullen JP, Carlson PS (1993) Synergizing weed biocontrol
agents with chemical herbicides. In: Duke SO, Menn JJ, Plimmer JR (Eds) Pest Control with Enhanced Environmental Safety. ACS Symposium Series 524, Washington, DC,
USA, 87–100.
Cimmino A, Andolfi A, Berestetskiy A, Evidente A (2008) Production of phytotoxins by Phoma exigua var. exigua, a potential mycoherbicide against perennial thistles. Journal of Agricultural and Food Chemistry 56: 6304–6309. doi: 10.1021/jf8004178
Clough Y, Kruess A, Tscharnke T (2007) Local and landscape factors in differently managed
arable fields affect the insect herbivore community of a non-crop plant species. Journal of
Applied Ecology 44: 22–28. doi: 10.1111/j.1365-2664.2006.01239.x
Cockayne AH (1915) Californian thistle rust. New Zealand Journal of Agriculture 11: 300–302.
Cripps MG, Edwards GR, Waipara NW, Bourdôt GW, Saville DJ, Fowler SV (2009) Does
transmission of the rust pathogen, Puccinia punctiformis, require stem mining vectors? Biocontrol Science & Technology 19: 447–454. doi: 10.1080/09583150802699420
Cripps MG, Gassmann A, Fowler S, Bourdot G, McClay E, Edwards G (2011) Classical biological control of Cirsium arvense: lessons from the past. Biological control. doi: 10.1016/j.
biocontrol.2011.03.011
De Jong MD, Bourdôt GW, Hurrell GA, Saville DJ, Erbrink HJ, Zadoks JC (2002) Risk
analysis for biological weed control: Simulating dispersal of Sclerotinia sclerotiorum (Lib.)
de Bary ascospores from a pasture after biological control of Cirsium arvense (L.) Scop.
Aerobiologia 18: 211–222. doi: 10.1023/A:1021339202533
Demers AM, Berner DK, Backman PA (2006) Enhancing incidence of Puccinia punctiformis,
through mowing, to improve management of Canada thistle (Cirsium arvense). Biological
Control 39: 481–488. doi: 10.1016/j.biocontrol.2006.06.014
Dietl W (1982) Weeds of pastures and meadows in the European Alps. In: Holzner W, Numata
N (Eds) Biology and ecology of weeds. W. Junk, The Hague, The Netherlands, 375–388.
Durbin RD (1990) Biochemistry of non-host-selective phytotoxins. In: Microbes and Microbial Products as Herbicides (ed. RE Hoagland). ACS Symposium Series 439, American
Chemical Society, Washington D.C., USA. 63–71.
Durbin RD, Lukens JH, Uchytil TF, Rhodehamel N (1989) Manufacture and the use of
tagetitoxin. United States Patent Number 4,874,706, http://www.freepatentsonline.
com/4874706.pdf
Ebben MH, Critchle P (1972) Phoma destructiva causing leaf blight of tomato in ascension
island. Plant Disease Reporter 56: 869.
Edwards GR, Bourdôt GW, Crawley MJ (2000) Influence of herbivory, competition and soil
fertility on the abundance of Cirsium arvense in acid grasslands. Journal of Applied Ecology
37: 321–334. doi: 10.1046/j.1365-2664.2000.00495.x
Evidente A, Berestetskiy A, Andolfi A, Zonno MC, Cimmino A, Vurro M (2006) Relation
between in vitro production of ascosonchine and virulence of strains of the potential mycoherbicide Ascochyta sonchi: a method for its quantification in complex samples. Phytochemical Analysis 17: 357–364. doi: 10.1002/pca.926
Evidente A, Cimmino A, Andolfi A, Vurro M, Zonno MC, Motta A (2007) Phyllostictines
A-D, oxazatricycloalkenones produced by Phyllosticta cirsii, a potential mycoherbicide of
Cirsium arvense. Tetrahedron 64: 1612–1619. doi: 10.1016/j.tet.2007.12.010

18

Esther Müller & Wolfgang Nentwig / NeoBiota 11: 1–24 (2011)

Evidente A, Cimmino A, Andolfi A, Vurro M, Zonno MC, Motta A (2008a) Phyllostoxin and
Phyllostin, bioactive metabolites produced by Phyllosticta cirsii, a potential mycoherbicide
for Cirsium arvense biocontrol. Journal of Agricultural and Food Chemistry 56: 884–888.
doi: 10.1021/jf0731301
Evidente A, Cimmino A, Berestetskiy A, Andolfi A, Motta A (2008c) Stagonolides G#I and
modiolide A, nonenolides produced by Stagonospora cirsii, a potential mycoherbicide for
Cirsium arvense. Journal of Natural Products 71:1897–1901. doi: 10.1021/np800415w
Evidente A, Cimmino A, Berestetskiy A, Mitina G, Andolfi A, Motta A (2008b) Stagonolides
B-F, nonenolides produced by Stagonospora cirsii, a potential mycoherbicide of Cirsium
arvense. Journal of Natural Products 71: 31–34. doi: 10.1021/np0703038
Ferdinandsen C (1923) Biologiske Undersogelser over Tidsel-rust (Puccinia suaveolens (Pers.)
Rostr.) Nordisk Jordbrugsforshning 5–8: 475–487.
Field RJ, Bishop NG (1988) Promotion of stomatal infiltration of glyphosate by an organosilicone surfactant reduces the critical rainfall period. Pesticide Science 24: 55–62. doi:
10.1002/ps.2780240106
Fischl G, Beres I, Dongo A, Kazinczi G, Mikulas J (2004) Fungi isolated from seeds and vegetative organs of perennial weeds (Asclepias syriaca, Cirsium arvense, Convolvulus arvensis).
Zeitschrift für Pflanzenkrankheiten und Pflanzenschutz – Journal of Plant Disease and
Protection 19: 605–609.
Frantzen J (1994) The role of clonal growth in the pathosystem Cirsium arvense Puccinia punctiformis. Canadian Journal of Botany 72: 832–836. doi: 10.1139/b94-107
Franzini E (1982) Italy. In: Holzner W, Numata N (Eds) Biology and ecology of weeds, W.
Junk, The Hague, The Netherlands, 245–256.
French RC (1990) Stimulation of germination of teliospores of Puccinia punctiformis by Nonyl, Decyl, and Dodecyl Isothiocyanates and related volatile compounds. Journal of Agriculture and Food Chemistry 38: 1604–1607. doi: 10.1021/jf00097a037
French RC, Lightfield AR (1990) Induction of systemic aecial infection in Canada thistle (Cirsium arvense) by teliospores of Puccinia punctiformis. Phytopathology 80: 872–877. doi:
10.1094/Phyto-80-872
French RC, Nester SE, Binder RG (1994) Volatiles from germinating Canada thistle Seed and
root cuttings that stimulate germination of teliospores of the Canada thistle rust fungus,
Puccinia punctiformis. Journal of Agriculture and Food Chemistry 42: 2937–2941. doi:
10.1021/jf00048a055
French RC, Turner SK, Sonnett PE, Pfeffer P, Piotrowski E (1988) Properties of an extract from
Canada thistle roots that stimulates germination of dormant teliospores of Canada thistle
rust (Puccinia punctiformis). Journal of Agriculture and Food Chemistry 36: 1043–1047.
doi: 10.1021/jf00083a034
Friedli J, Bacher S (2001a) Mutualistic interaction between a weevil and a rust fungus, two
parasites of the weed Cirsium arvense. Oecologia 129: 571–576.
Friedli J, Bacher S (2001b) Direct and indirect effects of a shoot-base boring weevil and plant
competition on the performance of the creeping thistle, Cirsium arvense. Biological Control 22: 219–226. doi: 10.1006/bcon.2001.0971

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

19

Gannibal PhB, Berestetskii AO (2008) Species of the genus Alternaria in the mycobiota of
Canada thistle (Cirsium arvense), their toxigcnicity and pathogenicity. Mikologiya i Fitopatologiya 42: 110–118.
Gasich EL, Berestetskiy AO (2006) Studies on soil application of Stagonospora cirsii, a
candidate for biological control of Cirsium arvense. Agronomy Research 4 (Special
Issue), 171–175.
Gourlay AH (2004) Classical biological control of Californian thistle: the New Zealand
story. In: 14th 2004 Australian Weeds Conference, Wagga Wagga, NSW, Australia,
374–377.
Graglia E, Melander B, Jensen RK (2006) Mechanical and cultural strategies to control
Cirsium arvense in organic arable cropping systems. Weed Research 46: 304–312. doi:
10.1111/j.1365-3180.2006.00514.x
Green S, Bailey KL (2000 a) Effects of leaf maturity, infection site, and application rate of
Alternaria cirsinoxia conidia on infection of Canada thistle (Cirsium arvense). Biological
Control 19: 167–174. doi: 10.1006/bcon.2000.0860
Green S, Bailey KL (2000 b) Influence of moisture and temperature on infection of Canada thistle by Alternaria cirsinoxia. Plant Disease 84: 1126–1132. doi: 10.1094/
PDIS.2000.84.10.1126
Green S, Bailey KL (2001) A combination of glyphosate and Alternaria cirsinoxia for control of
Canada thistle (Cirsium arvense). Canadian Journal of Plant Pathology 23: 198.
Green S, Bailey KL, Tewari JP (2001) The infection process of Alternaria cirsinoxia on Canada
thistle (Cirsium arvense) and host structural defence responses. Mycological Research 105:
344–351. doi: 10.1017/S0953756201003525
Green S, Mortensen K, Bailey KL (2001) Host range, temperature response, survival and
overwintering of Alternaria cirsinoxia. Biological Control 20: 57–64. doi: 10.1006/
bcon.2000.0875
Gronwald JW, Plaisance KL, Bailey BA (2004) Effects of the fungal protein Nep1 and Pseudomonas syringae on growth of Canada thistle (Cirsium arvense), common ragweed (Ambrosia artemisiifolia), and common dandelion (Taraxacum officinale). Weed Science 52:
98–104. doi: 10.1614/ws-03-021R
Gronwald JW, Plaisance KL, Ide DA, Wyse DL (2002) Assessment of Pseudomonas syringae pv. tagetis as a biocontrol agent for Canada thistle. Weed Science 50: 397–404. doi:
10.1614/0043-1745(2002)050[0397:AOPSPT]2.0.CO;2
Grove WB (1935) British stem- and leaf- fungi (Coelomycetes). Cambridge Press, Cambridge,
UK.
Guillerm JL, Maillet J (1982) Western Mediterranean countries of Europe. In: Holzner W,
Numata N (eds) Biology and Ecology of Weeds. W. Junk, TheHague, The Netherlands,
227–243.
Guske S (2002) Grundlegende Untersuchungen zur biologischen Bekämpfung der Ackerkratzdistel (Cirsium arvense (L.) Scop.) und des Zyperngrases (Cyperus rotundus (L.)). PhD thesis, Technical University of Braunschweig, Germany.
Guske S, Boyle C, Schulz B (1996) New aspects concerning biological control of Cirsium
arvense. In: Krohn K, Paul VH (Eds) The second International Conference on harmful

20

Esther Müller & Wolfgang Nentwig / NeoBiota 11: 1–24 (2011)

and beneficial microorganisms in grassland, pasture and turf. IOBC WPRS Bulletin, 19:
281–290.
Guske S, Schulz B, Boyle C (2004) Biocontrol options for Cirsium arvense with indigenous
fungal pathogens. Weed Research 44: 107–116. doi: 10.1111/j.1365-3180.2003.00378.x
Hayes T, Haston K, Tsui M, Hoang A, Haeffele C,Vonk A (2002) Herbicides: feminization of
male frogs in the wild. Nature 419: 895–896. doi: 10.1038/419895a
Hellmers E (1955) Bacterial leaf spot of African marigold (Tagetis erecta) caused by Pseudomonas
tagetis sp. n. Acta Agriculturae Scandinavica 5: 185–200. doi: 10.1080/00015125509441439
Hershenhorn J, Vurro M, Zonno MC, Stierle A, Strobel G (1993) Septoria cirsii, a potential
biocontrol agent of Canada thistle and its phytotoxin - beta-nitropropionic acid. Plant Science 94: 227–234. doi: 10.1016/0168-9452(93)90023-S
Hoeft EV, Jordan N, Zhang J, Wyse DL (2001) Integrated cultural and biological control
of Canada thistle in conservation tillage soybean. Weed Science 49: 642–646. doi:
10.1614/0043-1745(2001)049[0642:ICABCO]2.0.CO;2
Huber H (1998) Konkurrenten, Herbivore, Pathogene und Mahd als Stressoren der AckerKratzdistel. Diploma thesis, Agroecology, Göttingen University, Germany.
Hurrell GA, Bourdôt GW (1993) Pasture grasses and clovers unaffected by an inundative application of Sclerotinia sclerotiorum. Proceedings 46th NZ Plant Protection Conference, 257–260.
Hurrell GA, Bourdot GW, New Zealand Plant Protect Soc INC (1996) Sclerotinia sclerotiorum
and mowing independently reduce Californian thistle in a sheep pasture. New Zealand Plant
Protection Society, Rotorua, NZ. ISSG (2011) Invasive species specialist group. www.issg.org
Jennings JC, Jenningsa, Apel-Birkhold PC, Bailey BA, Anderson JD (2000) Induction of ethylene biosynthesis and necrosis in weed leaves by a Fusarium oxysporum protein. Weed Science 48: 7–14. doi: 10.1614/0043-1745(2000)048[0007:IOEBAN]2.0.CO;2
Johnson DR, Wyse WL (1991) Use of Pseudomonas syringae pv. tagetis for control of Canada
thistle. Proceedings of North Central Weed Science Society 46: 14–15.
Johnson DR, Wyse WL, Jones KJ (1996) Controlling weeds with phytopathogenic bacteria.
Weed Technology 10: 621–624.
Jørstad I (1965) Septoria and septoroid fungi on dicotyledones in Norway. Det Norske Videnskabs-Akademi i Oslo, I. Mat. Naturv. Klasse. Ny Serie No. 22. Oslo University Press,
Norway 91: 20–22.
Julien MH, Griffith MW (1999) Biological control of weeds. A world catalogue of agents and
their target weeds. CABI Publishing, Wallingford, UK.
Kazinczi G, Béres I, Narwal SS (2001) Allelopathic plants. 1. Canada thistle [Cirsium arvense
(L.) Scop]. Allelopathy Journal 8: 29–40.
Kluth S, Kruess A, Tscharntke T (2001) Interactions between the rust fungus Puccinia punctiformis and ectophagous and endophagous insects on creeping thistle. Journal of Applied
Ecology 38: 548–556. doi: 10.1046/j.1365-2664.2001.00612.x
Kluth S, Kruess A, Tscharntke T (2002) Insects as vectors of plant pathogens: mutualistic and
antagonistic interactions. Oecologia 133: 193–199. doi: 10.1007/s00442-002-1016-3
Kluth S, Kruess A, Tscharntke T (2003) Influence of mechanical cutting and pathogen application on the performance and nutrient storage of Cirsium arvense. Journal of Applied
Ecology 40: 334–343. doi: 10.1046/j.1365-2664.2003.00807.x

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

21

Kluth S, Kruess A, Tscharntke T (2005) Effects of two pathogens on the performance of Cirsium arvense in a successional fallow. Weed Research 45: 261–269. doi: 10.1111/j.13653180.2005.00463.x
Kruess A (2002) Indirect interactions between a fungal pathogen and a herbivorous beetle of
the weed Cirsium arvense. Oecologia 130: 563–569. doi: 10.1007/s00442-001-0829-9
Khetan SK (2001) Microbial Pest Control, pp : 199–210. Marcel Dekker, New York, USA.
Leth V (1985) Inventor of Patent “Herbicide containing phytotoxic fungal material from
Phomopsis cirsii or Septoria cirsii, especially for control of Compositae”. Patent no. EP
13685A, AU 8432760A, NO 8403545A, FI 8403493A, J 60084207A, DK 8404254A,
ZA 8407001A, US 4753670A, CAT 247879A, DE 3475745G, EP 136850B.
Leth V (1990) World patent (22 countries) on “Mycoherbicide with active components of
Phomopsis cirsii and/or Septoria cirsii.” Derwent publication no. 85–088668/15: 22 pp.
(see also http://www.patentgenius.com/patent/4753670.html)
Leth V, Andreasen C (1999) Phomopsis cirsii as potential control agents for Cirsium arvense (L.)
Scop. 10th International Symposium in Biological Control of Weeds, Bozeman, Montana,
USA. July 4–14. 116.
Leth V, Andreasen C (2000) Alginate helps Phomopsis cirsii Grove to overcome short dew periods. BIO-Y2K Combined Millenium Meeting, Grahamstown. 23–28 January, 2000,
South Africa, 563–564.
Leth V, Netland J, Andreasen C (2008) Phomopsis cirsii: a potential biocontrol agent of Cirsium
arvense. Weed Research 48: 533–541. doi: 10.1111/j.1365-3180.2008.00666.x
Li X-Z, Starratt AN, Cuppels DA (1998) Identification of tomato leaf factors that activate
toxin gene expression in Pseudomonas syringae pv. tomato DC3000. Phytopathology 88:
1094–1100. doi: 10.1094/PHYTO.1998.88.10.1094
Lukens JH, Durbin RD (1985) Tagetitoxin affects plastid devel-opment in seedlings of wheat.
Planta 165: 311–321. doi: 10.1007/BF00392227
Lukashyk P, Berg M, Köpke U (2008) Strategies to control Canada thistle (Cirsium arvense)
under organic farming conditions. Renewable Agriculture and Food Systems 23: 13–18.
doi: 10.1017/S1742170507002013
Lukens JH, Mathews DE, Durbin RD (1987) Effect of tagetitoxin on the levels of ribulose 1,
5-bisphosphate carboxylase, ribosomes and RNA in plastids of wheat leaves. Plant Physiology 84: 808–813. doi: 10.1104/pp.84.3.808
Macak M, Zac S, Djalovic I, Szombathova N (2008) The influence of an ecological and low input system on weed density, weed diversity and weed competition in spring barley. Journal
of Plant Diseases and Protection 21: 425–430.
Matarczyk JA, Willis AJ, Vranjic JA, Ash JE (2002) Herbicides, weeds and endangered species:
management of bitou bush (Chrysanthemoides monilifera ssp rotundata) with glyphosate and
impacts on the endangered shrub, Pimelea spicata. Biological Conservation 108: 133–141. doi:
10.1016/S0006-3207(02)00062-9
Mathews DE, Durbin RD (1990) Tagetitoxin inhibits RNA polymerases from chloroplasts and
Escherichia coli. Journal of Biological Chemistry 265: 493- 498.
McFadyen REC (1998) Biological control of weeds. Annual Review of Entomology 43: 369–
393. doi: 10.1146/annurev.ento.43.1.369

22

Esther Müller & Wolfgang Nentwig / NeoBiota 11: 1–24 (2011)

Mel’nik VA (2000) Key to the fungi of the genus Ascochyta Lib. (Coelomycetes). Mel’nik VA,
Braun U, Hagedorn G (Eds) Parey, Berlin.
Meusel H, Jäger EJ (1992) Vergleichende Chorologie der zentraleuropäischen Flora. Fischer,
Jena.
Mitchell CE, Power AG (2003) Release of invasive plants from fungal and viral pathogens.
Nature 421: 625–627. doi: 10.1038/nature01317
Mitina GV, Yuzikhin OS, Kozlov ID, Berestetskiy AO (2005) Study of phytotoxic activity of
culture filtrate of Stagonospora cirsii J.J. Davis. In: Proceedings of 13th European Weed Research Society Symposium, Bari, Italy. Abstract 217.
Moore RJ (1975) The biology of Canadian weeds. 13: Cirsium arvense (L.) Scop. Canadian
Journal of Plant Science 55: 1033–1048. doi: 10.4141/cjps75-163
Müller E, Jud P, Nentwig W (2011) Artificial infection of Cirsium arvense with the rust pathogen Puccinia punctiformis by imitation of natural spore-transfer of the weevil Ceratapion
onopordi. Weed Research, in press. doi: 10.1111/j.1365-3180.2010.00839.x
Nemeth I (2001) Weed flora of fields set-aside for a long period in Northern Hungary. Novenytermeles 50: 217–230.
Neumann PM, Prinz R (1974) Evaluation of surfactants for use in the spray treatment of iron
chlorosis in citrus trees. Journal of the Science of Food and Agriculture 25: 221–226. doi:
10.1002/jsfa.2740250214
Olive EW (1913) Intermingling of perennial sporophytic and gametophytic generations
in Puccinia Podophylli, P. obtegens and Uromyces Glycyrrhizae. Annales Mycologici 11:
295–311.
Pennycook SR (1989) Plant diseases recorded in New Zealand. DSIR, Auckland, NZ.
Perez GL, Torremorell A, Mugni H, Rodriguez P, Vera MS, Do Nascimento M, Allende L,
Bustingorry J, Escaray R, Ferraro M, Izaguirre I, Pizarro H, Bonetto C, Morris DP, Zagarese H (2007) Effects of the herbicide roundup on freshwater microbial communities: a
mesocosm study. Ecological Applications 17: 2310–2322. doi: 10.1890/07-0499.1
Privalov FI, Soroka SV, Sorochinskii LV (2008) Plant protection in Belarus: today and tomorrow. Zashchita I Karantin Rastenii 2: 6–9.
Purgar DD, Hulina N (2008) The arable weeds of Plesivica Hills (NW Croatia). Agriculturae
Conspectus Scientificus 73: 167–173.
Rahman A (1982) New Zealand. Biology and Ecology of Weeds. In: Holzner W, Numata N
(Eds) W. Junk, The Hague, The Netherlands, 299–308.
Relyea RA (2005) The impact of insecticides and herbicides on the biodiversity and productivity of aquatic communities. Ecological Applications, 15: 618–627. doi: 10.1890/03-5342
Rhodehamel NH, Durbin RD (1985) Host range of strains of Pseudomonas syringae pv. tagetis.
Plant Disease 69: 589–591. doi: 10.1094/PD-69-589
Rodwell JK, Sheffield E (2005) Effects of asulam spraying on non-target ferns. Canadian Journal of Botany 83: 1622–1629.
Scott PM, Harwig J, Chen YK, Kennedy BP (1975) Cytochalasins A and B from strains of
Phoma exigua var. exigua and formation of cytochalasin B in potato gangrene. Journal of
Genetic Microbiology 87: 177–180. doi: 10.1139/b05-127

Plant pathogens as biocontrol agents of Cirsium arvense – an overestimated approach?

23

Simmons EG, Mortensen K (1997) Alternaria cirsinoxia Simmons & Mortensen, sp. nov. Mycotaxon 53: 72–76.
Skinner K, Smith L, Rice P (2000) Using noxious weed lists to prioritize targets
for developing weed management strategies. Weed Science 48: 640–644. doi:
10.1614/0043-1745(2000)048[0640:UNWLTP]2.0.CO;2
Stach J (1996) Länge und Gewicht der Sprosse und der Wurzelausläufer von Ackerkratzdistel
(Cirsium arvense (L.) Scop.) in Mais. Zeitschrift für Pflanzenkrankheiten und Pflanzenschutz XV: 87–90.
Stachion WJ, Zimdahl RL (1980) Allelopathic activity of Canada thistle (Cirsium arvense) in
Colorado. Weed Science 28: 83–86.
Stevens, PJG, Gaskin RE, Hong S-O, Zabkiewicz JA (1991) Contributions of stomatal infiltration and cuticular penetration to enhancements of foliar uptake by surfactants. Pesticidal
Science 33: 371–382. doi: 10.1002/ps.2780330310
Steinberg TH, Mathews DE, Durbin RD, Burgess RR (1990) Tagetitoxin: a new inhibitor of
eukaryotic transcription by RNA polymerase III. Journal of Biological Chemistry 265:
499–505.
Steward-Wade SM, Boland GJ (2004) Selected cultural and environmental parameters influence disease severity of dandelion caused by the potential bioherbicidal fungi Phoma herbarum and Phoma exigua. Biocontrol Science & Technology 14: 561–569. doi:
10.1080/09583150410001682296
Styer DJ (1982) Pseudomonas syringae pv. tagetis: Hosts, Symptomatology and Toxin Production. Ph.D. dissertation. University of Wisconsin, Madison, WI, USA, 157.
Styer DJ, Durbin RD (1982) Common ragweed: a new host for Pseudomonas syringae pv. tagetis. Plant Disease 66: 71. doi: 10.1094/PD-66-71
Templeton GE (1982) Status of weed control with plant pathogens. In: Biological control of
weeds with plant pathogens In: Charudattan R, Walker HL (Eds). Wiley, New York, USA,
29–44.
Tichich RP, Doll JD (2006) Field-based evaluation of a novel approach for infecting Canada
thistle (Cirsium arvense) with Pseudomonas syringae pv. tagetis. Weed Science 54: 166–171.
doi: 10.1614/WS-05-119R.1
Tichich RP, Doll JD, McManus PS (2006) Pseudomonas syringae pv. tagetis (Pst) population
dynamics both on and in Canada thistle (Cirsium arvense) leaves as affected by rain events.
Weed Science 54: 934–940.
Tiley GED (2010) Biological Flora of the British Isles: Cirsium arvense (L.) Scop. Journal of
Ecology 98: 938–983. doi: 10.1111/j.1365-2745.2010.01678.x
Thomas RF, Tworkoski TJ, French RC, Leather GR (1994) Puccinia punctiformis affects growth
and reproduction of Canada thistle (Cirsium arvense). Weed Technology 8: 488–493.
Tsuda M, Mugishima T, Komatsu K, Sone T, Tanaka M, Mikami Y, Kobayashi J (2003) Modiolides A and B, two new 10-membered macrolides from a marine-derived fungus. Journal
of Natural Products 66: 412–415. doi: 10.1021/np0203943
Tykhonenko YY, Minter DW (2002) Puccinia punctiformis [Descriptions of Fungi and Bacteria]. IMI Descriptions of Fungi and Bacteria150, Sheet 1496.

24

Esther Müller & Wolfgang Nentwig / NeoBiota 11: 1–24 (2011)

Van den Ende G, Frantzen J, Timmers T (1987) Teleutospores as origin of systemic infection
of Cirsium arvense by Puccinia punctiformis. Netherland Journal of Plant Pathology 93:
233–239. doi: 10.1007/BF01998251
Van der Aa HA, Boerema GA, de Gruyter J (2000) Contribution towards a monography of
Phoma (Coelomycetes) VI-1. Section Phyllostictictoides: characteristics and nomenclature
of its type species Phoma exigua. Personia 2000: 435–456.
Van Leest AS, Scheepens PC (1994) Effectiveness of the rust fungus Puccinia punctiformis as a
possible biological control agent against Canada thistle (Cirsium arvense). Rapport- DLO
Instituut voor Agrobiologisch en Bodemvruchtbaarheidsonderzoek zoek 25: 1–19.
Waipara NW (2003) Evaluation of Phoma exigua var. exigua as a biocontrol agent against California thistle. In: Proceedings of Workshop: Biocontrol of weeds with pathogens. Canterbury Agricultural Science Centre, Lincoln, NZ, 31–32.
Waipara NM, Harvey IC, Cole AJ (1997) Pathogenicity of two plant pathogens Phoma sp. and
Verticillium dahliae on Californian thistle. Proceedings of 50th New Zealand Plant Protection Conference, 537.
Wandeler H, Bacher S (2006) Insect-transmitted urediniospores of the rust Puccinia punctiformis cause systemic infections in established Cirsium arvense plants. Phytopathology 96:
813–818. doi: 10.1094/PHYTO-96-0813
Watson, AK, Keogh, WJ (1980): Mortality of Canada thistle due to Puccinia punctiformis.
Proceedings V, International Symposium Biological Control of Weeds, Brisbane, Australia.
CSIRO, Melbourne, 325–332.
Weber E (2003) Invasive plant species of the world. A reference guide to environmental weeds.
Cabi publishing, Wallingford, UK.
Yuzikhin O, Mitina G, Berestetskiy A (2007) Herbicidal potential of stagonolide, a new phytotoxic nonenolide from Stagonospora cirsii. Journal of Agricultural and Food Chemistry 55:
7707–7711. doi: 10.1021/jf070742c
Zhao S, Shamoun SF (2006) Effects of culture media, temperature, pH, and light on growth,
sporulation, germination and bioherbicidal efficacy of Phoma exigua, a potential biological
control agent for salal (Gaultheria shallon). Biocontrol Science & Technology 6: 1043–
1055. doi: 10.1080/09583150600828643
Zidack NK, Backman PA (1996) Biological control of kudzu (Pueraria lobata) with the plant
pathogen Pseudomonas syringae pv. phaseolicola. Weed Science 44: 645–649.
Zidack NK, Backman PA, Shaw JJ (1992) Promotion of bacterial infection of leaves by an
organosilicone surfactant: implications for biological weed control. Biological Control 2:
111–117. doi: 10.1016/1049-9644(92)90034-B

