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Californian thistle (Cirsium arvense):
endophytes and Puccinia punctiformis
Wendy Kentjens,* Seona Casonato and Clive Kaiser

Abstract

Californian thistle (Cirisum arvense) is a troublesome weed in pastures and cropping systems. The fungal biocontrol agent
Puccinia punctiformis, commonly referred to as thistle rust, performs inconsistently on C. arvense. Problems with
P. punctiformis establishment and control of C. arvensemay be attributable to differing plant endophytic populations in various
environments. This article provides an overview of the relationships between endophytes and their host, but also between
endophytes and pathogens with a focus on rust pathogens. This review provides insights into reasons why P. punctiformis per-
forms inconsistently and identifies gaps in our knowledge. Filling these gaps may help to improve performance of this classical
fungal biocontrol agent.
© 2023 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
Cirsium arvense L. (Scop.), commonly referred to as Californian
thistle, is one of themost troublesomeweeds worldwide. It is con-
sidered a major weed in 37 countries, affecting the yield of
27 crops, including wheat, barley, oats, beans and peas.1 It is a pio-
neer plant, which thrives in disturbed or bare ground. Hence, it is
problematic on arable and pastoral farmland. iThe weed can form
large patches and outcompetes more desirable vegetation.2 It is
extremely competitive in low-growing vegetation, where its pres-
ence leads to yield losses in crops as well as pastures.3,4 Despite
the high nutritional value of C. arvense, grazing avoidance occurs
primarily asa result of the spines on the leaf margin.3

Cirsium arvense is commonly controlled by herbicides with
glyphosate being one of the main herbicides used.5 More long-
lasting and sustainable ways to control C. arvense are desirable
and biocontrol is considered as an option.
The fungus Puccinia punctiformis is highly host-specific and sys-

temic infection occurs after plant root colonization.6 Hence, this
fungus is considered as a biocontrol option.7 Persistent problems
with achieving systemic infection have halted progress in the
development of P. punctiformis as a classical biocontrol agent,
whereby the pathogen will spread and self-perpetuate. The fac-
tors required for systemic infection are not well understood. The
distance the fungus needs to travel from the local infection point
to the root is thought to be an important factor, which is directly
related to plant age.8 Endophytes, present in C. arvense, may be a
factor mitigating the establishment of systemic P. punctiformis
infection.9 The study of interactions between endophytes and
their host is a growing area of research, with the effect of endo-
phytes on pathogenic biocontrol agents generally not consid-
ered.10,11 To date, and to the best of our knowledge, no studies
examining C. arvense endophyte effects on P. punctiformis have

been reported in the scientific literature. This article will review
current literature on endophyte–host and endophyte–pathogen
interactions, and evaluate how this knowledge could be used in
the context of biocontrol of C. arvense by P. punctiformis.

2 CIRSIUM ARVENSE
Cirsium arvense is a perennial herb within the Asteraceae family. It
is common along road and waterway verges, in woodland clear-
ings, waste ground, cultivated paddocks and arable land, and
grows well in fertile soils, with growth further stimulated by soil
moisture and fertilizer applications.3,12 Nitrogen fertilisation
increases root growth in the top 20 cm of the soil, leading tomore
adventitious shoots arising.13 Primarily C. arvense reproduces veg-
etatively with sexual reproduction also occurring. Root buds, on
the lateral roots, develop into adventitious shoots with many
adventitious flowering and nonflowering shoots arising from the
root system.3,14 Most of the root buds have correlative inhibition,
which results in preferential development of apical buds.12 After
fragmentation, or other adverse events such as herbicide spray-
ing, mowing or disease, buds can be released from this inhibition
leading to the development of shoots.3,12 As a consequence of
the vegetative spread of the plant, it typically forms circular
patches. A patch is clonal and consists of one plant producing
multiple shoots from its rhizome-like roots. Hence, a patch

* Correspondence to: W Kentjens, Lincoln University, Faculty of Agriculture and
Life Science, Department of Pest-Management and Conservation, Lincoln
7647, New Zealand. E-mail: wendy.kentjens@lincoln.ac.nz

Faculty of Agriculture and Life Science, Department of Pest-Management and
Conservation, Lincoln University, Lincoln, New Zealand

© 2023 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

1
 15264998, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ps.7387 by M
inistry O

f H
ealth, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-4804-5617
mailto:wendy.kentjens@lincoln.ac.nz
http://creativecommons.org/licenses/by-nc-nd/4.0/


generally has one genotype although neighbouring patches can
differ genetically.15,16

In most localities, C. arvense is dioecious, but can be gynodioe-
cious.14,17 The species obligately outcrosses with pollination,
apparently, solely by insects with honey bees, bumble bees and
hoverflies being among the pollinators.18 Seeds are the main
reproductive method of C. arvense to establish in new habitats.
Weed seeds generally have a high genetic variability, which
increases their chances of survival in new habitats.16 Seedling
establishment is most successful in open areas, tending to estab-
lish in disturbed or bare soil as they are sensitive to competition
from other plants.12

In early winter, most plant resources have been transferred to
the roots, with the shoots beginning to die off. Stored sugars act
as an antifreeze and protect the roots from freezing tempera-
tures.12,19 Once these sugars are remobilized to the adventitious
shoots in early spring, the plant becomes more susceptible to
frost. A small number of enlarged root buds and subterranean
shoot development occurs in winter, leading to frost-sensitive
shoots. Frost damage removes apical dominance, which causes
a rapid flush of new adventitious shoots in spring.12

New Zealand hill-country is a challenging environment with
steep slopes and soils of low natural fertility.20 In this environ-
ment, control of C. arvense is particularly problematic, as common
control methods, such as mowing and spraying, are impractical
on steep gradients.12 These methods typically do not provide
long-term results and are not cost-effective.2 High-intensity/
high-frequency grazing generally leads to an increase in thistle
populations as it removes competition from neighbouring
plants.21 Crop rotation has a similar effect as regular soil cultiva-
tion will enhance root fragmentation.3 Hence, additional control
methods are desirable.
Biocontrol is being researched as a control option for C. arvense.

Biocontrol agents as part of an integrated pest management
approach, where multiple control methods are employed, are
more successful than using individual control methods.2 Most
biocontrol agents utilized for C. arvense, have performed inconsis-
tently in the field. This includes insect biocontrol agents such as
Urophora cardui as well as fungal control agents such as Sclerotinia
sclerotiorum.22–24 For insects, this is attributed to the environment,
which affects their establishment in a new area. For fungal bio-
control agents, reasons for performance inconsistencies are
unknown. Resident endophytes within the plant may interfere
with the establishment and success of fungal biocontrol
agents.9,25

3 ENDOPHYTES
No naturally growing plant is free from endophytes, which inhabit
plant tissues without causing disease symptoms. Some will live
their entire life within the plant, whilst others are facultative and
only live part of their lifecycle within plant tissue. Among endo-
phytes, there are latent pathogens, which will only cause disease
when circumstances are disease-conducive. This may be weather-
related events, nutrient deficiencies or weakened plant defences
such as infection by another pathogen.26 Other endophytes may
become saprophytic when the plant dies of other causes and will
decompose plant tissues. Endophytes can actively grow through
host tissues or stay localized.27

Endophytes can have necrotrophic, biotrophic or hemibio-
trophic interactions with their host. Biotrophic fungi such as
P. punctifomis are obligate parasites/symbionts, accumulating

nutrients from their host through a fungal matrix. They generally
have long generation times and can cause systemic infections,
many displaying multiple lifecycles within the same plant host.26

Despite their biotrophic nature, some biotrophic pathogens can
domuch damage to a plant population. For example, the rust Puc-
cinia myrsiphylli is an effective classical biocontrol agent in its
introduced area (New Zealand and Australia) with severe damage
to populations of Asparagus asparagoides occurring, leading to
effective control of this weed.28 Biotrophs are host-specific and
produce effectors such as the pep1 effector produced by Ustilago
spp. to suppress host defence systems.29,30 Upon host entry, bio-
trophs form a haustorium, which creates an extra-haustorial
matrix. This matrix functions as an interface between the plant
and fungus. The fungus uptakes nutrients such as carbohydrates
and amino acids from the plant through this matrix.31 Both plant
and fungus secrete molecules at this interface that affect each
other, which allows the fungus to redirect gene expression of
the host to enhance compatibility and nutrient transportation to
the extra-haustorial matrix.32 Formation of haustoria is a key fea-
ture of an obligate biotrophic fungus. Necrotrophs generally have
a short generation time, producemany propagules, cause nonsys-
temic infection in plants and have a broad host range.26 The con-
ditions conducive to necrotrophy most commonly include: leaf
aging, senescence of the host plant, a nutrient imbalance or
changing environmental factors.33 They kill their host cells by a
combination of cell toxins and wall-degrading enzymes. Toxins
can suppress plant defence responses as well as kill host cells.34

Destruction of the host's plasma membrane leads to release of
nutrients that the fungus requires. Eventually, host tissues are
decomposed by the fungus.35 Most hemibiotrophs differentiate
themselves from necrotrophs by formation of haustoria or
haustoria-like structures in their biotrophic phase.36 The non-
haustoria-forming hemibiotrophs alter host metabolism to suit
their nutritional needs and acquire these nutrients in the leaf apo-
plast.37 When hemibiotrophs switch from biotrophy to necrotro-
phy depends on molecular as well as physiological factors.
Many endophytes are opportunists, which can live in the soil as

saprophytes and only infect plants when opportunity arises.38

This may be associated with plant stress, senescence or otherwise
debilitation. Fungi can invade wounded plants and can be neutral
or show weak virulence after entering the plant. Opportunistic
endophytes are generalists and often act as necrotrophs towards
the end of a plant's life.39,40 Some fungi may transition their way
of interaction as well as morphology in response to their host
and environment. Colletotrichum acutatum is such an example,
whereby thick primary hyphae and haustoria are produced in
the biotrophic phase followed by narrow, secondary hyphae in
its necrotrophic phase. Fungal lifestyle is dependent on host type
and life stage. For example in a blueberry (Vaccinium spp.) host,
C. acutatum is quiescent on immature fruits and switches to
necrotrophy upon fruit ripening, whereas on strawberries the fun-
gus has no detectable biotrophic phase and acts like a necro-
troph.41 On watermelons, C. acutatum is a commensal, whilst
C. magna confers disease- and drought- resistance to this host.42

Hence, effects of endophytes on their host may be positive, neg-
ative or neutral, dependent on the host–fungus relationship.
Competition for resources betweenmicro-organisms and herbi-

vores might drive evolution towards mutualism, in which the
endophyte protects the host and the plant provides metabolites
to the endophyte.43 Generally, the relationship between a mutu-
alistic endophyte and a plant is long-term as both partners bene-
fit.25,38 Endophytes can improve resistance to biotic and abiotic
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stresses or increase plant growth.38,44 Increased growth can be
accomplished by production of growth hormone(s) by endo-
phytes, such as auxin pre-cursors or cytokinins, or by improved
uptake of soil nutrients such as phosphorus and nitrogen.45 Endo-
phytes can also upregulate expression of plant genes. For exam-
ple, Trichoderma hamatum confers drought tolerance to its host
Theobroma cacao by upregulation of the host genes ERD1, CBL1,
DREB2A, RD29A and ANAC072, which encode transcription factors
that are associated with plant stress responses.46–48 Upregulation
of these plant genes may lead to production of enzymes, which
enhance nutrient acquisition, or increase resistance against biotic
stresses.38,45 The endophytes themselves also can produce com-
pounds such as antioxidants, which can improve host resistance
to abiotic stresses.33,45 In turn, host plants provide carbohydrates
to endophytes. This relationship can be reversed under environ-
mental stress, in which a previously mutualistic endophyte turns
pathogenic.26 When the host starts to senesce, the endophyte
has immediate access to plant nutrients and thus a competitive
advantage over soil-born saprophytes.33

Some pathogens have a facultative endophytic lifestyle before
they become pathogenic. Botrytis cinerea is one example of a fun-
gus that was thought to be an aggressive necrotroph but can live
endophytically in healthy plants.49,50 This highlights the impor-
tant role environment plays in pathogenicity of fungi, in which
disease is the result of an imbalance.50 These endophytes become
pathogenic when the plant is stressed by biotic or abiotic fac-
tors.43 In the case of weed biological control, causing an imbal-
ance between weed hosts and latent pathogens could be a
possible avenue for manipulation to facilitate greater efficacy of
biocontrol agents; thus far it has been underexplored. For exam-
ple, the effect seen when mowing C. arvense before heavy rainfall
is most likely a disturbance of the balance between host plant and
one or more latent pathogens.51

Plants might be separated from natural enemies when intro-
duced into a new area. This may contribute to their invasiveness
as they often have an increased performance in their introduced
range compared to their native range. This is the basis of the
enemy release hypothesis (ERH).52,53 This hypothesis is a corner-
stone of classical, inoculative biological control.52 As an extension
of this hypothesis, presence or absence of certain endophytes
also might be a determinant if a plant becomes invasive in its
new range.54,55 Many endophytes can produce plant growth-
enhancing substances, as well as antiherbivore and antifungal
metabolites. In their natural range, plants live with co-evolved
mutualistic fungi as well as with natural enemies, including path-
ogens.53 Protection frompathogens bymutualistic fungi comes at
a trade-off paid in the price of carbohydrates.56 Plants should usu-
ally arrive with a limited number of endophytes in a new range, as
many endophytes transfer horizontally. Absence of these endo-
phytes frees up resources for growth and reproduction. As co-
evolved natural enemies, including pathogens, are absent, plant
fitness is increased.53,57 Native plants will not have this advantage,
which gives the competitive advantage to newly introduced
plants.57 In classical biocontrol, often introduction of one natural
enemy from the native range can restore the balance and reduce
invasiveness of the introduced plant.54,55 Counter to ERH, is the
enhanced mutualism hypothesis (EMH). The rationale is that inva-
sive plant species enter a strong mutualistic or parasitic relation-
ship with native mycorrhizal species. This might help the
invader to displace native species as it exploits the benefits of
the relationship, sometimes without paying the costs for mutual-
ism.58,59 Hence, competitive interactions between invasive and

native plants may be mediated by these fungi.58 It seems that
C. arvense is unselective in the fungi it allows to colonize and its
endophytic populations are a function of location.60 Furthermore,
a positive feedback mechanism with arbuscular mycorrhizae was
found, enhancing its growth, whereas infiltration with pathogens/
saprobes had no negative effect. It may be that C. arvense accu-
mulates pathogens at a slower rate than beneficial microorgan-
isms.59 Hence, the EMH is likely to apply to C. arvense although
it is not excluded that presence of certain fungi from its native
range could shift the balance and reduce invasiveness of this
plant.

4 CALIFORNIAN THISTLE RUST (PUCCINIA
PUNCTIFORMIS (F. STRAUSS) RÖHL)
Puccinia punctiformis is a biotrophic fungus, which is highly host-
specific to C. arvense. If systemic infection is achieved, the fungus
moves into plant roots, which may potentially kill the plant.7 Few
P. punctiformis-infected C. arvense plants flower and seeds are
rarely formed.13,61 Infected plants have increased respiration
and lower osmotic pressure, which makes them wilt quicker than
uninfected plants.61,62 These are qualities that make this fungus
an interesting option for biocontrol. P uccinia punctiformis is
autoecious and heterothallic.7,8 Only teliospores and uredinios-
pores can cause systemic infection. Teliospores are produced in
late summer. Telia containing teliopores, are observed as black
circular spots on the underside of leaves. When the plant starts
to senesce in autumn, leaves bearing telia with teliospores fall
off onto newly emerging shoots. Spores germinate on these
shoots and form a basidium with four basidiospores. These infect
the rosette and produce mycelium, which moves down into the
roots to overwinter. In spring, systemically infected shoots arise,
and orange-coloured underside of leaves. Each shoot bears the
spermagonia of one mating type, with both mating types being
equally represented in a field.8,63 These produce spermatia, which
fuse with receptive hyphae. This results in aeciospores being pro-
duced within aecia. Aeciospores, produced once within a growing
season, are wind-dispersed to nearby leaves. They subsequently
form orange/red-coloured uredinia, containing urediniospores,
on the underside of leaves. Wind dispersal of uredinospores
occurs throughout the growing season, facilitating inoculum
spread and subsequent host infection.63 These infections are nor-
mally localized and will not progress into systemic disease, unless
they infect a young shoot early in the growing season. Uredinia
will gradually change into telia, containing teliospores, as the sea-
son progresses.8,63,64 There are two opportunities for establish-
ment of systemic infection: in spring by primary urediniospores
and in autumn by teliospores. This disease cycle is illustrated
in Fig. 1.
There aremajor challenges to overcome if P. punctiformis is used

within a biocontrol programme. Mass production is so far unac-
hievable and the artificial establishment of systemic infection in
the field is difficult. Low germination rates of teliospores have
been another limiting factor.65 When achieving systemic infec-
tion, it results in reduced flowering and root bud production as
well as decreased root biomass in pot trials.66 In an area where
P. punctiformis is well-established, the harvest of diseased leaves
that are subsequently ground and disseminated within the field,
may help facilitate infection in disease-free areas. Spreading the
telia-containing leaf fragments over newly emerging rosettes
mid- to late-autumn in conjunction with timing to coincide with
field moisture may aid infection.67,68 Additionally, mycelium must
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be present in root buds before shoots develop from buds in
spring. For this to occur, the mycelium must grow down from
the infected leaf to the roots.8

In a natural disease cycle, urediniospores are the primary source
of inoculum. These spores disperse readily with inoculum increas-
ing throughout the season. Spraying urediniospores, with spore
concentrations between 0.5 and 1 mg mL−1 was evaluated.69,70

The distance that mycelium developing from uredinospores
needs to travel to the roots is thought to be important. Hence,
spring application may be ideal as plants will be mostly in a
rosette form and thus leaves would be only a short distance from
roots, reducing the distance that the mycelium needs to travel.
Infection with urediniospores in spring can lead to systemic infec-
tion in the same growing season.64 Systemic infection percent-
ages can be between 5% and 50% between regions. Reasons for
these differences are unknown.67,71 Systemic infection incidence
can be increased by mowing the field during summer months.
This will redistribute inoculum, leading to more shoots becoming
infected.7,72 Using an insect vector, such as the weevil C. onopordi,
is another way that researchers have attempted to mimic natural
processes. This has been successful in field trials in Europe with
higher infection percentages being achieved with insect vectors
than solely applying urediniospores or teliospores.73–75

5 ENDOPHYTE–PATHOGEN
RELATIONSHIPS
Endophytes can alter outcomes of a host–pathogen interaction.
They can interact with a pathogen directly or induce resistance
in the host.76 This is a desirable effect when trying to combat
pathogens on useful crop or pasture plants, but not when host
plants are weeds. Effects of endophytic species on biocontrol
agents are on the spectrum of antagonism to synergism. Hence,
it is important to increase understanding of the effects that key

endophytic species have on the functionality of fungal biocontrol
agents.77 Little research has been done on the effects of endo-
phytes on biocontrol. The degree and nature of endophyte inter-
ference with biocontrol depends on species and genotype of the
endophyte as well as on environmental factors.78 An antagonistic
effect of endophytes on biocontrol agents seems to bemost com-
mon. For example, the endophytes Alternaria alternata, Clados-
porium oxysporum and Colletotrichum acutatum reduced the
severity of infection by Puccinia komarovii var. glanduliferaeon
on the weed Impatients glandulifera, which resulted in higher bio-
mass of the weed than in the absence of these endophytes.79 An
antagonistic effect was observed between the biocontrol agent
Puccinia polygoni-amphibii var. tovariae and the endophytes
Phoma spp. and Alternaria spp. on the weed Fallopia japonica,
with fewer rust uredinia being produced in the presence of these
endophytes. In the same study, a synergistic effect was exhibited
between the rust and Phomopsis HS-SZ1J. Research showed that
the effect was specific to this strain. Hence, some endophytes
have the potential to be used in synergy to control weeds.77

Some fungal endophytes produce antifungal substances that
can affect pathogens, which could be deleterious for fungal bio-
logical control agents; this interaction is antibiosis. The antifungal
compounds produced are generally secondary metabolites with
an antagonistic, deterrent or inhibitory effect on the pathogen.25

For example, the endophyte Phomopis cassia in the host Cassia
spectabilis produces the metabolite 3, 11, 12-trihydroxycadalene
which has an antagonistic effect on Cladosporium cladospor-
ioides.80 Some have an indirect protective effect. For example,
they can change water availability on leaf surfaces, preventing a
pathogen from entering the leaf. Others can upregulate mobiliza-
tion of nutrients to increase plant nutrients or move within a plant
to the location of the pathogen.25,81 The presence of Trichoderma
harzanium and/or T. viride has been shown to inhibit germi-
nation of Puccinia graminis. Trichoderma harzanium produces

Figure 1. Disease cycle of Puccinia punctiformis. Teliospores infect newly emerging rosettes and then move into the roots to overwinter as mycelium.
Systemically infected shoots arise in spring and produce aeciospores, which spread to new leaves. Urediniospores are produced within the season and
gradually uredinia change into telia and teliospores are produced.
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the metabolite trichodermin, which inhibits protein synthesis
needed for spore germination. It also produces nonanoic acid,
which prevents the pH from rising, an essential step needed for
spore germination. Both T. viride and T. harzanium produce sev-
eral antifungal compounds, which prevent spore germination of
many pathogenic fungi including rust fungi.82 Trichoderma spp.
also can interact directly with pathogens by mycoparasitism. In
this interaction, they grow directly towards their pathogen host
andmake physical contact by coiling their hyphae around hyphae
of the pathogen. They use cell-wall degrading enzymes to pene-
trate into the pathogen's lumen, from which they directly absorb
nutrients.11,83

Other mycoparasites of rust species have been discovered.
Eudarluca caricis is a mycoparasite of >300 rust species.84

Enzymes produced by other micro-organisms also can affect
pathogens. For example, chitinase isolated from Fusarium chlamy-
dosporum can prevent urediniospore germination and lyse germ
tubes of Puccinia arachidis.76 Applying a leaf homogenate con-
taining leaf fungal endophytes significantly reduces the pustule
density of Austropuccinia psidii, showing that the antagonistic
effect is not always on just one species, but can be the effect of
a microbial community.85 These examples show that plants have
mycobiota, which may interfere with the effectiveness of a bio-
control agent.77 Distribution patterns of endophytes are influ-
enced by location; thus, the same plant can host different
endophyte populations in different locations. Hence a biocontrol
agent might work in one location, but not another.9,77 In some
cases, the endophyte fills the same niche as the pathogen.86

6 CONCLUDING REMARKS
There are many factors affecting the biocontrol efficacy of
C. arvense. The plant itself is adaptable to the environment as a
result of its high genetic diversity and phenological adaptations
to withstand adverse conditions. Its competitiveness is enhanced
in low-growing vegetation, where it can receive more sunlight. It
is inhabited by many endophytes, which can differ with location.
Especially outside its native range, it is extremely competitive. This
might be either because it is released from co-evolved pathogens
or as a consequence of new beneficial plant–pathogen relation-
ships being formed in its invasive ranges. Although limited
research on the effects of endophytes on fungal biocontrol agents
has been carried out, the mycobiome of plants directly and indi-
rectly affect pathogen establishment and it is reasonable to
assume that this applies to pathogens used for biocontrol as well.
The combination of a competitive plant with the protection of
endophytes will most likely continue to present challenges in
the biocontrol of this weed. Increasing our understanding of inter-
actions between endophytic fungi and the biocontrol
P. punctiformis is needed to resolve its inconsistent performance.
Experiments are needed in which the P. punctiformis pathogenic-
ity in plants with differing populations of endophytes is deter-
mined. Also, the differences in endophyte communities in
symptomatic and asymptomatic shoots should be studied to
determine which endophytes may have a synergistic relationship
with P. punctiformis. This could be useful to augment endophyte
community composition to enhance the effectiveness of
P. punctiformis. Additionally, P. punctiformis strains from different
regions could be introduced. As P. punctiformis and C. arvense
co-evolved, using a strain of the fungus isolated from a genetically
different C. arvense population may result in better control of
this weed.

ACKNOWLEDGEMENTS
We would like to thank the following for funding, either research
costs or stipends: Lincoln University Don Huston scholarship fund
and the British Society for Plant Pathology. Open access publish-
ing facilitated by Lincoln University, as part of the Wiley - Lincoln
University agreement via the Council of Australian University
Librarians.

CONFLICT OF INTEREST
No conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were
generated or analysed during the current study.

REFERENCES
1 Kazinczi G, Béres I and Narwal SS, Allelopathic plants. 1. Canada thistle

[Cirsium arvense (L.) Scop]. Allelopathy J 8:29–40 (2001).
2 Burns EE, Prischmann-Voldseth DA and Gramig GG, Integrated man-

agement of Canada thistle (Cirsium arvense) with insect biological
control and plant competition under variable soil nutrients. Invasive
Plant Sci Manage 6:512–520 (2013).

3 Tiley GED, Biological Flora of the British Isles: Cirsium arvense (L.) Scop.
J Ecol 98:938–983 (2010).

4 Grime JP, Hodgson JG, Hunt R. Comparative Plant Ecology. Springer Sci-
ence+Business Media Dordrecht. 1988.

5 Favrelière E, Ronceux A, Pernel J and Meynard JM, Nonchemical con-
trol of a perennial weed, Cirsium arvense, in arable cropping systems.
A review. Agron Sustainable Dev 40: 31 (2020).

6 Guske S, Schulz B and Boyle C, Biocontrol options for Cirsium arvense
with indigenous fungal pathogens. Weed Res 44:107–116 (2004).

7 Demers AM, Berner DK and Backman PA, Enhancing incidence of Puc-
cinia punctiformis, through mowing, to improve management of
Canada thistle (Cirsium arvense). Biol Control 39:481–488 (2006).

8 Menzies BP, Studies on the systemic fungus, Puccinia suaveolens. Ann
Bot 17:551–568 (1953).

9 Dodd S, Ganley R, Bellgard S and Than D, Endophytes associated with
Cirsium arvense—a step toward understanding their role in the
success/failure of Sclerotinia sclerotiorum as a bioherbicide, in Seven-
teenth Australasian WeedsConference. Council of Australasian Weed
Societies. pp. 235–238 (2010).

10 Arnold AE, Understanding the diversity of foliar endophytic fungi: pro-
gress, challenges, and frontiers. Fungal Biol Rev 21:51–66 (2007).

11 Ortíz-Castro R, Contreras-Cornejo HA, Macías-Rodríguez L and López-
Bucio J, The role of microbial signals in plant growth and develop-
ment. Plant Signal Behav 4:701–712 (2009).

12 Leathwick DM and Bourdot GW, A conceptual model for the popula-
tion dynamics of Cirsium arvense in a New Zealand pasture. N Z J
Agric Res 55:371–384 (2012).

13 Donald WW, The biology of Canada thistle (Cirsium arvense). Rev Weed
Sci 6:77–101 (1994).

14 Scop L and Kay AQON, Hermaphrodites and subhermaphrodites in a
reputedly dioecious plant, Cirsium arvense. New Phytol 100:457–
472 (1985).

15 Hettwer U and Gerowitt B, An investigation of genetic variation in Cir-
sium arvense field patches. Weed Res 44:289–297 (2004).

16 Nobarinezhad MH, Challagundla L and Wallace LE, Small-scale popula-
tion connectivity and genetic structure in Canada thistle (Cirsium
arvense). Int J Plant Sci 181:473–484 (2020).

17 Lalonde RG and Roitberg BD, Mating system, life-history, and repro-
duction in Canada thistle, Cirsium arvense. Am J Bot 81:21–28 (1994).

18 Derscheid LA and Schultz RE, Achene development of Canada thistle
and perennial sowthistle. Weeds 8:55–62 (1960).

19 Gustavsson AD, Growth and regenerative capacity of plants of Cirsium
arvense. Weed Res 37:229–236 (1997).

20 Kemp PD and López IF, Hill country pastures in the southern North
Island of New Zealand: an overview. NZGA: Res Pract Ser 16:289–
298 (2016).

Californian thistle (Cirsium arvense) www.soci.org

Pest Manag Sci 2023 © 2023 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

5
 15264998, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ps.7387 by M
inistry O

f H
ealth, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/journal/ps


21 Bourdôt GW, Leathwick DM, Hurrell GA and Saville DJ, Competitive
exclusion of Cirsium arvense in pasture: a simulated neighbour
grazing-height experiment. N Z J Agric Res 58:1–12 (2015).

22 Cripps MG, Gassmann A, Fowler SV, Bourdôt GW, McClay AS and
Edwards GR, Classical biological control of Cirsium arvense: lessons
from the past. Biological Control 57:165–174 (2011).

23 Gourlay AH, Classical biological control of Californian thistle: the
New Zealand story, in Fourteenth Australian Weeds Conference.
Wagga, New South Wales. Council of Australasian Weed Societies.
pp. 374–377 (2004).

24 Bourdôt GW, Hurrell GA, Saville DJ and Leathwick DM, Impacts of
applied Sclerotinia sclerotiorum on the dynamics of a Cirsium arvense
population. Weed Res 46:61–72 (2006).

25 Card S, Johnson L, Teasdale S and Caradus J, Deciphering endophyte
behaviour: the link between endophyte biology and efficacious bio-
logical control agents. FEMS Microbiol Ecol 92:1–19 (2016).

26 Delaye L, García-Guzmán G and Heil M, Endophytes versus biotrophic
and necrotrophic pathogens-are fungal lifestyles evolutionarily sta-
ble traits? Fungal Diversity 60:125–135 (2013).

27 Rodriguez RJ and Redman RS, Fungal life-styles and ecosystemdynam-
ics: biological aspects of plant pathogens, plant endophytes and
saprophytes. Adv Bot Res 24:169–193 (1997).

28 Harman HM, Waipara NW, Smith LA. Natural enemies of Bridal Creeper,
Asparagus Asparagoides, in New Zealand. 2008.

29 Zeilinger S, Gupta VK, Dahms TES, Silva RN, Singh HB, Upadhyay RS
et al., Friends or foes? Emerging insights from fungal interactions
with plants. FEMS Microbiol Rev 40:182–207 (2016).

30 Hemetsberger C, Mueller AN, Matei A, Herrberger C, Hensel G,
Kumlehn J et al., The fungal core effector Pep1 is conserved across
smuts of dicots and monocots. New Phytol 206:1116–1126 (2015).

31 Voegele RT and Mendgen K, Review nutrient haustoria: uptake and
beyond. New Phytol 159:93–100 (2003).

32 Oliveira-Garcia E and Valent B, How eukaryotic filamentous pathogens
evade plant recognition. Curr Opin Microbiol 26:92–101 (2015).

33 Aly AH, Debbab A and Proksch P, Fungal endophytes: unique plant inhabi-
tants with great promises. Appl Microbiol Biotechnol 90:1829–1845 (2011).

34 Vincent D, Rafiqi M and Job D, The multiple facets of plant–fungal
interactions revealed through plant and fungal secretomics. Front.
Plant Sci 10:1626 (2020).

35 van Kan JAL, Licensed to kill: the lifestyle of a necrotrophic plant path-
ogen. Trends Plant Sci 11:247–253 (2006).

36 Rajarammohan S, Redefining plant-necrotroph interactions: the thin
line between hemibiotrophs and necrotrophs. Front Microbiol 12:
10–13 (2021).

37 Divon HH and Fluhr R, Nutrition acquisition strategies during fungal
infection of plants. FEMS Microbiol Lett 266:65–74 (2007).

38 Hardoim PR, van Overbeek LS, Berg G, Pirttilä M, Compant S,
Campisano A et al., The hidden world within plants: ecological and
evolutionary considerations for defining functioning of microbial
endophytes. Microbiol Mol Biol Rev 79:293–320 (2015).

39 Prell HH and Day PR, Plant-Fungal Pathogen Interaction: A Classical and
Molecular View. Springer-Verlag, Berlin (2000).

40 Zhou J, Li X, Huang PW and Dai CC, Endophytism or saprophytism:
decoding the lifestyle transition of the generalist fungus Phomopsis
liquidambari. Microbiol Res 2018:99–112 (2017).

41 Wharton PS and Diéguez-Uribeondo J, The biology of Colletotrichum
acutatum. Anales del Jardin Botanico de Madrid 61:3–22 (2004).

42 Redman RS, Dunigan DD and Rodriguez RJ, Fungal symbiosis from
mutualism to parasitism: who controls the outcome, host or
invader? New Phytol 151:705–716 (2001).

43 Carroll G, Fungal endophytes in stems and leaves: from latent patho-
gen to mutualistic symbiont. Ecology 69:2–9 (1988).

44 Basu S and Kumar G, Stress Signalling in the Phytomicrobiome:
breadth and potential, in Phyto-Microbiome in Stress Regulation.
Springer Singapore, Singapore, pp. 245–268 (2020).

45 Jia M, Chen L, Xin HL, Zheng CJ, Rahman K, Han T et al., A friendly rela-
tionship between endophytic fungi and medicinal plants: a system-
atic review. Front Microbiol 7:1–14 (2016).

46 Nakashima K, Kiyosue T, Yamaguchi-Shinozaki K and Shinozaki K, A
nuclear gene, erd1, encoding a chloroplast-targeted Clp protease
regulatory subunit homolog is not only induced by water stress
but also developmentally up-regulated during senescence in Arabi-
dopsis thaliana. Plant J 12:851–861 (1997).

47 Sherameti I, Tripathi S, Varma A and Oelmüller R, The root-colonizing
endophyte Pirifomospora indica confers drought tolerance in

Arabidopsis by stimulating the expression of drought stress-related
genes in leaves. Mol Plant-Microbe Interact 21:799–807 (2008).

48 Tran LSP, Nakashima K, Sakuma Y, Simpson SD, Fujita Y, Maruyama K
et al., Isolation and functional analysis of arabidopsis stress-inducible
NAC transcription factors that bind to a drought-responsive cis-
element in the early responsive to dehydration stress 1 promoter.
Plant Cell 16:2481–2498 (2004).

49 Schmidt CS, Mrnka L, Lovecká P, Frantík T, Fenclová M, Demnerová K
et al., Bacterial and fungal endophyte communities in healthy and
diseased oilseed rape and their potential for biocontrol of Sclerotinia
and Phoma disease. Sci Rep 11:3810 (2021).

50 Van Kan JAL, ShawMWandGrant-Downton RT, Botrytis species: relent-
less necrotrophic thugs or endophytes gone rogue?Mol Plant Pathol
15:957–961 (2014).

51 Bourdôt GW, Hurrell GA, Skipp RA, Monk J and Saville DJ, Mowing dur-
ing rainfall enhances the control of Cirsium arvense. Biocontrol Sci
Technol 21:1213–1223 (2011).

52 Burdon JJ and Thrall PH, Genetic structure of natural plant and patho-
gen populations, in Genetics, Evolution and Biological Control. CABI
Publishing, Wallingford, pp. 1–17 (2004).

53 Briese DT, Classical biological control, in Australian Weed Management Sys-
tems. R.G. and F.J. Richardson, pp. 39–61 (2012).

54 Evans HC, The endophyte-enemy release hypothesis: implications for
classical biological control and plant invasions, in Proceedings of
the XII International Symposium on Biological Control of Weeds, Vol.
2008. La Grande Motte, France. CAB International. pp. 20–25 (2007).

55 Kumar PS, Endophytes of invasive weeds: pertinence to classical bio-
logical control in India. J Biol Control 29:115 (2015).

56 Lu H, Wei T, Lou H, Shu X and Chen Q, A critical review on communica-
tion mechanism within plant-endophytic fungi interactions to cope
with biotic and abiotic stresses. J Fungi 7:719 (2021).

57 Richardson DM, Allsopp N, Antonio CMD, Milton SJ and Rejma M, Plant
invasions—the role of mutualisms. Biol Rev 75:65–93 (2000).

58 Reinhart KO and Callaway RM, Soil biota and invasive plants. New Phy-
tol 170:445–457 (2006).

59 Klironomos JN, Feedback with soil biota contributes to plant rarity and
invasiveness in communities. Nature 417:67–70 (2002).

60 Gange AC, Dey S, Currie AF and Sutton BC, Site- and species-specific
differences in endophyte occurrence in two herbaceous plants.
J Ecol 95:614–622 (2007).

61 Thomas RF, Tworkoski TJ, French RC and Leather GR, Puccinia punctifor-
mis affects growth and reproduction of Canada thistle (Cirsium
arvense). Weed Technol 8:488–493 (1994).

62 Buller AHR, Researches on Fungi, Vol. VII: The Sexual Process in the Uredi-
nales. University of Toronto Press, Toronto (1950).

63 Berner DK, Smallwood EL, Vanrenterghem M, Cavin CA, Michael JL,
Shelley BA et al., Some dynamics of spread and infection by aecio-
spores of Puccinia punctiformis, a biological control pathogen of Cir-
sium arvense. Biol Control 88:18–25 (2015).

64 French RC and Lightfield AR, Induction of systemic aecial infection in
Canada thistle (Cirsium arvense) by teliospores of Puccinia punctifor-
mis. Phytopathology 80:872–877 (1990).

65 French RC, Stimulation of Germination of Teliospores of Puccinia Puncti-
formis by Nonyl, Decyl, and Dodecyl Isothiocyanates and Related Vola-
tile Compounds. American Chemical Society. pp. 1604–1607 (1990).

66 Thomas RF, Tworkoski TJ, French RC and Leather GR, Puccinia punctifor-
mis affects growth and reproduction of Canada thistle (Cirsium
arvense). Weed Technol 8:488–493 (1994).

67 Berner D, Smallwood E, Cavin C, Lagopodi A, Kashefi J, Kolomiets T et al.,
Successful establishment of epiphytotics of Puccinia punctiformis for
biological control of Cirsium arvense. Biol Control 67:350–360 (2013).

68 CrippsM, Bourdôt G, Saville D and Berner D, Success with the rust path-
ogen, Puccinia punctiformis, for biological control of Cirsium arvense,
in Proceedings of the XIV International Symposium on Biological Con-
trol of Weeds. CAB International. pp. 83–88 (2014) Available: http://
centaur.reading.ac.uk/9828/.

69 Kluth S, Kruess A and Tscharntke T, Interactions between the rust fun-
gus Puccinia punctiformis and ectophagous and endophagous
insects on creeping thistle. J Appl Ecol 38:548–556 (2001).

70 Turner K, Studies with Puccinia Obtegens for Biological Control of
Canada Thistle (Cirsium Arvense). Montana State University. Boze-
man, Montana. (1981).

71 Kluth S, Kruess A and Tscharntke T, Effects of two pathogens on the
performance of Cirsium arvense in a successional fallow. Weed Res
45:261–269 (2005).

www.soci.org W Kentjens, S Casonato, C Kaiser

wileyonlinelibrary.com/journal/ps © 2023 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Pest Manag Sci 2023

6

 15264998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ps.7387 by M

inistry O
f H

ealth, W
iley O

nline L
ibrary on [01/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://centaur.reading.ac.uk/9828/
http://centaur.reading.ac.uk/9828/
http://wileyonlinelibrary.com/journal/ps


72 Kluth S, Kruess A and Tscharntke T, Influence of mechanical cutting
and pathogen application on the performance and nutrient storage
of Cirsium arvense. J Appl Ecol 40:334–343 (2003).

73 Wandeler H, Nentwig W and Bacher S, Establishing systemic rust infec-
tions in Cirsium arvense in the field. Biocontrol Sci Technol 18:209–
214 (2008).

74 Müller E, Jud P and Nentwig W, Artificial infection of Cirsium arvense
with the rust pathogen Puccinia punctiformis by imitation of natural
spore transfer by the weevil Ceratapion onopordi.Weed Res 51:209–
213 (2011).

75 Friedli J and Bacher S, Mutualistic interaction between a weevil and a
rust fungus, two parasites of the weed Cirsium arvense. Oecologia
129:571–576 (2001).

76 Grabka R, Entremont TW, Adams SJ, Walker AK, Tanney JB, Abbasi PA
et al., Fungal endophytes and their role in agricultural plant protec-
tion against pests and pathogens. Plan Theory 11:384 (2022).

77 Kurose D, Furuya N, Tsuchiya K, Tsushima S and Evans HC, Endophytic
fungi associated with Fallopia japonica (Polygonaceae) in Japan and
their interactions with Puccinia polygoni-amphibii var. tovariae, a
candidate for classical biological control. Fungal Biol 116:785–791
(2012).

78 Xia C, Li N, Zhang Y, Li C, Zhang X and Nant Z, Role of Epichloë endo-
phytes in defense responses of cool-season grasses to pathogens:
a review. Plant Dis 102:2061–2073 (2018).

79 Currie AF, Gange AC, Ab Razak N, Ellison CA, Maczey N and Wood S,
Endophytic fungi in the invasive weed Impatients glandulifera: a bar-
rier to classical biological control? Weed Res 60:50–59 (2019).

80 Silva GH, Teles HL, Zanardi LM, Marx Young MC, Eberlin MN, Hadad R
et al., Cadinane sesquiterpenoids of Phomopsis cassiae, an endo-
phytic fungus associated with Cassia spectabilis (Leguminosae). Phy-
tochemistry 67:1964–1969 (2006).

81 Köhl J, Kolnaar R and Ravensberg WJ, Mode of action of microbial bio-
logical control agents against plant diseases: relevance beyond effi-
cacy. Front Plant Sci 10:1–19 (2019).

82 El-Sharkawy HHA, Rashad YM and Ibrahim SA, Biocontrol of stem rust
disease of wheat using arbuscular mycorrhizal fungi and Tricho-
derma spp. Physiol Mol Plant Pathol 103:84–91 (2018).

83 Harman GE, Howell CR, Viterbo A, Chet I and Lorito M, Trichoderma
species—opportunistic, avirulent plant symbionts. Nat Rev Microbiol
2:43–56 (2004).

84 Kranz J and Brandenburger W, An amended host list of the rust para-
site Eudarluca caricis / Eine ergänzte Wirtsliste des Rostparasiten
Eudarluca caricis. J Plant Dis Prot 88:682–702 (1981).

85 Chock MK, Hoyt BK and Amend AS, Mycobiome transplant increases
resistance to Austropuccinia psidii in an endangered Hawaiian plant.
Phytobiomes 5:326–334 (2021).

86 Zabalgogeazcoa I, Fungal endophytes and their interaction with plant
pathogens. Span J Agric Res 6:138–146 (2008).

Californian thistle (Cirsium arvense) www.soci.org

Pest Manag Sci 2023 © 2023 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

7
 15264998, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ps.7387 by M
inistry O

f H
ealth, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/journal/ps

	Californian thistle (Cirsium arvense): endophytes and Puccinia punctiformis
	1  INTRODUCTION
	2  CIRSIUM ARVENSE
	3  ENDOPHYTES
	4  CALIFORNIAN THISTLE RUST (PUCCINIA PUNCTIFORMIS (F. STRAUSS) RÖHL)
	5  ENDOPHYTE-PATHOGEN RELATIONSHIPS
	6  CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


