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Abstract 

 

The purpose of this thesis is to gain a better understanding of the 

prevalence and aetiopathogenesis of hepatogenous photosensitisation related 

to Panicum grasses globally and in Australia.   

A systematic review of the literature revealed that photosensitisation is a 

common but underestimated disease that affects livestock worldwide. 

Australia showed the highest number of photosensitisation case reports 

compared to 19 other countries. Hepatogenous photosensitisation was the 

most frequently reported diagnosis and resulted in higher morbidity in 

livestock than other types. Panicum spp. were the most common causes of 

hepatogenous photosensitisation globally. 

To better understand the impact of photosensitisation in Australian 

livestock industry, an online survey was circulated to livestock 

veterinarians, producers, and traders to evaluate their awareness and 

perception of this issue. Responses confirmed that veterinarians and 

livestock producers commonly encounter photosensitisation in livestock but 

that the economic significance depends on the stakeholder’s position in the 

value chain. 

To determine the species most commonly related to Panicum outbreaks 

in the Riverina locality of NSW Australia, and area with, anecdotally, a high 

number of reported outbreaks of hepatogenous photosentisation on an 

annual basis, a plant survey was conducted. To identify Panicum species 

with a high level of accuracy, traditional taxonomic identification methods 

were used alongside a novel DNA barcoding method to confirm species 

identity. This barcoding method used one nuclear (ITS) and two chloroplast 

regions (matK and trnL intron-trnF) to distinguish Panicum species 

regardless of phenological growth stage. This multi-locus DNA barcoding 

method proved to be an accurate and cost-effective adjunctive tool for 

further distinguishing Panicum spp. at the species level. This plant survey 

also found that one previously uncommon species, Panicum hillmanii, was 

found to be highly prevalence across the entire collection region, a 

surprising result with interesting implications. 
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To determine the importance of Panicum species involvement in 

outbreaks of hepatogenous photosensitisation, targeted and non-targeted 

metabolomic profiling via UHPLC/Q-TOF-MS confirmed the existence of 

steroidal saponins in five examined Panicum species (P. capillare, P. 

hillmanii, P. gilvum, P. decompositum, and P. effusum). The work 

demonstrated that each species has distinct chemical profile that is strongly 

associated with their genetic divergence, and that P. hillmanii has a higher 

abundance of saponins, especially protodioscin, compared to the other four 

species examined. This novel finding suggests that P. hillmanii may has the 

potential of causing more photosensitisation outbreaks than others if this 

saponin fingerprint can be correlated with the hepatotoxicity. 

Together, these findings demonstrate that photosensitisation outbreak 

patterns exist in different livestock species associated with specific plants, 

plant distribution and climate conditions worldwide. Multiple stakeholders 

across the livestock chain perceive photosensitisation as a common issue 

with a significant economic impact on the livestock industry in Australia. 

Panicum spp., and particularly P. hillmanii, possess specific 

saponins/sapogenins profiles with higher abundances are likely the leading 

putative cause of hepatogenous photosensitisation in livestock. Accurate 

species identification with the assistance of DNA barcoding would promote 

a better understanding of the distribution of Panicum species in Australia 

and their potential hepatotoxic potential.  
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Thesis outline 

 

This thesis is divided into six chapters consisting of a literature review, 

two published articles, one manuscript under the second round of review by 

a peer-reviewed journal, one further experimental chapter, and one final 

chapter summarising the outcomes of the project and discussion of the 

future research directions. 

The first chapter is a broad review of photosensitisation in livestock 

representing our current understanding of the disease in non-human species, 

including a brief introduction of definition, classification, clinical 

symptoms, diagnosis, treatment, estimated incidence, and economic impact, 

with a more detailed review of the pathogenesis of different types of 

photosensitisations in animals. There is a particular focus on hepatogenous 

photosensitisation and steroidal saponins containing plants as important 

background information for this thesis. 

Chapter 2 is a peer-reviewed article that was published in PLoS One. It 

presents results from the systematically reviewed literature to determine the 

most common causative agents implicated in outbreaks of photosensitisation 

in livestock globally. A review of the international literature revealed that 

Australia, Brazil, and the United States have the highest number of peer-

reviewed photosensitisation case reports, hepatogenous (Type III) 

photosensitisation was the most frequently reported diagnosis (68.5%) and 

resulted in higher morbidity, with Panicum spp., Brachiaria spp., and 

Tribulus Terrestris were identified as the most common causes of 

hepatogenous photosensitisation globally. This chapter is presented in the 

format of the journal, as is the requirement for inclusion of published works 

in a Charles Sturt University thesis. 

Chapter 3 is an accepted manuscript in a peer-reviewed journal, the 

Australia Veterinary Journal. This chapter presents results from an online 

survey that sought to investigate the relative differences in the perceptions 

and awareness of outbreaks of photosensitisation in Australian livestock 

stakeholders, including veterinarians, livestock traders and producers. It 

confirms previous assumptions that veterinarians and livestock producers 
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commonly encounter photosensitisation in livestock in Australia but 

highlighted that the economic importance of these outbreaks was relative to 

the stakeholders’ position in the value chain.  

Chapter 4 is an experimental chapter that was published in the peer-

reviewed journal, Scientific Reports. It reports the novel use a multi-locus 

DNA barcoding technique to identify nine selected Panicum spp. found in 

Australia. This study revealed that using one nuclear (ITS) and two 

chloroplast regions (matK and trnL intron-trnF) can be an accurate 

adjunctive tool for distinguishing Panicum spp. at the species level. This 

chapter is also presented in the format of the journal in which it was 

published. 

Chapter 5 is an experimental article presented in the format of a journal 

article. It presents the findings from targeted and non-targeted metabolomic 

analysis via UHPLC/Q-TOF-MS, which confirms the existence of steroidal 

saponins in five examined Panicum species collected in Australia and 

reveals that P. hillmanii shows a higher abundance of steroidal saponins 

than other species examined. 

Chapter 6 is the summary and discussion of the entire project, containing 

recommendations for future research directions. 

The author’s contribution is noted at the start of each chapter. 
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Chapter 1 

Literature review: Hepatogenous Photosensitisation in 

Livestock 

 

Preface 
 

This chapter presents a comprehensive introduction to the topic of 

photosensitisation in animals, with a particular focus on hepatogenous 

photosensitisation and steroidal saponins containing plants. Furthermore, 

there are additional reviews on the DNA barcoding method and the current 

understanding of metabolomic profiling for presence and abundance of 

saponin and sapogenins. This chapter serves as a foundation and summary 

of current knowledge related to the topic of this thesis. The end of this 

chapter clarified the project’s aim by addressing knowledge gaps in our 

understanding of hepatogenous photosensitisation related to Panicum 

species particularly and listed hypotheses that will be investigated in the 

chapters following this introduction 

 

I conducted the literature review, data extraction, visualisation of the 

results, and led the manuscript’s development from the first draft to the final 

one, with the mentorship and editing assistance from Prof. Jane Quinn and 

Dr Panayiotis Loukopoulos. 
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1.1 Overview   

1.1.1 Photosensitisation  

Photosensitisation is the process that occurs when photodynamic or 

photosensitive components (photosensitisers) accumulate in the skin, cornea 

and/or mucous membranes, are activated by long-wavelength ultraviolet, 

visible light and a portion of infrared light (280-790 nm), releasing energy 

that then results in cellular injury and initiation of an inflammatory response 

(Butler & Revell, 2010; Galitzer & Oehme, 1978; Kessell, Ladmore, & 

Quinn, 2015; Puschner, Chen, Read, & Affolter, 2016; Quinn, Kessell, & 

Weston, 2014a; Sargison, Baird, Sotiraki, Gilleard, & Busin, 2012). Clinical 

symptoms caused by photosensitisation reactions are non-specific in 

general, mainly presents as various forms and degrees of cutaneous and 

mucosal inflammation, ranges from erythema, oedema, vesicle formation to 

necrosis (Dubakiene & Kupriene, 2006). The involvement of a 

photosensitiser excited by light at the appropriate wavelength is crucial in 

this process (Mathews-Roth, 1982; Wainwright, 2009), and a 

photosensitisers existent in close proximity to dermal cells in sufficient 

quantity to cause light reactive damage is essential to the appearance of the 

clinical symptoms of the phototoxicity effects (Fu et al., 2013).  

1.1.2 Photosensitiser and molecular basis of photosensitisation 

Molecules that have polycyclic aromatic rings, or unsaturated double 

bonds within their chemical structure, are able to absorb photons and to be 

excited into a triplet state (Selvåg, 1998). Such molecules can act as a 

photosensitiser in two types of photosensitisation, Type I and Type II, 

simultaneously and competitively (Smith, 1989) (Figure 1.1).  

In the Type I reaction, the triplet photosensitiser will abstract an electron 

or a hydrogen atom from a reducing substrate in its vicinity, resulting in a 

semi-reduced photosensitiser and a semi-oxidised form of the substrate 

(Quinn, Kessell, & Weston, 2014b). Intracellularly, reactive photosensitisers 

and substrates will interact to form secondary free radicals, such as peroxyl 

radicals or hydroxyl radicals. All of these are known intermediates cause 

oxidative damage of DNA and other biomolecules in the cell (Fu et al., 

2013; Smith, 1989). In this type of reaction, the photosensitiser interacts 
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with the substrate directly, and oxygen will be a competitor in this 

interaction, therefore type I photosensitised mechanism is most efficient at a 

high substrate and low oxygen environment (Quintero & Miranda, 2000; 

Smith, 1989).  

In the Type II reaction, the triplet photosensitiser transfers its energy to 

ground state oxygen, which generate a ground state photoactive molecule, 

together with an electronically excited singlet state of oxygen. Both of these 

products have a greater energy potentials (Castano, Demidova, & Hamblin, 

2005). The generated singlet oxygen is highly reactive; it can interact with 

many biological substrates, including proteins, lipids, and the guanine base 

of DNA and RNA to generate oxidised products (Dall’Acqua, 1988). This 

energy transmission process does not require a change in spin direction, 

therefore it is more efficient and can react more quickly than the Type I 

reaction (Bordin, Dall’Acqua, & Guiotto, 1991; Laustriat, 1986; Potapenko, 

1991). In this type of reaction, no substrate is required, and the photoactive 

molecule is not consumed (Smith, 1989).  

In mammalian cells, a photosensitising reaction may involve a large 

variety of reactive species, such as photo-excited states of molecules, free 

radicals, singlet oxygen, superoxide, hydrogen peroxide, and possibly the 

hydroxyl radical (Smith, 1989). The reaction often has several intermediate 

steps, and all types of reactions occur simultaneously (Smith, 1989). The 

overview of the phototoxic reaction is summarised in Figure 1.2. 
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Figure 1.1 Type I and Type II photochemical reactions.  

Type I: Electron or hydrogen transfer between photosensitiser (3Sens) and 

substrate (Sub) could format free radicals, which can react with 

biomolecules either directly, or it may react with oxygen, forming 

secondary free radicals (HO2*, H2O2, O2*- ); Alternatively type II reactions 

occur with photon energy is absorbed by the photosensitiser as it binds 

oxygen producing an excited triplet photosensitiser (3Sens) / oxygen (3O2) 

complex. This also produces an excited singlet oxygen (1O2), which can 

oxidise of membrane lipids, proteins, or nucleic acids. (0Sens: ground state 

photosensitiser, 1Sens: singlet excited state photosensitiser, 3Sens: triplet 

excited state photosensitiser, Sub: Substrate; *: electron;  3O2: ground state 

oxygen; 1O2:  singlet excited state oxygen; O2*- : superoxide radical oxygen 

anion; HO2*: Hydroperoxyl; H: Hydrogen atom;  Sensh2: fully reduced 

photosensitiser; H2O2: hydrogen peroxide; ). Modified from (Mio, Yabuta, 

& Kamei, 1999; Viola & Dall’Acqua, 2006) 
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Figure 1.2 Schematic representation of a phototoxic reaction in a 

mammalian system. Modified from (Smith, 1989) 

 

Hundreds of organic, metallororganic and inorganic photosensitisers 

have been found in the cellular content (flavins (Cardoso, Libardi, & 

Skibsted, 2012) and porphyrins (Poh-Fitzpatrick, 1985) ), in foods (carrots 

(Bourke & Rayward, 2003; Button et al., 1987; Dent & Rofe, 1967; 

Glastonbury, Doughty, Whitaker, & Sergant, 1984; Lugton & Woolacott, 

2014), celery (Ljunggren, 1990), lime (Cadet, Douki, & Ravanat, 2015), 

etc.), in plants (chlorophyll, hypericin, furanocoumarin, etc.) (Butler & 

Revell, 2010; Galitzer & Oehme, 1978; Kessell et al., 2015; Puschner et al., 

2016; Quinn, Kessell, & Weston, 2014a; Sargison et al., 2012) , and in 

chemical containing products (cosmetics, dye, coal tar, etc.) (Butler & 

Revell, 2010; Galitzer & Oehme, 1978; Kessell et al., 2015; Puschner et al., 

2016; Quinn, Kessell, & Weston, 2014a; Sargison et al., 2012). In veterinary 

medicine, most photosensitisation cases are reported in herbivores, due to 

their herbivore lifestyles and grazing preferences. The majority of 
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photosensitisation cases are associated with plants (Quinn, Kessell, & 

Weston, 2014b). Therefore photosensitisers of interest mainly include 

furanocoumarins, hypericin, fagopyrin, phytoporphyrin, and porphyrin 

(Gerhardt, Wilson, & Greenberg, 2005; el-Ghorr, Norval, Lappin, & 

Crosby, 1995; Kiss & Anstey, 2013; Shah & He, 2015).  

In domestic livestock, these photosensitisers can be categorised as 

endogenous and exogenous in origin. Endogenous photosensitiser refers to 

molecule that are synthesised by the animal itself and are photoreactive and 

phototoxic under certain conditions. These include the breakdown 

production of haemoglobin synthesis or metabolism including uroporphyrin, 

coproporphyrin, and protoporphyrin (Huxley, Lloyd, Parker, Woolf, & 

Strugnell, 2009; McAloon, Doherty, O’Neill, Badminton, & Ryan, 2015; 

Pence & Liggett, 2002). These are endogenous pigments that arise from 

congenital or acquired defective heme synthesis in animals with congenital 

photosensitisation, or as a by-product of haemoglobin break down in normal 

animals. These bioactive molecules are readily transported to skin and 

underlying tissues through the circulatory system and if allowed to build up 

in sufficient quantify, such as in the case of congenital photoporpyria, will 

cause clinical signs of photosensitisation.  

Exogenous photosensitiser refers to any molecule that is not produced by 

the animal itself.  Hundreds of organic, metalorganic, and inorganic 

molecules have been reported as exogenous photosensitisers. These include 

flavins (Cardoso et al., 2012), porphyrins (Poh-Fitzpatrick, 1985), 

chlorophyll (Tapper, Lohrey, Hove, & Allison, 1975), hypericin (Durmic & 

Blache, 2012), furanocoumarin (Davids, Kleemann, Kacerovská, Pizinger, 

& Kidson, 2008), and certain phototoxic drugs (Dawe & Ibbotson, 2014) 

that have polycyclic aromatic rings, or unsaturated double bonds. In 

livestock exogenous photosensitisers of interest mainly include 

furanocoumarins, hypericin, and phytoporphyrin (Galitzer & Oehme, 1978; 

Quinn, Kessell, & Weston, 2014a).  

Exogenous photosensitisers will be transported to dermal tissues in the 

animal via one of two routes, either transdermally or via the circulatory 

system after the absorption in the gastrointestinal system (Smith, 1989). 
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They can either be a molecule originating from the grazing plant directly, 

such as hypericin from Hypericum perforatum L. (St. John’s Wort), or a 

molecule formed as a by-product of rumen fermentation, such as 

phytoporphyrin, a breakdown product of chlorophyll. 

In cases of transdermal translocation, when a primary photosensitiser 

makes contact to the skin surface, three possible transportation pathways 

have been suggested: intradermal, intercellular and transappendaged (hair 

follicle, sebaceous gland and sweet gland) penetration (Pathan & Setty, 

2009; Prausnitz, Elias, & Franz, 2012). As the front line of dermal defence, 

the stratum corneum provides the rate-limiting resistance to passive 

diffusion of photosensitisers but can also interfere with the penetration of 

polarising molecules into the sub-epidermal layer. In this barrier system, the 

intercellular lipid-rich matrix acts as a major hydrophobic barrier. Therefore 

hydrophilic photosensitisers could be stopped or retained in this layer 

(DeRosa & Crutchley, 2002; Smith, 1989). Experiments have proven that 

breakdown or impairment of epidermal lipid can result in increased 

permeability to exogenous molecules (Smith, 1989), which can increase the 

susceptibility of developing photosensitisation. Moreover, because the 

thickness and the quantity of the epidermal lipid matrix are age and species 

related, it could explain the varying morbidity and susceptibility in different 

species, and in different life stage of the same species; for example, lambs 

are more susceptible to contact photosensitisation compared to ewes in the 

same flock (Fu et al., 2013; Smith, 1989). Cellular damage caused by this 

dermal contact route is obvious in keratinocytes under histopathology 

examination, as it is where most photosensitisers are concentrated (Bordin et 

al., 1991; Potapenko, 1991; Smith, 1989).  

When phototoxicity occurs, the photosensitiser or a complex of the 

photosensitiser and cellular organelles will enter an excited state following 

the absorption of photons (Fu et al., 2013). Following entry to the 

excitement phase, triplet states of the photosensitiser and/or free radicals 

will be formed, released energy from this process may result in peroxide 

formation and free radical generation, cell membrane or lysosomal 

membrane damage and nuclear and/or mitochondrial injury (Fu et al., 2013; 

Moore, 1998). This is an acute reaction, with symptoms appearing within 
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minutes to hours after exposure to the photosensitiser, and has the most 

significant appearance in exposed or unpigmented areas of skin (Scheinfeld, 

Chernoff, Derek Ho, & Liu, 2014).  

1.1.3 Classification of photosensitisation in animals 

Photosensitisation in animals can be classified into three major 

categories. These categories are dependent on the different processes 

resulting in development of clinical signs of photosensitisation in the 

affected animals which, in turn, correspond to different aetiological causes: 

primary (Type I), congenital (Type II) and hepatogenous (Type III) 

(Barrington, 2010). 

Primary (Type I) photosensitisation occurs when phototoxic compounds 

or their metabolites are activated within the external tissues of the animal 

via dissipation through the systemic circulation following ingestion; or via 

local percutaneous absorption following direct contact with the skin 

(Barrington, 2010). 

Congenital (Type II) photosensitisation is caused by abnormal haem 

(heme) synthesis, that results in accumulation of photosensitising 

compounds in the skin, such as uroporphyrin, coproporphyrin, and 

protoporphyrin (Mauldin & Peters-Kennedy, 2016). This type is rare and 

has less economic and clinical significance to livestock industry (Campbell, 

Dombroski, Sharma, Partridge, & Collett, 2010). 

Hepatogenous (Type III) photosensitisation is the result of any 

aetiological agent that impairs hepatobiliary excretion, either by damage to 

the hepatocytes directly, or to the functionality of the bile ducts themselves 

(Sargison et al., 2012). Hepatogenous (Type III) photosensitisation is 

particularly prevalent in ruminants due to their plant-based diet (Gleen, 

Monlux, & Panciera, 2016). 

1.1.4 Clinical signs of photosensitisation in animals 

Regardless of the different aetiological causes, the clinical manifestations 

of photosensitisation are similar (Casteel, Bailey, Reagor, & Rowe, 1986; 

Galitzer & Oehme, 1978). Any areas of the body exposed to sunlight that 

lacks protective fleece, hair or pigmentation can develop dermal damage 
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during outbreaks of photosensitisation. The areas of skin most predisposed 

to UV damage include the nose, ear, eyelids, teats, udder, escutcheon, vulva, 

and coronary band (Flåøyen, 1999; Johnson & Jensen, 1998). Clinical signs 

can include hypersensitivity, itching, reddening, oedema, necrosis, and 

ulceration of skin or mucous membranes, including the cornea, and in the 

most severe cases, retinal damage (Gould, Mercurio, & Elmets, 1995; 

Harber & Baer, 1972). In chronic cases, skin will slough off, predisposing 

animals to secondary infections (Mauldin & Peters-Kennedy, 2016) and in 

severe cases death. Circulating phytotoxic agents can also result in systemic 

clinical symptoms, including intestinal haemorrhage, decreased blood 

pressure, and circulatory collapse depending on the causal agent and 

compounding toxic entities that might also be present in the ingested plant 

tissue (Epstein, 1983; Parker, Buehler, & Newmann, 2006; Selvåg, 1998).  

1.1.5 Diagnosis of photosensitisation in livestock 

The establishment of a clinical diagnosis of photosensitisation is highly 

depended on the presence of lesions on unpigmented tissue, those poorly 

protected by hair or fleece, which are primarily those regions which are 

sunlight-exposed (Mauldin & Peters-Kennedy, 2016), and it is not 

problematic as identify a causal agent. Although there is no direct laboratory 

test to for an aetiological diagnosis of photosensitisation per se, the 

measurement of phytoporphyrin, a metabolite of ingested chlorophyll, has 

been established to assist the aetiological investigation process of 

photosensitisation (Campbell et al., 2010), The lesion type and distribution 

pattern observed in cases of photosensitisation are highly suggestive of the 

condition, or pathognomonic, when combined with other findings such as 

exposure to toxic weeds or underlying genetic defects.  

The main differential diagnosis to photosensitisation in domestic animals 

is “sunburn” (Mauldin & Peters-Kennedy, 2016). Sunburn is an unusual 

diagnosis in domestic animals as, in general, the surface hair or fleece of 

most domestic species, even where this hair or fleece is white, offers good 

physical protection from damaging UV rays (Pilsworth & Knottenbelt, 

2010). True sunburn in animals generally occurs in areas most exposed to 

sunlight, and have limited or no skin pigmentation such as albino cats and 

white dogs (Mauldin & Peters-Kennedy, 2016). In cats, sunburn lesions are 
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mainly located on external ear tips, eyelids, nose and lips. In dogs, regions 

where has no or sparsely growth hairs, such as the ventral abdominal, 

inguinal and perianal regions, are most prone for sunburn lesions (Mauldin 

& Peters-Kennedy, 2016). In horses, eyelids, nose, regions around prepuce, 

and the upper half of the muzzle with a large white blaze, will show 

symptoms where other body parts will be spared (Pilsworth & Knottenbelt, 

2010). Generally speaking, sunburn lesions are also mild, or chronic in 

nature, and do not extend over large areas of the surface of the body, or to 

tissues on the ventral body surface such as mammary glands and genitalia 

(Mauldin & Peters-Kennedy, 2016). This is dissimilar to cases of 

photosensitisation where areas of skin that would normally not express 

injury on exposure to normal sunlight are affected, such as the coronary 

band or mammary glands, and tissue damage can be extreme (Rowe, 1989). 

As such, the type of injury, severity, and location can all assist to rule out a 

diagnosis of sunburn and confirm one of photosensitisation in an affected 

animal. 

1.1.6 Treatment of photosensitisation in livestock 

Currently, no fully effective treatment regime is available to prevent 

outbreaks of photosensitisation in domestic livestock due to their largely 

stochastic appearance (Fu et al., 2013; Moore, 1998). For symptomatic 

treatment, reduction or prevention of exposure to sunlight by providing a 

dark shed or shady paddock with trees is required (Mauldin & Peters-

Kennedy, 2016). Where skin lesions are present, such as on the teat and 

udders in cattle, applying human sunscreen cream may be considered as an 

option (De Oliveira et al., 2013; Glastonbury & Boal, 1985; Pollock et al., 

2015). Antihistamine and corticosteroid therapy can also be used to alleviate 

inflammation and oedema, with oral or intravenous fluid supplementation to 

maintain hydration status. Antibiotics can also be considered to treat 

secondary bacterial infections, although such treatment can be impractical in 

many herd or flock situations, especially when a large number of animals is 

affected (Collett, 2014). In cases of hepatogenous photosensitisation, 

offering non-green feed, such as hay or silage, to reduce the rate of 

chlorophyll ingestion and therefore the generation of secondary metabolic 

phytophototoxic products has been proven effective as a management 
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strategy  (Moore, 1998). However, all these treatments are secondary to 

presence of visible clinical signs, and frequently flocks or herds are already 

moderately to severely affect prior to the producer being aware of a health 

issue in their cattle or sheep, by which time an entire flock or herd can be 

affected in a severe outbreak. As such, prevention rather than treatment is 

the preferred option for control of clinical signs of photosensitisation in 

livestock. 

1.1.7 Incidence and economic impact of photosensitisation in livestock 

Geographical latitude, humidity, temperature, wind and rainfall can all 

affect the occurrence of photosensitisation in livestock (Rowe, 1989) and 

often common causal agents in idiopathic outbreaks can be hard to 

ascertain. In common veterinary parlance, photosensitisation has been 

described as a common disease in Scotland (McAloon et al., 2015), Chile 

(Araya & Ford, 1981), Brazil (Brum, Haraguchi, & Lemos, 2007; Pimentel 

et al., 2007), and New Zealand (Ozmen, Sahinduran, Haligur, & Albay, 

2008). However, the commonness of this condition also means that 

outbreaks often go entirely unreported, making ascertaining the absolute 

incidence very hard to gauge. Therefore, despite numerous case reports of 

photosensitisation being present in the veterinary and scientific literature 

(Gunasekera, Kim, Tulloh, & Ford, 2007; Owens & Knox, 1978; Rivas, 

Araya, Caba, Rojas, & Calaf, 2011),  the overall incidence and economic 

impact of photosensitisation in livestock is still largely unknown.  During 

severe outbreaks, economic loss due to livestock mortalities, reduced 

fecundity, mismothering, lamb or calf fatalities due to reluctance to feed or 

maternal loss, as well as fleece or carcass downgrading will all contribute to 

the cost of an outbreak of photosensitisation for the producer (Kellerman, 

Erasmus, Coetzer, Brown, & Maartens, 1991; Marasas et al., 1972; 

Haydardedeoğlu, 2013).  

In addition to the direct economic loss accrued due to animal mortalities 

and tissue damage rendering animals downgraded in value at sale or 

slaughter, secondary costs should also be taken in consideration including 

production loss caused by impaired organ function, weight loss, fly strike, 

secondary infections, and reluctance of animals to nurse young offspring 

because of damaged udders (Cardona-Álvarez, Vargas-Vilória, & Paredes-
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Herbach, 2016; Collett, 2014; De Oliveira et al., 2013; Glastonbury et al., 

1984; Gleen et al., 2016; Kellerman et al., 1991; Naci Haydardedeoğlu, 

2013; Peterson, Payne, & Culvenor, 1992; Pollock, Wishart, Holland, 

Malone, & Waterhouse, 2015; Schons et al., 2012).  Together, these factors 

indicate that the cost to industry in countries such as Australia that 

experience significant outbreaks of photosensitisation in livestock can be 

severe. 

This is, however, a complex problem. The complexity of the aetiology, 

the lack of direct outbreak data, and the multifactorial economic impacts of 

an outbreak of photosensitisation make it very difficult to get an accurate 

estimation of the economic impact in any particular jurisdiction. Despite the 

difficulty in collecting sufficient data, an estimated number of the affected 

animal and estimate of the impact of financial losses due to hepatogenous 

photosensitisation has been suggested for isolated cases. In one report, more 

than 500,000 sheep and goats were severely affected in several outbreaks of 

geeldikkop (hepatogenous photosensitisation caused by Tribulus terrestris) 

in South Africa in 1949 (Flåøyen, 1999). Several authors have attempted to 

define the annual cost of facial eczema (hepatogenous photosensitisation 

caused by Pithomyces chartarum) in sheep and cattle in New Zealand, 

where the economic cost was estimated to be between $20 million to $63 

millions NZ dollars (Morris, Jordan, Loong, Lewis, & Towers, 2012; Morris 

et al., 2004; Towers, 1986). Kellerman and colleagues estimated the annual 

cost of geeldikkop in sheep to be over 19 millions Rand in South Africa in 

the 1990s  (Kellerman, Naudé, & Fourie, 1996; Pollock et al., 2015). 

However, despite these significant figures being presented from other 

countries globally, no data on the estimation of the annual economic impact 

of hepatogenous photosensitisation, or indeed primary photosensitisation, 

has been presented with regard to the Australian livestock industry, nor have 

any recent estimate of the impact been reported elsewhere. 

Photosensitisation appears to have become a common and accepted 

problem, to such an extent that impacts on livestock and production are 

barely discussed or presented in Australia or globally and therefore current 

estimates of economic impact are largely unknown. 
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1.2 Pathogenesis of plant-related photosensitisation 

1.2.1 Pathogenesis of plant-related primary photosensitisation 

Primary photosensitisation occurs when phototoxic compounds or their 

metabolites are activated within the skin of an animal, after translocation via 

the systemic circulation, following ingestion or via local percutaneous 

absorption following direct contact. At least thirty-three plant species, which 

are identified to cause primary photosensitisation, have been reported causal 

to photosensitisation in livestock (Table 1.1). Despite the range of plant 

species implicated in outbreaks of primary photosensitisation, only a small 

number of bioactive molecules have been unequivocally identified to date. 

These include the furanocoumarins found in Ammi majus (Bishop’s weed) 

(Dollahite, Younger, & Hoffman, 1978; Egyed, Malkinson, & Shlosberg, 

1974; Egyed, Shlosberg, Eilat, & Malkinson, 1975) and Heracleum 

mantegazzianum (Giant Hogweed) (Camm, Buck, & Mitchell, 1976; Chan, 

Sullivan, O’Sullivan, & Eadie, 2011; Ivens, 2011; P. Klimaszyk, 

Klimaszyk, Piotrowiak, & Popiołek, 2014); hypericin and its derivates from 

Hypericum perforaturn (St. John’s wort) (Araya & Ford, 1981; Bernd et al., 

1999; Lane-Brown, 2000; Schempp, Müller, Winghofer, Schöpf, & Simon, 

2002; Schmitt et al., 2006); fagopyrin from Fagopyrum esculentum 

(buckwheat) (Galitzer & Oehme, 1978; Pimentel et al., 2007; Souza et al., 

2012) and Froelichia humboldtiana (Amaranthaceae) (Knupp et al., 2014a; 

Pimentel et al., 2007; Porto et al., 2013; Souza et al., 2012), and perloline 

from Lolium Perenne (Perenial ryegrass)) (Figure 1.3) (Peterson et al., 

1992) .  

1.2.2 Pathogenesis of congenital photosensitisation in livestock 

Diseases associated with congenital photosensitisation in livestock 

include bovine congenital erythropoietic porphyria (BCEP) and bovine 

congenital erythropoietic protoporphyria (BCEPP) (Agerholm et al., 2012; 

Buchanan & Crawshaw, 1995; McAloon et al., 2015; Pence & Liggett, 

2002). 

BCEP is an autosomal recessive inherited disorder that is caused by a 

mutation in the gene encoding the enzyme uroporphyrinogen III synthase 

(UROS), which will cause marked deficiency in uroporphyrinogen III 
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cosynthetase (Huxley et al., 2009). This deficiency leads to the formation 

and accumulation of the metabolites, uroporphyrinogen I and 

coproporphyrinogen I, which will be oxidised to end products uroporphyrin 

I and coproporphyrin I, which accumulate in the body and are excreted in 

urine and faeces. As a result, accumulated porphyrins, especially excess 

uroporphyrins, will not only change the colour of tissues due to deposition 

(“pink took” and “osteohemochromatosis”) and the colour of the urine and 

faeces due to excretion (“porphyrinuria” and “hematoporphyrinuria”), but 

also will act as photosensitisers in cutaneous tissue. After absorbing UV 

radiation, reactive oxygen species will be generated by the accumulated 

porphyrins in the cutaneous tissue to cause further cell membrane damage 

with inflammatory reactions eventually (Mauldin & Peters-Kennedy, 2016). 

BCEPP is a recessive inherited disorder in cattle. It is commonly reported 

in Limousin cattle (Armstrong, Jonsson, & Barrett, 2002; Buchanan & 

Crawshaw, 1995; McAloon et al., 2015; Pence & Liggett, 2002; Schwartz, 

1978), but has also be found in the Blonde d’Aquitane breed (Schelcher, 

Delverdier, Bezille, Cabanie, & Espinasse, 1991). It is caused by the 

deficiency of ferrochelatase, which is caused by the failure in the final stage 

of haem biosynthesis pathway, catalysing the chelation of ferrous iron to 

protoporphyrin in the production of haem (McAloon et al., 2015).  

1.2.3 Pathogenesis of plant-related hepatogenous photosensitisation 

In domestic livestock, hepatogenous photosensitisation is the most 

common type of photosensitisation as any hepatic or biliary injury, 

dysfunction (Campbell et al., 2010) or bile duct occlusion (Edwards & 

Schock, 2010) may predispose animals to a build-up of circulating 

phytoporphyrin, that can result in  clinical signs of photosensitisation (Di 

Menna, Smith, & Mues, 2009). Hepatogenous photosensitisation is also 

particularly prevalent in ruminants due to the plant-based nature of their diet 

(Wainwright, 2009). In healthy animals, the photoactive pigment in plants, 

chlorophyll, is metabolised by the gastrointestinal tract anerobic flora 

(Campbell et al., 2010) and it’s metabolic breakdown products, including 

phytoporphyrin (phylloerythrin), are absorbed into the circulation and then 

excreted from the bile duct via the faeces (Collett, 2014; Lugton & 

Woolacott, 2014; Pass, Gemmell, & Heath, 1978; Wisløff, Wilkins, Scheie, 



Chapter 1 

 15 

& Flåøyen, 2002). Impairment of the excretion ability of the chlorophyll and 

its metabolites through the hepatobiliary system, either due to damage to the 

hepatocytes of the liver which metabolise chlorophyll into its metabolic 

waste products (known as hepatotoxicity), or by damage to the functionality 

of the bile ducts themselves (cholestasis), can cause the accumulation of 

phytoporphyrin in the circulatory system of the affected animal resulting in 

clinical signs of photosensitisation (Albernaz et al., 2010; de Aluja, 1970; 

Flåøyen, 1996; Pass, 1986; Sharma, Makkar, Dawra, & Negi, 1981).  
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Figure 1.3 Phytochemicals identified to cause primary photosensitisation in livestock. From left to right: Furanocoumarins (psoralen and angelicin) 

from Ammi majus (Dollahite, Younger, & Hoffman, 1978) and Heracleum mantegazzianum (Klimaszyk, Klimaszyk, Piotrowiak, & Popiołek, 2014); 

hypericin from Hypericum perforaturn (Schmitt et al., 2006), fagopyrin from Fagopyrum esculentum and Froelichia humboldtiana (Souza et al., 

2012), and perloline from by Lolium Perenne (Peterson et al., 1992). 
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Table 1.1 Causative agents of primary photosensitisation in livestock 

Casual plant tissue Photodynamic 

agent component 

Species Reference 

Alfalfa Hay Unidentified Horse (Puschner et al., 2016) 

Ammi majus (Bishop’s weed) Furanocoumarins Sheep, horses, cattle and poultry 
(McKenzie, 2012; Witzel, Dollahite, & 

Jones, 1978) 

Apium graveolens (Celery) Furanocoumarins Pigs (McKenzie, 2012) 

Biserrula pelecinus (Biserrula) Unidentified Sheep (Kessell et al., 2015) 

Coriandrum sativum (Coriander) Furanocoumarins Pigs (McKenzie, 2012) 

Cullen cinereum Furanocoumarins Horses (McKenzie, 2012) 

Cullen patens Furanocoumarins Horses (McKenzie, 2012) 

Ficus L. species (Fig trees) Furanocoumarins Herbivores (McKenzie, 2012) 

Ficus macrophylla (Moreton Bay fig) Furanocoumarins Horses (McKenzie, 2012) 

Fagopyrum esculentum (Buckwheat) Fagopyrine Herbivores, pigs, poultry (McKenzie, 2012) 



Chapter 1 

 18 

Casual plant tissue Photodynamic 

agent component 

Species Reference 

Froelichia humboldtiana (Amaranthaceae) Unidentified 
Horses, sheep, cattle, donkeys, 

mules 

(Knupp et al., 2014a; Knupp, 

Borburema, & Neto, 2014b; Pimentel et 

al., 2007; Santos et al., 2017; Souza et 

al., 2012) 

Heracleum sphondylium (Hogweed) Unidentified Horses (Flåøyen, 1999) 

Hypericum androsaemum (Sweet amber） Hypericin Ruminants, horses (McKenzie, 2012) 

Hypericum erectum Hypericin Cattle (Kawada, 1980) 

Hypericum gramineum Hypericin Sheep (McKenzie, 2012) 

Hypericum perforatum (St John’s wort) Hypericin Ruminants, horses 
(Kellerman et al., 1996; Pollock et al., 

2015) 

Hypericum tetrapterum (St Peter’s wort) Hypericin Ruminants, horses (McKenzie, 2012) 

Hypericum triquetrifolium (Tangled hypericum) Hypericin Ruminants, horses (McKenzie, 2012) 
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Casual plant tissue Photodynamic 

agent component 

Species Reference 

Lotus corniculatus (Birdsfoot trefoil) Unidentified Sheep 
(Stafford, West, Alley, & Waghorn, 

1995) 

Lolium Perenne (Perenial ryegrass) Perloline Ruminants 
(Aasen, Culvenor, Finnie, Kellock, & 

Smith, 1969; McKenzie, 2012) 

Medicago minima (Small burr medic) Unidentified Sheep, cattle, horses, pigs (McKenzie, 2012) 

Medicago polymorphs (Burr medic) Unidentified Sheep, cattle, horses, pigs (McKenzie, 2012) 

Medicago sativa (Lucerne, alfalfa) Unidentified Horses, sheep (Ferrer et al., 2007; Pollock et al., 2015) 

Pastinaca fatica (Parsnip) Furanocoumarins Pigs (Haydardedeoğlu, 2013) 

Patroselinum crispum (Parsley) Furanocoumarins Pigs (Griffiths & Douglas, 2000) 

Phenothiazine (antihelminthic drug) Phenothiazine Sheep, cattle, pigs 

(Clare, Whitten, & Filmer, 1947; 

Dirksen & Tammen, 1964; Gordon & 

Green, 1951; Mitchell, 1994; Swales, 

1940; Swales, Albright, Fraser, & Muir, 

1942) 
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Casual plant tissue Photodynamic 

agent component 

Species Reference 

Trifolium dubium (Yellow suckling clover) Unidentified Herbivores (McKenzie, 2012) 

Trifolium hybridum (Alsike clover) Unidentified Herbivores (McKenzie, 2012) 

Trifolium pretense (Red clover) Unidentified Ruminants (McKenzie, 2012) 

Trifolium repens (White clover) Unidentified Herbivores (McKenzie, 2012) 

Trifolium resupinatum (Shaftal clover) Unidentified Sheep (McKenzie, 2012) 

Trifolium subterraneum (Subterranean clover) Unidentified Herbivores (McKenzie, 2012) 

Vicia sativa (Common vetch) Unidentified Herbivores (McKenzie, 2012) 

Vigna unguiculate (Cow pea) Unidentified Sheep (McKenzie, 2012) 
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Previous studies have determined that the plasma concentration of 

phytoporphyrin in healthy sheep is less than 0.1 μmol/l or 0.05 μg/ml, with 

animals showing clinical signs of photosensitisation subsequent to with 

hepatotoxic ingestion will have concentrations exceeding 0.3 μmol/l or 0.3 

μg/ml (Collin, Odriozola, & Towers, 1998; Phua et al., 2014). When excess 

phytoporphyrin is transported by the systemic circulation to subdermal and 

dermal tissues, or to other epithelial surface areas of the body such as the 

cornea and exposed mucous membranes of the eye or genitalia, they can 

enter the cell and bind to Golgi apparatus and mitochondria resulting in 

cellular dysfunction or cell death via oxidative cell injury (Edwards, 

Richards, Gwynn, & Love, 1981; Greenwood & Williamson, 1985; Hansen, 

McCoy, Hedstrom, Snyder, & Ballerstedt, 1994; Marasas et al., 1972) 

(Galitzer & Oehme, 1978; Rimington & Quin, 1933).  

Hepatotoxins are commonly found in plants. Common hepatotoxic agents 

causal to  hepatogenous photosensitisation include steroidal sapogenins in 

Panicum spp., Brachiaria spp., Tribulus terrestris, Narthecium ossifragum , 

Doryanthes palmeri, Agave lecheguilla, Nolina texana and Phytolacca 

octandra (Aslani, Movassaghi, Mohri, Ebrahim-pour, & Mohebi, 2004; 

Bridges, Camp, Livingston, & Bailey, 1987; Collett, Thompson, & Christie, 

2011; Low, 2015; Riet-Correa et al., 2009; Wisløff et al., 2002), lantadene 

in Lantana camara L. (Kellerman et al., 1991), sporidesmin in Pithomyces 

chartarum (Di Menna, Flåøyen, & Ulvund, 1992; Pollock et al., 2015).  

In addition to these toxic constituents, congenital liver abnormalities 

(Pollock et al., 2015; Ulvund, 2012), infectious or inflammatory liver 

disease (Di Menna et al., 1992; Flåøyen, Borrebæk, & Nordstoga, 1991a; 

Pollock et al., 2015; Wisløff et al., 2002), hepatic parasites (Doyle & 

Gordon, 2008), metabolic disease, such as cobalt deficiency (Casteel et al., 

1986; Galitzer & Oehme, 1978) and copper accumulation (Minervino et al., 

2010), and neoplasia (Cullen & Stalker, 2016) can also give rise to 

hepatogenous photosensitisation, although these conditions are less common 

than hepatogenous PS resulting from ingestion of hepatotoxic agents from 

plant species.  

Several reports have suggested the existence of synergistic or interactive 

factors due to the observance of the sporadic pattern of outbreaks of 
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hepatogenous photosensitisation and the difficulty of experimentally 

recreating photosensitisation with a single toxic insult alone (Aslani, 

Movassaghi, Mohri, Pedram, & Abavisani, 2003; Mauldin & Peters-

Kennedy, 2016; Medeiros, Bezerra, & Riet-Correa, 2014; Saturnino et al., 

2010). For example, sporidesmin may accelerate the progress of the liver 

damage when present in combination with ingestion of steroidal saponins 

from toxic plant species (Mauldin & Peters-Kennedy, 2016), when 

previously neither were sufficient individually to cause clinical signs of 

photosensitisation in isolation (Pilsworth & Knottenbelt, 2010; Pollock et 

al., 2015). Aetiological agents that have been reported as causes of 

hepatogenous photosensitisation in livestock are summarised in Table 1.2. 

Together these data suggest that although certain plant species, or other 

hepatotoxic entities, have been found to be clearly associated with outbreaks 

of hepatogenous photosensitisation, the underlying aetiology influencing 

severity, morbidity and mortality during outbreaks is more complex and, in 

some circumstances, still unknown or poorly defined.
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Table 1.2 Causal agents reported to be associates with hepatogenous photosensitisation in livestock. 

Aetiological agent Hepatoxic component Affected species References 
Ageratina altissima (White snakeroot) Unidentified Goats (McKenzie, 2012) 

Ageratum Houstonianum (Blue billygoat weed) Unidentified Cattle (McKenzie, 2012) 

Alternanthera philoxeroides (Alligator weed) Unidentified Cattle (van Halderen et al., 1995) 

Asaemia axiharis (Vuursiektebossie) Unidentified Sheep (Kellerman & Coetzer, 1985) 

Ambrosia artemissiifolia (Annual ragweed) Unidentified Cattle (van Halderen et al., 1995) 

Arctotheca calendula (Cape weed) Unidentified Sheep (Flåøyen, 1991; Wisløff et al., 2002) 

Athanasia trifurcata (Klaaslouwbos) Unidentified Sheep (Kellerman & Coetzer, 1985) 

Avena sativa (Oats) Unidentified Cattle, sheep, goats 
(Bridges et al., 1987; Flåøyen, 1999; 

McKenzie, 2012; Regnault, 1990) 

Avena sterilis (Algerian oats) Unidentified Cattle, sheep (McKenzie, 2012) 

Brachiaria brizantha 
Steroidal or lithogenic 

saponins 
Ruminants, horses 

(Flåøyen, 1999; Riet-Correa et al., 

2009) 
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Aetiological agent Hepatoxic component Affected species References 

Brachiaria decumbens Protodioscin 
Sheep, llama, buffalo, 

cattle, goats, horses 

(Brum et al., 2007; Cardona-Álvarez et 

al., 2016; De Oliveira et al., 2013; 

Graydon, Hamid, Zahari, & Gardiner, 

1991b; Low, 2015; McKenzie, 2012; 

Meagher, Wilkins, Miles, Collin, & 

Fagliari, 1996; Saturnino et al., 2010) 

Brachiaria humidicola (Koroniva grass) 
Steroidal or lithogenic 

saponins 
Ruminants, horses (McKenzie, 2012) 

Brassica napus (Rape, canola) Unidentified Ruminants (McKenzie, 2012) 

Brassica oleracea (Kale) Unidentified Ruminants 
(Flåøyen, 1999; McKenzie, 2012; 

Nazifi et al., 2009) 

Brassica rapa (Turnip) 

Nitrile and epithionitrile 

derivatives of sulfur 

containing glucosinolates 

Cattle 

(Button et al., 1987; Flåøyen, 1999; 

Lancaster, Vit, & Lyford, 1991; 

McKenzie, 2012) 

Bulbine Semibarbata (Native leek) Unidentified Sheep (Puoli, Reid, & Belesky, 1992) 
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Aetiological agent Hepatoxic component Affected species References 
Chamaesyce dallachyana (Caustic weed) Unidentified Herbivores (McKenzie, 2012) 

Chamaesyce dallachyana (Caustic weed) Unidentified Herbivores 
(Griffiths & Douglas, 2000; Lugton & 

Woolacott, 2014) 

Chloris truncata (Windmill grass) Unidentified Ruminants (Collett et al., 2011) 

Claudularia aristigera (Mayne’s pest) Unidentified Sheep (McKenzie, 2012) 

Copper Copper Buffalos, sheep 

(Dent & Rofe, 1967; Edwards et al., 

1981; Greenwood & Williamson, 

1985; Hansen et al., 1994; Marasas et 

al., 1972) 

Cucumis melo (Ulcardo melon) Unidentified Sheep (Ozmen et al., 2008) 

Cynodon dactylon (Common couch) Unidentified Cattle (McKenzie, 2012) 

Cynosurus echinatus (Rough dog’s tail grass) Unidentified Cattle, sheep (McKenzie, 2012) 

Dicrocoelium dendriticum Physical damage Sheep (McKenzie, 2012) 

Digitaria sanguinalis (Crab grass) Unidentified Ruminants (Giaretta et al., 2014) 
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Aetiological agent Hepatoxic component Affected species References 

Doryanthes palmeri (Spear lily) 
Steroidal or lithogenic 

saponins 
Ruminants, horses (Giaretta et al., 2014) 

Echinochloa esculenta (Japanese millet) 
Steroidal or lithogenic 

saponins 
Ruminants, horses (McKenzie, 2012) 

Echinochloa frumentacea (Siberian millet) Unidentified Herbivores 
(McKenzie, 2012) 

 

Echium plantagineum (Paterson’s curse) Pyrrolizidine alkaloid Herbivores (Cheeke, 1988) 

Einadia nutans (Climbing saltbush) Unidentified Ruminants (Truyers & Ellis, 2013) 

Enterolobium contortisiliquum Unidentified Cattle (Ivie, 1982a) 

Eremophila debilis (Turkey bush) Furanosesquiterpenes Ruminants (Glastonbury et al., 1984) 

Erodium cicutarium (Common storkbill) Unidentified Sheep, cattle 
(Aslani et al., 2003; Glastonbury & 

Boal, 1985; Haydardedeoğlu, 2013) 

Erodium moschatum (Musky crowfoot) Unidentified Sheep (McKenzie, 2012) 
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Aetiological agent Hepatoxic component Affected species References 
Fallopia convolvulus (Black blindweed) Unidentified Cattle (McKenzie, 2012) 

Foxtail or chardgrass mixture cut hay Unidentified Cattle (McKenzie, 2012) 

Heliotropium europaeum (Common heliotrope) Pyrrolizidine alkaloids 
Ruminants, horses, pigs, 

poultry 
(McKenzie, 2012) 

Lantana camara (Lantana) Lantadenes 
Cattle, goats, buffalos, 

sheep, kangaroos 
(McKenzie, 2012) 

Lasiospermum bipinnatum (Ganskweek) Furanosesquiterpenes Sheep, cattle 
(McKenzie, 2012) 

 

Dicrocoelium dendriticum  

(Lancet fluke, lesser liver fluke) 
 Cattle, sheep (Campbell et al., 2010) 

Megathyrsus maximus (Guinea grass) 
Steroidal or lithogenic 

saponins 
Ruminants, horses 

(Di Menna et al., 2009; Kellerman, 

Sadler, Coetzer, & Bath, 1983; Pollock 

et al., 2015) 

Mentha satureioides (Native penny royal) Unidentified Sheep (Di Menna et al., 2009) 
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Aetiological agent Hepatoxic component Affected species References 
Microcystis aeruginosa Unidentified Sheep (Collin et al., 1998; Phua et al., 2014) 

Myoporum insulare (Common boobialla) Unidentified Cattle 

(Edwards et al., 1981; Greenwood & 

Williamson, 1985; Hansen et al., 1994; 

Marasas et al., 1972) 

Nodularia spumigena Unidentified Sheep, cattle 
(Galitzer & Oehme, 1978; Rimington 

& Quin, 1933) 

Narthecium ossifragum Unidentified Sheep (Kellerman et al., 1991) 

Digitaria eriantha (Pangola grass) Unidentified Cattle 
(Di Menna et al., 1992; Pollock et al., 

2015) 

Panicum coloratum (Klein grass, bambatsi) Diosgenin, yamogenin Ruminant, horses (Pollock et al., 2015; Ulvund, 2012) 

Panicum decompositum (Native millet) Unidentified Ruminant, horses 

(Di Menna et al., 1992; Flåøyen, 

Borrebæk, & Nordstoga, 1991a; 

Pollock et al., 2015; Wisløff et al., 

2002) 
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Aetiological agent Hepatoxic component Affected species References 

Panicum dichotomiflorm (Fall Panicum) 
Steroidal or lithogenic 

saponins 

Sheep, cattle, horses, 

goats 

(Doyle & Gordon, 2008; Sillman, 

2018) 

Panicum effusum (Hairy panic) Unidentified Ruminant, horses 
(Casteel et al., 1986; Galitzer & 

Oehme, 1978) 

Panicum gilvum (Sweet panic) Unidentified Ruminant, horses (Mauldin & Peters-Kennedy, 2016) 

Panicum laevinode (Pepper grass) Unidentified Ruminant, horses (Mauldin & Peters-Kennedy, 2016) 

Panicum miliaceum (Proso millet) Diosgenin, yamogenin Ruminant, horses 
(Flåøyen, 1999; McKenzie, 2012; 

Nazifi et al., 2009) 

Panicum queenslandicum (Yabilla grass) Unidentified Ruminant, horses (McKenzie, 2012) 

Panicum schinzii (Sweet grass) Diosgenin Sheep (McKenzie, 2012) 

Panicum virgatum (Switch grass) Diosgenin Sheep 
(Button et al., 1987; Flåøyen, 1999; 

Lancaster et al., 1991) 

Persicaria attenuate Unidentified Cattle (Puoli et al., 1992) 
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Aetiological agent Hepatoxic component Affected species References 
Persicaria lapathifolia (Pale knotweed) and 

Persicaria orientalis (Prince’s feather) 
Unidentified Cattle (McKenzie, 2012) 

Petroselinum crispum (Parsley) Unidentified Pigs (Lugton & Woolacott, 2014) 

Phytolacca octandra (Inkweed) Unidentified Cattle (Griffiths & Douglas, 2000) 

Polygonum aviculare (Wireweed) Unidentified Sheep (Collett et al., 2011) 

Pithomyces chartarum Sporidesmin Sheep, cattle 

(Dent & Rofe, 1967; Edwards et al., 

1981; Greenwood & Williamson, 

1985; Hansen et al., 1994; Marasas et 

al., 1972; McKenzie, 2012; Ozmen et 

al., 2008) 

Raphanus raphanistrum (Wild radish) Unidentified Ruminants (Ozmen et al., 2008) 

Raphiodospora bonneyana Unidentified Sheep (McKenzie, 2012) 

Secale cereal (Rye) Unidentified Ruminants (McKenzie, 2012) 

Senecio brasiliensis Pyrrolizidine alkaloids Cattle (Giaretta et al., 2014) 
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Aetiological agent Hepatoxic component Affected species References 
Senecio spp. Pyrrolizidine alkaloids Sheep (Ozmen et al., 2008) 

Sorghum X frummondii (Sudan grass) Unidentified Herbivores (McKenzie, 2012) 

Terminalia oblongata (Yellow wood) Punicalagin Cattle, sheep, horses (McKenzie, 2012) 

Thlaspi arvense (Field pennycress) Unidentified Ruminants (McKenzie, 2012) 

Tribulus terrestris 
Steroidal or lithogenic 

saponins 
Sheep, Goats (Giaretta et al., 2014) 

Trifolium alexandrinum (Berseem) Unidentified Cattle (Giaretta et al., 2014) 

Triticum aestivum (Wheat) Unidentified Sheep, cattle, goats, pigs (McKenzie, 2012) 

Urena lobate (Urena burr) Unidentified Cattle (McKenzie, 2012) 

Verbena officinalis (Common vervain) Unidentified Livestock (McKenzie, 2012) 
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Aetiological agent Hepatoxic component Affected species References 

Verbena rigida spreng (Tuber verbena) Unidentified Cattle 

(Amjadi, Ahourai, & Baharsefat, 1977; 

Aslani et al., 2003; Glastonbury et al., 

1984; Glastonbury & Boal, 1985; 

Kellerman et al., 1980; 

Haydardedeoğlu, 2013) 

Walwhalleya proluta (Rigid panic) 
Steroidal or lithogenic 

saponins 
Ruminants (Thawait, Dixit, Maiti, & Gupta, 2013) 

Yucca aloifolia (Spanish bayonet) 
Steroidal or lithogenic 

saponins 
Ruminants, horses (McKenzie, 2012) 
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1.3 Steroidal saponins related to outbreaks hepatogenous 

photosensitisation 

In domestic livestock, the vast majority of hepatogenous 

photosensitisation outbreaks are associated with ingestion of hepatotoxic 

plants. The evolutionary relationship between plants and animals is 

complex, as are the mechanisms that certain plant species have developed to 

avoid herbivory by insects and other herbivores such as cattle and sheep 

(Addisu and Assefa, 2016). This is particularly the case for plants growing 

in arid or semiarid region where individual plant survival is critical for 

species survival (McKenzie, 2012). Hepatotoxic agent synthesised by plants 

are thought to be an evolutionary response to herbivory and presence of 

bitter alkaloid or other unpalatable toxins are particularly useful in this 

regard (Santos, 2008). Hepatotoxins found in various species of plants, 

fungi and bacteria are shown in Table 1.3. 

Although not all these agents have been reported to cause 

photosensitisation in livestock, their hepatotoxic capacity should be 

considered in the investigation process of a hepatogenous photosensitisation 

outbreak. 

1.3.1 Steroidal saponins in plants 

Some of the most reported plant species involved in outbreaks of 

hepatogenous photosensitisation contain steroidal saponins and/or 

sapogenins.  Steroidal saponins are glycosides of sapogenins bearing one or 

more sugar chain, usually one at the C-3 carbon and one at C-26 (Flåøyen, 

1999; Low, 2015). Upon ingestion, these steroidal saponins can be 

hydrolysed into free sapogenins, which will be absorbed from the jejunum 

and transported via the portal vein to the liver. At the liver, certain 

sapogenins could either cause hepatocyte damage, or form crystal structures 

in the hepatocytes and in the bile duct which obstruct normal bile excretion 

(Flåøyen, 1991) . 
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Table 1.3 Hepatotoxins found in plants, fungi and bacteria (Modified from 
(McKenzie, 2012)) 

Hepatotoxin Source 
Source 

species 

Aflatoxins 

Aspergillus flavus, Aspergillus 

parasiticus, Penicillium 

puberulum 

Fungus 

Amanitins 
Amanita spp., Galerina spp. 

Lepiota spp. 
Fungus 

Atractyloside Cestrum spp. Plant 

Diterpenoid glycosid and 

carboxyatractyloside 
Xanthium spp. Plant 

Fumonisin Fusarium spp. Fungus 

Furanosesquiterpenoid oils Myoporaceae spp. Plant 

Indospicine Indigofera spicata Plant 

Lantadene and icterogenin Lantana camara Plant 

Lophyrotomin or pergidin Sawfly larvae Insect 

Methylazoxymethanol Cycas spp., Zamiaceae spp. Plant 

Microcystin-LR Cyanobacteria (blue-green algae) Bacteria 

Phomopsin Lupinus spp. Plant 

Pyrrolizidine alkaloids 

Amsinckia spp., Crotalaria spp., 

Cynoglossum spp., Echium spp., 

Heliotropium spp., Senecio spp., 

Trichodesma spp. 

Plant 

Sporidesmin Pithomyces chartarum Fungus 

Steroidal saponins 

Panicum spp., Brachiaria spp., 

Tribulus terrestris, Narthecium 

ossifragum, Doryanthes palmeri, 

Agave lecheguilla, Nolina texana, 

Phytolacca octandra. 

Plant 

Trematoxin Trema tomentosa Plant 
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A large number of plant species produce steroidal saponins and 

sapogenins as a part of their plant defence systems as these molecules have 

antimicrobial, antimycotic and insecticidal properties and thus confer 

various advantages to the plant protecting it from disease, herbivory or 

insect attack (Allam, Abou-Taleb, & Aboobia, 2017; Kingsbury, 1958). 

Under stressed growth conditions, plants may increase production of one or 

more saponins as a defence mechanism to enhance their survival in the 

ecosystem (De Geyter, Lambert, Geelen, & Smagghe, 2007; Glastonbury et 

al., 1984). If these plants are then ingested by an animal, they can have 

multiple biological effects that can be both positive and negative in impact 

such as membrane-penetration and cell death, immune modification, 

hypocholesterolaemic effects and anticarcinogenic effects (Pollock et al., 

2015). Plants containing various members of the saponin family, such as 

oats, capsicum peppers, alliums, asparagus, yam, fenugreek, yucca and 

ginseng, have all been considered to have health-promoting effects in 

humans when consumed in moderation (Gleen, Panciera, & Monlux, 1965; 

Lugton & Woolacott, 2014; Morton & Campbell, 1997; Peterson et al., 

1992; Witte & Curry, 1993).  

Some of plants species known to contain saponins and sapogenins have 

been widely used as livestock feed. These include Medicago sativa (alfalfa, 

lucerne) (Sen, Makkar, & Becker, 1998), Avena sativa (oat) (Aslani et al., 

2004; Cardona-Álvarez et al., 2016; Flåøyen, 1991; Pollock et al., 2015), 

Trifolium repens (ladino clover) (Olinda, Medeiros, Dantas, De Lemos, & 

Riet-Correa, 2015) amongst others. Certain saponins, such as sarsaponin 

and hederagenin, are thoughts to be beneficial to the livestock health due to 

their ability to improve growth rate, feed efficiency and improve livestock 

health  (Addisu & Assefa, 2016; Mader & Brumm, 1987; Wina et al., 2005). 

Although the mechanism of action of these compounds is not widely 

understood in terms of their positive impacts on health, mechanisms such as 

immunostimulantion (Oda et al., 2000), cholesterol regulation (Petit et al., 

1995), anticarcinogenic properties (Hanausek et al., 2001), antifungal 

(Wang et al., 2000), antiviral (Apers et al., 2001), antiprotozoal (Ivan et al., 

2004), and antioxidant activities (Yoshiki & Okubo, 2014) have all been 

suggested. Alternatively, a number of members of the saponin family are 

known to be cytotoxic, and particularly exert specific cytotoxic effects on 
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the liver and kidney in animals ingesting them in moderate quantity (Brum 

et al., 2007; Kellerman et al., 1991; Nazifi et al., 2009). It is in those cases 

where ingestion of plant-derived sapogenins occur in livestock that 

outbreaks of hepatogenous photosensitisation are common (Flåøyen, Smith, 

& Miles, 1993; Mysterud, Flåøyen, Loader, & Wilkins, 2007; Wisløff et al., 

2002).  

1.3.2 Steroidal saponins and crystal-associated cholangiohepatopathy in 

animals 

Steroidal saponins containing plants known to be causal to outbreaks of 

hepatogenous photosensitisation include the Panicum spp., Brachiaria spp., 

Tribulus terrestris, Narthecium ossifragum, Doryanthes palmeri, Agave 

lecheguilla, Nolina texana and Phytolacca octandra (Albernaz et al., 2010; 

Aslani et al., 2003; 2004; Bridges et al., 1987; De Oliveira et al., 2013; 

Flåøyen, Wilkins, Deng, & Brekke, 2001; Johnson et al., 2006; Lee, 

Stegelmeier, Gardner, & Vogel, 2001; Low, 2015; Meagher et al., 1996; 

Nazifi et al., 2009; Pollock et al., 2015; Regnault, 1990; Saturnino et al., 

2010; Sillman, Lee, Claborn, Boruch, & Harris, 2018; Smith et al., 1992; 

van Tonder, Basson, & van Rensburg, 1972; Wisløff et al., 2002). In these 

cases, diagnosis of hepatogenous photosensitisation related to ingestion of 

steroidal saponin containing plant species cause a specific type of 

hepatotoxic injury, called crystal-associated cholangiohepatopathy (Collett 

et al., 2011; Cruz, Driemeier, Pires, & Schenkel, 2001). The most common 

feature of this condition is the appearance of “crystals” or crystalloid clefts 

structures in the liver, especially in and around bile duct (Flåøyen, 1999). 

Upon ingestion of steroidal saponins containing plants, saponins will be 

hydrolysed into free sapogenins (β-ᴅ-glucuronides) in the rumen or 

stomach, which will then be absorbed in the jejunum and transported via the 

portal vein to the liver (Flåøyen, 1996).  In the liver, sapogenins that can 

metabolise to episarsasapogenin or epismilagenin, will damage hepatocytes 

and precipitate as crystals in the bile duct when calcium ions are present 

(Flåøyen, 1996). These crystals have been identified as insoluble calcium 

salts of episarsasapogenin β-ᴅ-glucuronide and/or epismilagenin β-ᴅ-

glucuronide (Flåøyen, 1999; Miles, Wilkins, Munday, Holland, Smith, 

Lancaster, et al., 1992b), and will affect normal bile excretion speed with 
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their physical presence in the bile duct (Flåøyen, 1991) (Figure 1.4). The 

nature of these compounds is such that they are dissolved on contact with 

solvents and so are rarely seen in processed tissue sections because of their 

solubility in ethanol which is used for tissue processing for standard 

histological analysis at necropsy (Bridges et al., 1987). What is left behind 

are the intracellular clefts where the crystal had previously occurred. 

However, on rare occasions a large crystal aggregate may remain intact in 

the processed tissue, and can be observed under polarised light (Bridges et 

al., 1987). Serum biochemical changes indicative of hepatic dysfunction 

will also be observed in these animals indicating generalised liver pathology 

(Gleen et al., 2016; Ivie, 1982b; McDonough et al., 1994) . 

As a result of hepatocyte injury and bile duct obstruction, the efficiency 

of bile excretion in affected animals is decreased and phytoporphyrin will 

accumulate in the circulation. This increase in circulating phytoporphyrin 

causes clinical signs of photosensitisation in the presence of direct sunlight 

(Cruz et al., 2001). 
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Figure 1.4 Metabolic pathway of steroid saponin and the development of crystal-associated cholangiohepatopathy. 
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1.4 Panicum spp. and crystal-associated cholangiohepatopathy in 

animals  

The genus Panicum is one of the largest genera of the family Poaceae, 

and is widely distributed worldwide from the subtropics to temperate 

regions (Aliscioni, Giussani, Zuloaga, & Kellogg, 2003). It has more than 

500 species, and includes major photosynthetic types (C3, C4, and C3/C4 

intermediate) (Zuloaga, Scataglini, & Morrone, 2010). Panicum plants have 

been found in wet or dry woodlands, grasslands, shores, marshes to 

disturbed areas and cultivated fields (Aliscioni et al., 2003). Twenty-four 

indigenous and nine non-native Panicum species have been currently 

recognised in Australia (Figure 1.5) (Watsford, 2004). Among all steroidal 

saponins containing plants that were reported or suspected as the caustic 

plants to crystal-associated cholangiohepatopathy, Panicum species has 

been found as the most reported caustic agents (Table 1.4). 
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Figure 1.5 Distribution of recorded Panicum spp. in Australia. Collection data were extracted from the Australia Virtual Herbarium Database (AVH 

(2022). The Australasian Virtual Herbarium, Council of Heads of Australasian Herbaria, <https://avh.chah.org.au>, accessed <21/02/2017>)
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However, mechanical obstruction by these crystals in the hepatobiliary 

system might not be the sole factor that contributes to the development of 

photosensitisation. Limited level of cholestasis and crystal formation in the 

liver has been found in cases with severe clinical signs (Collett et al., 2011), 

and previous feeding experiments, which have failed to reproduce the 

photosensitisation with purified saponin, sarsasapogenin, diosgenin and 

sapogenins  (Flåøyen et al., 1993; Flåøyen, Tønnesen, Grønstøl, & Karlsen, 

1991b; Meagher, Smith, & Wilkins, 2001; Wisløff et al., 2008), also suggest 

steroidal saponins could just be one constituent of the underlying 

aetiological cause in field-related clinical cases or that multiple toxic entities 

are required to cause sufficient hepatobiliary dysfunction to result in clinical 

signs of photosensitisation in affected animals. As such, the toxic profile of 

these saponins is not fully elucidated and work is still required to better 

understand these toxic entities and their interactions in the whole animal 

system. 

There are two significant confounders that have limited our 

understanding of the toxic profiles of the Panicum grasses to date, one is the 

significant inter- and intra-species variation that has been identified between 

species in this genus (Munday, Wilkins, Miles, & Holland, 1993; Riet-

Correa et al., 2009) and the other is the difficulty in definitive identification 

of Panicum species in the field. 

1.4.1 Potential utility of DNA barcoding as a method for accurate 

species identification of Panicum species 

Although Panicum spp. are suggested as polyphyletic in nature (Zuloaga 

et al., 2010), the lack of definitive characteristics and the wide range of 

variations in morphological and physiological features makes them a 

taxonomically difficult genus. Traditionally, morphological taxonomy has 

been applied to differentiate between Panicum species (Figure 1.6) (Walsh 

& Entwisle, 1994). However, the reliance on this approach is still 

questionable to Panicum spp. because of three limitations. Firstly, subtle 

morphologically differences exist between Panicum species that have not 

been well documented (Pyšek et al., 2013). Identification based on available 

taxonomy information may be incorrect, especially for new emerging 

species or unknown species which are not included in the system; Secondly, 
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taxonomic keys for Panicum species identification are only effective for 

plants in their reproductive phase (Coissac, Hollingsworth, Lavergne, & 

Taberlet, 2016). Immature plants without fully developed inflorescence 

usually cannot be identified reliably. Finally, the use of keys often requires a 

high level of expertise in plant taxonomy, even experienced taxonomist find 

Panicum species identification challenging (David E. Albrecht, personal 

communication, Jan 30, 2018). Therefore, establishment of robust 

genotyping methods are desirable for unequivocal plant species 

identification as correct identification of the Panicum individual is crucial 

for further metabolomic and toxicity profiling analysis. 

1.4.2 DNA barcoding for Panicum species identification 

With the development of molecular biology, PCR-based techniques have 

been used for plant and animal species identification since the 1990s 

(Woese, 1996). These molecular methods are widely applied to microbial 

identification, biodiversity surveys, pathogenic strains diagnosis, eukaryotic 

pathogen identification, as well as taxonomic purposes (Frézal & Leblois, 

2008). DNA barcoding is a method that use the sequence of one or a few 

standardised DNA regions ("barcodes") to identify different species (CBOL 

Plant Working Group, 2009; Hollingsworth, 2007; Ratnasingham & Hebert, 

2013), it was first proposed in 2003 (Hebert, Cywinska, Ball, & deWaard, 

2003), and has been utilised as an important complementary method to 

traditional morphological identification (Hollingsworth, Li, van der Bank, & 

Twyford, 2016), vegetation and floristic surveys (Parmentier et al., 2013), 

ecological forensics (Kesanakurti et al., 2011), regulatory enforcement 

(Simberloff et al., 2013; Valentini, Pompanon, & Taberlet, 2009), 

community phylogenies, comparative biology and phylogenetic diversity 

(Kress, Erickson, Swenson, & Thompson, 2010).  
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Figure 1.6 Taxonomic key for differentiation of selected Panicum species. Modified from (Walsh & Entwisle, 1994)  

Spikelet less than 6 mm long; 
glumes and sterile lemma glabrous; 

annuals or perennials

Lower floret staminateLower floret neuter

Spikelet 6–8 mm long; 
glumes and sterile lemma woolly; 

panicle contracted; 
robust rhizomatous perennial

Panicum racemosum

Lower glume widely obtuse or 
truncate (sometimes with a short 

central point), distinctly less than half 
as long as spikele

Lower glume acutish to acuminate, 
c. half as long to distinctly more than 

half as long as spikelet

Upper glume and lower lemma 
conspicuously 9–11-nerved

Upper glume and lower lemma up to 7-(rarely 
9)-nerved, nerves usually inconspicuous

Panicum miliaceum
Panicle small, few-branched, 

usually c. 4–10 cm long; 
rare, East Gippsland only

Panicle (usually much) more than 10 cm 
long, with many capillary branches; 

widespread grasses

Panicum simile

Palea absent from sterile floret or much reduced (less 
than one-quarter as long as its lemma); 

rachilla not apparent between lower and upper glume; 
fertile lemma quite smooth; 

annuals

Palea of sterile floret present (c. half to three-
quarters as long as its lemma); 

lower and upper glume shortly separated by 
development of rachilla;

 fertile lemma smooth or minutely roughened; 
annuals or perennials

Plants annual; 
leaves with numerous, fine, spreading, 

tubercle-based hairs; 
abscission scar of fertile lemma crescentic, 
extending upwards from base, more than 

0.5 mm wide

Plants perennial; 
leaves glabrous to moderately hairy with 

rather stiff hairs; 
abscission scar of fertile lemma entirely 

basal, less than 0.5 mm wide

Panicum effusum Panicum hillmanii

Spikelet to 3.5 mm longSpikelet 3.5–5 mm long

Panicum queenslandicum
Leaves glabrous, margins flat; 

panicle soon exserted from upper sheath; 
internodes hollow; stoloniferous plants

Leaf-sheaths (and often blades) with spreading, 
tubercle-based hairs, margins often finely undulate; 
panicle enclosed within upper sheath until maturity; 

internodes of culm solid or pithy;
tufted plants

Panicum bisulcatum Panicum capillare

Palea of lower floret absent or vestigial; 
nodes of culm hairy; 

decumbent perennial of wet areas

Palea of lower floret fully developed (c. two-
thirds to three-quarters as long as its lemma); 

nodes of culm glabrous

Panicum obseptum

Branches of inflorescence stiff, finally widely spreading from 
primary branches, mostly whorled at lowest node; 
rachilla apparent between upper and lower glume; 

robust native perennial, forming leafy, erect, blue-green tussocks

Branches of inflorescence pliant, remaining appressed 
to primary branches, mostly solitary at lowest node; 

rachilla apparent or not between the glumes; 
cataphylls present or absent; 

tussocks rather slender or loose, with spreading to 
ascending culms

Panicum decompositum

Upper glume 9–11-nerved; sheaths often purplish; 
cupular summit of pedicel angular; 

widespread weedy grass

Upper glume 7-(rarely indistinctly 9-)nerved; 
sheaths not or rarely purplish; 

cupular summit of pedicel not angular; 
uncommon native grass of the Murray floodplain 

between Albury and Swan Hill

Panicum laevinode Panicum gilvum

Plants perenial; 
cataphylls present; 

leaf margins scabrous; 
collected from the vicinity of the Murray 

and lower Goulburn Rivers

Plants annual; 
cataphylls absent; 

leaf margins smooth; 
currently known only from Harcourt area

Panicum schinzil Panicum coloratum

Species of Panicum
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In order to establish a successful DNA barcoding approach to identify 

Panicum species, the selection of the "barcode" (standardised DNA region) 

for sequencing is critical. An ideal barcode should be a short DNA sequence 

that can be routinely amplified with a standard PCR method. The amplified 

product should be easily sequenced with universal primers, which are 

anchoring in highly conserved DNA, and the sequence result should be 

easily aligned without extensive manual editing (Parmentier et al., 2013). 

Additionally, but most important, it should highly differentiate between the 

target species (CBOL Plant Working Group, 2009). In animals, the 

sequence for cytochrome oxidase 1 (CO1) in mitochondrial DNA has been 

proposed as the universal barcode (Hebert et al., 2003), as it has a high 

mutation rate and good technical reliability (Krishnamurthy & Francis, 

2012). However, identification of a universal barcode for all plant species 

has been challenging. CO1 is not suitable in plants because the nucleotide 

substitution rates of the mitochondria in plant cells is relatively low (Wolfe, 

Li, & Sharp, 1987). Additional reasons for the difficulty in finding highly 

heterogeneous regions in plant DNA between monocots and dicots, include 

lack of sequence polymorphism, slow mutation rates (Fazekas et al., 2009), 

frequent introgression between related species (Naciri, Caetano, & Salamin, 

2012) and incomplete lineage sorting (Parmentier et al., 2013).  

Different proposals about the choice of plant barcode loci have been 

suggested, most of them focusing on plastid DNA. Barcodes candidates 

which have been evaluated include accD, matK (Lahaye et al., 2008), ndhJ 

(Kress & Erickson, 2007a), rpoB2, rpoC1, ycf5, atpF-H, psbK-I (Pennisi, 

2007), rbcL (Chase, Cowan, & Hollingsworth, 2007), rbcLa (Kress & 

Erickson, 2007b), trnH-psbA (Coissac et al., 2016), tmL(P6) (Taberlet et al., 

2007) and UPA (Presting, 2006). Internal transcribed spacer (ITS) regions 

have also commonly been used (Chase et al., 2007; S. Chen et al., 2010; 

Coissac et al., 2016; Naciri et al., 2012). To date, no formal consensus of a 

"universal barcode" for plants has been reached. The latest suggestions 

include a combination of three plastid DNA regions: matK (maturase K), 

rbcL (ribulose 1,5-bisphosphate carboxylase/oxygenase large subunit) and 

trnH-psbA (non-coding spacer), and one nuclear ribosomal DNA regions, 

ITS or ITS2 (Bolson, Smidt, Brotto, & Silva-Pereira, 2015; CBOL Plant 

Working Group, 2009; Chen et al., 2010; Li et al., 2011; Coissac et al., 
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2016; Wang, Yu, & Liu, 2011). Therefore, for each species, the 

identification protocol using DNA barcoding need to be established 

separately. 

Multiple barcoding studies have suggested that a combination of rbcL 

and matK sequences is sufficient for phylogenetic analysis in Panicum spp. 

(Bafeel et al., 2012; Bouchenak-Khelladi et al., 2008; Drumwright, Allen, 

Huff, Ritchey, & Cahoon, 2011; Hunt et al., 2014; Zimmermann, 

Bocksberger, Brüggemann, & Berberich, 2013). Moreover, the use of the 

chloroplast gene ndhF, alone or in combination with rbcL and matK, has 

also been proposed (Sede, 2008; Zimmermann et al., 2013). ndhF may also 

increase the resolution level between grass species (Grass Phylogeny 

Working Group II, 2012; Kellogg, Aliscioni, Morrone, Pensiero, & Zuloaga, 

2009). The use of trnH-psbA for Panicum species identification has not 

been proven useful, as the existence of inversions or mononucleotide repeats 

at this locus may cause incorrect alignments or extra sequencing difficulties 

(Dong, Liu, Yu, Wang, & Zhou, 2012). To date, nuclear ribosomal Internal 

Transcribed Spacer (ITS) loci has not been utilised as a species 

discrimination barcode in Panicum spp., but it is proposed that ITS is a 

suitable marker for newly diverged species, and should be used as a core or 

complementary barcode (Wang et al., 2011). Therefore, the optimal suite of 

barcoding loci has not yet been fully established for genomic identification 

between different Panicum species. 

1.4.3 Metabolomic profiling of saponin and sapogenins in Panicum 

grasses 

Panicum grasses are well recognised as a common causative plant in 

crystal- associated cholangiohepatopathy worldwide (Lancaster et al., 1991; 

Smith et al., 1992). The causal compounds related to crystal-associated 

hepatobiliary dysfunction subsequent to ingestion of Panicum grasses in 

livestock are the presence of steroidal saponins and sapogenins (Bridges et 

al., 1987; Riet-Correa et al., 2009; Sillman et al., 2018). Various species of 

Panicum spp., including P. coloratum, P. decompositum, P. 

dichotomiflorum, P. effusum, P. gilvum, P. miliaceum, P. schinzii, P. 

virgatum, have been reported as a cause of hepatogenous photosensitisation 

in livestock by forming crystals in the hepatobiliary system (Badiei et al., 
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2009; Bridges et al., 1987; Cruz et al., 2001; Johnson et al., 2006; Regnault, 

1990; Riet-Correa et al., 2009; Sillman et al., 2018; Smith et al., 1992). 

Although steroid saponins and sapogenins have been determined as the 

responsible component for the formation of crystal structure in liver 

(Bridges et al., 1987; Lee, Stegelmeier, Gardner, & Vogel, 2001), different 

Panicum species contain different profiles of saponins or sapogenins in their 

plant tissues makes it problematic to establish a caustic connection between 

a specific saponin and the formation of the crystal structure (Table 1.4). For 

example, P. coloratum contains diosgenin and yamogenin (Patamalai, 

Hejtmancik, Bridges, Hill, & Camp, 1990), P. gilvum contains 

epismilagenin (Lancaster, 2000), P. dichotomiflorum contains diosgenin and 

protodioscin (Miles, Wilkins, Munday, Holland, Smith, Lancaster, et al., 

1992b; Sillman et al., 2018), P. schinzii contains diosgenin and 

epismilagenin (Lancaster et al., 1991; Miles, Munday, Holland, Lancaster, 

& Wilkins, 1992a). Thus, one could hypothesise that variable steroid 

saponin profiles exist in different Panicum species, and these different 

biochemical profiles could result in their differential ability to cause 

hepatogenous photosensitisation. However, the characterisation of steroidal 

saponin profiles in these species have not been fully elucidated. 
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Table 1.4 Plant species associated with crystal-associated cholangiohepatopathy in livestock with their known steroid saponins or sapogenins profiles. 

Plant Hepatobiliary 

crystals 

Identified saponins or sapogenins 

in plants 

Reference 
Agave lecheguilla (lechuguilla) yes smilagenin (Mathews, 1937; Wall et al., 1954) 

Brachiaria decumbens (signal grass) yes dichotomin, protodioscin, dioscin 

(Brum et al., 2007; Caicedo et al., 2012; Cardona-Álvarez et 

al., 2016; Cruz, 2000; Cruz et al., 2001; De Oliveira et al., 

2013; Driemeier, Colodel, Seitz, Barros, & Cruz, 2002; 

Graydon, Hamid, Zahari, & Gardiner, 1991a; 1991b; Lemos, 

Salvador, & Nakazato, 1997; Low, 2015; Low & Bryden, 

1993; Meagher et al., 1996; Noordin, Abdullah, & Rajion, 

1989; Opasina, 1985; Pires, 2002; Porto et al., 2013; 

Saturnino et al., 2010; Smith & Miles, 1993) 

Narthecium ossifragum (bog 

asphodel) 
yes sarsapogenin, smilagenin 

(Flåøyen, Tønnesen, Grønstøl, & Karlsen, 1991b; Flåøyen, 

Wilkins, Deng, & Brekke, 2001; Miles et al., 1993; Mysterud 

et al., 2007; Pollock et al., 2015; Scheie, Ryste, & Flåøyen, 

2003; Uhlig, Wisløff, & Petersen, 2007; Wisløff et al., 2002) 

Nolina texana (bear grass) yes diosgenin (Lancaster, 2000; Mathews, 1940) 

Panicum coloratum (klein grass) yes diosgenin, yamogenin (Bridges et al., 1987; Patamalai et al., 1990) 
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Plant Hepatobiliary 

crystals 

Identified saponins or sapogenins 

in plants 

Reference 
Panicum coloraturn var. 

makarikariense (bambatsi) 
yes not examined (Regnault, 1990) 

Panicum decompositum (native 

millet) 
not examined not examined (Lancaster, 2000) 

Panicum dichotomiflorum (fall 

Panicum) 
yes protodioscin (Riet-Correa et al., 2009) 

Panicum dichotomiflorum (fall 

Panicum) 
not examined dichotomin (Munday et al., 1993) 

Panicum dichotomiflorum (fall 

Panicum) 
no not examined (Johnson et al., 2006) 

Panicum dichotomiflorum (fall 

Panicum) 
yes diosgenin 

(Holland et al., 1991; Miles, Wilkins, Munday, 

Holland, Smith, Lancaster, et al., 1992b) 

Panicum dichotomiflorum (fall 

Panicum) 
yes dichotomin, protodioscin (Sillman et al., 2018) 
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Plant Hepatobiliary 

crystals 

Identified saponins or sapogenins 

in plants 

Reference 
Panicum effusum (hairy panic) not examined not examined (Lancaster, 2000) 

Panicum gilvum yes epismilagenin 
(Lancaster, 2000; Miles, Wilkins, Munday, Holland, Smith, 

Lancaster, et al., 1992b) 

Panicum maximum (guinea grass) not examined not examined (Steyn, 1928) 

Panicum miliaceum (proso millet) yes not examined (Badiei et al., 2009) 

Panicum miliaceum (proso millet) not examined diosgenin, yamogenin (Miles et al., 1993) 

Panicum miliaceum (proso millet) no not examined (Nazifi et al., 2009) 

Panicum schinzii (sweet grass) yes diosgenin 
(Miles, Wilkins, Munday, Holland, Smith, Lancaster, et al., 

1992b) 

Panicum schinzii (sweet grass) yes epismilagenin (Miles, Munday, Holland, Lancaster, & Wilkins, 1992a) 

Panicum schinzii (sweet grass) yes not examined (Lancaster et al., 1991) 

Panicum virgatum (switch grass) not examined dichotomin, protodioscin (Lee et al., 2009) 

Panicum virgatum (switch grass) not examined diosgenin (Lee et al., 2001) 

Panicum virgatum (switch grass) not examined not examined (Puoli et al., 1992) 
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Plant Hepatobiliary 

crystals 

Identified saponins or sapogenins 

in plants 

Reference 
Panicum whitei not examined not examined (Lancaster, 2000) 

Phytolacca octandra (ink weed) yes not examined (Collett et al., 2011) 

Tribulus terrestris (puncture weed) yes 

diosgenin, ruscogenin, tigogenin, 

neotigogenin, gitogenin and 

neogitogenin 

(Aslani et al., 2003; 2004; Farooq, 2012; Gandhi, Srinivasan, 

& Akarte, 2013; Glastonbury et al., 1984; Kellerman et al., 

1980; 1991; Kellerman & van der Westhuizen, 1980; 

Kostova & Dinchev, 2005; McDonough et al., 1994; Miles et 

al., 1993; Miles, Wilkins, Erasmus, Kellerman, & Coetzer, 

1994; Rimington & Quin, 1933; Tapia, Giordano, & Gueper, 

1994; van Tonder, Basson, & van Rensburg, 1972; Wilkins, 

1996) 
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1.5 Aims and hypothesis  

Although most photosensitisation case reports are sporadic and 

anecdotal, several authors have suggested that photosensitisation is more 

common in practice, and of greater economic significance to the livestock 

industry in Australia, than is currently acknowledged.  

Among all hepatoxic agents that have been reported, plants that contain 

saponins or sapogenins, due to their ability of forming crystals structures in 

the hepatobiliary tracts, appear to be a predominant cause of hepatogenous 

photosensitisation in livestock.   

Panicum spp. have been identified as the most common saponin-

containing plants in cases of crystal-associated cholangiohepatopathy. 

However, Panicum species identification based on taxonomic characteristics 

alone has inherent limitations due to the current requirement to refer to 

trained species taxonomists, and therefore absolute species identification in 

outbreaks of Panicum-related photosensitisation cannot be guaranteed by 

taxonomic morphological identification alone. 

To address these knowledge gaps, the aim of this thesis is to address the 

following questions:  

A) That hepatogenous photosensitisation is a global problem with certain 

countries impacted significantly more than others; 

B) That hepatogenous photosensitisation is generally under reported and 

that the economic impact in Australia is potentially wider reaching that 

would be inferred from the published literature; 

C) That the most common species of Panicum associated with hepatogenous 

photosensitisation outbreaks are not currently known nor the relationship to 

their toxicological profile established in Australia; 

D) That there is no reliable identification method to differentiate common 

Panicum species that are growing in South-eastern Australia, and that this is 

particularly a problem in pre-reproductive stage plants; 

E) That the hepatotoxic profile of various Panicum species common to 

South-eastern Australia are unknown and that this is likely the underlying 

aetiological factor contributing to morbidity and mortality in outbreaks of 
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photosensitisation in livestock. 

The outcomes of this work will: 

1) Qualify the global impact of photosensitisation worldwide through 

detailed assessment of the published literature; 

2) Identify the experience of veterinarians, producers and livestock agents of 

the incidence and prevalence of photosensitisation in Australia and their 

perceptions of the economic impact of photosensitisation on Australian 

production systems; 

3) Determine the key Panicum species of importance in outbreaks of 

hepatogenous photosentisation in South-eastern Australia; 

4) Establishment of a robust molecular method for the identification of 

common Panicum species to further assist accurate identification of 

Panicum species-related photosensitisation outbreaks, and; 

5) Determine the metabolomic profile of Panicum species known or 

implicated to be associated with outbreaks of photosensitisation in South-

eastern Australia. 
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Chapter 2  

The aetiology, prevalence and morbidity of outbreaks of 

photosensitisation in livestock: a review. 

 

Preface 
 

Chapter 2 presents results of a systematic review of the published literature 

to determine the most common causative agents implicated in outbreaks of 

photosensitisation in livestock globally. This review was published in the 

peer-reviewed journal PLoS One. The results of this analysis revealed that 

Australia, Brazil and the United States have the highest number of peer-

reviewed photosensitisation case reports, hepatogenous (Type III) 

photosensitisation was the most frequently reported diagnosis (68.5%) and 

resulted in higher morbidity, with Panicum spp., Brachiaria spp., and 

Tribulus terrestris were identified as the most common causes of 

hepatogenous photosensitisation globally. 

 

I conducted the literature review, data extraction and visualisation of the 

result, compiled and maintained the database of references by using a 

reference management software "ReadCube Papers” 

(https://www.papersapp.com/), and led the manuscript’s development from 

the first draft to the final one, with the mentorship and editing assistance 

from Prof. Jane Quinn, Prof. Leslie Weston, and Dr Panayiotis 

Loukopoulos.  

 

Chen, Y., Quinn, J.C., Weston, L.A., & Loukopoulos, P. (2019). The 

aetiology, prevalence and morbidity of outbreaks of photosensitisation in 

livestock: A review. PLoS One, 

https://doi.org/10.1371/journal.pone.0211625 
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Abstract 

Background 

Photosensitisation is a clinical condition occurring in both humans and 

animals that causes significant injury to affected individuals. In livestock, 

outbreaks of photosensitisation caused by ingestion of toxic plants are 

relatively common and can be associated with significant economic loss.  

Objectives 

The agents that are most commonly implicated in outbreaks of 

photosensitisation have not been formally investigated on a global scale. To 

address this question, a systematic review of the literature was undertaken to 

determine the most common causative agents implicated in outbreaks of 

photosensitisation in livestock in Australia and globally, as well as the 

prevalence and morbidity of such outbreaks. 

Methods  

A systematic database search was conducted to identify peer-reviewed 

case reports of photosensitisation in livestock published worldwide between 

1900 and April 2018. Only case reports with a full abstract in English were 

included. Non-peer-reviewed reports from Australia were also investigated. 

Case reports were then sorted by plant and animal species, type of 

photosensitisation by diagnosis, location, morbidity, and mortality rate and 

tabulated for further analysis. 

Results 

One hundred and sixty-six reports qualified for inclusion in this study. 

Outbreaks were reported in 20 countries. Australia (20), Brazil (20) and the 
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United States (11) showed the highest number of peer-reviewed 

photosensitisation case reports from this analysis. Hepatogenous (Type III) 

photosensitisation was the most frequently reported diagnosis (68.5%) and 

resulted in higher morbidity. Panicum spp., Brachiaria spp. and Tribulus 

terrestris were identified as the most common causes of hepatogenous 

photosensitisation globally.  

Conclusions 

Hepatogenous photosensitisation in livestock represents a potential risk 

to livestock production, particularly in Australia, Brazil, and the United 

States. Management of toxic pastures and common pasture weeds may 

reduce the economic impact of photosensitisation both at a national and 

global level.  

2.1 Introduction 
Photosensitisation is a global health issue affecting domestic livestock 

production with numerous underlying aetiological causes (Rowe, 1989). 

Clinical photosensitisation occurs when photodynamic compounds 

accumulate in the skin, cornea, and/or mucoid membranes (Mauldin & 

Peters-Kennedy, 2016). Any portion of the animal exposed to sunlight and 

lacking protective fleece, hair or pigmentation can develop lesions within 

minutes to hours of exposure (Fu et al., 2013). Severity can range from mild 

erythema and oedema to severe necrosis and skin sloughing (Mauldin & 

Peters-Kennedy, 2016).   

Photosensitisation can be classified into three major categories based on 

aetiology: primary (Type I), congenital (Type II), and hepatogenous or 

secondary (Type III) (Quinn, Kessell, & Weston, 2014). Primary (Type I) 

photosensitisation occurs when photocytotoxic compounds, or their 

photoactive metabolites, are present within peripheral tissues following 

ingestion or via local percutaneous absorption following direct dermal 

contact (Barrington, 2010). Congenital (Type II) photosensitisation is rare 

and caused by abnormal heme synthesis resulting in accumulation of 

photodynamic metabolites, including uroporphyrin, coproporphyrin, and 

protoporphyrin derivatives in the skin (Doyle & Gordon, 2008; Mauldin & 

Peters-Kennedy, 2016). Hepatogenous (Type III) photosensitisation is by far 

the most common in animals (Mauldin & Peters-Kennedy, 2016) and is 
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caused by accumulation of phytoporphyrin (also known as phylloerythrin) 

in dermal tissues (Kellerman & Coetzer, 1985). Any aetiological agent that 

impairs hepatobiliary excretion, either by damage to the hepatocytes directly 

(hepatotoxicity), or by damage to the functionality of the bile ducts 

themselves (cholestasis), can cause accumulation of phytoporphyrin 

resulting in clinical signs of photosensitisation (Flåøyen, 1999).  

Many outbreaks of photosensitisation are sporadic or transient (Mauldin 

& Peters-Kennedy, 2016). Incidence and prevalence of photosensitisation 

varies depending on location, distribution of causative plants or fungi 

(Kingsbury, 1958; McKenzie, 2012), the nature of the farming system 

(Glastonbury, Doughty, Whitaker, & Sergant, 1984), and environmental 

conditions (Pollock, Wishart, Holland, Malone, & Waterhouse, 2015), and 

the resistance/susceptibility of the species and individual animals within the 

flock or herd (Aslani, Movassaghi, Mohri, Ebrahim-pour, & Mohebi, 2004; 

Cardona-Álvarez, Vargas-Vilória, & Paredes-Herbach, 2016; Flåøyen, 

1991; Gleen, Panciera, & Monlux, 1965; Lugton & Woolacott, 2014; 

Morton & Campbell, 1997; Peterson, Payne, & Culvenor, 1992; Pollock et 

al., 2015; Witte & Curry, 1993). In livestock, the vast majority of 

photosensitisation outbreaks are associated with ingestion of plants 

(McKenzie, 2012; Quinn et al., 2014).  

Some cases are complex with synergistic or additive effects caused by 

different aetiological factors, a hypothesis supported by the sporadic pattern 

of certain outbreaks and the difficulty of experimentally recreating 

photosensitisation outbreaks associated with some plant species or other 

causal agents in their own right (Aslani, Movassaghi, Mohri, Pedram, & 

Abavisani, 2003; Mauldin & Peters-Kennedy, 2016; Medeiros, Bezerra, & 

Riet-Correa, 2014; Saturnino et al., 2010). For example, sporidesmin, a 

mycotoxin contained in the spores of the saprophytic fungus Pithomyces 

chartarum, is capable of causing hepatogenous photosensitisation (Di 

Menna, Flåøyen, & Ulvund, 1992; Pollock et al., 2015), especially in New 

Zealand where approximately 95% P. chartarum are toxigenic (Pilsworth & 

Knottenbelt, 2010). Sporadic outbreaks involving P. chartarum have 

suggested that sporidesmin may accelerate the progress of the liver damage 

in animals (Mauldin & Peters-Kennedy, 2016), when neither the presence of 
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liver damage or the fungus would have been sufficient individually to cause 

photosensitisation (Pilsworth & Knottenbelt, 2010; Pollock et al., 2015). 

The broad range of plant species implicated in outbreaks of secondary 

photosensitisation, the possibility of synergistic or interactive effects with 

mycotoxins, or other toxic entities, and the relative dearth of information on 

their biochemical profile commonly makes confirmation of a definitive 

causal agent problematic.  

Several reviews of the incidence and prevalence photosensitisation in 

livestock have been published (Flåøyen, 1999; Galitzer & Oehme, 1978; 

Hussain et al., 2018; Laustriat, 1986; Rowe, 1989; Baber, 1989; Casteel, 

Bailey, Reagor, & Rowe, 1986; Fu et al., 2013; Knupp, Knupp, Riet-Correa, 

& Lucena, 2016; Quinn et al., 2014). However, these have either focused on 

summarisation of diagnostic criteria (Flåøyen, 1999; Galitzer & Oehme, 

1978; Hussain et al., 2018; Laustriat, 1986; Rowe, 1989), emphasised 

particular aetiological agents or been restricted to certain geographical 

regions (Baber, 1989; Casteel, Bailey, Reagor, & Rowe, 1986; Fu et al., 

2013; Knupp, Knupp, Riet-Correa, & Lucena, 2016; Quinn et al., 2014). As 

such, although providing useful information to the clinician or 

epidemiologist, they are generally limited in their ability to determine 

outbreak patterns, the prevalence of the causative agents, their relationship 

to morbidity, and the mortality on a larger scale. The lack of a holistic 

approach to the study of photosensitisation therefore limits our 

understanding of its impact on livestock globally.  

The objective of this study was, therefore, to review the global 

presentation of cases of photosensitisation in the scientific literature, 

published in the English language, and to determine potential trends in 

which causal agents worldwide that are most commonly associated with 

outbreaks of photosensitisation in livestock. A review of the literature, 

including both peer-reviewed and non-peer-reviewed sources, was 

undertaken for a better understanding of photosensitisation across a number 

of key countries globally where a significant body of published case 

information could be obtained. 
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2.2 Methods 

2.2.1 Database analysis, search, and selection criteria: peer-reviewed 

articles 

Eleven electronic databases [Pubmed, Web of Science, CAB Abstracts, 

Proquest, Sciquest, Trove, EthOS, BASE, Open Access and Dissertations, 

NDLTD, and the DART Europe E Theses Portal] were mined for peer-

reviewed articles relating to cases of photosensitisation in livestock. All case 

reports were extracted regardless of year or language of publication. 

Searches included the period from 1900 to April 2018. Search keywords 

included “photosensitisation” and / or “photosensitization”, 

“photodermatitis”, “facial eczema”, “geeldikkop”, “dikoor”, “plochteach” or 

“alveld” in the title. The Boolean operator “OR” was used to join terms. 

Language restriction was applied; articles published in languages other than 

English, or did not provide an abstract in English, were excluded from the 

search result. Reference lists of retrieved articles were reviewed to identify 

all relevant case studies or reports to maximise article retrieval. 

The following selection criteria were then applied; the publication 

should: 1) be an outbreak report with photosensitisation as the main clinical 

sign or differential diagnosis; 2) relate to any species of livestock, including 

alpaca, camel, cattle, deer, donkey, goat, horse, llama, mule, pig, reindeer, 

sheep, and water buffalo; and 3) contain clinicopathological findings that 

confirm a diagnosis of photosensitisation.  Quality assessment of individual 

peer-reviewed reports was not performed. In particular, an assumption made 

with respect to the peer reviewed articles was that the causal agent 

responsible for all reported outbreaks were correctly identified in the 

associated publication. 

Exclusion criteria included: duplications of published articles; species 

other than domestic livestock; publications in which the full text or a 

detailed abstract was not available; and publications in which the diagnosis 

of photosensitisation could not be established over other differentials. 

Search and selection methodology for this study is summarised in Figure 

2.1.  
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Figure 2.1 Literature search criteria and the number of articles included and 

excluded in this review. 

 

2.2.2 Database analysis, search, and selection criteria: non peer-

reviewed articles 

Although the reliability of the diagnosis and the utility of information in 

non-peer reviewed reports can sometimes be questionable, it was considered 

that non peer-reviewed reports could be useful as supplemental information 

to peer-reviewed data by providing careful data extraction and thus review 

of the evidence in each report was undertaken. Australia was selected as the 

sole country for analysis of non-peer- reviewed information due to its well-

established case reporting systems via Australian Government 

Administrative or Government-Accredited Animal Health Officers (District 

Veterinarians, Regional Veterinary Officers, and Biosecurity Officers).  

Reports from these sources are published either in Animal Health 

Surveillance Quarterly Report (AHSQR, http://www.sciquest.org.nz/ahsq) 

that cover outbreaks nationally in Australia, or in the “Flock and Herd” case 

note series that cover outbreaks in New South Wales (NSW) (F&H, 
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http://www.flockandherd.net.au, site maintained by Local Land Services in 

NSW). Non peer-reviewed case material was searched up to and including 

April 2018. Again, the same selection and exclusion criteria were applied as 

described above. 

Extracted information from non peer-reviewed case reports included, but 

was not limited to, species; age; quantitative and qualitative information 

regarding proportion of the herd or flock affected; geographical and 

chronologic information; type of photosensitisation and clinical description; 

causative agents confirmed or suspected. The accuracy of the diagnosis and 

entirety of the report was reviewed by the authors to ensure consistency, and 

reports, where clinicopathological data or causality did not appear consistent 

with a diagnosis of photosensitisation, were excluded from the analysis. 

However, due to the lack of peer-reviewed process, the accuracy and 

reliability of non peer-reviewed reports were considered to represent a lower 

level of evidence than peer-reviewed ones.  

2.3 Results 

Following review of the peer-reviewed scientific literature, 78 reports 

presenting with a full text or detailed abstract were analysed (Figure 2.1). Data on 

causal plant species or organisms; geographical location; type of photosensitisation 

(primary, hepatogenous, congenital, unknown); outbreak years; animal species; 

size of flock or herd, percentage of morbidity and mortality were extracted and 

tabulated. A summary of information presented in the peer-reviewed literature is 

shown in Table 2.1.  

Following review of the Australian non peer-reviewed scientific literature, 88 

non peer-reviewed Australian case reports with a full text or detailed abstract were 

identified for further review. Data on causal plant species or organism, country of 

outbreak, type of outbreak related to type of photosensitisation (primary, 

hepatogenous, congenital, unknown), animal species, size of flock or herd and 

percentage morbidity and mortality was extracted. Data contained in these reports 

was often less comprehensive than comparative peer-reviewed articles and 

information on the above criteria were extracted where available. A summary of 

information presented in Australian non peer-reviewed literature is shown in Table 

2.2. 
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Table 2.1 Extracted photosensitisation outbreak data from the peer-reviewed literature by aetiological agent. Percentage morbidity and mortality are 

included where reported. 

N/A, not available; CEPP, Congenital Erythropoietic Protoporphyria; CEP, Congenital Erythropoietic Protoporphyria; AU, Australia; AT, Austria; BR, 

Brazil; CO, Columbia; FR, France; IN, India; IR, Iran; IRE, Ireland; JP, Japan; MY, Malaysia; NZ, New Zealand; NG, Nigeria; NO, Norway; SA, 

South Africa; ES, Spain; TW, Taiwan; TN, Tunisia; TR, Turkey; UK, United Kingdom; US, United States 

Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Alfalfa hay (predominantly 

Medicago sativa) 
US Primary 2013 Horse 116 6.9 N/A 

(Puschner, Chen, 

Read, & Affolter, 

2016) 

Alfalfa hay (predominantly 

M. sativa) 
US Primary 2004 Horse 70 100.0 1.4 

(Puschner et al., 

2016) 

Alfalfa hay (predominantly 

M. sativa) 
US Primary 2008 Horse N/A N/A N/A 

(Puschner et al., 

2016) 

Alternanthera philoxeroides 

(Alligator weed) 
AU Hepatogenous 1998 Cattle 70 82.9 N/A 

(Bourke & 

Rayward, 2003) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Ammi majus 

 (Bishop’s weed) 
US primary 1978 Sheep N/A N/A N/A 

(Witzel, Dollahite, 

& Jones, 1978) 

Biserrula pelecinus vars. 

Casbah and Mauro 

(Biserrula) 

AU Primary 2015 Sheep 167 100 N/A 
(Quinn et al., 

2018) 

B. pelecinus cv Casbah 

(Biserrula) 
AU Primary 2013 Sheep 120 25.0 N/A 

(Kessell, Ladmore, 

& Quinn, 2015) 

Brachiaria brizantha 

(Palisade grass) 
BR Hepatogenous 2010 Sheep 80 16.3 12.5 

(Albernaz et al., 

2010) 

B. brizantha (Palisade grass) BR Hepatogenous 2010 Sheep 113 43.4 35.4 
(Albernaz et al., 

2010) 

Brachiaria decumbens 

(Signal grass) 
CO Hepatogenous 2015 Cattle N/A N/A N/A 

(Cardona-Álvarez 

et al., 2016) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

B. decumbens (Signal grass) MY Hepatogenous 1985 Goat 12 25.0 N/A 

(Mazni, Sharif, 

Khushry, & Vance, 

1985) 

B. decumbens (Signal grass) BR Hepatogenous 2003 Goat 118 14.4 N/A 

(Lemos, Nakazato, 

Herrero Junior, 

Silveira, & 

Porfírio, 1998) 

B. decumbens (Signal grass) BR Hepatogenous 2003 llama 1 N/A N/A 
(Birgel Junior et 

al., 2007) 

B. decumbens (Signal grass) BR Hepatogenous 2009 Sheep 24 45.8 N/A 
(Saturnino et al., 

2010) 

B. decumbens (Signal grass) NG Hepatogenous 1982 Sheep 36 N/A 38.9 (Opasina, 1985) 

B. decumbens (Signal grass) BR Hepatogenous 2009 Buffalo 17 52.9 N/A 
(De Oliveira et al., 

2013) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

B. decumbens (Signal grass) BR Hepatogenous 2003 Sheep 28 25.0 21.4 
(Brum, Haraguchi, 

& Lemos, 2007) 

Brassica rapa (Turnip) NZ Hepatogenous 2014 Cattle N/A N/A N/A (Collett, 2014) 

Copper BR Hepatogenous 2006 Buffalo 4 100.0 N/A 
(Minervino et al., 

2010) 

Dicrocoelium dendriticum UK Hepatogenous 2011 Sheep 65 49.2 3.1 

(Sargison, Baird, 

Sotiraki, Gilleard, 

& Busin, 2012) 

Enterolobium 

contortisiliquum 

 (Pacara earpod tree) 

BR Hepatogenous 2014 Cattle 62 22.6 3.2 

(Olinda, Medeiros, 

Dantas, De Lemos, 

& Riet-Correa, 

2015) 

E. contortisiliquum 

 (Pacara earpod tree) 
BR Hepatogenous 2002 Cattle N/A N/A N/A 

(Grecco, Dantas, 

Riet-Correa, Leite, 

& Raposo, 2002) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Flood damaged alfalfa hay 

(predominantly Medicago 

sativa) 

US Hepatogenous 1957 Cattle 40 N/A N/A 
(Gleen, Monlux, & 

Panciera, 2016) 

Foxtail-or- chardgrass 

mixture cut hay 
US Hepatogenous 1991 Cattle 8 100.0 12.5 

(Witte & Curry, 

1993) 

Froelichia humboldtiana 

(Ervanço) 
BR Primary 2014 Cattle 70 38.6 N/A (Souza et al., 2012) 

F. humboldtiana (Ervanço) BR Primary 2014 
Donke

y 
N/A N/A N/A 

(Knupp et al., 

2014) 

F. humboldtiana (Ervanço) BR Primary 2014 Goat 15 100.0 N/A 
(Santos et al., 

2017) 

F. humboldtiana (Ervanço) BR Primary 2014 Mule N/A N/A N/A 
(Knupp et al., 

2014) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

F. humboldtiana (Ervanço) BR Primary 2006 Sheep 5 100.0 N/A 
(Pimentel et al., 

2007) 

F. humboldtiana (Ervanço) BR Primary 2014 Horse N/A N/A N/A 

(Medeiros et al., 

2014) (Knupp et 

al., 2014) 

Heliotropium europaeum 

(Common heliotrope) 
AU Hepatogenous 1985 Sheep 120 4.2 N/A 

(Peterson et al., 

1992) 

Heracleum sphondylium 

(Hogweed) 
UK Primary 2010 Horse N/A N/A N/A (Ivens, 2011) 

Hypericum erectum 

 (St. John’s wort) 
JP Primary 1980 Cattle 5 100.0 N/A (Kawada, 1980) 

H. erectum (St. John’s wort) TN Primary 1999 Horse 34 N/A N/A 

(Chabchoub, 

Landolsi, Lasfar, 

Amira, & Bousrih, 

1999) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Jamesdicksonia dactylidis AU Hepatogenous 2017 Cattle 678 24.3 2.8 
(Golder et al., 

2017) 

Liver fluke AT Hepatogenous 2003 Cattle N/A N/A N/A 

(Flöck, 

Baumgartner, 

Bago, & Schilcher, 

2003) 

Lotus corniculatus 

(Birdsfoot trefoil) 
NZ Primary 1992 Sheep 40 7.5 N/A 

(Stafford, West, 

Alley, & Waghorn, 

1995) 

L. corniculatus  

(Birdsfoot trefoil) 
NZ Primary 1993 Sheep 56 26.8 N/A 

(Stafford et al., 

1995) 

L. corniculatus  

(Birdsfoot trefoil) 
NZ Primary 1991 Sheep 30 33.3 N/A 

(Stafford et al., 

1995) 

Malachra fasciata 

(Malachra) 
BR Primary 2016 Sheep 3 100 N/A 

(de Araújo et al., 

2017) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Medicago sativa (Lucerne, 

alfalfa) 
ES Primary 2004 Sheep 1850 24.3 N/A (Ferrer et al., 2007) 

Microcystis aeruginosa SA Hepatogenous 1993 Cattle N/A N/A N/A 
(van Halderen et 

al., 1995) 

Myoporum insulare 

(Common boobialla) 
AU Hepatogenous 1980 Cattle 177 14.1 6.2 

(Jerrett & 

Chinnock, 1983) 

Narthecium ossifragum  

(Bog asphodel) 
NO Hepatogenous 1999 Sheep 165 9.7 N/A 

(Wisløff, Wilkins, 

Scheie, & Flåøyen, 

2002) 

N. ossifragum  

(Bog asphodel) 
NO Hepatogenous 1990 Sheep 28 17.9 N/A (Flåøyen, 1991) 

Nodularia spumigena SA Hepatogenous 1993 Cattle N/A N/A N/A 
(van Halderen et 

al., 1995) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

N. spumigena SA Hepatogenous 1993 Sheep N/A N/A N/A 
(van Halderen et 

al., 1995) 

Pangola grass TW Hepatogenous 1978 Cattle 8428 4.9 1.4 

(Lin, Wu, Tsai, 

Chang, & Tsai, 

1981) 

Panicum coloratum 

 (Klein grass) 
US Hepatogenous 1987 Sheep 24 100.0 N/A 

(Bridges, Camp, 

Livingston, & 

Bailey, 1987) 

P. coloratum (Klein grass) AU Hepatogenous 1989 Sheep 2000 N/A N/A (Regnault, 1990) 

Panicum dichotomiflorum 

(Fall Panicum) 
BR Hepatogenous 2009 Sheep 365 22.2 10.7 

(Riet-Correa et al., 

2009) 

P. dichotomiflorum  

(Fall Panicum) 
US Hepatogenous 2006 Horse 14 100.0 35.7 

(Johnson et al., 

2006) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Panicum miliaceum  

(Proso millet) 
IR Hepatogenous 2008 Sheep 10 10.0 N/A 

(Badiei et al., 

2009) 

P. miliaceum (Proso millet) IR Hepatogenous 2008 Sheep 253 32.8 16.2 
(Nazifi et al., 

2009) 

Panicum schinzii 

 (Sweet grass) 
AU Hepatogenous 1986 Sheep 200 30.0 20.0 

(Button et al., 

1987) 

P. schinzii (Sweet grass) AU Hepatogenous 1991 Sheep 70 28.6 21.4 
(Lancaster, Vit, & 

Lyford, 1991) 

P. schinzii (Sweet grass) AU Hepatogenous 1986 Sheep 200 25.0 15.0 
(Button et al., 

1987) 

Panicum virgatum  

(Switch grass) 
US Hepatogenous 1991 Sheep 104 16.4 N/A 

(Puoli, Reid, & 

Belesky, 1992) 

Persicaria lapathifolia (Pale 

knotweed) and P. orientalis 
AU Hepatogenous 2009 Cattle 50 4.0 20.0 

(Lugton & 

Woolacott, 2014) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Petroselinum crispum 

(Parsley) 
UK Hepatogenous 1997 Pig 18 88.9 N/A 

(Griffiths & 

Douglas, 2000) 

Phytolacca octandra 

(Inkweed) 
NZ Hepatogenous 2006 Cattle 400 5.0 N/A 

(Collett, 

Thompson, & 

Christie, 2011) 

Pithomyces chartarum NZ Hepatogenous 1997 
Fallow 

deer 
20 60.0 30.0 

(Smith, Asher, 

Thompson, & 

Hoggard, 1997) 

P. chartarum AU Hepatogenous 1985 Sheep 200 15.0 N/A 
(Greenwood & 

Williamson, 1985) 

P. chartarum SA Hepatogenous 1970 Sheep N/A N/A N/A 
(Marasas et al., 

1972) 

P. chartarum TR Hepatogenous 2005 Sheep 1000 2.2 N/A (Ozmen, 

Sahinduran, 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Haligur, & Albay, 

2008) 

P. chartarum US Hepatogenous 1994 Sheep N/A N/A N/A 

(Hansen, McCoy, 

Hedstrom, Snyder, 

& Ballerstedt, 

1994) 

P. chartarum AU Hepatogenous 1978 Sheep 22698 10.7 4.1 

(Edwards, 

Richards, Gwynn, 

& Love, 1981) 

Polygonum lapathifolium 

(Pale persicaria) 
AU Hepatogenous 1986 Cattle 380 N/A 1.6 

(McKenzie, 

Dunster, & 

Burchill, 1988) 

Porphyrins UK CEP 2008 Cattle N/A N/A N/A 

(Huxley, Lloyd, 

Parker, Woolf, & 

Strugnell, 2009) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Porphyrins UK CEP 1956 Cattle N/A N/A N/A 

(Amoroso, 

Loosmore, 

Rimington, & 

Tooth, 1957) 

Protoporphyrin FR CEPP 1991 Cattle N/A N/A N/A 

(Schelcher, 

Delverdier, 

Bezille, Cabanie, 

& Espinasse, 1991) 

Protoporphyrin IE CEPP 2015 Cattle 20 5.0 N/A 

(McAloon, 

Doherty, O’Neill, 

Badminton, & 

Ryan, 2015) 

Protoporphyrin NZ CEPP 2011 Cattle N/A N/A N/A (Holliman, 2015) 

Protoporphyrin UK CEPP 2000 Cattle 20 5.0 N/A 

(Armstrong, 

Jonsson, & Barrett, 

2002) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Protoporphyrin UK CEPP 2013 Cattle 26 7.7 N/A 
(Truyers & Ellis, 

2013) 

Protoporphyrin US CEPP 1999 Cattle 70 1.4 N/A 
(Pence & Liggett, 

2002) 

Senecio brasiliensis  

(Flor-das-almas) 
BR Hepatogenous 2013 Cattle 162 51.2 N/A 

(Giaretta, Panziera, 

Galiza, et al., 

2014a) 

Senecio spp. BR Hepatogenous 2014 Sheep 860 0.9 1.2 

(Giaretta, Panziera, 

Hammerschmitt, et 

al., 2014b) 

Tribulus terrestris  

(Goat’s-head, puncture vine) 
AU Hepatogenous 1983 Goat 35 17.1 5.7 

(Glastonbury & 

Boal, 1985) 

T. terrestris  

(Goat’s-head, puncture vine) 
AU Hepatogenous 1982 Sheep 1200 20.8 14.7 

(Glastonbury et al., 

1984) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

T. terrestris  

(Goat’s-head, puncture vine) 
IR Hepatogenous 1998 Sheep 11 100.0 N/A 

(Aslani et al., 

2003) 

T. terrestris  

(Goat’s-head, puncture vine) 
IR Hepatogenous 1975 Sheep 700 8.5 4.3 

(Amjadi, Ahourai, 

& Baharsefat, 

1977) 

T. terrestris 

 (Goat’s-head, puncture vine) 
TR Hepatogenous 2013 Sheep 24 100.0 N/A 

(Haydardedeoğlu, 

2013) 

T. terrestris  

(Goat’s-head, puncture vine) 
AU Hepatogenous 1982 Sheep 190 36.8 24.2 

(Glastonbury et al., 

1984) 

Trifolium alexandrinum 

(Berseem) 
IN Hepatogenous 2013 Cattle N/A N/A N/A 

(Thawait, Dixit, 

Maiti, & Gupta, 

2013) 

Unidentified MY Hepatogenous 2012 Cattle N/A N/A N/A 
(Jesse & 

Ramanoon, 2012) 
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Aetiological agent Country 
Type of 

photosensitisation 
Year Species 

Flock/Her

d size 
Morbidity (%) 

Mortality 

(%) 
Reference 

Unidentified AU Hepatogenous 1985 Sheep 35 42.9 28.6 
(Button et al., 

1987) 

Unidentified AU Hepatogenous 1986 Sheep 100 7.0 N/A 
(Button et al., 

1987) 

Unidentified (White clover, 

phalaris and rye grass) 
AU Hepatogenous 1964 Sheep 100 20.0 N/A 

(Dent & Rofe, 

1967) 
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Table 2.2 Photosensitisation outbreaks in livestock in Australia extracted from two non peer-reviewed publication series. Percentage morbidity and 1 

mortality are included where available. 2 

N/A, not available; F&H, Flock and Herd, AHSQR, Animal Health Surveillance Quarterly; NSW, New South Wales; SA, Southern Australia; QLD, 3 

Queensland; TAS, Tasmania; VIC, Victoria; WA, Western Australia 4 

Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

B. decumbens (Signal grass) WA Hepatogenous Sheep 300 20.0 N/A AHSQR  17: 1 

Biserrula casbah (Biserrula) WA Primary Sheep 500 40.0 N/A AHSQR  7: 3 

Biserrula or clover WA Primary Sheep N/A N/A N/A AHSQR  9: 4 

Biserrula spp. (Biserrula) WA Primary Cattle N/A N/A N/A AHSQR  16: 2 

Brassica napus (Rape, canola) VIC Hepatogenous Cattle 200 3.0 N/A AHSQR  14: 1 

Brassica spp. VIC Hepatogenous Cattle N/A N/A N/A AHSQR  4: 1 

Cynosurus echinatus  

(Rough dog’s tail grass) 
VIC Hepatogenous Cattle 9 N/A 22.2 AHSQR  19: 2 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle 25 24.0 N/A AHSQR  11: 2 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle 35 28.6 N/A AHSQR  11: 2 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle N/A N/A N/A AHSQR  6: 2 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle 510 32.4 10.0 AHSQR  7: 2 

C. echinatus (Rough dog’s tail grass) WA Hepatogenous Cattle N/A N/A N/A AHSQR  7: 3 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle 270 11.9 0.7 AHSQR  8: 2 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle 11 100.0 N/A AHSQR  15: 2 

C. echinatus (Rough dog’s tail grass) VIC Hepatogenous Cattle 150 53.3 N/A AHSQR  18: 2 

Echinochloa utilis 

 (Japanese barnyard millet) 
VIC Hepatogenous Sheep 300 10.0 6.7 AHSQR  14: 4 

Heliotrope spp. VIC Hepatogenous Sheep N/A N/A N/A AHSQR  6: 3 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

Heliotropium europaeum (Common 

heliotrope) 
NSW Hepatogenous Cattle 60 100.0 66.7 F&H Sep, 2015 

H. europaeum (Common heliotrope) NSW Hepatogenous Sheep N/A N/A N/A AHSQR  19: 4 

Hypericum perforatum (St John’s wort) NSW Primary Sheep 550 33.6 N/A F&H Mar, 2012 

H. perforatum (St John’s wort) NSW Primary Sheep 300 50.0 3.3 AHSQR  13: 4 

Lantana camara (Lantana) QLD Hepatogenous Cattle 100 N/A 3.0 AHSQR  11: 1 

L. camara (Lantana) QLD Hepatogenous Cattle 35 5.7 2.8 AHSQR  12: 1 

L. camara (Lantana) NSW Hepatogenous Cattle N/A N/A N/A AHSQR  14: 3 

L. camara (Lantana) QLD Hepatogenous Cattle 250 N/A 3.2 AHSQR  16: 3 

L. camara (Lantana) QLD Hepatogenous Cattle 250 0.8 N/A AHSQR  16: 3 

L. camara (Lantana) QLD Hepatogenous Cattle 20 50.0 N/A AHSQR  16: 3 

L. camara (Lantana) QLD Hepatogenous Cattle 80 N/A 7.5 AHSQR  21: 1 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

L. camara (Lantana) NSW Hepatogenous Cattle 47 N/A 19.2 AHSQR  8: 1 

L. camara (Lantana) QLD Hepatogenous Cattle 120 N/A 2.5 AHSQR  10: 2 

Lantana spp. NSW Hepatogenous Cattle 47 N/A N/A AHSQR  11: 4 

Lantana spp. QLD Hepatogenous Cattle N/A N/A N/A AHSQR  12: 4 

Lantana spp. QLD Hepatogenous Cattle 220 5.9 1.4 AHSQR  4: 2 

Lantana spp. QLD Hepatogenous Cattle 800 18.8 N/A AHSQR  7: 2 

Lantana spp. QLD Hepatogenous Cattle N/A N/A N/A AHSQR  7: 3 

Lantana spp. QLD Hepatogenous Cattle N/A N/A N/A AHSQR  9: 2 

Lolium perenne (Perennial ryegrass) VIC Primary Cattle 120 25.0 N/A AHSQR  12: 2 

Mentha pulegium (pennyroyal) and 

Lotus uliginosus (big trefoil) 
TAS Primary Sheep N/A N/A N/A AHSQR  12: 1 

P. chartarum VIC Hepatogenous Cattle 23 69.6 30.4 AHSQR  6: 1 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

P. chartarum WA Hepatogenous Cattle 750 40.0 N/A AHSQR  8: 2 

P. chartarum NSW Hepatogenous Cattle 10 70.0 N/A F&H Dec, 2011 

P. chartarum VIC Hepatogenous Cattle N/A 50.0 
“signific

ant” 
AHSQR  4: 2 

P. chartarum SA Hepatogenous Cattle N/A N/A N/A AHSQR  5: 2 

P. chartarum TAS Hepatogenous Sheep N/A N/A N/A AHSQR  20:2 

P. chartarum VIC Hepatogenous 
Sheep & 

Cattle 
114 5-50 1-30 AHSQR  16: 2 

P. chartarum WA Hepatogenous Sheep N/A N/A N/A AHSQR  9: 4 

P. chartarum NSW Hepatogenous Sheep 1000 N/A N/A F&H Nov, 2015 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

P. effusum (Hairy panic), Brassica 

napus (Rape, canola) and Heliotropium 

europaeum (Common heliotrope) 

VIC Hepatogenous Sheep 48 4.2 N/A AHSQR  14: 1 

P. effusum (Hairy panic), T. terrestris 

(Goat’s-head, puncture vine) 
NSW Hepatogenous Sheep 230 100.0 N/A AHSQR  14: 1 

P. gilvum (Sweet panic) and Brassica NSW Hepatogenous Sheep 500 8.4 N/A AHSQR  18: 1 

P. coloratum (Klein grass) NSW Hepatogenous Sheep N/A N/A N/A AHSQR  13: 1 

Panicum effusum (Hairy panic) VIC Hepatogenous Sheep 350 14.3 8.6 AHSQR  15: 1 

Panicum gilvum (Sweet panic) NSW Hepatogenous Sheep 520 7.7 1.2 F&H Jul, 2013 

Panicum hillmanii (Hillmann’s panic) VIC Hepatogenous Sheep 400 6.3 N/A AHSQR  14: 1 

Panicum miliaceum (Proso millet) WA Hepatogenous Sheep N/A N/A N/A AHSQR  11: 3 

Panicum spp. NSW Hepatogenous Sheep many N/A N/A F&H, 1981 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

Panicum spp. NSW Hepatogenous Sheep N/A N/A 10 AHSQR  1: 2 

Panicum spp. VIC Hepatogenous Sheep 2170 N/A 1.4 AHSQR  20: 1 

Panicum spp. VIC Hepatogenous Sheep 200 N/A 10.0 AHSQR  9: 1 

Panicum spp. NSW Hepatogenous Sheep 450 5.1 N/A F&H Sep, 2015 

Panicum spp., B. decumbens (Signal 

grass), Chloris gayana (Rhodes grass), 

Echium plantagineum (Paterson’s curse) 

WA Hepatogenous Cattle 500 2.0 N/A AHSQR  15: 1 

Persicaria spp. NSW Hepatogenous Cattle 50 4.0 N/A F&H Apr, 2013 

Pithomyces chartarum TAS Hepatogenous Cattle 290 20.7 0.3 AHSQR  11: 1 

Pithomyces spp. NSW Hepatogenous Sheep 14 14.3 N/A AHSQR  16: 4 

Pithomyces spp. WA Hepatogenous Sheep 1000 5.0 N/A AHSQR  18: 2 

Polygonum sp. NSW Primary Cattle 130 3.9 N/A AHSQR  14: 4 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

Tribulus terrestris  

(Goat’s-head, puncture vine) 
WA Hepatogenous Sheep N/A N/A N/A AHSQR  13: 1 

T. terrestris (Goat’s-head, puncture vine) WA Hepatogenous Sheep N/A N/A N/A AHSQR  16: 3 

T. terrestris (Goat’s-head, puncture vine) SA Hepatogenous Sheep 100 N/A N/A AHSQR  9: 1 

T. terrestris (Goat’s-head, puncture vine) NSW Hepatogenous Sheep N/A N/A N/A AHSQR  13: 1 

Trifolium resupinatum (Shaftal clover) NSW Hepatogenous Sheep N/A N/A N/A F&H 1987 

Unidentified TAS Primary Cattle 150 3.3 N/A AHSQR  12: 3 

Unidentified VIC Hepatogenous Cattle 300 6.7 N/A AHSQR  15: 2 

Unidentified VIC Hepatogenous Cattle 250 20.0 N/A AHSQR  15: 2 

Unidentified SA Hepatogenous Cattle 350 25.1 5.1 AHSQR  15: 2 

Unidentified VIC Primary Cattle N/A N/A N/A AHSQR  15: 3 

Unidentified TAS Hepatogenous Cattle 100 13.0 3.0 AHSQR  19: 4 
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Aetiological agent State Type Species 
Flock/Herd 

size 

Morbidity 
(%) 

Mortality 
(%) 

Reference 

Unidentified TAS Hepatogenous Cattle 900 25.0 0.7 AHSQR  19: 4 

Unidentified TAS Hepatogenous Cattle 160 18.8 N/A AHSQR  4: 2 

Unidentified WA Primary Sheep N/A N/A N/A AHSQR  16: 3 

Unidentified NSW Primary Sheep N/A 50-100 N/A AHSQR  20: 2 

Unidentified NSW Primary Sheep 8 flocks 50-100 5-15 F&H Nov, 2015 

Unidentified (Aphid-infested thistles) NSW Hepatogenous Cattle 36 100.0 41.7 F&H 1956 

Unidentified (Aphids) WA Primary Sheep 4200 N/A N/A AHSQR  12: 3 

Unidentified (Pyrrolizidine alkaloids) QLD Hepatogenous Horse 20 100.0 65.0 AHSQR  15: 2 

Unidentified (Pyrrolizidine alkaloids) SA Hepatogenous Sheep N/A N/A N/A AHSQR  13: 3 

Unidentified (Ryegrass, silage, 

oats, straw, grape Marc and pasture hay) 
VIC Hepatogenous Cattle 270 3.7 N/A AHSQR  13: 1 

Unidentified (Ryegrass) VIC Hepatogenous Cattle 160 6.3 1.3 AHSQR  12: 2 

5 
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2.3.1 Geographical distribution and species differentiation of 

photosensitisation outbreaks reported in the peer-reviewed literature 

Photosensitisation outbreak reports were identified from 20 different 

countries in the peer-reviewed literature (Figure 2.2). The greatest number 

of reports were from Australia (20), Brazil (20), and the United States (11), 

followed by New Zealand (7), United Kingdom (7), South Africa (4), Iran 

(4), Norway (2), Turkey (2) and Malaysia (2), and 10 other countries with 

only one outbreak report each.  

A prominent species predisposition was identified in these reports. Sheep 

were the most reported species in photosensitisation outbreaks globally, 

with 47.2% (42/89) reported outbreaks, followed by cattle (32.6%, 29/89) 

and horses (7.9%, 7/89). Other reported livestock species included the goat 

(4.5%, 4/89), buffalo (2.2%, 2/89), and one case each in the donkey, deer, 

mule, llama and pig (all 1.1%, 1/89).  

 

Figure 2.2 Global geographic distribution and species differentiation of 

peer-reviewed case reports of clinical photosensitisation in domestic 

livestock. 
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2.3.2 Geographical distribution and species differentiation of 

photosensitisation outbreaks reported in Australia 

The geographical distribution of case data in Australia was further 

examined by state. When peer-reviewed and non peer-reviewed reports 

were considered together, the highest number of outbreaks was observed in 

New South Wales and Victoria (33 reports each), followed by Queensland 

(15 reports), Western Australia (15 reports), Tasmania (9 reports), and 

South Australia (4 reports) (Figure 2.3). There was no photosensitisation 

case report from the Northern Territory.  

 

Figure 2.3 The number of combined peer-reviewed and non peer-reviewed 

photosensitisation case reports identified by geographical location and 

species in different states in Australia. 

 

Panicum spp., P. chartarum and T. terrestris were clearly represented as 

causal agents with 12, 4, and 4 cases reported respectively. However, 

Lantana spp. (15 reports) and Cynosurus echinatus (9 reports) are also 

prevalent within specific geographical locations (Lantana spp. in 

Queensland and C. echinatus in Victoria, Table 2.2). 

As observed in global cases, a similar species predisposition, or reporting 

bias, was observed in reports from Australia. Sheep and cattle presented as 
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the most frequently reported livestock species in photosensitisation 

outbreaks in Australia. Over 54% (40/74) of reported outbreaks concerned 

sheep, 43.2% (32/74) cattle, with the remaining outbreaks horse and goat (1 

case only in each species). 

2.3.3 Prevalence of category of photosensitisation in livestock and 

aetiological agent, a global analysis  

In all peer-reviewed articles examined, 68.5% (61/89) reported cases 

were suspected or confirmed to be cases of hepatogenous (Type III) 

photosensitisation (Table 2.1). In comparison, only 22.5% (20/89) reported 

cases, were diagnosed or suspected to be primary (Type I) in nature. Only 

9.0% (8/89) reported cases of outbreaks in the US, UK, New Zealand, 

Ireland, and France, were diagnosed or suspected as congenital (Type II) 

photosensitisation (Figure 2.4).  

 

Figure 2.4 Numbers of peer-reviewed case reports by country by type of 

photosensitisation: primary, congenital or hepatogenous. 

 

Common aetiological agents were reported in multiple locations globally 

(Figure 2.5). For example, Brachiaria decumbens has been reported as a 

causal agent in Brazil, Colombia, and Nigeria; various species of the 

Panicum genus of grasses have been identified as causal agents in outbreaks 

of photosensitisation in Australia, Brazil, Iran, and the United States; P. 
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chartarum, a fungus that produces a specific mycotoxin called sporidesmin, 

was reported as an aetiological cause of hepatogenous photosensitisation in 

Australia, New Zealand, South Africa, Turkey, and the United States; 

Tribulus terrestris was reported as a causal species in Australia, Iran, and 

Turkey. Certain species were found to have a more contained geographical 

distribution, for example, F. humboldtiana, a primary photosensitising 

plant, was identified in six cases solely occurring in Brazil. Biserrula spp., 

an annual legume from the Mediterranean (Ghamkhar, Revell, & Erskine, 

2012), was reported as a causative agent of primary photosensitisation only 

in Australia (Table 2.1, Figure 2.5). 

 

 

Figure 2.5 Causative agents identified in peer-reviewed photosensitisation 

case reports worldwide. 

 

Congenital cases of photosensitisation accounted for the least number of 

outbreaks which were restricted to the United Kingdom (4), France (1), 

Ireland (1), New Zealand (1), and the United States (1) (Table 1).  
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2.3.4 Causative agents of photosensitisation in Australia 

Analysis of published photosensitisation case reports in Australia alone, 

taking both peer-reviewed and non peer-reviewed reports together, 

identified that outbreaks of photosensitisation in livestock related to 

ingestion of the Panicum genus of grasses were the most commonly 

reported aetiology in this region (18/94, 19.1%, Figure 2.6). The second 

most common confirmed aetiological agent was Lantana spp. (15/94, 

16.0%). The soil-borne ubiquitous fungus P. chartarum also accounted for a 

significant proportion of analysed case reports (14/94, 14.9%). These three 

agents represented the confirmed aetiological causes of the majority of 

photosensitisation cases reported in Australia (47/94, 50%). 

 

Figure 2.6 Plant species and other causative agents identified in published 

cases of photosensitisation in livestock in Australia. 

 

2.3.5 Livestock morbidity related to photosensitisation type 

Calculation of the morbidity (affected / flock number) and mortality 

(deaths / flock number) was compared between peer-reviewed reports (78 

reports in total, Table 2.1) or non-peer reviewed reports (88 reports in total, 

Table 2.2) where the aetiological agent had been specified. The extracted 

data was visualised using a violin plot (Figure 2.7). This analysis showed a 

wide variation in morbidity and mortality between the two publication 
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modalities with the peer reviewed publications showing higher figures for 

morbidity than those in non-peer reviewed publications. No 

photosensitisation related deaths were in outbreaks of congenital 

photosensitisation, and analysis showed that hepatogenous 

photosensitisation exhibited wider variation in morbidity and mortality than 

outbreaks of primary photosensitisation (Figure 2.7). Specifically, of the 26 

peer-reviewed reports that described mortality related to photosensitisation, 

25 were hepatogenous in nature. Only one mortality was associated with an 

outbreak of primary photosensitisation whilst none were associated with 

congenital cases (Figure 2.7a). Morbidity varied greatly ranging from 5-

100% (Figure 2.7b).  

 

Figure 2.7 Mortality (a) and morbidity (b) in photosensitisation case reports 

published in the peer-reviewed and non-peer-reviewed literature in 

Australia. Outbreaks reports that failed to provide an absolute number of the 

dead animal, the affected animal, or the flock size are not included. 

 

2.4 Discussion 

2.4.1 Photosensitisation outbreaks are commonly reported in 

Australasia, Brazil and the United States  

Reporting bias was implicit in the method used for report extraction and 

data compilation in this study as only reports with a full text or abstract in 

English were selected for review and this fact explains, in part, the high 

numbers of case reports identified in Australia and the United States 
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specifically. Each of these countries has a strong track record in scientific 

publication in the veterinary field, produces large numbers of sheep and 

cattle, also the most frequently reported livestock species in 

photosensitisation outbreaks (Table 2.1, Figure 2.2), and relies significantly 

on livestock production for export.  

The number of reported cases from Europe as a whole was relatively low 

with only 12 articles found in the literature for this region. This finding 

suggests that photosensitisation is less of an issue for European farming 

systems compared to those of Australia, New Zealand, Brazil, and the US. 

Differences in climate (Gleen et al., 1965; Lugton & Woolacott, 2014; 

Morton & Campbell, 1997; Peterson et al., 1992; Witte & Curry, 1993), 

farming practices (Pollock et al., 2015), availability of non-toxic pasture 

species and native or invasive weed species (Abera, Jibat, Sori, Feyisa, & 

Beyene, 2014; Riet-Correa, Medeiros, & Schild, 2012) associated with 

primary or secondary photosensitisation are likely to be playing a key role 

in this finding. However, the study selection criteria also would have been 

biased for publications from a large number of European countries as well. 

It possible that some photosensitisation outbreaks have been reported in 

native language publications, which would not have been selected due to by 

the filtering process. Nevertheless, the large number of case reports 

published in Brazil, identifying a diverse range of plant species as causally 

related to outbreaks of photosensitisation (Table 2.1, Figure 2.2), suggests 

that publication language barrier is not necessarily an obstacle to 

presentation of case reports in the literature, where English is the common 

language of scientific publication.  

2.4.2 Hepatogenous photosensitisation is common in domestic livestock 

This report identifies hepatogenous photosensitisation to be the most 

common presentation of clinical photosensitisation in livestock (Figure 2.4), 

a finding in agreement with the general scientific literature (Mauldin & 

Peters-Kennedy, 2016). Although inter-species and intra-species variation in 

sensitivity to photosensitising agents exists, toxic plants and organisms 

capable of causing outbreaks in domestic livestock should also be 

considered a potential risk to all grazing herbivores. This is particularly the 

case for native wildlife where plant-related outbreaks of hepatogenous 
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photosensitisation have been reported in kangaroos and wombats (Johnson 

& Jensen, 1998; Steventon, Raidal, Quinn, & Peters, 2018; Woolford, 

Fletcher, & Boardman, 2014).  

Congenital (Type II) photosensitisation was rarely identified in the 

published literature (8/89 reports) in this study. Congenital erythropoietic 

protoporphyria has only been reported in cattle, and only in a small number 

of countries in Europe as well as the United States and New Zealand. This 

likely reflects the common ancestry of many cattle herds in aforementioned 

two countries with animals largely exported to these regions from the 

United Kingdom, and therefore the reliance on a small genetic pool of beef 

cattle in particular (Holliman, 2015; Pence & Liggett, 2002). Interestingly, 

despite presenting with the highest number of peer-reviewed case reports, 

no congenital photosensitisation cases have yet been reported in Australia. 

This is likely a reflection of the selectivity of Australian livestock import 

systems and reliance on a highly conserved gene pool present in the cattle 

imported into this jurisdiction.  

2.4.3 Photosensitisation shows highly variable morbidity and mortality 

worldwide 

A high degree of variability was reported for both morbidity and 

mortality in outbreaks of both primary and hepatogenous photosensitisation 

(Table 2.1 & 2.2, Figure 2.7). This further suggests the difficulty of 

attributing an overall economic impact of photosensitisation to the global 

livestock industry, since the severity and magnitude of each outbreak is 

multifactorial and can differ significantly. An additional confounding factor 

is that higher mortality rates were recorded in hepatogenous 

photosensitisation found in peer-reviewed case reports compared to those 

reported in non-peer reviewed publications (Figure 2.7a), suggesting that 

only the most severe photosensitisation outbreaks were selected to be 

published by attending clinicians. This supports the author’s anecdotal 

findings that the majority of photosensitisation outbreaks are either 

submitted for publication in non peer-reviewed publications or are not 

reported in print at all.  
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2.4.4 Prevalence of photosensitisation case reports in Australia  

Outbreak reports in this analysis represent a bias towards Australia. 

Certain countries, such as New Zealand, are also known anecdotally to have 

a high incidence of photosensitisation. The incidence of New Zealand may 

be underrepresented in this review as the available reporting systems for 

these outbreaks are not as apparent as Australia, where there is a strong 

network of government veterinarians and good mechanisms for the 

presentation of non peer-reviewed case reports. It is also widely 

acknowledged that the more common a disease, the less a producer is likely 

to request the services of a veterinarian for diagnoses, and the less a 

veterinarian is likely to report the outbreak formally.   

Australia has experienced outbreaks of primary photosensitisation that 

are specific and unique to this region. One example is photosensitisation 

caused by the pasture legume Biserrula pelecinus, although a native of the 

southern Mediterranean, it is exclusively used as a livestock fodder only in 

Australia (Ghamkhar et al., 2012) where this pasture legume is now clearly 

identified as causing outbreaks of primary photosensitisation (Kessell et al., 

2015; Quinn et al., 2018). Outbreaks that have never been recorded in its 

native domains where it grows as a native only in mixed swards. The 

specific need to identify drought tolerant, hardy annuals to fill the summer 

feed gap in Australian livestock production systems therefore resulted in 

introduction of pasture species that has selectively caused livestock toxicity 

(Salam, Murray-Prior, & Bowran, 2010). This situation is not unique to 

Australia, but this is the first clearly correlated example of an introduced 

species being propagated for pasture fodder which then gives rise to 

consistent outbreaks of primary photosensitisation in production livestock.  

The majority of reports of photosensitisation cases in Australia reported 

in this review were located were in two states: New South Wales and 

Victoria (Figure 2.3). The disproportionate representation of these two 

states in this dataset is a reflection of a) the relatively high number of 

primary beef and lamb producers operating in these two states in Australia, 

and b) reporting bias due to availability of non-peer reviewed case reports 

presented in producer publications such as “Flock and Herd” (a NSW 

publication). However, this relative over-reporting in our view does not rule 



Chapter 2 

 95 

out our findings that under-reporting of clinical outbreaks is still occurring 

in Australia due to the perception that photosensitisation is “common” in 

production flocks and herds (Chen et al., 2022). Both states also showed a 

higher prevalence of causes related to Panicum genus of grasses and P. 

chartarum. Outbreaks in Queensland, by comparison, were mainly related 

to ingestion of the toxic weed species Lantana spp. These different causal 

species profiles suggest that environmental adaptation of such invasive 

plants is critical to their establishment and therefore the prevalence of 

toxicity associated with them (Pollock et al., 2015; Towers, 1986).  

An interesting finding that emerged from analysis of the non peer-

reviewed Australian literature in this study was the identification of C. 

echinatus (rough dog’s tail) as a putative causative agent in outbreaks of 

hepatogenous photosensitisation from eight separate reports in Victoria and 

Western Australia (Table 2.2). Despite its common appearance in the non 

peer-reviewed literature, this plant has not been formally confirmed to be 

associated with an outbreak of photosensitisation (Read, Edwards, Deseo, 

Rawlin, & Rochfort, 2017) where controlled feeding trials have been unable 

to confirm C. echinatus as causing hepatotoxic damage sufficient to cause 

secondary clinical photosensitivity (Lancaster, Jubb, & Pascoe, 2006). This 

contradictory evidence further suggests that anecdotal case reports should be 

viewed cautiously until true causality has been proven, as many 

epidemiological investigations focus on commonalities rather than specifics 

in outbreak patterns. In cases of photosensitisation a causal relationship 

between the clinical signs and the suspected agent(s) cannot be assumed to 

be proven until a direct or evidence-based causation can be established. 

2.4.5 Objective measurement of clinical signs of photosensitisation in 

domestic species  

Morbidity in outbreaks of photosensitisation, of all underlying 

aetiological causes, was found to be highly variable in the literature. This 

variation is likely to be caused by reporting error by the producer or 

veterinarian based on inconsistent identification of affected animals. One 

issue that may have hampered accurate identification of the number of 

animals affected in outbreaks is the fact that mild cases are commonly 

overlooked by both the producer and veterinarian, therefore under-reporting 
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of morbidity is likely to occur. Previously, no objective photosensitisation 

scoring protocol had been defined in literature resulting in prevalence and 

severity of affected animals to be hard to compare between outbreaks. 

Recently, a semi-objective photosensitisation grading system has been 

developed for sheep to address this issue (Quinn et al., 2018). The use of 

such a grading system in future outbreaks will allow better correlation 

between access to potentially photosensitising pastures or feedstuffs with 

more accurate determination of the timing of onset of outbreaks, as well as a 

more definitive and consistent identification of the severity of the condition. 

Furthermore, a mechanism for de novo case reporting related to known 

causal agents, not just those that are novel or unusual, (such as seen with the 

publication “Flock and Herd” or via an incidence register) would better 

document the prevalence, and therefore economic impact, of 

photosensitisation globally.  

2.5 Conclusions 

Photosensitisation is a common, but likely underreported, entity in the 

literature. Hepatogenous photosensitisation is by far the most common 

presentation. Some species, the Panicum genus of grasses and Pithomyces 

chartarum in particular,  consistently were reported in photosensitisation 

cases. Novel species are also implicated in outbreaks of photosensitisation, 

including pasture legumes Biserrula pelecinus, but primary 

photosensitisation is a rare occurrence in general. Significant variation in 

both morbidity, mortality and severity was observed in both peer-reviewed 

and non-peer reviewed reports. Variations in reported outbreaks may reflect 

true differences in morbidity rates between aetiological agents, but may also 

be partly due to the fact that mild presentations are overlooked, and lesions 

are not consistently graded by an unified standard. Together, our findings 

help identify the aetiology and geographical patterns, the plant and animal 

species implicated, and morbidity and mortality patterns of 

photosensitisation in livestock globally. This suggests that control of pasture 

species or weeds known to cause toxic outbreaks would have a significant 

impact on the prevalence of the condition in livestock globally, but also 

particularly in Australia, Brazil, and the United States where these outbreaks 

appear to be more common. 
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Concluding statement 

This review revealed that Australia is one of the countries with the highest 

number of peer-reviewed photosensitisation case reported worldwide, and 

hepatogenous photosensitisation is the most frequently reported diagnosis 

with higher morbidity. It also identified that Panicum grasses are a global 

issue as a key causal agent for hepatogenous photosensitisation in livestock, 

and that this is particularly the case in Australia. This finding raises key 

questions of the extend of the impact of these outbreaks on those presented 

with livestock suffering from hepatogenous photosensitisation, and 

particularly why Panicum grasses represent such a significant issue. These 

questions will be investigated in the following chapters.  
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Chapter 3 

Relative perceptions of prevalence, impact, and importance of 

photosensitisation in Australian livestock: a survey of veterinarians, 

livestock traders and livestock producers 

 

Preface 
 

Chapter 3 presents results from an online survey designed to investigate 

the relative differences in the perceptions and awareness of outbreaks of 

photosensitisation in Australian livestock stakeholders; specifically 

veterinarians, livestock traders and producers. It confirmed the anecdotal 

observation that veterinarians and livestock producers commonly encounter 

photosensitisation in livestock in Australia and they consider these 

outbreaks to be important in terms of impacts on the health and welfare of 

the animals involved. This was comparative to the experience of livestock 

agents, who although acknowledging the issue, did not view the disease to 

be a significant issue to them. 

 

I undertook the survey design, human research ethics application, data 

collection and analysis, visualisation of the results, and led the manuscript’s 

development from the first draft to the final one, with the mentorship and 

editing assistance from Prof. Jane Quinn, and Dr Panayiotis Loukopoulos. 

Dr Gang Xie (Charles Sturt University) provided statistical consultation and 

coding assistance with the data visualisation. The data presented in Chapter 

3 has been published in a peer-reviewed journal, Australia Veterinary 

Journal. For this reason, this chapter is presented in the formatting style of 

the Australian Veterinary Journal. 

 

Chen, Y., Loukopoulos, P., Xie, G., & Quinn, J.C. (2022). Relative 

perceptions of prevalence, impact and importance of photosensitisation 

in Australian livestock: A survey of veterinarians, livestock traders and 

livestock producers. Australian Veterinary Journal. 

https://doi.org/10.1111/avj.13169 
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Abstract 

Aims: To investigate the relative differences in the perceptions and 

awareness of outbreaks of photosensitisation in Australian livestock 

stakeholders, including veterinarians, livestock traders and producers. 

Methods: A questionnaire was developed and circulated to livestock 

veterinarians, producers, and traders in Australia via email addresses 

obtained from public access sources. The questionnaire was designed to 

evaluate participants” awareness and perception of health, welfare, and 

production issues associated with outbreaks of photosensitisation and 

towards the incidence and importance of photosensitisation in livestock.  

Results: One hundred and twenty-eight online responses were received in 

total. Nearly half of the respondents (49.0%) indicated they would 

encounter 1-3 outbreaks annually. The majority of veterinarian and 

livestock producers stated that outbreaks of photosensitisation were 

common and economically important, with cattle and sheep being equally 

considered as susceptible species to this condition, and secondary 

(hepatogeneous) photosensitisation is the most common type.  

Conclusion: This survey confirms the anecdotal evidence that 

photosensitisation in livestock in Australia is commonly encountered by 

veterinarians and livestock producers. However, there is no industry- wide 

common acceptance of the issue, broader opinions should be canvassed 

when considering impacts on stakeholders regarding photosensitisation 

outbreaks in livestock in Australia or abroad in future.  
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3.1 Introduction 

Photosensitisation is a clinical entity that has been reported in livestock 

in almost all production regions worldwide (Chen, Quinn, Weston, and 

Loukopoulos, 2019). There are a variety of aetiologies and clinical signs are 

non-specific, mainly presenting as variably severe cutaneous and mucosal 

inflammation, ranging from erythema, oedema, and vesicle formation to 

severe multi-layer necrosis (Dubakiene and Kupriene, 2006). Primary 

impacts on production include production loss caused by impaired organ 

function, weight loss, fly strike, secondary infections, and reluctance of 

animals to nurse young offspring because of damaged udders (Cardona-

Álvarez, Vargas-Vilória, and Paredes-Herbach, 2016). The cutaneous 

damage resulting from the sequelae of photosensitisation do not 

significantly compromise the wellbeing and welfare of affected animals and 

can also result in a downgrading of live animal value at sale or slaughter. 

The economic cost related to photosentisation in sheep and cattle in New 

Zealand has been estimated to be between NZ$20 to $63 million annually 

(Morris et al., 2004). Australia has reported the highest rate of cases 

annually (Chen et al., 2019). However, the absolute incidence of 

photosensitisation is hard to determine, and the overall prevalence, impact 

on animal welfare, and economic loss related to outbreaks of 

photosensitisation in livestock are imprecise and probably underestimated 

(Chen et al., 2019). 

To date, there has been no reported investigation into the perceptions and 

the awareness of multiple stakeholders across the production chain, 

particularly veterinarians, livestock traders and livestock producers, 

regarding their experiences and perceptions of prevalence and importance of 

photosensitisation in livestock in Australia or, to our knowledge. To address 

this, a survey of veterinarians, livestock traders and producers in Australia 

was undertaken to assess their group experience and perceptions of this 

issue. Our results indicate that whilst photosensitisation is a commonly 

reported issue for veterinarians in large animal or mixed practice, it is not 

perceived to be a significant issue by livestock traders. The reasons for this 

relative difference are discussed. 
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3.2 Materials and methods  

3.2.1 Questionnaire 

This study was approved by the Charles Sturt University Human 

Research Ethics Committee (Protocol number 400/2016/28). To understand 

the prevalence of outbreaks of photosensitisation in livestock as experienced 

by livestock veterinarians, producers and traders, a questionnaire was 

developed and circulated through a targeted recruitment strategy.  

The questionnaire contained three sections containing 13-15 multiple 

choice questions. The first section related to the nature of participants” 

employment status. Veterinarians were classified as “private veterinarians”, 

“district veterinarians” and “academic veterinarians”. Livestock traders 

were classified based on the “type of livestock trading” they were involved 

in to beef prime/store, dairy cattle, sheep prime/store, pig, horse, and others; 

producers were classified based on the “type of livestock in the farm”, 

including cattle, sheep, pig, horse and others.  

The second section assessed the participants’ awareness or perception of 

health and production issues associated with outbreaks of photosensitisation 

in livestock. Questions included: their experience on the frequency of 

photosensitisation and affected animal species; the areas of common skin 

lesions attributed to photosensitisation; the frequency of seeing a suspected 

case; the type of photosensitisation (primary, secondary, and congenital) 

that had been diagnosed; and any identified causative agents. The exact 

phrasing of the question to be answered by the participant depended on 

whether they answered positively to a previous question asking if they had 

direct experience of photosensitisation in livestock. 

The last section, the questionnaire evaluated the perception towards the 

incidence and importance of photosensitisation in livestock. Questions 

included information about the participants” perception of the seasonal 

prevalence, economic impact of outbreaks and general importance of the 

problem to industry. Finally, there was an open question that asked the 

participants to share their experiences, concerns, and comments about the 

impact of outbreaks of photosensitisation on the livestock industry.  
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3.2.2 Questionnaire dissemination and collection methods 

The questionnaire was created using the online survey tool “Survey 

Monkey”. Participants were recruited by email using addresses obtained 

from public access sources. Specifically, email addresses of veterinarians, 

clinics, and hospitals, were sourced from the Yellow Page website 

(https://www.yellowpages.com.au/) and openly published scientific articles 

or case reports related to Australian livestock. Email addresses of livestock 

traders were also identified from the Yellow Page website 

(https://www.yellowpages.com.au/) and the members list of The Australian 

Livestock & Property Agents Association (ALPA) 

(http://www.alpa.net.au/), where “livestock trading” was listed as their 

business description. Email addresses of livestock producers were also 

sourced from the Yellow Page website (https://www.yellowpages.com.au/), 

where one or more livestock species (cattle, sheep, goat, pigs) were 

identified in their business description.  

An invitation email with a link to the questionnaire was distributed to 

recipients, and two follow-up emails were sent to the same email address 

after one and three months. All responses were collected using the online 

survey tool “Survey Monkey”, then exported and analysed as a spreadsheet 

form. Based on the nature of the collected responses in this survey, 

descriptive statistical data analysis was used to analyse the result. 

The completion of the online survey (by clicking the “DONE” button on 

the last page of the online survey) will be taken as the respondent’s consent 

to participate. Any digitised information collected by the researchers will be 

stored securely in a folder on a password protected computer. Any written 

or printed form of information will be digitised, and the original copy will 

be kept in a file folder in a locked cabinet in a secured office. If respondents 

choose to provide any personal information by answering the optional 

question in the survey, their identity will remain anonymous in the data 

storage system and any presentation or publications produced. 
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3.3 Results  

3.3.1 Response rates  

Response rates varied between the three professional groups targeted. 

From 1372 email recipients, 104 responses were received where the 

recipient identified themselves as a veterinarian (response rate 7%). Among 

these 104 respondents, 31 respondents (30%) identified themselves as 

district (state) veterinarians, 50 respondents (48%) were private 

veterinarians, and the other 23 respondents (22%) reported various 

veterinary occupations, including veterinary pathologists, veterinarians in 

academia, on-plant veterinarians, government epidemiologists, research 

scientists, and livestock consulting specialist. This last group is referred to 

collectively as “academic veterinarians” in this article.  

Seventeen online responses were collected from participants that 

identified themselves as livestock traders from a total of 1947 email 

addresses (response rate 1%). Among these, 13/17 respondents (77%) chose 

beef prime/store as the type of livestock trading, followed by sheep 

prime/store (12/17, 71%), dairy cattle (2/17, 12%) and horse trading (1/17, 

6%).  

Only seven responses were received from recipients that identified 

themselves as livestock producers from a total of 88 potential recipient 

email addresses (response rate 8%). Six out of seven respondents (86%) 

chose sheep as their major livestock operation, and five of chose cattle (5/7, 

71%). This result indicated that the majority were dual species producers.  

 

3.3.2 Distribution and prevalence of photosensitisation lesions 

Only veterinarian participants were required to respond to this question. 

Respondents were asked to choose from a list of six options with multiple 

choices available. The most frequently reported locations of lesions 

resulting from photosensitisation were: “White-haired areas, teats, udder, 

perineum and nose” and “Non-pigmented skin and haired areas exposed to 

sunlight” (74/88), followed by “Face, nose and distal extremities” (72/88), 

“Pinnae, eyelids, face, nose, coronary band or back” (58/88) and “Skin 

lesions on any locations in newly shorn animals” (34/88). Two respondents 
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selected “other” with the comments indicating locations of “third eyelids 

and exposed mucous membranes” and “the site where backline chemical 

treatment (usually in short wool i.e., off-shears) has been applied in sheep” 

(Figure 3.1). 

 

 

Figure 3.1 Veterinarian participants’ reporting of the distribution of the 

most common site of skin lesions in photosensitisation cases. 

The % respondents identifying experience of a particular location is 

indicated above each column. 

 

3.3.3 Estimated prevalence of photosensitisation outbreaks 

All participants were asked to respond to a question regarding the 

average number of outbreaks they had experienced in total in an average 

calendar year (Figure 2). Nearly half of the respondents (49%, 50/102) 

indicated they would encounter 1-3 outbreaks annually. Fewer participants 

(27%, 27/102) indicated they would see 4-7 outbreaks a year, with a smaller 

number of respondents (14%, 14/102) who experienced 8-10 outbreaks 

annually. Interestingly, two out of 15 livestock traders indicated that they 

had experienced 11-14 outbreaks in a calendar year, and one district 

veterinarian, two private veterinarians and one academic veterinarian (4%, 

4/102) acknowledge that they would see more than 15 outbreaks of 

photosensitisation a calendar year (Figure 3.2). 
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Figure 3.2 Estimated frequency of photosensitisation outbreaks in a 

calendar year by the groups surveyed. 

 

3.3.4 Perceptions regarding the frequency of photosensitisation 

outbreaks in livestock 

Participants were asked to consider the frequency at which they observed 

outbreaks of photosensitisation on an annual basis and determine how 

common they considered this occurrence to be. There were clear differences 

in perception of frequency between the three groups surveyed. The majority 

of veterinary respondents, and more than half of the livestock producers 

(57%), stated that outbreaks of photosensitisation were “Common”. In 

contrast, two responders identified outbreaks of photosensitisation as 

“extremely rare”, both of whom were livestock traders (2/16,13%). Overall, 

most responses from veterinarians and livestock producers indicated their 

experience of photosensitisation to be a common, very common, or 

extremely common, whilst conversely livestock traders indicated that in 

their experience photosensitisation was not common, rare, or extremely rare. 

Responses from the various categories of respondents are shown in Figure 

3.3. 
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Figure 3.3 Perceptions of commonness (from extremely common to 

extremely rare) of outbreaks of photosensitisation in veterinarians (blue); 

livestock traders (orange) and producers (green). 

 

3.3.5 Perceptions of differential susceptibility of different livestock 

species to outbreaks of photosensitisation 

Veterinarians were asked to report their impression of the species of 

livestock that they considered to be most susceptible to outbreaks of 

photosensitisation on a scale from “extremely rare” to “extremely 

common”. In this case, rankings were similar between the three groups of 

veterinarians: district, private and academic (Figure 3.4). Cattle and sheep 

were considered as the most common species to present with clinical 

photosensitisation in their experience, followed by horses, goats, and pigs. 
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Figure 3.4 Ranking of susceptibility of different species of domestic livestock to outbreaks of photosensitisation (from extremely common to 

extremely rare) in three groups of veterinarians (district (n =26), private (n =35), and academic (n =14)). 

Numbers of respondents are identified in each case. Neutral is determined as neither common nor uncommon. A trend to reporting an event as 

“common or extremely common” is indicated to the right of the figure, whilst relative impression of “uncommon” “rare”, or where no response was 

indicated, are reported towards the left of the figure.  Respondents generally reported cattle and sheep outbreaks as “common or extremely common” 

categories, whilst horses, pigs, and goats were generally reported as “neutral”, “uncommon”, “rare” or “no comment”.  



Chapter 3 

 108 

3.3.6 Types of photosensitisations reported by veterinarians, livestock 

traders and livestock producers. 

All participants were asked to respond to consider the type of 

photosensitisation (primary, secondary, or others) that they had experienced 

most frequently in their practice or experience (Figure 3.5). The most 

common type of photosensitisation outbreak reported by veterinary 

respondents was secondary (hepatogeneous) photosensitisation (54%, 14/26 

district veterinarians, 53%, 20/38 private veterinarians and 55%, 11/20 

academic veterinarian). This category was less commonly reported by 

livestock trader (33%, 5/15) and livestock producers (20%,1/5). 

Interestingly most producers (80%, 4/5) chose primary photosensitisation as 

the most common type they had experienced, which is contrary to other 

respondents and to the most reported types of photosentisation reported 

globally (Chen et al., 2019), with only 23% (6/23) district veterinarians, 

26% (10/38) private veterinarians, 15% (3/20) academic veterinarians and 

33% (5/15) livestock traders choosing this category. A small percentage of 

district (19%, 5/26) and academic veterinarians (10%, 2/20) suggested that 

there was no difference in the prevalence in the different types of 

photosensitisations in their experience, and up to one fifth of veterinary 

respondents (4%, 1/26 district veterinarians, 21%, 8/38 private veterinarians 

and 20%, 4/20 academic veterinarians) and one third of the livestock trader 

respondents (33%) acknowledged that they were not able to answer the 

question accurately. Interestingly, in contrast all livestock producers were 

confident that they could identify the cause of an outbreak in their 

experience (Figure 3.5). 
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Figure 3.5 The percentages of respondents” opinions regarding the most 

common type of photosensitisation. 

 

3.3.7 Outbreak seasonality  

All participants were asked to rank the season in which they considered 

that they most frequently experienced outbreaks of photosensitisation, rating 

each season from “extremely rare” to “extremely common”. Similar 

responses were observed from veterinarians and livestock traders with 

spring (September to November) reported to be the most prevalent time for 

outbreaks in their experience, followed by summer (December to February), 

autumn (March to May) and winter (June to August). Interestingly, although 

the total number of livestock producer respondents are very small (n=5), 

more livestock producers indicated they were more likely to experience 

outbreaks in winter than other three seasons (Figure 3.6). 
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Figure 3.6 Ranking of the seasonal prevalence of photosensitisation 

outbreaks in different livestock species by veterinarians (district (n=24), 

private (n=38), and academic (n=16)), livestock traders (n=14) and livestock 

producers (n=5). Responses are ranked by season from “extremely 

common” to “extremely rare” with numbers of respondents are identified in 

each case. Neutral is determined as neither common nor uncommon. A 

trend to reporting an event as “common or extremely common” is indicated 

to the right of the figure, whilst relative impression of “uncommon” “rare” 

or where no response was indicated is reported to the left of the figure.  

Respondents generally reported spring and summer as the most likely 

seasons, with autumn and winter were generally reported as “neutral”, 

“uncommon”, “rare” or “no comment” categories. 

 

3.3.8 Experience of causative agents of photosensitisation  

All participants were asked to choose the causes they most attributed to 

outbreaks of photosensitisation from a list of agents known to give rise to 

outbreaks in livestock in Australia. These included Biserrula (Biserrula 

pelecinus), Blue-green algae (Anacystis cyanea), Buckwheat (Polygonum 

fagopyrum), Caltrop (Tribulus terrestris), Fungus of facial eczema 

(Pithomyces chartarum), Fungus of lupinosis (Phomopsis 

leptostromiformis), Hairy panic (Panicum effusum), Heliotrope 

(Heliotropium europaeum), Lantana (Lantana camara), St John’s wort 

(Hypericum perforatum), and Sweet grass (Panicum laevifolium).  

Respondents indicated that Common heliotrope (Heliotropium 

europaeum, 18%, 40/217), St John’s Wort (Hypericum perforatum (15%, 
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33/217), and “facial eczema” (Pithomyces chartarum, 13%, 29/217) were 

the most common agents suspected to be causal or confirmed to be the 

cause of photosensitisation in livestock in their experience. Other causal 

agents were reported at a lower incidence, including lantana (11%, 24/217); 

hairy panic (9%, 17/217); caltrop (7%, 16/217); the fungus causal to 

lupinosis (6%, 13/217); blue-green algae (4%, 9/217); biserrula (3%, 7/217) 

and sweet grass (Panicum schinzii, 0.5%, 1/217). Twenty-four respondents 

indicated that a causative agent could not be identified in outbreaks they 

experienced by choosing “I do not know / not sure” (Figure 3.7). 

 

 

Figure 3.7 Prevalence of experience of causative agents suspected or 

confirmed to be related to clinical cases of the cause of photosensitisation in 

livestock. 

 

3.3.9 Perceived impact of photosensitisation in Australian livestock 

production systems 

To better understand the perceptions regarding prevalence and 

importance of photosensitisation to the Australian livestock industry, all 

participants were asked to give a subjective rating regarding their perception 
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of the economic importance and general impact of the incidence of 

outbreaks of photosensitisation in livestock. A small percent of respondents 

(4%, 1/26 district veterinarians, 6%, 2/36 private veterinarians and 12%, 

2/17 livestock traders) rated photosensitisation as a “very important” 

economic issue, with up to 29% of respondents (23%, 6/23 district 

veterinarians, 28%, 10/36 private veterinarians, 29%, 5/17 academic 

veterinarian, 24%, 4/17 livestock traders and 29%, 2/7 livestock producers) 

considering it to be economically “important”. Approximately 40% of 

veterinary respondents (38%, 10/26 district veterinarians, 36%, 13/36 

private veterinarians and 41%, 7/17 academic veterinarian) and 24% (4/17) 

of livestock traders, and 29% (2/7) of livestock producers surveyed consider 

it “moderately important” economically. A Similar percentage of veterinary 

respondents (35%, 9/26 district veterinarians, 31%, 11/36 private 

veterinarians, 29%, 5/17 academic veterinarian, 35%, 6/17 livestock traders 

and 43%, 3/7 livestock producers) as also rated it as “slightly important”. 

6% (1/17) of livestock traders deemed the economic impact of 

photosensitisation “not important at all” (Figure 3.8)  

 

 

Figure 3.8 Perception of the economic importance of photosensitisation by 

the groups surveyed. 
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A similar pattern of responses was observed in the question regarding the 

general importance of photosensitisation to the industry overall (Figure 3.9). 

A higher percentage of district veterinarians (48%, 12/25) rated the overall 

importance as “moderately important”, whilst a small percentage of 

veterinarians (4%, 1/25 district veterinarians and 5%, 1/19 academic 

veterinarians) thought photosensitisation to be “not important at all”. The 

relative importance of photosensitisation to each of the categories of 

participants does not necessarily correlate to their experience of prevalence 

of outbreaks with more respondents reporting the overall importance to the 

industry to be lower (moderately important, slightly important or not 

important: all veterinarians 59%, 41/70; livestock traders 71%, 12/17; 

livestock producers 83%, 5/6) than the relative prevalence of their 

experience (extremely common and common; all veterinarians total 41%, 

39/70; livestock traders 29%, 5/17; livestock producers 16%, 1/6). This 

relative discrepancy is interesting as this suggests that their perception of 

importance is not directly linked to the commonness of their experience of 

outbreaks, where all groups considered the importance to be lower than their 

perception or experience of incidence that was generally common or 

extremely common.  
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Figure 3.9 Perception of overall importance to industry of 

photosensitisation reported by groups surveyed. 

3.4 Discussion 

Anecdotally, photosensitisation has been considered by veterinarians and 

the livestock industries as a disease with low clinical importance compared 

to other diseases of livestock due to its perceived low mortality rates and 

need for direct therapeutic intervention. Despite this, recent reviews have 

suggested that both morbidity and mortality can be extremely high 

suggesting that photosensitisation outbreaks, when they occur, can cause 

significant economic losses as well as presenting a critical animal welfare 

issue (Button et al., 1987; Johnson et al., 2006). To better understand 

perceptions of the prevalence and importance of outbreaks of 

photosensitisation in Australian livestock systems, we examined responses 

from veterinarians, livestock producers, and livestock traders to better 

determine their relative experience and perceptions of the frequency and 

importance of this issue for the Australian livestock sector. Reporting from 

these cohorts suggests photosensitisation to be a common or very common 

issue with our data indicating that 62% (55/88) veterinarians and 57% (4/7) 

livestock producers have experienced outbreaks frequently and specifically 

that the majority of respondents would encounter 1-3 photosensitisation 
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outbreaks per year. Moreover, five private veterinarians and two livestock 

traders reported that they would see more than ten outbreaks (11-15) within 

a year, with one veterinarian from each group indicating that they would see 

up to 15 outbreaks annually. Overall, our findings suggest that 

photosentisation is a much more common issue that has been previously 

suggested by Australian veterinarians and producers alike. The 

commonality of experience reported in this study suggests that the economic 

importance of recurrent outbreaks of photosensitisation is likely to be 

underestimated across the sector, as well as the impacts on animal welfare, 

and that more careful considerations of this issue is required across the 

sector. This is particularly important for Australia as the country with the 

highest number of reported case outbreaks globally in both the peer-

reviewed and industry literature (Chen et al., 2019). Gaining a holistic 

understanding of the perceptions at different touchpoints in the value chain, 

including veterinarians, livestock producers and agents, is vital for a better 

understanding of the breadth and extent of photosensitisation as a 

production, health, and welfare issue across the sector. 

Before further specific discussions, it is also worth mentioning that the 

number of respondents to each question varies. This survey was conducted 

online; only one question is displayed on the page per click. With the aim of 

maximising the chance of getting a response to each question, regardless its 

sequence in the survey, respondents can leave any question unanswered and 

still be able to proceed to the next question. Hence there are different 

numbers of responses for each question, and the absence of a response 

would not be considered a “negative response” because the exact reason for 

omitting this question is not asked. 

3.4.1 Differences in experience of frequency of outbreaks between 

professional groups – implications for reporting and management 

The relationship between frequency of a disease outbreak, and relative 

importance to an industry is not always linear. In this study, there was noted 

variation in the reported experience of outbreaks of photosensitisation 

between the different groups of veterinarians. This is perhaps unsurprising 

as the majority of photosensitisation outbreaks that occur on farms are there 
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more likely to be reported to a district veterinarian than to a private 

veterinarian in places where governmental or public-funded veterinarian 

service is available. This result may not be applicable to all areas, such as 

the majority of northern Australia, where district vet services are absent or 

limited. Nevertheless, despite the frequency of reporting, this may still 

represent an under-reporting issue. There are several factors contributing to 

reporting behaviour between producers and veterinarians, including the 

required need for veterinary care, legal requirements for reporting, but 

concerns around consultation costs is known to impede producers from 

seeking veterinary advice on occasion, particularly in cases of disease 

outbreaks that they are able to manage themselves without treatment 

intervention. This is certainly the cases for outbreaks of photosensitisation, 

where an experienced producer will be aware of the management options for 

stock experiencing photosensitisation and will respond without veterinary 

consultation accordingly and will only consult where cases are in excess of 

their normal experience, or the presentation is severe. This anecdotal 

evidence is supported by the findings of this study where district 

veterinarians were more likely to experience cases than any other group and 

therefore to consider them as “common” (90% (25/28) indicated common as 

their experience) whilst producers reported the issues to be “common” or 

“uncommon” with greatest frequency. In this survey 57% (4/7) of livestock 

producers rated photosensitisation as a common problem in their 

experience, with approximately the same percentage its importance 

economically. Although the producer sample size is small in this study, this 

still reflects the author’s experience. 

Although private veterinarians may not be exposed to photosensitisation 

cases as frequently as district veterinarians, interestingly, 81% (17/21) 

academic veterinarians also rated photosensitisation as a common issue for 

the industry. This finding may suggest that although academic veterinarians 

do not necessarily directly respond to disease outbreaks on site, they are 

likely to be involved as secondary referral experts where outbreaks are 

complex, or the disease aetiology is unknown. Interestingly, although the 

private veterinarian might not “commonly” see cases of clinical 

photosensitisation, they rated photosensitisation as an “important” economic 

issue (34%, 12/36). This discord between experience, and frequency of 
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outbreaks and the perception of economic importance may reflect that 

private and academic veterinarian may only be involved in more significant 

outbreak investigations where more animals present, where symptoms have 

been particularly severe, or the cause is unknown. Hence, both groups may 

tend to rate photosensitisation as a more uncommon but important disease. 

This is evidence consistent with previous statements in the literature (Gleen, 

Monlux, & Panciera, 2016), that photosensitisation is often a common but 

non-fatal presentation on farm. 

3.4.2 Susceptibility of animal species to photosensitisation, implications 

for reporting and animal welfare 

The most frequently reported species to be observed relative to 

experiential outbreaks of photosensitisation for all professional groups 

considered in this study were sheep and cattle. This is an interesting finding 

as these results do not correlate exactly with the generally reported 

frequency of photosensitisation outbreaks in livestock where sheep are the 

most commonly reported species in the literature as presenting clinical signs 

of photosensitisation (Chen et al., 2019). Our finding may indicate that, in 

the experience of those veterinarians contributing to the study, that both 

cattle and sheep were equally likely to be susceptible to photosensitisation 

regardless of the rate of outbreak reporting or their area of clinical practice. 

These findings confirm the importance of photosensitisation as an animal 

welfare issues in cattle and sheep, where outbreaks can cause significant 

tissue damage, production losses and management issues. 

In contrast, the veterinary respondents to indicate that district 

veterinarians considered photosensitisation in horses as an uncommon, or 

even extremely rare, whilst responses from private veterinarians suggested 

this to be “common”. This potentially reflection their job demographics as 

mixed practitioners rather than a direct reflection on the number of cases in 

horses. This finding also suggests that photosentisation in equines may be a 

relatively unreported animal welfare issue. This finding suggests that when 

considering incidence and prevalence reporting, the opinions of different 

professional may be very different when conducting disease 

epidemiological opinion surveys and also stresses the importance for 

considering each group separately to ensure accuracy of reporting. 
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3.4.3 Perceptions of importance of economic loss related to outbreaks of 

photosensitisation 

Economic impacts of disease are considered to be of particularly 

importance for the livestock industries. To consider the relative perceptions 

of an intermediary in the red meat value chain, and for the first time, 

livestock traders were also canvasses for their perceptions of 

photosensitisation as an industry issue in this survey. Generally, livestock 

traders responded differently to producers and veterinarians in their survey 

responses, a situation that likely reflects their experience as traders of 

generally fit and healthy stock through application of industry best practice 

guidelines for sale of stock to market. Their relative position in the value 

chain may is indicated by their reported experience of photosensitisation 

being “uncommon” or “rare”. Surprisingly, 36% (6/17) of traders rated 

photosensitisation as an important economic issue suggesting that they are 

not unaware of the scale of the issue in Australia. However, their reduced 

experience is likely due to the industry requirements for producers to 

present, and therefore traders to manage only animals that are fit for sale. 

This finding further suggests that the economic impact of photosensitisation 

should not only include the production cost, but also the delay to trading 

being considered when economic costs are to be evaluated. 

3.4.4 Common causative agents 

Photosensitisation types were simplified to primary, secondary, and 

others in this survey. Their definitions were also provided with the question 

to decrease the respondents' uncertainty and increase the likelihood of 

receiving an answer. Hepatogeneous photosensitisation is more commonly 

reported in the scientific and veterinary medical literature than any other 

kind, with primary photosensitisation being generally reported rarely (Chen 

et al., 2019). Similar to previous findings, in this survey, more than half of 

the veterinary respondents rated secondary (hepatogeneous) 

photosensitisation as the most common type of photosensitisation, further 

supporting previous evidence that hepatogeneous photosensitising plants or 

agents are significantly more common than those containing primary 

photocytotoxic compounds (Chen et al., 2019; Gleen, Monlux, and 

Panciera, 2016). Reasons for this commonality of presentation are that toxic 
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plants know to contain hepatotoxic agents are found more frequently in 

nature than those containing primary sensitisers (House et al., 1996; Quinn 

et al., 2018). Equally, the least common type of photosensitisation, the 

congenital type (II) that requires specific genome mutations, is very 

uncommon in livestock (Huxley, Lloyd, Parker, Woolf, and Strugnell, 2009; 

McAloon, Doherty, O’Neill, Badminton, and Ryan, 2015). The relative 

commonality of secondary photosensitisation is increased compared to other 

presentations as hepatobiliary impairment resulting in secondary 

photosensitisation can also be caused by other agents such as hepatotoxic 

toxins in fungal contaminants in feed, infectious or inflammatory liver 

disease, liver parasites, metabolic disease, copper accumulation, or 

neoplasia, all of which could results in secondary symptoms of 

photosensitisation (Gleen et al., 2016). Despite this, 80% (4/5) of livestock 

producers chose primary photosensitisation as the most common type which 

was a surprising result. This difference in perception and/or experience may 

reflect that the livestock producers may consider outbreaks for which they 

cannot identify the cause as probably related to primary photosensitisation 

outbreaks than vets who have ongoing experience of multiple types of 

secondary photosensitisation causes. Therefore, extra caution must be 

applied whenever interpreting an anecdotal case report which has no 

laboratory or other accessory test results where a primary photosensation 

cause is suggested. 

Generally, the number of causative agents confirmed as causal in 

outbreaks of photosensitisation in livestock are limited compared to 

potential agents reported in human clinical cases (Selvåg, 1998). In this 

survey, the most frequent causative agents implicated in outbreaks of 

photosensitisation by our various professional groups was Heliotropium 

europaeum (Heliotrope, 18 %, 40/217) and Hypericum perforatum (St 

John’s wort, 15%, 33/217). This result contrasts with the most widely 

reported causative plants in the scientific and veterinary literature which are 

Panicum spp. and Lantana spp. (Chen et al., 2019). This result may reflect 

the broader geographic origin of the survey respondents comparing to 

published reports or may be reflective of the literature preferentially 

reporting more severe, interesting, or unusual cases. Regardless, this finding 

highlights the necessity of having a comprehensive understanding in all 
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professions associated with livestock production of the potential causative 

agents for photosensitisation and that effective prevention strategies need to 

be developed based on local plant species and their prevalence. Tailored 

research targeting the biology of different causative agents, particularly 

those capable of causing significant hepatic damage, should be adopted and 

development of land management plans to prevent outbreaks of 

photosensitisation should be an ongoing dialogue into the future. 

3.4.5 Seasonal prevalence patterns of the photosensitisation outbreak 

Seasonal prevalence patterns for outbreaks of photosensitisation in 

livestock have been reported previously irrespective of aetiological cause. 

(Sharma, Makkar, Dawra, and Negi, 1981) This seasonal pattern was also 

evident in responses to our survey. Spring (September to November) was 

the most reported time for respondents to experience outbreaks, followed by 

summer and autumn. Outbreaks in winter were least likely to occur in the 

experience of the respondents. Whilst this may generally account for the 

temporal appearance of most acute outbreaks, it must be remembered that 

there can be a delay between onset and reporting. This is particularly the 

case where the clinical signs of tissue damage subsequent to 

photosensitisation (scabbing or tissue destruction in the pinnae of the ear or 

scabbing of the facial tissues. For example, outbreak reported in December 

could be the succussive appearance of lesions resulting from a causal 

exposure in November, if not earlier. This temporal delay might also 

explain why livestock producers rated winter as the most prevalent season 

for photosensitisation, but the veterinarians rated the spring as the most 

prevalence season. This mirrors our experience that livestock producers may 

only consult a veterinarian if symptoms persist or deteriorate rather than 

when first clinical signs are noted. These findings indicate that both 

producers and veterinarians should be most vigilant for potential outbreaks 

during late winter and spring. It is also important to note that the number of 

traders (n=14) and producers (n=5) responding to the survey was small, and 

we cannot exclude that they may have come from the same or similar 

climatic regions, so this result may not be considered as a piece of solid 

supporting evidence that photosensitisation has a seasonally relevant 

prevalence or may present with different seasonal patterns given various 
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meteorological conditions and plant ecology. However, seasonal outbreak 

prevalence has been reported previously and therefore the producer 

incidence identified in this study is in line with those reported previously 

(Chen et al., 2019). 

The small number of responses to this survey, especially from traders 

(n=17) and producers (n=6) will certainly have resulted in response bias 

affects the reliability of the results presented from these groups. Given that 

Australia large geographically, with numerous different climatic zones 

giving rise to variation in vegetation in different livestock production that is 

known to influence the prevalence of photosensitisation in different regions.  

In addition, our survey did not include an analysis of the specific area of 

location of the respondents, so it is not possible to reflect whether these 

results can be mapped to a specific region. However, while the results of 

this survey may not be indicative of the complete picture of 

photosensitisation in Australia’s livestock production systems, this data can 

assist stakeholders to consider the relative reporting biases in terms of the 

importance of outbreaks of photosensitisation in these different professional 

groups.  

3.5 Conclusion 

This study is the first survey to analyse multiple stakeholders’ 

perceptions towards photosensitisation in livestock across the livestock 

chain. It supports previous evidence that photosensitisation is a common but 

underreported entity in the livestock industry. Differences of experience, 

and perceptions of economic importance within different professional 

groups within the veterinary industry, livestock traders and livestock 

producers suggest that there is not an industry-wide common acceptance of 

the issue, and therefore broader opinions should be canvassed when 

considering impacts on stakeholders regarding photosensitisation in 

livestock in Australia or abroad.   

 

Concluding statement 
This survey result confirms the existing presumption that veterinarians and 

livestock producers commonly encounter photosensitisation in livestock in 
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Australia. The number of estimated annual encountered outbreaks answered 

by the livestock producers and veterinarians indicates that photosensitisation 

is likely an underreported problem compared to the number of reported 

cases in the peer reviewed literature (Chapter 2), a finding that indicates an 

underestimated economic impact to Australian production systems. All 

three surveyed groups unanimously selected hepatogeneous 

photosensitisation as the most common type of disease presentation, 

consistent with the most reported photosensitisation type from the literature. 

On the contrary, there was not a unanimous opinion on the most common 

causative agents of photosensitisation in livestock. This finding might 

reflect that many photosensitisation outbreaks do not have a precise 

aetiological diagnosis, and/or there may be regional perceptions and 

opinions about a particular aetiology. Furthermore, the most commonly 

selected causative agents (Heliotropium europaeum, Hypericum perforatum, 

and Pithomyces chartarum) in this survey were not necessarily the most 

common plants reported in the literature (Panicum spp., Brachiaria spp. and 

Tribulus terrestris, Chapter 2); there might either be a geographically 

specific distribution of certain causative agents or that the most likely causal 

causes are not considered to be worth reporting because of their 

commonness, or the tendency of reporting outbreaks with novel aetiology 

rather than frequent ones. This suggests a strong bias in the literature to 

unusual rather than frequent outbreaks. In the following two chapters, I will 

aim to identify the most common Panicum plants in an area of Australia 

known to have a high frequency of photosensitisation outbreaks, specifically 

the Riverina sheep-wheat belt of Southeastern Australia.  
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Chapter 4 

Genotypic identification of Panicum spp. in New South Wales, 

Australia using DNA barcoding 

 

Preface 
Chapter 4 presents results related to a geographical survey of the prevalence 

of Panicum species in the Riverina region of South-Eastern Australia. This 

study includes the development of a novel multi-locus DNA barcoding 

technique to segregate nine selected Panicum spp. at a genomic level in 

order to facilitate accurate species identification for this purpose. This work 

revealed that using one nuclear (ITS) and two chloroplast regions (matK and 

trnL intron-trnF) can be an accurate and cost-effective adjunctive tool for 

distinguishing Panicum spp. at the species level and that Panicum hillmanii 

was the most prevalent species identified in the Riverina region. The data 

presented in this chapter was published as a peer-reviewed manuscript in 

Scientific Reports, and I ask the reader to note in this journal format the 

methods are presented at the end of the published report, a presentation that 

is maintained in this chapter. As such, the methods appear in this chapter 

after the discussion but before the concluding statement for experiments 

described in this chapter. 

 

I developed the experiment design, undertook specimen collection, DNA 

extraction, PCR amplification, sequences analysis, flow cytometry analysis, 

visualisation of the result, and led the manuscript’s development from the 

first draft to the final one, with the mentorship and editing assistance from 

Prof. Jane Quinn, Dr Xiaocheng Zhu, Dr Panayiotis Loukopoulos, and Prof. 

Leslie Weston. Dr Xiaocheng Zhu (New South Wales Department of 

Primary Industries) provided additional guidance and assistance on DNA 

barcoding and flow cytometry techniques. Dr David Albrecht (Australian 

National Herbarium, Canberra) conducted the taxonomical identification of 

all collected plant specimens.  
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Abstract 

Australia has over 30 Panicum spp. (panic grass) including several non-

native species that cause crop and pasture loss and hepatogenous 

photosensitisation in livestock. It is critical to correctly identify them at the 

species level to facilitate the development of appropriate management 

strategies for efficacious control of Panicum grasses in crops, fallows, and 

pastures. Currently, identification of Panicum spp. relies on morphological 

examination of the reproductive structures, but this approach is only useful 

for flowering specimens and requires significant taxonomic expertise. To 

overcome this limitation, we used multi-locus DNA barcoding for the 

identification of ten selected Panicum spp. found in Australia. With the 

exception of P. buncei, other native Australian Panicum were genetically 

separated at the species level and distinguished from non-native species. 

One nuclear (ITS) and two chloroplast regions (matK and trnL intron-trnF) 

were identified with varying facility for DNA barcode separation of the 

Panicum species. Concatenation of sequences from ITS, matK and trnL 

intron-trnF regions provided clear separation of eight regionally collected 

species, with a maximum intraspecific distance of 0.22% and minimum 

interspecific distance of 0.33%. Two of three non-native Panicum species 

exhibited a smaller genome size compared to native species evaluated, and 

we speculate that this may be associated with biological advantages 

impacting invasion of non-native Panicum species in novel locations. We 

conclude that multi-locus DNA barcoding, in combination with traditional 

taxonomic identification, provides an accurate and cost-effective adjunctive 

tool for further distinguishing Panicum spp. at the species level.  
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4.1 Introduction 

Panicum represents one of the largest genera of the Poaceae, and species 

are widely distributed globally from the subtropics to temperate regions 

(Council of Heads of Australasian Herbaria 2005- onwards, Australian Plant 

Census). Up to 500 species are recognised worldwide, depending on the 

taxonomic system adopted (Byng, 2014; Verloove, 2001). Panicum species 

inhabit temperate, semi-arid, arid and tropical environments in Australia, 

encompassing a range of shady or open habitats including forests, 

woodlands, grasslands, wetlands and variously disturbed sites including 

cultivated fields (Byng, 2014; Verloove, 2001). The greatest numbers of 

distribution records of Panicum species in Australia are from eastern and 

northern Australia (Aliscioni, Giussani, Zuloaga, & Kellogg, 2003). To 

date, 24 indigenous and nine non-native species of Panicum were identified 

in Australia (Council of Heads of Australasian Herbaria 2005- onwards, 

Australian Plant Census).  

Currently, Panicum grasses are identified as economically important 

weeds of summer fallow pastures in Australia (Llewellyn, Ronning, and 

Clarke, 2016). Additionally, Panicum grasses are also widely recognised as a 

common causative agent of crystal-associated cholangiohepatopathy in 

herbivores worldwide (Lancaster, Vit, & Lyford, 1991; Smith et al., 1992), 

and are the most commonly identified species associated with hepatogenous 

photosensitisation in Australian livestock (Chen, Quinn, Weston, & 

Loukopoulos, 2019). Hepatotoxicity related to the ingestion of Panicum grass 

species is clearly associated with the effects of saponins or sapogenins present 

within this genus (Bridges, Camp, Livingston, & Bailey, 1987). 

Characterisation of steroidal saponins has not been undertaken for all 

Panicum species found in Australia or elsewhere (Miles et al., 1991), 

however, previous reports have suggested that saponins or sapogenin profiles 

differ between species (Quinn, Kessell, & Weston, 2014). It was postulated 

that diverse chemical profiles may be associated with differential toxicity in 

livestock related to the ingestion of different Panicum species (Quinn, 

Kessell, & Weston, 2014). Therefore, accurate and reliable identification of 

the Panicum spp. is critical for effective management, pasture monitoring, 
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livestock disease investigation, and chemical profiling.  

Traditionally, morphological features were used to differentiate Panicum 

spp. (Figure 4.1) (Walsh & Entwisle, 1994). However, species identification 

based on morphology is not a trivial task as morphological differences 

between species can be subtle, even when considering native and non-native 

species (Zuloaga, Scataglini, & Morrone, 2010; Pyšek et al., 2013). A 

microscope is frequently needed to observe critical features such as the shape 

of the abscission scar at the base of the fertile lemma. Morphological keys to 

species are also heavily biased towards reproductive characters thereby 

rendering identification of sterile specimens difficult, if not impossible, even 

for a grass specialist. Although precise identification is possible using 

morphological keys, especially if  reproductive material is available (Coissac, 

Hollingsworth, Lavergne, & Taberlet, 2016), successful usage of these keys 

requires a clear understanding of morphological structures and a proficiency 

in using keys. For example, the taxonomic key to differentiate Panicum 

effusum R.Br. (native to Australia) and P. hillmanii Chase (introduced to 

Australia from North America) is based on the shape of the abscission scar of 

the fertile lemma. The abscission scar of the fertile lemma of P. effusum is 

entirely basally located and less than 0.5 mm wide while P. hillmanii has a 

crescentic abscission scar of the fertile lemma, extending upwards from the 

base, and is more than 0.5 mm wide (Schmid, Walsh, & Entwisle, 1995). The 

level of expertise required to detect minute morphological differences 

presents a major challenge for the inexperienced and examination by a grass 

taxonomist may ultimately be required for consistency in identification. 

Molecular technologies are increasingly used to develop reliable methods 

for plant and animal species identification (Woese, 1996). A PCR-based 

genotyping method, DNA barcoding, has been extensively applied for this 

purpose (Hebert, Cywinska, Ball, & deWaard, 2003). DNA barcoding is a 

method that uses short but informative standardised DNA regions 

("barcodes") to identify or differentiate between  species (CBOL Plant 

Working Group, 2009; Hollingsworth, 2007; Ratnasingham & Hebert, 

2013). It was first proposed in 2003 (Hebert et al., 2003), and was utilised as 

an important complementary method to traditional morphological 

identification (Hollingsworth, Li, van der Bank, & Twyford, 2016), for 
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vegetation and floristic surveys (Parmentier et al., 2013), ecological 

forensics (Kesanakurti et al., 2011), regulatory enforcement (Simberloff et 

al., 2013; Valentini, Pompanon, & Taberlet, 2009), community phylogenies, 

comparative biology and phylogenetic diversity (Kress, Erickson, Swenson, 

& Thompson, 2010). Selection of the "barcode" is critical to establish a 

successful DNA barcoding platform to identify Panicum species. An ideal 

barcode should be a short DNA sequence that can be routinely amplified 

using a standard PCR method. The amplified product should also be easily 

sequenced with universal primers that are anchored in highly conserved 

DNA regions, and the sequences should be easily aligned without extensive 

manual editing (Parmentier et al., 2013). Most importantly, these regions 

should be able to differentiate between the target species (CBOL Plant 

Working Group, 2009). However, unlike animals where the sequence for 

cytochrome oxidase 1 (CO1) in mitochondrial DNA was proposed as the 

universal barcode for species identification (Hebert et al., 2003), the 

identification of an universal barcode for many plant species, and Panicum 

in particular, remains challenging due to inter-species mutation and 

technical reliability (Krishnamurthy & Francis, 2012). Unfortunately, CO1 

is not suitable for use in plants as the nucleotide substitution rate within 

mitochondria in plant cells is relatively low (Wolfe, Li, & Sharp, 1987). 

Additionally, there has been difficulty in locating highly heterogeneous 

regions in plant DNA due to a lack of sequence polymorphism, slow 

mutation rates (Fazekas et al., 2009), frequent introgression or species 

hybridisation between related species (Naciri, Caetano, & Salamin, 2012), 

and incomplete lineage sorting (Parmentier et al., 2013). 
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Figure 4.1 Taxonomic key for differentiation of selected Panicum species.  

Species included in this study are highlighted in pink, and other species are 

highlighted in yellow. Modified from Walsh and Entwisle (1994). 

 

To overcome these issues, a multi-locus approach for plants was 

demonstrated to improve identification capability and reliability(CBOL 

Plant Working Group, 2009). Multiple barcoding studies have further 

suggested that a combination of rbcL and matK sequences are suitable for 

DNA barcode GAP analysis in Panicum spp. (Bafeel et al., 2012; 

Bouchenak-Khelladi et al., 2008; Drumwright, Allen, Huff, Ritchey, & 

Cahoon, 2011; Hunt et al., 2014; Zimmermann, Bocksberger, Brüggemann, 
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& Berberich, 2013). Moreover, the use of the chloroplast gene ndhF, alone 

or in combination with rbcL and matK, has been proposed (Sede, 2008; 

Zimmermann et al., 2013). Additionally, the use of the ndhF region may 

also increase the resolution level when used to discern between grass 

species (Grass Phylogeny Working Group II, 2012; Kellogg, Aliscioni, 

Morrone, Pensiero, & Zuloaga, 2009). Unfortunately, the use of trnH-psbA 

for differentiating Panicum species has not proven useful, as the existence 

of inversions or mononucleotide repeats at this locus can result in incorrect 

alignments or additional difficulties in sequencing (Dong, Liu, Yu, Wang, & 

Zhou, 2012). To date, the nuclear ribosomal Internal Transcribed Spacer 

(ITS) locus has not been used as a species discriminating barcode in 

Panicum spp., but it has been proposed that ITS is a suitable marker for 

genetically similar species and could be used as a core or complementary 

barcode (Q. Wang, Yu, & Liu, 2011). Currently, the optimal suite of 

barcoding loci has not yet been fully established for identification of various 

Panicum species in Australia. Therefore, this study has focused on the use 

of the nuclear locus ITS as the core barcode for genotypic identification of 

ten native and non-native Panicum species found in southern New South 

Wales, together with two plastid loci, matK and trnL intron-trnF as 

complementary loci (Taberlet et al., 2007).  

The establishment of a robust and objective method for identification using 

both genetic markers and morphological traits is required to address and 

overcome the challenge of differentiation of Panicum species in both field 

monitoring and laboratory studies and would enable unambiguous 

identification of field samples collected at any stage of the plant’s growth 

cycle. To achieve this outcome, we developed and validated a DNA 

barcoding method for identification and differentiation in ten species of 

Panicum that are frequently found in south-eastern Australia. This study also 

tested the hypothesis that Panicum species with a smaller genome size have 

a greater potential to become invasive in a novel environment (Kubešová, 

Moravcova, Suda, Jarosik, & Preslia, 2010), by determination of  the genome 

size of several indigenous and non-native Panicum species in southern New 

South Wales. 
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4.2 Results 

4.2.1 Sampling 

Panicum plants (106 individuals) were sampled from geographically 

dispersed locations within a 200 km radius of Wagga Wagga, New South 

Wales, Australia (Figure 4.2). Morphological examination of these 

specimens at the Australian National Herbarium (CANB) revealed that five 

Panicum species were captured by field sampling. To bolster the number of 

species included in the DNA barcode GAP analysis, sampling of herbarium 

specimens held by CANB was undertaken. A total of 40 samples (17 field 

samples and 23 herbarium samples), representing ten indigenous and non-

native Panicum species, were included in the analysis (Table 4.1). 

 

Figure 4.2 Location of field collected Panicum spp. within a 200 km radius 

of Wagga Wagga, New South Wales, Australia. 

Right: representative photos of collected plants in their habitats. Inset map: 

Distribution of recorded Panicum species in Australia (AVH (2022). The 

Australasian Virtual Herbarium, Council of Heads of Australasian Herbaria, 

<https://avh.chah.org.au>, accessed <28/03/2019>).  
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Table 4.1 Origin and number of Panicum species subjected to DNA 

barcoding analysis and derived from field site or herbarium collections. 

Each species was identified as native or non-native, with continent of origin 

indicated. 

Species Native or 

non-native 

Country of origin 

(Zuloaga et al., 

2018) 

Number 

of field 

samples 

Number of 

herbarium 

samples  

P. buncei F. Muell Native Australia 0 2 

P. coloratum L. Non-native  Africa 0 2 

P. capillare L. Non-native  North America 1 2 

P. decompositum R.Br. Native Australia 3 5 

P. effusum R.Br. Native Australia 4 1 

P. gilvum L. Non-native Africa 5 0 

P. hillmanii Chase Non-native North America 4 2 

P. laevinode Lindl. Native Australia 0 3 

P. miliaceum L. Non-native Asia 0 3 

P. queenslandicum Domin Native Australia 0 3 

 

4.2.2 DNA barcode gap analyses  

PCR amplification and sequencing were undertaken for all samples for 

the three selected regions: ITS, matK and trnL intron-trnF. Sequenced loci 

of these three regions were submitted to GenBank and their accession 

numbers were listed after the specimen’s name in the phylogenetic tree. 

Alignments of each region were truncated to 641, 730, and 750 bp for ITS, 

matK and trnL intron-trnF, respectively. Concatenated loci, one nuclear 

locus with either one or two plastid loci, were calculated for barcoding gaps. 

Further intraspecific and interspecific distance analyses were performed on 

eight Panicum species (Table 4.2). P. buncei (native) and P. coloratum 

(non-native) were not included in these analyses as they were not 

genetically separated by any of the three regions). 
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Table 4.2 Intraspecific and interspecific K2P distances for the three gene 

loci ITS, matK, trnL intron-trnF in eight Panicum species. 

Panicum buncei and P. coloratum were not included in this table because of 

overlap in respective DNA barcodes. Minimum interspecific distance, 

MinID; Maximum intraspecific distance, MaxID. Non-native species are 

denoted with *. 

 Loci 
Species Max ID % ITS matK trnL intron-

trnF 

ITS+matK ITS + 

matK+ 

trnL 

intron-

trnF 

Min ID % 

 

0.71 0.07 0 0.61 0.33 
Panicum capillare* 0.33 0.09 0 0.33 0.22 
P. decompositum 0.03 0.06 0 0.05 0.03 

P. effusum 0.34 0 0 0.22 0.15 
P. gilvum* 0 0 0 0 0 

P. hillmanii* 0 0 0 0 0 
P. laevinode 0.07 0.09 0 0.09 0.06 

P. miliaceum* 0 0.09 0 0.05 0.03 
P. queenslandicum 0.14 0.14 0.27 0.09 0.16 

 

Phylogenetic tree inferred using Bayesian inference clustered most 

species into highly supported clades (Figure 4.3). All native species (P. 

effusum, P. queenslandicum, P. decompositum, P. laevinode, P. buncei) 

were clustered into a large group, although the posterior probability was low 

(59%). The majority of the non-native species (P.  hillmanii, P. capillare, P. 

miliaceum and P. gilvum) was clustered into clades separated at the species 

level. Most species (both native and non-native) were classified into 

monophyletic groups. Exceptions included the non-native species P. 

coloratum, which clustered with the native P. buncei. 
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Figure 4.3 Bayesian phylogenetic relationships among ten Panicum species 

inferred from the concatenation of three conserved genetic sequences. 

Species ID on the terminal node was shown as voucher number GenBank 

accession number (ITS-MatK- trnL intron trnF) and species name. Clade 

posterior probability is indicated at nodes. Accession identifiers are shown 

in grey. 

 

4.2.3 Determination of genome size in non-native and Australian native 

Panicum species  

To investigate the genome size of each species, and the associated 

hypothesis that genome size is linked to success in novel environments, total 

genome size of five Panicum species, P. capillare, P. decompositum, P. 
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effusum, P. gilvum and P. hillmanii, was determined using flow cytometric 

analysis of cells collected from fresh leaf tissue. Determination of genome 

size was based on coefficient of variation (CV) values below 10% (Figure 

4.4). The calculated genome size (1C value) of P. capillare, P. 

decompositum, P. effusum, P. gilvum and P. hillmanii was 1.24 pg, 1.49 pg 

and 1.52 pg, 0.21 pg and 0.24 pg, respectively (Table 4.3). No significant 

differences in genome size were observed for samples of the same species 

collected from geographically distant locations.  

Figure 4.4 Flow cytometry histograms of Panicum hillmanii (A) and P. 

gilvum (B) using radish (Raphanus sativus, 1 C = 0.55 pg), together with P. 

capillare (C), P. decompositum (D) and P. effusum (E) using tomato 

(Solanum lycopersicum, 1 C = 1.06 pg), as an internal reference.  
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Table 4.3 Flow cytometric analysis of genome size of Panicum capillare, P. 

decompositum, P. effusum, P. gilvum and P. hillmanii as estimated by 

comparison to Raphanus sativus, 1 C = 0.55 pg or Solanum lycopersicum, 1 

C = 1.06 pg. 

Taxonomic 

identification 

Native or non-native Genome 

size:  

1C (pg) 

Peak CV 

(%) 

P. capillare  Non-native 1.24 4.40 

P. decompositum  Native 1.49 3.61 

P. effusum  Native 1.52 3.60 

P. gilvum  Non-native 0.21 7.91 

P. hillmanii  Non-native 0.24 6.83 

 

4.3. Discussion 

Selection of the "barcode" for sequencing is critical when establishing a 

successful DNA barcoding approach or platform effective in differentiating 

individual Panicum species. An ideal barcode is typically a short DNA 

sequence that can be routinely amplified using a standard PCR method. The 

amplified product should be easily sequenced with universal primers, which 

are anchored in highly conserved DNA, and the sequence result should also 

be aligned without extensive manual editing (Parmentier et al., 2013). 

Additionally, but most importantly, the barcode should strongly differentiate 

the Panicum species, and ideally, there should be no overlap between 

intraspecific and interspecific divergence (CBOL Plant Working Group, 

2009)(Aliabadian, Kaboli, Nijman, & Vences, 2009). Furthermore, the 

efficacy of any DNA barcoding methodology depends on the extent of 

differences between intraspecific and interspecific divergence in a selected 

locus or combined loci (Aliabadian et al., 2009). In our study, the ITS locus 

showed the highest minimum interspecific distance (0.71%), a distance that 

was significantly greater than the highest maximum intraspecific distance 

(P. effusum, 0.34%). This confirmed that ITS may be suitable as a 

standalone locus for the differentiation of selected Panicum species in 
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Australia.  

In contrast, we found significant overlap between intraspecific and 

interspecific distances for both matK and the trnL intron-trnF regions. 

Therefore, the individual application of either locus alone may be 

problematic for species differentiation in Panicum due to lack of 

intraspecific distance observed. However, the use of these loci in 

combination with ITS presents advantages when attempting to detect 

hybridization although there is currently no field or herbarium evidence of 

Panicum species hybridisation in southern New South Wales. Sequence 

combinations from nuclear and chloroplast genomes could provide 

additional information for enhanced species identification. For example, 

trnL intron-trnF shows the greatest prevalence among all noncoding 

chloroplast DNA sequences in GenBank to date (Taberlet et al., 2007); and  

may assist in identification at the genus or species level in ambiguous 

specimens.  

We compared the genotypic identification of indigenous and invasive 

Panicum species in Australia, and found that the native species P. buncei, P. 

decompositum, P. effusum, P. laevinode and P. queenslandicum were 

separated clearly from the non-native species P. capillare, P. gilvum, P. 

hillmanii, and P. miliaceum. These findings suggest that native Australian 

Panicum species have maintained a unique genetic fingerprint despite 

potential for hybridisation with non-native counterparts. Diversity in 

location-dependent accessions of P. miliaceum has recently been described, 

suggesting that genetic variation could be inherent at the population level 

(Ghimire et al., 2019). This has potentially important implications for 

chemical or bioactive properties associated with this species. Interestingly, 

we noted that one non-native species, P. coloratum, was genetically more 

closely aligned with the native P. buncei than with non-native counterparts 

(Zuloaga, Salariato, & Scataglini, 2018). Further evolutionary analysis of 

these species, particularly with respect to correlating the molecular results 

with voucher specimens located in Australian herbaria, and those more 

globally, may be required to ensure correct identification.  

The genome size of P. gilvum, P. hillmanii, P. decompositum and P. 

effusum has not previously been reported even though these species are 
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frequently encountered across southern Australia. Genome sizes of P. 

capillare, P. decompositum and P. effusum were shown to be similar to 

ploidy size of other previously described Panicum species (Kubešová et al., 

2010). The genome sizes of P. hillmanii and P. gilvum were surprisingly 

smaller than predicted, and therefore we suggest a role for genome size in 

Panicum species identification and possibly prediction of invasive potential. 

Certain naturalised plants exhibit smaller genome size in contrast to their 

non-invasive or indigenous counterparts (Kubešová et al., 2010), with the 

hypothesis that small genome size may confer biological advantage for 

adaptation in novel habitats, possibly due to enhanced tolerance of  extreme 

environments or via altered regulatory gene divergence (Lovell et al., 2018;  

Zhu et al., 2017). Given the challenging environmental conditions 

frequently encountered across inland Australia, and the successful 

establishment of these particular invasive grasses across southern Australia, 

the smaller genome size of the majority of non-native Panicum species 

investigated could be considered as supporting evidence for this hypothesis 

(Suda, Meyerson, Leitch, & Pyšek, 2015; Ghahramanzadeh et al., 2013).  

Our results have shown that the use of the nuclear ITS region (and to a 

lesser extent the two chloroplast DNA regions, namely matK and trnL 

intron-trnF) allowed clear identification and differentiation for eight of ten 

Panicum species evaluated, with only P. buncei and P. coloratum unable to 

be segregated using this method. We suggest that additional loci are likely 

required for further resolution at the species level, assuming the original 

taxonomic identification was correct. Except for P. buncei, discrimination 

between native and non-native species was achieved. Further studies to 

evaluate additional Panicum species from diverse habitats across Australia 

could confirm the utility of this approach. In addition to the techniques 

presented, other molecular tools, including whole or partial genome 

sequencing (Li, Xiong, Liu, Liang, & Zhou, 2016), high resolution melt 

curve analysis (Ballin, Onaindia, Jawad, Fernandez-Carazo, & Maquet, 

2019), short tandem repeats (STR) (Zhu et al., 2021), or some combination 

of the above, may prove useful for rapid and refined species differentiation 

through estimation of other genetic parameters.  

In conclusion, this study reports the use of a DNA barcoding method for 
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distinguishing field samples of Panicum species regardless of phenological 

growth stage, in isolation or in combination with traditional morphological 

identification. Rapid identification of Panicum grasses, including those 

commonly implicated in crop and pasture incursions (Llewellyn, Ronning, 

and Clarke, 2016) or in hepatotoxicity outbreaks in livestock (Chen, Quinn, 

Weston, and Loukopoulos, 2019), could assist producers, industry advisors, 

agronomists and weed scientists to identify invasive grasses accurately and 

quickly for control or eradication. This knowledge may also provide further 

insight into changing patterns of species distribution and facilitate the 

development of efficacious weed management practices to limit invasive 

incursions or toxic outbreaks in pastures and croplands in Australia and 

internationally. 

4.4 Materials and methods 

4.4.1 Sampling  

Panicum samples were collected within a 200 km radius of Wagga 

Wagga, New South Wales, Australia, in February–March 2017 and 

February–March 2018 when plants reached physiological maturity. 

Collection sites included roadsides, fallow croplands and pastures, and 

nature reserves, with a minimum distance between collection sites of 25 km. 

Permission for collecting non-threatened plant specimens was not required 

according to Biodiversity Conservation Act 2016 No 63, and verbal 

permissions have been given from the landowner if they were collected 

from private properties. Entire plants including inflorescences that exhibited 

visible morphological features of Panicum species were collected and stored 

at -20°C. Whole Panicum plants were also collected at the reproductive 

phase and pressed for morphological identification and proper storage by a 

grass specialist and a co-author of this paper, David E. Albrecht, at the 

Australian National Herbarium (CANB). A small leaf section was collected 

from each plant and stored at -80°C with silica gel to maintain tissue 

integrity before DNA extraction. In addition, fresh leaf tissue samples were 

also collected and stored at 4°C for determining genome size using flow 

cytometry. 
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To supplement field-collected plant material, an additional 23 dried leaf 

samples representing nine previously identified Panicum species (Table 1), 

were sampled from voucher specimens held within the CANB collection 

(Acton, ACT, Australia). Dried leaf segments from archived plants of each 

of targeted species were provided by David E. Albrecht.  

4.4.2 DNA extraction and barcoding  

Genomic DNA extraction was performed as described previously(Zhu et 

al., 2017). One nuclear DNA locus (ITS) and two chloroplast DNA loci 

(matK and trnL intron-trnF), were amplified by using MyTaq Red Mix 

(Bioline, Eveleigh, New South Wales, Australia). The following primer sets 

were used: ITS4 (TCCTCCGCTTATTGATATGC) and ITS5a 

(CCTTATCATTTAGAGGAAGGAG) for ITS (White, Bruns, Lee, to, 

1990, 1990), 390F (CGATCTATTCATTCAATATTTC) and 1326R 

(TCTAGCACACGAAAGTCGAAGT) for matK (Ford et al., 2009), ucp-c 

(CGAAATCGGTAGACGCTACG) and ucp-f 

(ATTTGAACTGGTGACACGAG ) for trnL intron-trnF (Taberlet, Gielly, 

Pautou, & Bouvet, 1991). Amplification conditions were 95°C for 3 

minutes, followed by 40 cycles of 95°C for 30 seconds, 50°C for 30 

seconds, and 72°C for 1 minute, and a final extension at 72°C for 5 min. 

PCR products were run on a 1.5% TAE agarose gel and stained using 

SYBRsafe (Invitrogen, Mulgrave, Victoria, Australia) (Zhu, Meyer, 

Gopurenko, & Weston, 2014). 

4.4.3 Sanger sequencing and DNA barcode GAP analysis  

PCR products were bidirectional Sanger sequenced using the same primers 

by the Australian Genome Research Facility, Brisbane. Sequences were read 

in Geneious version 11.0.5 (Kearse et al., 2012). Forty-three sequences from 

each locus were aligned with a cost matrix of 65% similarity (Geneious 

version 11.0.5). Sequence alignments were analysed using 

MEGA7.0.26(Kumar, Stecher, & Tamura, 2016) to calculate intraspecific 

and interspecific genetic distances with the Kimura 2-parameter (K2P) model. 

Sequences of three loci for each Panicum specimen were further concatenated 

for DNA barcode GAP analysis. Concatenated sequences of the same regions 

from Setaria italica, a member the tribe Paniceae, was used as an outgroup to 
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root the tree. Phylogenetic relationships between species were inferred by 

MrBayes 3.2.6 (Huelsenbeck & Ronquist, 2001) using default settings (four 

gamma categories, Markov chain Monte Carlo (MCMC) setting include chain 

length 1 million, subsampling every 1000th generation, burn-in length was 

first 250,000 iterations) with GTR substitution model for the nuclear DNA 

locus (ITS) and GTR+R substitution model for two concatenated chloroplast 

DNA loci (matK and trnL intron-trnF) as suggested by JModelTest 

2.1.10(Darriba, Taboada, Doallo, & Posada, 2012).  

4.4.4 Flow cytometry  

Fresh leaf tissue was stored at 4°C in moist paper towelling with 

cytometric analysis performed within 48 hours using a Gallios Flow 

Cytometer (Beckman Coulter, USA). Depending on the species analysed, 

Raphanus sativus L. (red globe radish, 1C=0.55 pg), or Solanum 

lycopersicum L. (tomato, 1C=1.06 pg) were used as internal reference 

species for assessment of genome size. R. sativus was also used to calibrate 

S. lycopersicum within each run to confirm the reliability of each run. A 

composite leaf tissue sample of each targeted Panicum species and the 

reference plant, similar in size, were chopped using a clean razor blade in a 

premixed buffer solution, consisting of 1 ml WPB nuclear isolation buffer 

(0.2 M Tris. HCl, 4 mM MgCl2.6H2O, 2 mM EDTA Na2.2H2O, 86 mM 

NaCl, 10 mM sodium metabisulfite, 1% PVP-10, 1% (v/v) Triton X-100, 

pH 7.5)(Loureiro, Rodriguez, Dolezel, & Santos, 2007), 50 μg propidium 

iodide (PI) (Sigma-Aldrich, Castle Hill, New South Wales, Australia), and 

10 μl RNase A solution. At least 10,000 nuclei were analysed each run. 

Each specimen was analysed in triplicate with three technical replicates 

within 7 days of leaf collection to ensure reproducibility(X. Zhu et al., 

2017).  

 

Concluding statement 

The key novel finding reported in this chapter was the identification 

of Panicum hillmanii as the most common species sampled across the entire 

collection range.  This analysis showed that, unexpectedly, Panicum 

hillmanii was pre-dominant Panicum species in all areas examined. This 
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was an unexpected result, as Panicum hillmanii has not been reported in this 

sampling area prior to this research suggesting that this in a new invasion of 

this species into Southeastern Australia.  

This analysis also identified that Panicum hillmanii showed high 

morphological similarities with other Panicum plants, and particularly 

with Panicum capillare and Panicum effusum, both of which were 

anticipated to be found in high abundance in this area, but by this analysis 

were very difficult to find. This finding suggests that Panicum 

hillmanii should be recognised as an important invasive species in South-

eastern Australia and that accurate species identification is critical for 

understanding encroachment of Panicum grasses more broadly across 

Australia. The importance of an accurate species level identification 

method, such as the DNA barcoding method reported in this chapter should 

not be underestimated. 

 This barcoding method, which uses one nuclear (ITS) and two 

chloroplast regions (matK and trnL intron-trnF), therefore also constitutes 

an essential source of reliability for our examination of the chemical 

composition of plants of unequivocally identify different Panicum species to 

be presented in the final experimental chapter in this thesis. 
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Chapter 5 

Divergent metabolomic profiles of steroidal saponins of five Panicum 

grass species indicate corresponding divergent risk of hepatogenous 

photosensitisation in livestock 

 

Preface 

Chapter 5 is the final experimental chapter in this thesis. It presents 

metabolomic profiling using targeted and non-targeted metabolomic 

analysis by UHPLC/Q-TOF-MS, to determine the presence and abundance 

of steroidal saponins in five examined Panicum species collected in South-

eastern Australia with species confirmed using the DNA barcoding method 

developed in Chapter 4. These studies revealed that, Panicum hillmanii, 

showed a greater abundance of steroidal saponins than other species 

examined, perhaps giving insight into the nature of its invasive success in 

the Riverina region. 

 

In relation to the experiments reported in this chapter, I developed the 

experiment design, undertook specimen collection, compound extraction, 

PCR amplification, sequences analysis, visualisation of the results. I led the 

writing of this chapter from the first draft to the final, with the mentorship 

and editing assistance from Prof. Jane Quinn and Dr Panayiotis 

Loukopoulos. Dr David Albrecht conducted the taxonomical identification 

of all collected plant specimens. Dr Paul Weston provided guidance and 

assistance on UHPLC/Q-TOF-MS techniques. Dr Sajid Latif provided 

guidance and assistance on metabolomic data analysis. 
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5.1 Introduction 

Panicum spp. are annual or perennial grasses that are widely distributed 

globally being found in regions from the tropics to the warmest temperate 

climates (Watsford, 2004). At least 30 species of Panicum have been 

identified in Australia (Council of Heads of Australasian Herbaria 2005- 

onwards, Australian Plant Census). A number of species of Panicum spp., 

including P. coloratum, P. decompositum, P. dichotomiflorum, P. effusum, 

P. gilvum, P. laevinode, P. miliaceum, P. queenslandicum, P. schinzii, and 

P. virgatum, have been reported as a causal to outbreaks of hepatogenous 

photosensitisation in livestock by forming crystals in the hepatobiliary 

system (Badiei et al., 2009; Chen, Quinn, Weston, and Loukopoulos, 2019; 

Johnson et al., 2006; Sillman, Lee, Claborn, Boruch, and Harris, 2018).   

The putative causal compound(s) responsible for hepatogenous 

photosensitisation in livestock ingesting Panicum spp. are the steroidal 

saponins. Steroidal saponins are glycosides of sapogenins bearing one or 

more sugar chains, usually one at the C-3 carbon (Flåøyen, 1999). As an 

important component of the complex evolutionary relationship between 

plants and animals (Addisu and Assefa, 2016), steroidal saponins and 

sapogenins have been identified to exert antimicrobial, antimycotic and 

insecticidal properties and thus confer various advantages to the plant 

expressing these compounds by protecting it from disease, herbivory, or 

insect attack (Allam, Abou-Taleb, and Aboobia, 2017). This is especially 

the case when plants are growing under stressed conditions in arid or 

semiarid regions (McKenzie, 2012).  

Despite many decades of research, the relationship between ingestion of 

steroidal sapogenins as the parent compound, and the pathophysiological 

presentation of liver damage in the animal is not explicitly clear. It is 

hypothesised that upon ingestion, steroidal saponins are hydrolysed into free 

sapogenins that will be absorbed from the jejunum and transported via the 

portal vein to the liver (Flåøyen, 1996). At the liver, certain sapogenins can 

either cause hepatocyte damage directly through their inherent cytotoxic 

properties, or form crystal structures within in the hepatocytes and biliary 

system which obstruct normal hepatocyte function and bile excretion 

(Steventon, Raidal, Quinn, and Peters, 2018).  
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Although some reports have suggested that saponin-derived crystals are 

derived from the insoluble salts of episarsasapogenin β- ᴅ-glucuronide 

and/or epismilagenin β-ᴅ-glucuronide (Flåøyen, 1999; Miles, Munday, 

Holland, Lancaster, and Wilkins, 1992; Miles et al., 1991; Christopher O 

Miles, Wilkins, Erasmus, Kellerman, and Coetzer, 1994), the saponins or 

sapogenins that are responsible for the development of hepatobiliary lesions 

caused by all common Panicum spp. have not yet been identified, nor has a 

comparative analysis of their presence or abundance been undertaken 

between different Panicum species. The relationship between these 

compounds and their cellular pathobiology in the liver is therefore not fully 

understood. 

A complication in the attestation of causation of Panicum grasses in 

outbreaks of photosensitisation has been that different species appear to 

contain different steroidal saponin profiles, and potentially different 

concentrations of saponins (Riet-Correa et al., 2009). For example, P. 

coloratum contains diosgenin and yamogenin (Patamalai, Hejtmancik, 

Bridges, Hill, and Camp, 1990), P. gilvum contains epismilagenin (Malcolm 

John Lancaster, 2000), P. dichotomiflorum contains diosgenin and 

protodioscin (Sillman et al., 2018), P. schinzii contains diosgenin and 

epismilagenin (Lancaster, Vit, and Lyford, 1991). However, as 

identification of Panicum grass species has been problematic to date (Chen 

et al., 2021), a true time and location specific comparative analysis between 

species and the compounds expressed within them has been difficult to 

undertake to date.  

Recently, the introduced summer growing annual Panicum spp.,  P. 

hillmanii, was shown to be found in high prevalence across southern 

Australia (Chen et al., 2021), a finding in alignment with anecdotal evidence 

of increased incidence of hepatogeneous photosensitisation outbreaks in 

livestock in this region. Although P. hillmanii has not previously been 

formally implicated in cases of hepatogenous photosensitisation, its high 

level of superficial physical similarity to other Panicum species, and almost 

exclusive colonisation of this region (Chen et al., 2021), suggests it may be 

playing a primary role in hepatogenous photosensitisation outbreaks in 

Southern Australia.  
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To better understand the implications of the rapid spread of this Panicum 

species, and its potential role in photosensitisation outbreaks, this study was 

undertaken to characterise the steroidal saponin profiles in the above ground 

(livestock edible) plant tissues in five Panicum species, both native and 

invasive, including P. hillmanii, to determine if differential profiles of 

steroidal saponins existed between species, and if these could be inferred to 

be related to outbreaks of photosensitisation in livestock in Australia. 

5.2 Materials and methods 

5.2.1 Plant materials 

Entire plants from three introduced Panicum species (P. capillare, P. 

hillmanii and P. gilvum), two native Panicum species (P. decompositum and 

P. effusum), and one morphologically comparable non-Panicum grass 

(Walwhalleya proluta, rigid panic) as control species, were collected from 

within a 200 km radius of Wagga Wagga, New South Wales, Australia. 

Collections occurred in February 2018 when plants were reaching 

physiological maturity. At each collection, one additional Panicum plant at 

reproductive phase was collected. This specimen was pressed for 

morphological identification by a grass taxonomy specialist, David E. 

Albrecht, from the Australian National Herbarium, Canberra, Australian 

Capital Territory). All grasses were collected and stored on ice for transport 

to the laboratory. After dissection, plant tissues were stored at -20 °C for 

metabolomic profiling.  

5.2.2 DNA extraction and molecular identification of Panicum species 

At processing, a small leaf section was collected from each plant and 

stored at -80°C for subsequent DNA extraction and barcoding to confirm 

species identity. DNA extraction, PCR and sequencing were performed as 

previously described ((Chen et al., 2021) and Chapter 4) using primer pairs 

ITS5A-ITSR, 390F-1326R and ucp_c-ucp_f for ITS, matK and trnL intron-

trnF regions, respectively. Geneious version 11.0.5 (Kearse et al., 2012) 

was used to read, edit, and align the sequences for species identification. 
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5.2.3 Chemicals 

HPLC grade acetonitrile, methanol, and acetic acid were sourced from 

Sigma-Aldrich (Australia). Commercial standards of diosgenin and 

protodioscin (Sigma-Aldrich, Poland) were also acquired for this study. 

Standard were prepared in 100% HPLC-grade methanol to a final 

concentration of 1mg/ml.  

5.2.4 Extraction 

Plant materials (leaf and sheath), in triplicate, from individual species 

collected at each location was finely chopped and 5 grams was processed 

for metabolite extraction. To achieve this, plant material was mixed 

thoroughly with quartz sand (particle size, 0.3-0.9 mm) (Büchi, Flawil, 

Switzerland, 034925) and placed in a 10 mL extraction cell in preparation 

for speed extraction using a Büchi Speed Extractor (E-916 Büchi, 

Switzerland). Then the cell was lodged in a pressurized solvent extraction 

system which use nitrogen gas at high pressure (1400 psi) to press 100% 

HPLC-grade methanol at a temperature of 35 °C through the plant-sand 

material to release the chemical compounds from the plant cells into the 

solvent fraction. Extracts were then evaporated to dryness using a rotary 

multivapor (Multivapour P-6, Büchi, Flawil, Switzerland) equipped with a 

vacuum pump (V-700, Büchi, Flawil, Switzerland) and vacuum controller 

(V-850, Büchi, Flawil, Switzerland). The dried extracts were reconstituted 

in 5 mL of HPLC-grade methanol, were filtered with a 0.22µm syringe filter 

to remove any particulates and stored at -20°C until further analysis. 

5.2.5 UHPLC-QTOF-MS metabolite analysis 

Plant extracts were analysed by using an Agilent 1290 Infinity UHPLC 

system equipped with a quaternary pump (G4204A) and vacuum degasser, 

diode array detector (DAD), temperature (25 °C) controlled compartment 

(G1316C), cooled auto-sampler compartments (4 °C) and a HiP sampler 

(G4226A) These were coupled to an Agilent 6530 quadrupole time-of-flight 

(QTOF) mass spectrometer (MS) with an Agilent Dual Jet Stream 

electrospray ionisation source (Agilent Technologies, Australia). Full scan 

mass spectra were acquired over a range of 100-1700 mz-1 at a rate of two 

spectra/second using both positive and negative ion modes.  
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Ten µL of each extract was injected onto a SB-C8 Poroshell column (2.1 

× 100 mm, 2.7 μm particle size) (Agilent Technologies, Santa Clara, CA, 

USA) preceded by a C18 guard column (2.1 × 12.5 mm, 5 μm particle size) 

(Agilent Technologies, CA, USA). The column compartment was 

equilibrated for 30 minutes prior to analysis, before heating to 35°C for 

sample analysis. Needle wash was used between samples via a flush port for 

5.0s to ensure no bleed through of samples between analysis runs. The 

mobile phase was acetonitrile with 1% acetic acid and 100% HPLC water 

with the flow rate of 0.3 mL/min. The QTOF-MS was calibrated in positive 

and subsequently, in negative ion mode with nebulizer gas set at 35 psi, 

capillary voltage at 3500 V and fragment voltage at 100 V. Injection volume 

was 10 μL for each sample. The nitrogen sheath gas temperature was 325°C 

with a flow of 10 L/min. The mixture of two standards (protodioscin and 

diosgenin) was analysed separately in the same way as plant extracts. MS-

MS spectra were obtained using Auto MS/MS mode at three collision 

energies (10, 20 and 40 eV) and data extracted in Mass Hunter format for 

subsequent analysis.  

5.2.6 Data analysis 

Data analysis was performed using a non-targeted workflow in 

MassHunter Workstation Qualitative software (version B07.00), 

MassHunter Profinder (version B.08.00), Mass Profiler Professional (MPP 

version 14.5) and Personal Compound Database Library (PCDL) (Agilent 

Technologies, CA, USA). Examination of chromatograms, including 

“finding via formula” and manual searching, as well as non-targeted 

examination including a principled compound analysis with specific 

searches of mass to charge ratio (m/z) and retention time (RT) were 

performed. The parameters for molecular feature extraction and peak 

binning /alignment using Profinder were as follows: peak height ≥ 10000 

counts with scores of >75%., compound ion count threshold two or more 

ions, compound alignment tolerances were 0.00% + 0.15 minutes for RT 

and 20.00 ppm + 2.00 mDa for mass. The data files were visualized and 

analysed in MPP using multivariate analysis (MVA), including principal 

component analysis (PCA). Hierarchical clustering algorithm and Euclidean 

distance metrics were used on normalized abundance using MPP (version 
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14.5 Agilent Santa Clara, CA, USA). Compound identification was 

performed comparing molecular entities based on accurate mass spectra and 

retention time (RT) within the METLIN metabolomics database (version B 

07.00, Agilent Technologies, CA, USA), and when possible, confirmed 

using available standards (diosgenin and protodioscin). 

5.3 Results 

5.3.1 Non-Targeted Metabolomic Profiling of Panicum species 

A total of 39 Panicum plants with matched taxonomic and molecular 

biological identification result were processed for further extraction and 

metabolomic profiling. Of these 39 Panicum plant, ten were P. 

decompositum, four were P. capillare, eight were P. effusum, eleven were P. 

hillmanii, and six were P. gilvum. Fresh leaf and sheath tissues from four 

Walwhalleya proluta plants, collected from one of the Panicum grass 

collection sites, were also processed for metabolomic profiling as a non-

Panicum grass species control. 

Separated molecular compound spectra were processed using Mass 

Profiler Professional (MPP) for normalisation and noise removal. With 

QTOF-MS spectral signal threshold set at 15,000 entities, the number of 

features contributing to species differentiation was in the range of 1000 to 

2500 features depending upon the Panicum species. Processed molecular 

features were then subjected to unsupervised (PCA) for comparative 

analysis between plant components and species (Figure 5.1). Total 

molecular features (n=464) from all species examined demonstrated clear 

differences between Panicum species as spatially separated clustering of 

entities. Of all species examined, P. capillare and P. hillmanii were most 

closely associated by principal component analysis (PCA), with the non-

Panicum control species W. proluta, showing no strong correlation to any 

Panicum species. Components 1, 2 and 3 contributed to separation by 

18.06%, 12.93% and 10.55% respectively. 

To further investigate the metabolomic differences between the Panicum 

species, cluster analysis was performed. 464 different molecular features 

were identified with different mass spectra, retention times and abundances. 

Non-targeted metabolomic profiling and clustering of metabolomic features 

revealed that molecular entities, and their relative abundances, varied 
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between species but were similar in those species that were taxonomically 

similar by DNA barcode analysis (Chapter 4 and Figure 5.2). Specifically, 

and in alignment with their species similarity (Chen et al., 2021), P. 

capillare and P. hillmanii were clustered together with P. decompositum, P. 

effusum and P. gilvum clustered more distantly. All Panicum species 

showed a higher level of clustering to each other than to the non-Panicum 

control W. proluta which showed a notably different feature pattern to all 

Panicum species (Figure 2). 

 

Figure 5.1 Three-dimensional visual representation of principal component 

analysis (PCA) of molecular features characterized in positive ion mode 

non-targeted analysis of Panicum leaf tissue using UHPLC-QTOF-MS. 

Components 1, 2 and 3 contributed to separation by 18.06%, 12.93% and 

10.55% respectively. 
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Figure 5.2 Hierarchal clustering of molecular features from non-targeted analysis of leaf and sheath tissue of Panicum species using UHPLC-QTOF-

MS in positive ion mode. Relative abundance is indicated from low (blue) to high (red). Euclidean distance between species is indicated by connecting 

bars above the clusters.  
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5.3.2 Targeted metabolomic analysis reveals different relative 

abundances of steroidal saponins in different Panicum species 

A targeted analysis was then undertaken to compare the presence and 

abundance of known steroidal saponins within and between Panicum 

species. Comparative identification was achieved using both commercial 

standards and references to compound features in the METLIN spectra 

database (Zhou, Wang, and Ressom, 2012), as based on chemical feature of 

reported steroidal saponin/sapogenin features (Table 1.4). The retention 

time of the protodioscin and the diosgenin standards were 7.924 and 16.239 

minutes, respectively. As before, clustering of Panicum species according to 

the similarity in their metabolomic profiles was consistent with the known 

taxonomic relatedness of the species (Figure 5.3). By this analysis, P. 

hillmanii exhibited higher abundance of steroidal saponins than all other 

species examined as well as showing closest similarity to P. capillare in 

terms of common compounds present. In summary, four steroid saponins 

(dioscin, gracillin, pseudoprotodioscin, and protodioscin) and one steroid 

sapogenin (diosgenin) were present in six examined species with distinct 

profiles. The most significant finding is the high abundance of protodioscin 

within P. gilvum, P. capillare, and P. hillmanii, with P. hillmanii having the 

highest relative abundance. Pseudoprotodioscin was present with low 

abundance in P. gilvum, P. decompositum, and P. effusum, but only trace 

amount was present within P. hillmanii and P. capillare. Panicum hillmanii 

contained a relatively higher abundance of gracillin than the other four 

Panicum species. Both P. gilvum and P. effusum contained a higher 

abundance of dioscin and diosgenin than the other three Panicum species. 

As the control species, W. proluta contained a low level of all 

aforementioned saponins/sapogenin but a higher abundance of flavonoid 

glycoside (chamaemeloside) and flavone (rhoilfolin). 
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Figure 5.3 Hierarchal clustering of relative abundance of steroidal saponins in leaf and sheath tissue of Panicum species using UHPLC-QTOF-MS in 

positive ion mode. Hierarchical clustering algorithm and Euclidean distance metric were used on normalized abundance using Mass Profiler 

Professional (version 14.5 Agilent Santa Clara, CA, USA). Known and putative saponins are identified. Relative abundance is indicated from low 

(blue) to high (red). Euclidean distance between species is indicated by connecting bars above the clusters. 
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5.4 Discussion 

This is the first metabolomic analysis on Panicum spp. plants collected to 

compare chemical molecular profiles using targeted and non-targeted 

metabolomic profiling. Accurate genotype confirmation allowed 

comparison of the profile and relative abundance of steroidal saponins and 

sapogenins within and between species. The use of ultra-high performance 

liquid chromatography-quadrupole time-of-flight mass spectrometry 

(UHPLC/Q-TOF-MS), which allows the detection of chemical molecules at 

low concentrations (ng/kg), as well as comparison of two authentic saponin 

standards (diosgenin and protodioscin) allowed the detection of known and 

putative saponins and sapogenins in these extracts. 

5.4.1 Higher saponin abundance in Panicum hillmanii 

Although certain saponins, such as sarsaponin and hederagenin, are 

thoughts to be beneficial to the livestock health (Addisu & Assefa, 2016; 

Mader & Brumm, 1987; Wina et al., 2005), a number of plant-derived 

sapogenins are known to be closely associated with outbreaks of 

hepatogenous photosensitisation in livestock (Flåøyen, Smith, & Miles, 

1993; Mysterud, Flåøyen, Loader, & Wilkins, 2007; Wisløff et al., 

2002).This analysis identified a number of putative saponin features to be 

expressed at high abundance in P. hillmanii in particular. Saponins and 

sapogenins, although widely known biochemically for many decades, have 

been challenging to isolate and therefore the number of commercially 

available standards are low (Sillman et al., 2018). The specific chemical 

structure, and a molecular formula of each isolated saponin compound 

identified could not be conclusively identified in this experiment for this 

reason. However, P. hillmanii contained significant higher levels of 

protodioscin than other four Panicum species examined. Protodioscin has 

been known with hepatotoxicity to sheep and goats with ingestion of P. 

dichotomiflorum (Riet-Correa et al., 2009; Sillman et al., 2018), this finding 

that may support anecdotal evidence that P. hillmanii may causes more 

cases of photosensitisation than the other Panicum species in the Riverina 

region if ingested in sufficient quantity. In addition, P. capillare, which is 

very similar to P. hillmanii in both morphological and genetic 

characteristics (Chen et al., 2021), lacks this high abundance of protodioscin 
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suggesting that this may be the differential factor between the “safe” grazing 

of P. capillare in livestock compared to unsafe pastures containing high 

prevalence of P. hillmanii plants, although this theory remains to be 

empirically tested. 

5.4.2 Different saponin profiles between native and introduced Panicum 

species 

Based on the three-dimensional images presented by PCA and the 

heatmap of all isolated components, the metabolomic profiles of the 

different Panicum species are segregated into distinct clusters, though 

slightly variability is noted in different individual plants within the same 

species. Clustering follows known genetic and taxonomic differences 

between species by our previous analysis (Chapter 4) (Chen et al., 2021). 

An interesting finding was that the three introduced Panicum species (P. 

hillmanii, P. capillare and P. gilvum) found locally in the Riverina region of 

New South Wales, Australia, showed significantly higher relative 

abundance of steroidal saponin features than the two native species 

examined (P. decompositum and P. effusum). This finding supports the 

anecdotal reports that the introduced species have been more commonly 

associated with outbreaks of photosensitisation in livestock than to their 

native counterparts (Chen et al., 2019). This finding may also be the reason 

that P. hillmanii has shown prolific spread and colonisation of pastures and 

verges across southern NSW in recent years if the relative abundance of 

saponins and saponin-like compounds are contributing to its resistance to 

herbivory and / or drought tolerance. 

Broadly, metabolomic fingerprinting of Panicum species identified that 

differences in composition were highly correlated to genotype. Interestingly, 

the recent marauder, P. hillmanii, identified for the first time to be widely 

present across NSW (Chen et al., 2021) showed the highest relative 

abundance of several known and unknown saponin features, the most 

abundance one is most consistent with protodioscin. In addition, the 

metabolite profiles identified may explain the anecdotal observation that not 

all Panicum species in Australia are strongly associated with outbreaks of 

photosensitisation despite widespread ingestion of the plant by grazing 

livestock and native species (Smith et al., 1992).  
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The species Walwhalleya proluta, commonly known as “rigid panic” for 

its close physical resemblance to the Panicum grasses (Bruhl and Whalley, 

2011), and are therefore taxonomically close to them. However, this study 

shows that rigid panic presents a very different biochemical chemical 

composition from the true Panicum species. Combined with the fact that W. 

proluta has not previously been found  to cause hepatogeneous 

photosensitisation in livestock, this result further suggests that the higher 

abundance of saponins in Panicum plant are the main factor associated with 

hepatic injury, although further in vitro and in vivo animal studies are 

needed to reliably prove this inference. 

The chemical fingerprint of each Panicum species investigated in this 

study could add another technical method for species identification when 

disease outbreaks do occur, but the plant species is in doubt. Specifically, in 

addition to the morphological and molecular biological identification of the 

plants, the various compositional profiles obtained for the different Panicum 

plants could also be considered as a supplementary method of species 

differentiation and identification, especially if complete plants at the 

reproductive stage are not available for taxonomic identification.  

5.5 Conclusion 

This study confirms the existence of steroidal saponins in five examined 

Panicum species collected in Australia. Metabolomic profiling results 

demonstrated there are distinct chemical profiles relative to each species 

that is strongly associated with their genetic divergence. Examination of 

relative abundance of steroidal saponins revealed that P. hillmanii shows a 

higher abundance of saponins, both known and unknown, a chemical 

fingerprint that is closely associated with that of the two other non-native 

Panicum species examined. The higher abundance of the known hepatotoxic 

agent protodioscin identified in P. hillmanii suggests a possible causative 

relationship with the development of hepatogeneous photosensitisation in 

livestock after ingestion of this species particularly. This finding further 

suggests the need for a better understanding of the distribution of introduced 

Panicum species, especially P. hillmanii, both in Australia and 

internationally to reducing the risk of outbreaks of photosensitisation in 

livestock and improve animals” health and production in livestock systems. 
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Chapter 6 

General discussion 

 

6.1 Introduction 

 Photosensitisation in grazing livestock, including sheep, cattle, goats, 

and horses, has been reported in almost all production regions worldwide, 

and is particularly common in Australia (Quinn, Kessell, & Weston, 2014). 

Despite the commonality of this disease, the challenge in determining 

incidence, prevalence, common causative agents within this field, and 

identification of the causative agent has made this a challenging area to 

investigate for many decades. The research reported in this thesis aimed to 

address questions specifically related to determining the most common 

causal agents worldwide and in Australia, then to investigate the prevalence 

of one specific agent of disease – the Panicum grasses, in the Riverina 

region of New South Wales, Australia. To better understand how the 

frequency of outbreaks of Panicum-related photosensitisation might be 

linked to both species and toxin profile, metabolomic profiling of steroidal 

saponins and sapogenins in Panicum species known to be associated with 

outbreaks of photosensitisation in South-eastern Australia was undertaken. 

Together these studies identified a new species of interest to Australian 

producers – Panicum hillmanii, as well as confirming that this species 

shows a potentially more toxic profile than others. 

6.2 Current understanding of photosensitisation in livestock 

Analysis of published case reports revealed that Australia has the highest 

number of reported cases worldwide. Furthermore, Victoria and New South 

Wales, areas where the majority of Australian livestock are produced, were 

also the states with the highest number of reported cases in Australia. This 

finding suggests that largely the reporting of outbreaks is proportional to the 

number of livestock, but may also give interesting insights as to the ways 

the livestock are used for crash grazing of weeds in rotational cropping 

systems, and the use of monoculture pastures in these regions. Cattle, sheep, 

and goats have been used as weed control agents for a long time (Popay & 

Field, 1996), it is therefore likely that when a particular crop or weed with 

potential of causing photosensitisation becomes widespread, there will be an 
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increase in the incidence of photosensitisation in that region. For example, 

severe photosensitisation outbreaks that affected almost all grazing lambs in 

the Biserrula dominant pasture field have been reported (Quinn et al., 

2018), when lambs were used for grazing non-Biserrula weed in the same 

pasture, but accidently grazed green Biserrula plants instead. 

Furthermore, the retrospective review on published peer-reviewed and 

non-peer-reviewed case reports confirmed that hepatogeneous 

photosensitisation is the most reported type of photosensitisation worldwide 

and in Australia. A summary of these reported or suspected causes (Table 

2.1 and 2.2) demonstrated that Panicum spp. were the most suspected causal 

factor for hepatogeneous photosensitisation, particularly in Australia. 

Panicum spp. is a widely distributed weed in Australia (Figure 1.5), so it 

may be expected that when livestock are used as an organic weed control 

agent, they might also experience a higher likelihood of developing 

hepatogeneous photosensitisation when grazing Panicum plants. 

Only three reports provided an estimation of the financial loss due to 

hepatogenous photosensitisation to the livestock industry alone. The annual 

cost of hepatogenous photosensitisation due to the ingestion of the fungal 

toxin from spores of Pithomyces chartarum in sheep and cattle was 

estimated to be between NZ$20 - 63M in New Zealand in the 1980s, more 

than 500,000 sheep and goats were severely affected in several outbreaks of 

hepatogenous photosensitisation in South Africa in 1949, and the annual 

cost of hepatogenous photosensitisation in sheep was estimated to be over 

19M Rand in South Africa in the 1990s. Such substantial financial losses 

hint that photosensitisation should be an important issue for livestock 

producers, and certainly regions where hepatoxic agents are common 

present. The findings reported in this thesis suggests that the economic and 

overall impact of photosensitisation has been significantly underestimated 

and it would be recommended that further studies investigating the actual 

economic impact, specifically in livestock losses, loss of liveweight and 

wool production in the Australian production systems should be undertaken. 

The survey results reported in this thesis confirmed that 

photosensitisation is a common or very common issue, with 62% of 
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veterinarians and 58% of livestock producers who responded having 

experienced outbreaks frequently. Although no industry-wide common 

consensus was established, the results of my survey confirmed our long-held 

belief about the commonness of this issue with these quantitative results and 

give us a better understanding of the differences in perceptions between the 

different groups, findings that can better guide and shape our research 

directions in future. 

My survey of veterinarians involved in livestock care suggests that there 

are many cases of photosensitisation that are not formally reported in the 

literature, due to the commonness of this disorder. This has also been 

reported by industry (Cowled et al., 2013) but it is also interesting that there 

has been very little research on active rather than re-active mitigation 

strategies. The main reason for the lack of attention was probably related to 

the fact that photosensitisation is widely perceived as a non-fatal disease and 

not zoonotic, and there have been no broad scale analyses or calculations of 

its economic impact in the past. Hence, the priority given to this condition is 

relatively low. However, through the retrospective study of previous cases 

regarding the common types of reported cases, we find that Australia is the 

country with the highest number of reported outbreaks and has a wide 

distribution of the Panicum plant, which is the most reported cause of 

photosensitisation in this country. Furthermore, there is also a lack of 

targeted control strategy targeting such pathogenic weeds, so it is 

foreseeable that the impact of photosensitisation should be much more 

significant than currently thought. 

In conclusion, to broaden our knowledge and understanding of 

hepatogeneous photosensitisation and hopefully better control and reduce 

the incidence of this issue, we should better start by gaining more 

understanding of the Panicum plant genus in particular. 

 



Chapter 6 

 160 

6.3 The validation of the DNA barcoding method for Panicum species 

identification 

One of the major challenges in diagnosing the aetiology of a 

photosensitisation outbreak where poisoning is suspected of having 

occurred as a result of ingestion of a plant is that it is often impossible to 

accurately and reliably identify the plant species. Traditionally, critical 

morphological features based on microscopical observation by an 

experienced taxonomist were used for plant species identification (Zuloaga, 

Scataglini, & Morrone, 2010), however, this is not a trivial task. To achieve 

this purpose, all of the following conditions must be met: experienced 

taxonomists, appropriate equipment, plants that retain their identification 

characteristics intact, and sufficient time with great patience. Even 

experienced taxonomists are not necessarily expert at identification of grass 

species, which present a particular challenge due to their specific 

identifiable features often not being present in non-reproductive samples.  In 

non-research clinical situations, reliable taxonomic identification is 

infrequently reported.  

This issue of accurate identification became a critical component of the 

research reported in this thesis. Although different species of Panicum 

plants have observable morphological features that are relatively easy to 

distinguish, this is not always the case within the genus. For example, the 

two Panicum species that proved crucial to the outcomes reported in this 

thesis, P. hillmanii and P. effusum, were highly morphologically similar, 

with differences between them are very marginal. For example, the 

taxonomic key to differentiate P. effusum and P. hillmanii is based on the 

shape of the abscission scar of the fertile lemma, a highly specific feature 

that requires an experienced eye to distinguish using a dissecting 

microscope, not something easy to achieve in a field setting (Figure 4.1). 

The abscission scar of the fertile lemma of P. effusum is entirely basally 

located and less than 0.5 mm wide, while P. hillmanii has a crescentic 

abscission scar of the fertile lemma, extending upwards from the base, and 

is more than 0.5 mm wide (Schmid, Walsh, & Entwisle, 1995). It is a 

mandatory requirement to have a plant in the reproductive stage, and the 

level of expertise required to detect minute morphological differences 

presents a major challenge. In order to overcome these limitations of the 
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traditional taxonomical method, a widely used molecular technology, DNA 

barcoding, which has been extensively applied for species identification in 

many plants (Hebert, Cywinska, Ball, & deWaard, 2003), but has not to be 

validated in the Panicum species, was successfully tested in this project, and 

became an invaluable tool for confirming species identity.  

DNA barcoding is not a new tool for plant identification. It has been 

utilised as an important complementary method to traditional morphological 

identification (Hollingsworth, Li, van der Bank, & Twyford, 2016), 

vegetation and floristic surveys (Parmentier et al., 2013), ecological 

forensics (Kesanakurti et al., 2011), regulatory enforcement (Simberloff et 

al., 2013; Valentini, Pompanon, & Taberlet, 2009), community phylogenies, 

comparative biology and phylogenetic diversity (Kress, Erickson, Swenson, 

& Thompson, 2010), and it has been the technique that is proposed by the 

Council of Heads of Australasian Herbaria for the large-scale analysis of 

herbarium collections including the entire flora of Australia (Dormontt et 

al., 2018). The rapid and reliable identification method reported in this 

thesis could be used in isolation or in combination with a taxonomic method 

in crop and pasture incursions (Llewellyn, Ronning, and Clarke, 2016) or in 

hepatotoxicity outbreaks in livestock (Chen, Quinn, Weston, and 

Loukopoulos, 2019). This accurate and cost-effective adjunctive method 

could assist producers, industry advisors, agronomists and weed scientists to 

identify invasive grasses accurately and quickly for control or eradication.  

6.4 Novel insights into the relationship between native or invasive 

species identity and range of Panicum grasses identified 

The phylogenetic relationship of these eight species segregated the native 

species from non-native species. The fact that no hybrid species were 

identified suggests that, at least for the species tested in this study, 

Australian Panicum grasses have maintained their unique genetic fingerprint 

despite the potential for hybridisation with non-native counterparts. Their 

success in this landscape therefore is based on other features of the plant’s 

physiology that do not require hybrid vigour to persist. Also, after collecting 

more than 100 Panicum specimens within a 200 km radius region in South-

Eastern Australia, a key novel finding from my research was that Panicum 

hillmanii showed clear species dominance in our sampling area (Figure 4.2). 
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P. effusum or P. capillare had been widely recognised amongst farmers and 

producers as causative agents for hepatogenous photosensitisation in 

livestock in this area (Appendix 1), would be the predominant species but 

this was not found to be the case. Two possibilities exist that could explain 

this novel finding: 1) that previous species identification was not reliable 

given the minimal difference between these two species, or 2) that P. 

hillmanii, as a more aggressive introduced species, has spread swiftly and 

successfully across the landscape and had somehow developed a clear 

survival advantage over other Panicum plants over a period. A study on 

Tallgrass Prairie revealed that the aggressiveness of invasive exotic species 

has the similar level of resource utilization and carbon gain comparing to 

their native counterpart (Smith & Knapp, 2001), and suggested that a better 

capability of responding to resource pulses or herbivory might be the key 

for an introduced plant species to compete with native ones in an exotic 

environment. More studies later confirmed this theory by demonstrating that 

invasive species may synthesize and release novel biochemicals to establish 

their advantages against native ones (Callaway et al., 2008), or have 

different anti-herbivore chemical profiles to overperform their native 

counterparts (Wang et al., 2012). Both modes may present with the invasive 

of P. hillmanii. In the new living environment, P. hillmanii may synthesize 

a chemical profile different than its original ones in its native environment, 

which gives P. hillmanii the ability to better adapt to the new environment. 

And one of the chemical components would be one or more types of steroid 

saponins that can cause liver damage in livestock, and it may have a higher 

abundance compared to other natural ones. Therefore, this hypothesis is 

tested through subsequent metabolomic analysis of the various Panicum 

species collected. 

6.5 Metabolomic fingerprint of P. hillmanii suggests a biochemical 

advantage 

Different Panicum species contain different profiles of saponins or 

sapogenins in their plant tissues, with a certain level of inter- and intra-

species variation, which is not a particularly new finding (Munday, Wilkins, 

Miles, & Holland, 1993; Riet-Correa et al., 2009). However, the link 

between these profiles, and the toxic nature of individual species, is 
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something that has not been fully investigated. For example, P. coloratum 

contains diosgenin and yamogenin (Patamalai, Hejtmancik, Bridges, Hill, & 

Camp, 1990), whilst P. gilvum contains epismilagenin (Lancaster, 2000), 

and P. dichotomiflorum contains diosgenin and protodioscin (Miles, 

Wilkins, Munday, Holland, Smith, Lancaster, et al., 1992b; Sillman et al., 

2018). Equally, P. schinzii contains diosgenin and epismilagenin (Lancaster 

et al., 1991; Miles, Munday, Holland, Lancaster, & Wilkins, 1992a). As 

such, the primary saponin differs between species, and in many cases the 

steroidal saponin profiles of many Panicum species found responsible for 

the development of hepatogeneous photosensitisation are unknown (Table 

1.4).  

To determine the saponin and sapogenin profiles for the species of 

interest in this thesis, five Panicum spp. were processed for targeted and 

non-targeted UHPLC-QTOF-MS metabolite analysis. These results showed 

that the metabolomic profiles of the different Panicum species could be 

segregated into distinct clusters, based on their known genetic and 

taxonomic differences between species, by our previous analysis (Chapter 

4). The discovery of a species-specific metabolomic profile may allow us to 

use such different profiles for differentiating plants in the future, as an 

adjunctive method to taxonomic methods and barcoding, to help verify the 

genus of the collected plants. For example, species-specific metabolic 

profiles have been detected in highly diverse tree species and demonstrated 

their differential power in identify genotype populations niche (Gargallo‐

Garriga et al., 2020). Such different chemical profiles of plants from 

different species may also explain why only a limited number of Panicum 

species appear to be implicated in outbreaks of photosensitisation in 

previous case reports.  

My analysis identified that P. hillmanii showed a greater abundance of 

steroidal saponins than other Panicum species examined (Figure 5.3). 

Specifically, the most abundant steroidal saponin was identified to be 

protodioscin by comparing with the standards and METLIN database. a 

compound that has known hepatotoxic potential in sheep and goats, 

particularly after with ingestion of Panicum dichotomiflorum (Riet-Correa 

et al., 2009; Sillman et al., 2018). This finding may support a hypothesis 



Chapter 6 

 164 

that is the spread of this particular species, with its greater hepatotoxic 

potential, that has caused the relatively high number of cases of 

photosensitisation in the Riverina region. In addition, P. capillare, which is 

very similar to P. hillmanii in both morphological and genetic characters 

(Chen et al., 2021), but lacking high abundance of protodioscin, suggesting 

that this may be the differential factor between safe grazing of Panicum 

species where pastures are predominant for P. capillare, compared to unsafe 

pastures that show high dominance of P. hillmanii. The availability of an 

accurate and reliable DNA barcoding method to differentiate between these 

two grass species would allow this theory to be tested.  

6.6 Limitations and recommendations for future research 

The results presented in this thesis have several limitations that will 

hopefully be overcome and addressed by future research.  

There are few case reports of Panicum-related hepatogenous 

photosensitisation in livestock compared to other common diseases in 

animals that contain a full suite of aetiological, pathobiological and plant 

toxicological analysis. Commonly, published reports list one or more 

definite or suspected causative agents but without necessarily identifying the 

primary toxic constituent. Sometimes the causal species are not identified at 

all. In many cases, the specific plant species are not mentioned. The 

identification was not made by a specialist or perhaps even by reporting 

veterinarians based on their limited knowledge of plants. Therefore, even in 

the published case reports, we cannot exclude the potential of misidentified 

causative plants, so the conclusions and subsequent analyses may therefore 

be biased. Future investigations of plant-related animal diseases should 

consider sending the suspected plants to an experienced botanist for species 

identification. In addition, uncertain identification results may be obtained 

because of the possibility of rare or introduced species or the unsatisfactory 

condition of the submitted plant specimen, for example, a grass leaf without 

flowers or seeds parts. In conclusion, other supplementary plant 

identification methods in addition to traditional morphological 

identification, including molecular barcoding and metabolomic fingerprint 

profiles, should be considered in future research. 
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Another questionable point is that many plants identified in published 

reports as being causal to outbreaks of photosensitisation were only 

considered to be a causative agent based on their existence in the outbreak 

location or having been found in the gastrointestinal tract of the affected 

animal at the time of death, there was no conclusive evidence of its actual 

causative ability, or no subsequent experiments to verify their roles in the 

outbreak. For example, eight separate non-peer-reviewed Australian 

hepatogenous photosensitisation case reports identified C. echinatus (rough 

dog’s tail) as a putative causative agent in outbreaks in Victoria and 

Western Australia (Table 2). However, controlled feeding trials have been 

unable to confirm C. echinatus as causing hepatotoxic damage sufficient to 

cause secondary clinical photosensitivity (Lancaster, Jubb, & Pascoe, 2006) 

suggesting that they may not have been the primary causal agent. 

The low respondent number is the major limitation of the perception 

survey, especially within the livestock traders and producer groups. Using 

an indirect online method instead of a face-to-face interview, ask questions 

regarding a non-fatal disease which is not listed as a notifiable disease in 

Australia, and asking respondents their subjective perception without the 

requirement of record-based evidence, all may lead to highly subjective 

opinion results, and because there is not a large enough number of responses 

to correct extreme opinions, this may result in biased opinions being 

wrongly amplified. The collected data is certainly biased in respondents 

who have experienced photosensitisation outbreaks previous may be more 

likely to respond to the survey, and many of their responses would be 

further biased by their knowledge gaps and personal belief. However, the 

results are still a valuable reflection of the current perspective regarding the 

photosensitisation-related issues in livestock in Australia, which could guide 

further research and alert the industry and the community regarding this 

issue. In the future, if other surveys are to be executed, performing face-to-

face questionnaires or thorough interviews with representative veterinarians 

to gather their perspectives, contacting local livestock producers and traders 

through relevant associations or organisations to conduct one-to-one 

interviews, and collecting data from regional abattoir records to determine 

the estimated number of signs of livestock-related lesions (skin and liver) in 
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each region, which may provide a more comprehensive, reliable and 

quantitative assessment. 

The results of the barcoding analysis showed good discrimination 

between most of the Panicum plants tested, which might be utilised for 

comprehensive surveillance studies of Panicum spp., or as the foundation 

for the development of more rapid in-field diagnostic tools, including loop-

mediated isothermal amplification (LAMP). However, further study should 

consider establishing a sequence library of all existing Panicum species in 

Australia to make sure: 1) no other Panicum species share the same 

genotype with the species sequenced in this research; 2) within species 

genetic diversity is further explored. So it will be helpful to test other DNA 

barcodes. Or other molecular tools, including whole or partial genome 

sequencing, short tandem repeats (STR) (L. Zhu et al., 2021), or some 

combination of the above, maybe warranted to be tested as additional tools 

for further identification. 

The greatest difficulty in the metabolite analysis of the five Panicum 

species was the lack of relevant saponin/sapogenin standards and the lack of 

sufficient saponins parameters in the METLIN database used to identify the 

different components isolated. Therefore, in future analyses, it may be 

necessary to synthesise more saponin/sapogenin standards from relevant 

reports to carry out further targeted qualitative and quantitative analyses. In 

addition, many of the Panicum plants I tested are only highly suspected to 

be related to crystal-associated cholangiopathy but have not yet been 

verified for their definitive pathogenicity. Therefore, future 

phytotoxicological experiments are required to verify that the plant’s 

saponin component or related metabolites exhibit in vitro and in vivo toxic 

effects, including but not limited to MTT assay to assess the cell metabolic 

activity (van Meerloo, Kaspers, and Cloos, 2011), comet assay to evaluate 

the DNA strain damage (Choy, Benzie, and Cho, 2005), TUNEL (Terminal 

dUTP Nick End-Labeling) assay to evaluate cell apoptosis (Loo, 2011), 

Flow cytometric analyses to assess the cell cycle kinetics in addition to 

proportions of apoptotic cells (Mattanovich and Borth, 2006), fluorescent 

microscopy to examine intracellular localisation of isolated saponin and/or 

sapogenins crystals in culture (Zhang, Sriratana, Minamikawa, and Nagley, 

1998), and zebrafish as experimental animals to verify whether these 
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components can be absorbed and metabolised by living animals to cause 

corresponding liver damage (Chahardehi, Arsad, and Lim. 2020). 

6.7 Concluding remarks 

The findings of this PhD project demonstrate that photosensitisation 

outbreak pattern exists in different livestock species associated with specific 

plants, plant distribution and climate conditions worldwide. Multiple 

stakeholders across the livestock chain perceive photosensitisation as a 

common issue with a significant economic impact on the livestock industry 

in Australia. Panicum spp., especially P. hillmanii, possess specific 

saponins/sapogenins profiles with higher abundances are likely the leading 

putative cause of hepatogenous photosensitisation in livestock in panic grass 

dominant regions. Accurate species identification with the assistance of 

using the established DNA barcoding technique would greatly benefit 

further research regarding the better understanding of the distribution of 

Panicum species in Australia and their potential hepatotoxic potential.
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Appendix II Survey: Participants Information Sheet 
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Appendix III Survey questions to veterinarians 
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Appendix IV Survey questions to livestock traders 
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Appendix V Survey questions to livestock farmers 
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Appendix VI: Respondent’s answer to the open-ended questions in the 
survey. 

 

Question: Could you please share your comments, questions or 

concerns about incidence and effects of photosensitisation in 

the livestock industry? 

• There are occasional intense outbreaks in northeast Victoria, causing 

deaths or severe illness and liver disease and it can be hard to 

identify the causative plant. 

• Usually young sheep grazing hairy panic. I believe incidence of 

photosensitisation reported by vets would be an under-representation 

as many producers can recognise it and thus will not call for 

diagnostics or advice.  

• From a dairy point of view - the potential of FE to cause significant 

economic and stress is massive; lack of depot applications of ZnO 

because there is not the economic impetus for companies to gain 

rego in Australia vs NZ is very frustrating and disappointing. 

• It would be good to identify some of the agents associated with 

primary photosensitisation occurring on brassicas and biserrula, so 

we learn how to manage the grazing of these otherwise valuable feed 

crops. Although there is no deaths associated with this condition 

directly I suspect it does have some impact on production and there 

is the animal welfare concerns. 

• Sporadic reports but likely more common than reported 

• I have mainly seen photo in Holstein dairy cattle and sheep. Dairy 

cattle are usually noticed early and treated leading to a better result. 

Sheep are often not found until they have a severe welfare issue 

where it might not be possible to help much. I don't know if increase 

awareness in sheep producers will help them to be more observant 

when there are high risk periods will help because they may not have 

the facilities to shade the sheep adequately or the hay on hand to 

feed them.  

• Can be managed through grazing management, e.g. not grazing 

monocultures.  I worry about the subclinical effects on weight gains 

etc - needs to be recognised and managed. 
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• There is the potential for large economic losses for example after 

summer rain when the hairy panic shoots whole paddocks of sheep 

can be affected. 

• Mostly concerning as the condition is a common cause of animal 

welfare issues especially in dairy herds (Friesian/Holsteins mostly 

affected, painful, repetitive insult, increases the chance for further 

injuries during transport to abattoirs). 

• It is both an economic issue and an animal welfare issue from my 

perspective as a veterinarian. 

• Plant poisonings cause liver damage when feed is short in general 

• Difficult to identify cause, by time animals show signs the cause is 

usually gone. 

• Outbreaks are probably less common than individual cases but are 

devastating when they occur. 

• I live in an area affected on a semi-regular basis with facial eczema. 

Most good farmers now monitor spore counts on sentinel farms and 

add zinc to feed as the need arises. 

• This need to be addressed. 

• Usually seen in isolated cases in my experience (dairy practice, 

Goulburn valley). Hide damage can be severe, also welfare impact, 

long term morbidity (long disease course - sloughing and infection 

of skin etc), very painful condition in early stages. 

• When working in Western Victoria I used to see it commonly but 

since working in Southern WA and Southern SA I have not seen as 

much.  I definitely remember more cases after a few sunny days, 

especially in early spring when feed was lush and chlorophyll 

content of plants would have been high.  It could present in a variety 

of manifestations which can be hard to discern at times, e.g. just 

inflamed white skin vs muzzle scabs. 

• I have only seen a few cases, but more commonly will have photos 

text through to my phone. I am unsure of its prevalence Australia 

wide. We can go ages without seeing it here, then there will be a few 

cases close together. 

• This survey was completed with the specific consideration of horses 

(only species that I treat). It is likely that the prevalence/incidence of 



Appendix 

 228 

photosensitisation and the clinical and economic implications are 

greater in other grazing systems (cattle, sheep) than in horses. 

• Personally I seen large scale outbreaks in dairy herds which in some 

cases have been so severe they have resulted in culling. As treatment 

options are limited and often diagnosis is delayed, and the causative 

agent is difficult to determine I believe this can be a significant issue 

for farmers. It is also difficult to quantify the ongoing effects of sub-

optimal liver function on animal health and productivity. 

• I think it is under reported and to get a better idea of the extent of the 

problem producers need to be more aware of it and report it. 

• Mostly i see it due to Lantana - introducing unaccustomed stock is a 

high risk. 

• Most of the time we see mild-moderate disease where self-recovery 

occurs without too much concern to the animal (welfare/production 

or other). very bad cases are sometimes a cause for euthanasia, but 

this is extremely rare in my experience. 

• Photosensitization sets production animals up for a lifetime of 

associated health problems , death or increases the risk of being 

culled. 

• Welfare implications of affected animals; probably underreported 

especially in sheep and extensive farming areas. 

• By minimising the fluke problem, the incidences of photosensitivity 

lessen. 

• More diagnosis required- private vets should be encouraged to see 

sheep and conduct appropriate diagnostic investigations. 

• I suspect that there are more cases, and sporadic cases in a mob , 

occur than those that are notified to a veterinarian.  Livestock 

producers seem to be aware of it. Some years seem to see more 

cases, I think is related to seasonal conditions and crop or pasture 

growth, or whether plants are diseased or attacked by insects.  

• Owners need to know cause and effect.  

• I think it requires more research. I think producers often deal with 

the problem themselves. I think there is a lack of shelter provided for 

sheep. 

 


