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Pathogen free seeds are critical to produce healthy plants for forest regeneration. However, recent 
studies have shown that tree seed carry a high diversity of fungi including known and unknown 
pathogens. There is a need to control seed-borne fungi to minimize the introduction of fungal 
pathogens, during plant propagation in reforestation nurseries. Thermotherapy treatments, such as 
heat and UVC light, are recognised as environmentally safe methods for controlling fungal 
infestation, but effects of such methods on tree seed fungi are poorly understood. Moreover, 
inadequate dose and duration of these methods can also weaken the viability of the seed by 
negatively affecting germination. 

This study assessed the infection levels and diversity of all and potentially pathogenic fungi (with a 
focus on known seed-borne pathogen Sphaeropsis sapinea) in five seed lots of Lodgepole pine 
(Pinus contorta; PC14 and PC15), Scots pine (Pinus sylvestris; PS18 and PS20) and Douglas-fir 
(Pseudotsuga menziesii; PM14) before and after the heat treatment at 55 °C for 8 h and treatments 
with the UVC light one or three times. Fungi were cultured from 300 seeds per seed lot on nutrient 
media and identified using Sanger sequencing. Seed germination was also assessed from 
approximately 300 seeds per seed lot, before and after the treatments were used. 

Almost all tested seeds yielded fungi. The high infection level and diversity of fungi, including plant 
pathogens, was showed for control seed lots of Lodgepole pine and Scots pine. Control Douglas-fir 
seed lot were highly infected, but fungal diversity was low. High infection level by S. sapinea was 
detected in the control PS18 seed lot. The fungus was also detected in the control PC14 seed lot, but 
in much lower frequency. The heat treatment reduced fungal infection levels and diversity to varying 
degrees in Lodgepole pine and Scots pine seeds. This was the case for all fungi, potentially 
pathogenic fungi and S. sapinea. However, the reduction did not occur in Douglas-fir seed lot. 
Unlike the heat treatment, UVC treatments did not reduce the fungal infection of any tree species. 
Considering only potentially pathogenic fungi, UVC reduced the infection in PS18 and PM14 seed 
lots, however the infection levels were increased in PC15 and PS20 seed lots. Occurrence of S. 
sapinea in PS18 seed lot, as well as diversity of all and potentially pathogenic fungi in all seed lots, 
compare to control treatment, was lower after the UVC treatments. Finally, none of the treatments 
had a significant negative effect on the germination of the tested seeds. 

The study demonstrates that tested thermotherapy treatments can be used to reduce or eliminate 
fungi in conifer seeds without adversely effecting germination, and that the heat treatment at 55 °C 
for 8 h gives better results than UVC treatments. However, more research is needed to determine 
the most appropriate dose and duration, depending on the tree species.  
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1.1 Artificial regeneration of conifer forest stands using 
seeds 

The progressive historical development of silviculture has been closely related to 

high demand for timber which has been acquired by large-scale afforestation using 

artificial regeneration (Chudy & Cubbage, 2020). In 2020, 1,391,200,000 ha of 

forest area were regenerated in Sweden (Global Forest Resources Assessment; 

FRA, 2020). For artificial forest regeneration to be successful, several important 

factors must be considered, among which are: tree species traits and requirements, 

site characteristics, functions of the stand and estimated costs (Barnett & Baker, 

1991; Dey et al., 2008). There are many advantages associated with artificial 

regeneration in comparison with natural regeneration, such as rapid plant growth 

which reduces the risk of vegetative competition, better control of the desired 

species composition, predictable production and high management flexibility. 

Artificial regeneration can be accomplished by planting seedlings (the most 

common method) or by sowing seeds directly into the soil (Huss, 2004). In Sweden, 

seedling planting accounts for 84% of the regeneration area (Svensson, 2019). It is 

estimated that planting usually results in 70-80% seedling survival in the first three 

years (Von Sydow, 1997; Sikström et al., 2020). The success of seedling survival 

depends on site, tree species, pest protection and mechanical site preparation 

method (Holmström et al., 2019; Sikström et al., 2020). Using seedlings has 

advantages such as rapid growth and establishment, and the avoidance of seed 

predators (Allen et al., 2001). However, this method is expensive, which is related 

to the high production costs as well as the need for manual planting, which is 

currently difficult to mechanise (Domevscik, 2023). An alternative to seedlings is 

1. Introduction 
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direct seed sowing which accounts for 6% of the regeneration area in Sweden 

(Svensson, 2019). Seeding reduces costs and simplifies mechanisation (Löf et al., 

2004), as well as reduces the risk of transferring plant diseases from nurseries to 

the field (Sánchez et al., 2005). This method has been, however, limited due to the 

low establishment success, partly driven by high seed predation and the 

vulnerability of young seedlings (Leverkus et al., 2021), and limited availability of 

seeds from orchards (Grossnickle & Ivetić, 2017). This has contributed to greater 

attention to seed processing to increase seed survival and production (Domevscik 

et al., 2023). 

 

The method of cone collection is determined largely by the species (i.e., size of 

cones), quantity of cones (Pigott, 2018), terrain and spacing between trees 

(Fennessy, 2002). Some of the methods of cone collection are mechanical shaking, 

hand picking or net retrieval system. Also, the period for collecting conifer cones 

depends, among other things, on the tree species, however, to obtain the desired 

quality, all cones can only be harvested when they are fully ripe (Miller & Schaefer, 

2015). For example, Lodgepole pine (Pinus contorta Dougl. ex Loud.) cones are 

collected in the monthly range: early September - mid November, Scots pine (Pinus 

sylvestris L.) cones: mid-November - early April and Douglas-fir (Pseudotsuga 

menziesii (Mirb.) Franco) cones: end August - early October (Fennessy, 2002). 

Different conifers have different ages of first good seed crop, which for Lodgepole 

pine and Scots pine is between 15-20 years and Douglas-fir later, as 30-35 years. 

Seeds between different conifers differ, among other things, in size and colour. 

Douglas-fir seeds with light brown colour (Farjon, 2010) reach lengths of 4-7mm, 

whereas brown seeds of Lodgepole pine and Scots pine have very similar, smaller, 

lengths of 2-5mm and 3-5mm, respectively (Kolotelo, 1997; Farinha et al., 2018). 

However, the colour of seeds of the same species varies, for example, depending 

on the region in which they were collected. An example is the seeds of Scots pine, 

which, depending on where they were collected, can range in colour from light 

brown to black (Udval & Batkhuu, 2013). After the cone collection, the cones and 

later seeds are then processed and stored under specific conditions. 
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Seed processing is based on multiple operations (Fig. 1) such as kiln drying with a 

temperature ranging between 32⁠–60 °C for most conifers (Aldous, 1972). However, 

drying temperature depends on initial cone moisture content and sensitivity of the 

tree species to heat. With some exceptions, such as Eastern white pine (Pinus 

strobus L.), cones must be dried to about 10% moisture content for complete 

opening (Belcher & Lowman, 1982). The next steps include cone tumbling, 

dewinging (done mechanically either dry or wet), seed cleaning which includes the 

removal of small debris and empty seeds, and conditioning, where seed quality can 

be improved (Bonner, 1991). Once the seeds are processed, they are subjected to 

germination tests, which are the most reliable tests for assessing the quality and 

viability of the seeds (Tanaka, 1984). High quality seeds are then stored, which is 

important to offset years of low conifer production (Bonner, 1991). Seed storage 

conditions vary depending on their sensitivity to environmental conditions, tree 

species and how long the seeds need to be stored before planting. Conifer seed, and 

most commonly pines, are considered “orthodox”, so their viability can be 

maintained for many years when stored at low moisture and temperature (Roberts, 

1973). Seed moisture content is the most important factor in seed storage. A 

moisture content of 5–10% is recommended for successful storage, but for short-

term storage (≤ 3 years), higher moisture levels may be acceptable (Bonner, 1987). 

There is a relationship of moisture content to temperature: at a given moisture 

content, the higher the storage temperature, the faster the deterioration of seed 

viability: the lower the storage temperature, the greater the tolerance to high 

moisture content and the better the retention of viability (Barton, 1961). The 

standard temperature for short-term storage is 2 °C and for longer periods, -18 °C 

is best (Barnett & McLemore, 1970). When seeds are stored, it is also necessary to 

consider seed longevity, which is seed viability after dry storage describing the total 

seed life span (Rajjou & Debeaujon, 2008). Seeds can be classified into different 

biological categories according to their life span which varies with the tree species. 

The seeds of most conifers are classified as microbiotic, which means that their life 

span is less than three years (Tanaka, 1984). However, under regulated storage 

conditions, for example subfreezing, the longevity of many tree seeds can be 

extended. The viability of naturally dispersed seeds of Norway spruce (Picea abies 
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L. H. Karst.), Scots pine and Douglas-fir can be extended only into the first growing 

season, and sometimes into the second growing season (Tanaka, 1984; Klein, 

2003). To enhance germination and seedling growth, several treatments may be 

carried out, including stratification. During this process, the seeds are most often 

stored in moist cold conditions, which invokes changes in seed physiology, 

breaking its dormancy (Udayangani, 2020). In most conifers, the dormancy is 

shallow which makes them more challenging to germinate (Gosling, 2007). 

 
Figure 1 Flow chart of typical extraction and processing of conifer seeds. 

 

Seed orchards are the link between tree breeding and forest regeneration, producing 

and supplying seeds of the highest quality (Almqvist & Jansson, 2015). Local seed 

orchards are the main suppliers of conifer seeds to forest nurseries in Sweden 

(Lindgren, 2007). About 90% of the Scots pine seeds used in plant production, as 

well as 60% of all planted plants in Sweden, originate from Swedish seed orchards 

(Prescher, 2007; Swedish Forestry Agency, 2013). The size of the area of seed 

orchards of two most dominant coniferous tree species in Sweden is 835 ha (Krakau 

et al., 2013) and 379 ha (Jansson et al., 2013) for Scots pine and Norway spruce, 
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respectively. The overall seed production in Sweden in 2019 was estimated on 

11,000 kg of Norway spruce and 4,000 kg of Scots pine seeds (NordGen, 2021). 

Biological seed production is often expressed per unit area, i.e., seeds/m2. As for 

seed orchards in general, the average of at least 120–150 seeds/m2 or 10 kg/hectare 

of Scots pine seeds can be produced (Prescher et al., 2005).  

 

The demand for propagation material results in frequent trade of seeds between 

countries. Sweden exports around two tonnes of seeds annually (Statistics Sweden, 

2021b). In turn, the Swedish Forest Agency (2021a) estimated that between 2017 

and 2020, the average annual seed trade into Sweden was 981 kg, where the largest 

proportion belonged to Norway spruce with a yearly average of around 844 kg, 

followed by Scots pine with a yearly average of around 96 kg. Most seeds were 

traded from Belarus (65%), followed by Lithuania (12%) and Poland (10%). Seed 

trade to Sweden may partly originate from Swedish cones that have been sent 

abroad for seed extraction (Claes Uggla, The Swedish Forest Agency, 2021). At the 

same time, the lack of phytosanitary regulation of the international seed trade 

(Roques, 2010) increases the risk of the spread of potential fungal pathogens that 

could cause huge economic, as well as environmental losses (Cleary et al., 2019; 

Franic et al., 2019). 

1.2 Fungi associated with conifer seeds and their risk 
Fungi belong to one of the most diverse groups of living organisms, with the 

estimated number of 1.5–5 million species (Choi & Kim, 2017). They have been 

detected in all climatic zones of the Earth and through the functions they perform, 

they have a great impact on the ecosystem processes (Osono, 2011; Tedersoo et al., 

2014). Some fungi can be saprotrophic, i.e., they decompose organic matter and 

thus ensure the circulation of nutrients in nature (Hill, 2021). Many fungi form 

symbiotic relationships with other living organisms, including mutualism and 

parasitism. In mutualistic relationships both organisms benefit from the 

relationship. Two common mutualistic relationships involving fungi are 

mycorrhiza and lichens. In a parasitic relationship, the parasite benefits by taking 
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the nutrients from the host which in turn gets harmed (Purin & Rillig, 2008). Among 

parasites are pathogens causing a variety of diseases in forest trees (Hart, 1990). 

Some pathogens may belong to endophytes; they are latent and may change the 

character of their relationship with the host during the inhabiting time, for example, 

during stressful conditions for the host (Bacon et al., 2008). Endophytes are 

organisms (e.g., bacteria or fungi), which grow inside the plant tissue showing no 

visible signs of presence (Mengistu, 2020). Some of the pathogens are seed-borne 

and can be found in all conifer seed components: seed coat, megagametophyte and 

embryo (Cordell et al., 1989; Kolotelo, 1997). Seed-borne pathogens can either kill 

the seed, or can be seed-transmitted, i.e., it will not kill the seed, but can grow into 

the seedling and possibly cause damage later or non-seed-transmitted, i.e., not 

transmitted to the seedling, but to the environment from where they can infect the 

seedling (ISPM 38, 2017). Not many fungi are known to be transmitted from seeds 

to seedlings, which may be because it is a rare occurrence or because knowledge 

about it is still limited. More studies on seed-transmitted fungi are important 

because vertically transmitted fungi have the highest chances of establishing in the 

environment and therefore may pose a phytosanitary risk (Burgess & Wingfield, 

2002). The risk is also not negligible for non-seed-transmitted fungi. 

 
Pathogenic fungi can significantly affect the quality and quantity of conifer seeds 

(Mancini & Romanazzi, 2014) and seedling development (Fraedrich & Miller, 

1995). Pathogens account for a high proportion of the detected fungi in seed, with 

some studies indicating that 20–30% of seed-associated fungi are potential plant 

pathogens (Cleary et al., 2019; Franic et al., 2019). According to Vujanović et al. 

(2000), up to six different pathogenic fungi can be detected in Scots pine seeds, 

which can cause varying degrees of cone and seed infection. One example of a seed-

borne pathogen is Caloscypha fulgens (Pers.) Boud, which first penetrates the seed 

of Norway spruce, and kills it even before germination (Sutherland & Van Eerden, 

1980; Prochazkova, 2009). This pathogen was first reported in 2002 in Germany 

on imported conifer seeds from North America (Schröder et al., 2002). According 

to Sutherland et al. (1987a), the fungus may lead to losses in conifer seedbeds of 

more than 90%. It causes a seed rot in a few conifers (Woods et al., 1982) but has 

negligible impact on other developmental stages of trees. Another common 
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pathogen of conifer seeds is Sirococcus conigenus (Pers.) P. F. Cannon & Minter 

(1983). The pathogen was first reported in Norway in Noble fir (Abies procera 

Rehder) seed lot where 31% of seeds were infected (Talgø et al., 2010). This fungus 

causes shoot blight and can affect several other conifer species in nurseries and in 

young trees in the field, where the seed-borne inoculum may kill germinating seeds 

and seedlings (Talgø et al., 2010). Fungi residing inside the seed might be more 

harmful than those on the surface, such as Fusarium spp., often residing inside the 

seeds of, e.g., pine and Douglas-fir trees (Papavizas, 1985; Graham & Linderman, 

1983). A serious problem for seedling production is the seed-borne pathogen 

Fusarium circinatum Nirenberg & O'Donnell, the causal agent of pine pitch canker 

(Mitchell et al., 2003). This pathogen can cause severe pre- and post-emergence 

damping off, and lead to dieback and mortality of older pine trees in plantations and 

forests (Viljoen, 1994; Wingfield, 2008). Its presence has been detected, among 

others, on the seeds of Douglas-fir; the only conifer besides genus Pinus known to 

be susceptible to this pathogen (EFSA, 2010; Gordon et al., 2006). The spread of 

this fungus is closely correlated with the local and global transport of plant material, 

including seeds, as these were the source of its arrival in Europe in the 19th and 

20th centuries. The same situation applies to Sphaeropsis sapinea (Fries) Dyko & 

B. Sutton, one of the most threatening seed-borne pathogens (Fabre et al., 2011). 

 

Sphaeropsis sapinea (tip blight pathogen) like many other ascomycete fungi having 

plastic lifecycles, can exist in an endophytic stage causing symptomless infections 

for years. However, symptoms of infection with this pathogen may appear when 

the tree becomes stressed, e.g., by drought, and thereafter tree vitality and therefore 

host susceptibility is lowered and the fungus can become opportunistic, causing 

lethal attack (Stanosz et al., 2001; Slippers & Wingfield, 2007). This pathogenic 

species is currently emerging as a serious problem of pine species in northern 

Europe (Brodde et al. 2019). The pathogen is associated with cones and seeds 

(Munck & Stanosz 2010), and frequently forms pycnidia (Peterson, 1977) on more 

than 80% of cones (Nicholls & Ostry, 1990). In the southern Cape Province of 

South Africa, it was estimated that between 1923 and 1983 there were 11 outbreaks 

of S. sapinea induced dieback of Maritime pine (Pinus pinaster Aiton.) and 25 of 



19 

Monterey pine (Pinus radiata D. Don; Smith et al., 2002). High levels of pathogen 

infection were also observed in seed orchards of Corsican pine in France, where 

57% of seeds were infected (Decourcelle et al., 2015). Although the fungus is 

known to be seed-borne, it has not yet been confirmed that it can be transmitted 

from seeds to seedlings directly, but it seems that trees acquire the fungus from the 

environment (Slippers & Wingfield, 2007; Stanosz et al., 2007; Bihon et al., 2011). 

Infected trees typically display symptoms such as yellowing of needles, branch 

dieback and cankers on the main stem and branches (Kaya et al., 2014). 

Unfortunately, all seed-borne pathogens, including S. sapinea, are still under-

researched. There is a growing need to better understand the biology of seed borne 

fungi (including S. sapinea) to introduce the necessary phytosanitary treatments, to 

ensure healthy seeds for forest regeneration. 

1.3 Heat and UVC light as treatments for the 
elimination of fungi in plants 

Several types of treatments to control fungi in plants have been studied. Among 

these treatments are chemical and non-chemical methods. Chemical methods 

involve the use of pesticides (e.g., fungicides, nematicides, insecticides) Sinclair, 

1993). In the past, fungicides were most used to control fungi on plants and this 

method is still often considered the most effective. However, chemical methods are 

not always environmentally safe and with the new Plant Health laws introduced by 

the EU in 2019 (European Commission, 2019), traditional chemical methods are 

increasingly being replaced by non-chemical methods, such as treatments with 

biopesticides and physical treatments (Martin-Garcia et al., 2019). Biopesticides 

include plant extracts and biocontrol agents, where natural antimicrobial 

compounds and numerous antagonistic microorganisms are used (Mancini & 

Romanazzi, 2014). Physical treatments, also known as thermotherapy, use heat 

energy to kill or inactivate pathogens without affecting plant viability (Baker, 

1972). Such methods include treatment by hot water, hot air, moist hot air, solar 

heat, aerated steam, refrigeration and radiation (Agarwal & Sinclair, 2017). Among 
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these treatments, heat with hot air and UVC radiation have been used on many 

plants to control fungal diseases. 

 

Heat treatment can be used to directly kill seed-borne pathogens or retard their 

growth (Marquenie et al., 2002; Godefroid et al., 2017). Adapted ovens, large 

chambers or walk-in rooms are typically used for applying heat treatments 

(Grondeau et al., 1994) which can differ in temperature and duration. Heat is used 

against fungi residing outside of and inside the seed (Shi et al., 2016) and it affects 

fungus hyphae (i.e., the growing cells) as well as fungal spores (Van den Brule et 

al., 2020). It has been shown that heat treatment at 55 °C for 8, 9, 10 and 11 hours 

can eliminate potentially pathogenic S. sapinea and F. circinatum from Monterey 

pine seed coat, embryo and gametophyte, without adversely affecting seed 

germination (Iturritxa, 2011). In other studies, cereal seeds treated with heat at 50 

or 70 °C for up to 14 days eliminated the seed-borne pathogen Fusarium 

graminearum Schwabe, yet the degree of reduction varied with time and 

temperature (Clear et al., 2002) demonstrating that fungi have different preferences 

for time and higher/lower temperatures (Agrios, 1997). Another thermotherapy 

component is ultraviolet (UV) radiation; a natural component of sunlight which can 

be divided into UVA (315–390 nm), UVB (280–315 nm) and UVC (100–280 nm) 

comprised of energies between 3 to 124 eV (Diffey, 2002; Paul & Gwynn-Jones, 

2003). Among these, UVC light is mainly used to disinfect seed surfaces (El-

Gaouth & Wilson, 1995). As opposed to heat treatment which can penetrate the 

seed to the inside, UVC treatment acts only on the surface of the seed (Birmpa et 

al., 2013; Luckey, 1980). Because UV radiation can damage DNA, this method can 

drastically affect the life processes of microbes (including pathogens) (Luckey, 

1980). Sterilization by UVC light is widely used in medicine (Siddiqui et al., 2011), 

horticulture, food processing and agriculture (CleanLight, 2022). UVC light, for 

example, reduced root infecting fungi (e.g., Macrophomina phaseolina (Tassi) 

Goid, Rhizoctonia solani Kühn and Fusarium spp.) of groundnut (Arachis 

hypogaea L.) and mung bean (Vigna radiata (L.) Wilczek; Siddiqui et al., 2011; 

Neelamegam & Sutha, 2015) or cabbage seeds (Brown et al., 2001). However, the 

application of such treatments on seeds requires adjusting the length and intensity 
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of this treatments to reduce or eliminate fungi without adversely affecting seed 

germination.  

1.4 Research aims and hypotheses 
The main objective of this research was to determine the efficacy of heat and UVC 

treatments to remove fungi, especially potentially plant pathogenic fungi and S. 

sapinea, present in Scots pine, Lodgepole pine and Douglas-fir seeds and to assess 

the impact of the treatments on seed germination. 

 
In the present study, three hypotheses were formulated and tested: 

H1) Number of seeds per seed lot infected by all fungi, potentially pathogenic fungi 

and Sphaeropsis sapinea is lower for treated than for control seeds. 

H2) Occurrence-based diversity (i.e., taxon richness) of all fungi and potentially 

pathogenic fungi per seed lot is lower for treated than for control seeds. 

H3) Number of germinated seeds does not differ between treated and control seeds. 

 

The aim of this study was to collect information on seed-borne fungi in Swedish 

nurseries and how they can be effectively controlled by applying heat and UVC 

treatments. The results of this study will allow possible mitigation measures to 

lower the risk of introduction and spread of potentially harmful fungal pathogens 

via seed used in reforestation nurseries. 
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2.1 Study materials 
In this study the seeds of three tree species were used: Lodgepole pine, Scots pine 

and Douglas-fir. Seeds belonged to five different seed lots, which were obtained 

from the Svenska Skogsplantor. All seeds had previously been stored in optimal 

conditions. Detailed information on the study materials is provided in Table 1. 

 
Table 1 Source origin and collection date of seed lots of Pinus contorta, Pinus sylvestris 

and Pseudotsuga menziesii used in the study. In addition, information on the tests and 

treatments performed on individual seed lots is provided. 

Tree species Seed 
lot 

Origin Collection 
date 

Germination capacity test 
[%] 

Germination energy test 
[%] 

Treatment 
Heat at 

55 °C, 8 h 
UVC1 UVC3 

Pinus 
contorta 

PC14 Larslund, 
Sweden 

2014 X - - 

Pinus 
contorta 

PC15 Larslund, 
Sweden 

2015 X X X 

Pinus 
sylvestris 

PS18 Gotthardsberg, 
Sweden 

2018 X X X 

Pinus 
sylvestris 

PS20 Dal, 
Sweden 

2020 - X X 

Pseudotsuga 
menziesii 

PM14 La Luzette, 
France 

2014 X X X 

2. Materials and methods 
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2.2 Study methods 
In this study, seeds were subjected to a heat treatment at 55 °C for 8 h (later referred 

to as “heat treatment”) and two ultraviolet C (UVC) treatments: either once (UVC1) 

or three times (UVC3). Then, fungal assessment and two germination tests (i.e., 

germination capacity and germination energy test) were done for all control and 

treated seeds. Finally, statistical analyses were performed on the data obtained. 

2.2.1 Seed treatments 
 
2.2.1.1 Heat treatment at 55 °C for 8 h 
 
A heat treatment at 55 °C for 8 h was carried out for all seed lots, 600 seeds each 

(e.g., 300 for the fungal assessment and the same number for germination tests), 

except for one Scots pine seed lot, i.e., PS20 (Table 1). Seeds were placed to sterile 

glass Petri dishes (Fig. 2) and heat treatment was carried out in a specially designed 

and dedicated oven. After the treatment, seed samples were sent for germination 

analysis to the Seed Unit in Svenska Skogsplantor in Lagan, which is the biggest 

and market-leading supplier of seeds, plants and regeneration services for Swedish 

forests (https://www.skogsplantor.se/). Fungal assessments were performed on the 

remaining seeds, approximately 300 per seed lot, in the laboratory. 

 



24 

 
Figure 2 Seeds after heat treatment at 55 °C for 8 hours in sterile glass Petri dishes and 

insulated with tape. 

 

2.2.1.2 UVC radiation treatments  
 
Two UVC radiation treatments were carried out one time (i.e., UVC1) or three 

times (i.e., UVC3) for each seed lot except the Lodgepole pine seed lot PC14 (Table 

1). For each treatment, 0.1 kg seeds of each seed lot were used. The seeds were 

placed on an aluminium tray which was washed with 99.5% alcohol between seed 

lots. Each seed lot was UVC-treated either once (UVC1) or three times (UVC3) 

using CleanLight machine (Fig. 3). Germination analyses were performed by the 

Seed Unit in Svenska Skogsplantor in Lagan. Fungal assessments were performed 

on the remaining seeds, approximately 300 per seed lot, in the laboratory. 
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Figure 3 CleanLight machine used to carry out UVC treatments. 

2.2.2 Fungal assessment 
Fungal assessment was done for all control and treated seeds; in total 300 seeds per 

seed lot and per treatment. Seed fungi were grown on nutrient media—2% Malt 

Extract Agar (MEA, 20g/L, Duchefa Biochemie, Haarlem, The Netherlands; WA, 

Agar bacteriological, 15 g/L; VWR Chemicals, Solon, Ohio, USA and distilled 

water, 1000ml). This type of medium was chosen because of its effective use in 

earlier studies to isolate the pathogen S. sapinea in Pinus sp. seeds (Smith et al., 

2002). The media were sterilised in an autoclave at 121 °C for 15 minutes and 

supplemented with 200 mg/L-1 chloramphenicol to prevent the growth of bacteria 

(Smith et al., 1996). All seeds were placed in 9 cm diameter Petri dishes, five seeds 

on each plate and stored in the laboratory room in boxes. Then, the isolation of pure 

fungal cultures and grouping into morphotypes was done. Plates were checked for 

occurring fungi, depending on the growth rate, daily to every three days, for 21 days 

in total. Fungi growing out of seeds on 9 cm Petri dishes were first grouped into 

morphotypes per Petri dish and a representative isolate of a given morphotype was 

transferred on a small Petri dish with 2% MEA. If necessary, fungal isolates were 
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subcultured again to obtain pure cultures. Pure fungal cultures were grouped 

according to macro-morphological characteristics such as colour, texture, form, 

margin (i.e., the appearance of their edge) and the elevation (Microbiology, 2014). 

 

2.2.2.1 DNA extraction 
 

One representative culture of each morphotype was chosen for DNA extraction. 

Fungal mycelia were scraped off the nutrient media and placed in 2 ml centrifuge 

tubes with glass beads. Tubes were placed in liquid nitrogen for a few seconds and 

homogenized using a MM200 Retsch ball mill (Retsch GmbH, KG, Haan, 

Germany). After homogenization DNA was extracted from fungal tissues using the 

E.Z.N.A.® SP Plant DNA Kit (Omega Bio-Tek, Norcross, Georgia, USA), 

following the manufacturer’s protocol for dry samples. This kit accurately isolates 

high-quality total cellular DNA from a variety of plant species and tissues (Zhu et 

al., 2006). 

 

2.2.2.2 Amplification of rDNA Internal Transcribed Spacer region and 
Sanger sequencing 
 
Nuclear Ribosomal Internal Transcribed Spacer (ITS) region which is a 

conservative region used for fungal identification (Schoch et al., 2012) was 

amplified in Polymerase Chain Reaction (PCR). Prior to PCR, DNA quantity and 

quality was measured using a DS-11 UV-Vis Spectrophotometer (DeNovix) and 

DNA was diluted by mixing 10 μl of extracted DNA and 90 μl of water therefore 

the dilution was 1:10. This process improves amplification of the marker gene by 

reducing chimeric read formation and diluting inhibitors of the PCR (Castle et al., 

2018). Subsequently, ITS region was amplified in the volume of 25 μl, including 2 

μl of DNA, 8.5 μl of ddH20 12.5 μl of DreamTaqPCR Master Mix (2X), ITS1 

(forward primer sequence) and ITS4 (reverse primer sequence) primers in the 

quantity of 1 μl each (Tedersoo et al. 2014). PCRs were carried out using Eppendorf 

Mastercycler following the conditions: 1 cycle of initial denaturation for 2 min at 

95 °C, 35 cycles of denaturation for 1 min at 95 °C, 35 cycles of annealing for 45 s 

at 55 °C, 35 cycles of extension for 1 min 30 s at 72 °C, and 1 cycle of strand 
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completion for 5 min at 72 °C. To confirm the presence of amplified DNA in a PCR 

sample electrophoresis was used. PCR products were sent to Macrogen 

(Amsterdam, Netherlands) for purification and sequencing using chain termination 

method (i.e., Sanger sequencing) with the same primers that were used in PCRs. 

 
2.2.2.3 Sequence analysis and identification 
 
In order to trim the low-quality ends and to align forward and reverse DNA 

sequences into consensus sequences the Bioedit program (Hall, 1999) was used. 

The Basic Local Alignment Search Tool (BLAST) was used for comparing 

obtained sequences with sequences in The National Centre for Biotechnology 

Information (NCBI) database (Geer et al., 2010). Uncultured/environmental sample 

sequences were excluded to identify the organism more accurately, i.e., without 

considering possible environmental contamination that may have contaminated the 

desired cultures (Weir, 2014). In addition, sequences from type material were 

considered to ensure high level of confidence in the taxonomic identification. This 

approach is important when working with cultured fungi, where the type material 

is easily available to the research community from the culture collection (Federhen, 

2015). Sequence assignment was based on E-value, which is a measure of likeliness 

that sequence similarity is not by random chance (Reed, 2022). Fungal sequences 

were assigned to species if it showed less than 2% divergence from the reference 

sequence. Subsequently, when the similarity between the fungal and reference 

sequence was 90–98%, the sequence was assigned to a genus, and when the 

similarity was below 90% the sequence was assigned to a family. If a blasted 

sequence was matched to multiple taxa with the same similarity rank, the 

assignment was ranked down from the species to the next taxonomic level (i.e., 

genus, family). Assigned taxon names were checked against Mycobank (Crous et 

al., 2004) to ensure the most recent and accurate names were used. Finally, potential 

pathogenicity was assigned to the identified fungal taxa using FUNGuild, which is 

a tool for parsing fungal community datasets into ecological guilds based on their 

taxonomic assignments (Nguyen et al., 2016). In the case when information was 

not available on FUNGuild, other scientific studies available at Google Scholar 

were used to confirm potential pathogenicity of identified fungi. 
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2.2.3 Germination assessment 
A seed germination assessment was done by performing germination capacity test 

and germination energy test. Germination capacity is defined as the percentage by 

number of seeds that can complete germination under optimal conditions (after 

around three weeks of incubation; Domin et al., 2020), while germination energy 

gives us the percentage by number of fast-germinating seeds in a given sample 

which germinate within a definite period such as 7-14 days under optimum or stated 

condition (Willan, 1987). The analysis was carried out on control and treated seeds 

(Table 1), approximately 300 seeds per seed lot. Seeds of each sample (where 

samples indicate seed lots, n = five) were placed on moistened filter paper and 

covered with plastic caps (Fig. 4). The samples were assessed after 7 and 14 days 

for Scots pine seeds and on days 7, 10, 14 and 21 for Lodgepole pine seeds. Seeds 

of Douglas-fir were assessed at 7, 14 and 21 days. During the assessment, when 

radicle, i.e., embryonic root of a plant and the first part of a seedling to emerge from 

the seed during germination (Chang & Johar, 2022), was longer than 1.5 times the 

length of the seed, seed was removed. 

 

 
Figure 4 Seed samples placed on the filter paper and covered with plastic caps. 
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2.2.4 Statistical analysis of data 
 
Statistical tests were conducted in R (R Core Team, 2018). Statistical tests were 

considered significant at P < 0.05. 

 

The differences in response variables between treatment levels (categorical variable 

with 4 levels: control, heat, UVC1 and UVC3) were tested. The seed infection level 

(i.e., number of seeds carrying fungi in a sample of 300 seeds), occurrence-based 

diversity (i.e., number of fungal morphotypes or species in a sample of 300 seeds) 

and germination (i.e., germination energy and capacity) were assessed per seed lot 

and across treatments. The seed infection level was measured for i) all fungi, ii) 

potentially pathogenic fungi and iii) Sphaeropsis sapinea. Occurrence based 

diversity was measured as the number of morphotypes and species and was assessed 

for i) all fungi and ii) potentially pathogenic fungi. A Normality Test was performed 

to check whether the collected data were distributed normally, which gave 

confidence that the data met the assumptions for the subsequent statistical tests 

(Khatun, 2021). For this purpose, density plots and Q-Q plots were performed using 

the ggpubr package (R Core Team, 2018). Response variables with normally 

distributed data were analysed using parametric ANOVA test with the (aov) 

function (Fox, 2016). To test response variables with non-normally distributed data 

the non-parametric Kruskal-Wallis test was performed using kruskal.(test) function 

(Hollander & Wolfe, 1973). Moreover, Venn Diagram tool from VennDiagram 

package (Shade & Handelsman, 2012) was used to show the number of species of 

all fungi and potentially pathogenic fungi that were, or were not eliminated, across 

treatments, for each seed lot separately. All the plots were constructed using the 

ggplot function (package ggplot2; Wickham, 2009). 
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3.1 Overall fungal taxonomy  
 

Fungi were growing from about 84.5% of all control and treated seeds (4,307 seeds 

out of 5,100). The total number of 6,560 fungal colonies from those seeds was 

observed and among them 2,262 representatives were isolated. Obtained cultures 

were assigned to 371 morphotypes. It was observed that more than 80% of 

morphotypes (311 out of total 371) were represented by more than one isolate, 

whereas 60 morphotypes were singletons (i.e., represented by only one isolate). The 

most abundant morphotypes (i.e., ≥ 1% of total number of isolates, n = 22) 

represented 59.7% of total 6,560 isolates. 

 
DNA was successfully extracted from 227 representative morphotypes among all 

371 observed morphotypes. The representative morphotype was chosen in case 

when the same morphotype occurred in one seed lot for two different treatments. 

From all DNA samples, the ITS region was successfully amplified in PCR and 

sequenced. About 93% (210 out of 227) of fungal sequences provided good quality 

data for the identification of fungi. From obtained sequences, 80.2% were assigned 

to species, 11.9% to genus and 0.4% to family. Remaining 7.5% of sequences could 

not be assigned to any taxonomy rank. In total, 63 species belonging to 14 fungal 

genera and 27 different families were identified. The most abundant fungal taxa 

(i.e., ≥ 1% of total number of isolates, n = 17) represent 87.3% of total 6,560 isolates 

(Table 2; Fig. 5). The majority of identified fungal sequences belonged to phylum 

Ascomycota (92.9%), the remaining sequences were assigned to Mucoromycota 

(4.8%) and Basidiomycota (1.9%). There was also one plant sequence assigned to 

3. Results 
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Tracheophyta (0.4%). Identified fungal sequences were assigned to eight fungal 

classes. Within Ascomycota fungi were assigned to four classes: Eurotiomycetes 

(41%), Dothideomycetes (36.2%), Sordariomycetes (13.2%) and Leotiomycetes 

(2.4%). Within Mucoromycota, the identified species belonged to class 

Mucoromycetes (4.7%). Basidiomycota were assigned to three classes: 

Cystobasidiomycetes (1%), Agaricomycetes (0.5%) and Tremellomycetes (0.5%). 

 
Potential plant pathogens (as assigned using FUNGuild and available literature) 

were present in 38.5% of seeds (1,961 seeds out of 5,100). They represented about 

31.6% of all isolates (2,075 out of 6,560) and about 22% (50 out of 227) of obtained 

fungal sequences. The most abundant potentially pathogenic fungi (i.e., ≥ 1% of 

total number of isolates, n = 4; Table 2) represent 29.6% of total 6,560 isolates. The 

identified pathogens were assigned to two phyla: Ascomycota (92%) and 

Mucoromycota (8%). 
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Table 2 Taxonomic assignments of 17 most abundant fungal taxa to which 22 most 

abundant fungal morphotypes were assigned, their potential pathogenicity, relative 

abundances and occurrence across seed lots. 

Taxon Potential 

pathogenicity 

Abundance 

[%] 

Seed lot 

Penicillium bialowiezense K.M. 

Zalessky 

X 16.4 PC14, PC15, PS21, 

PS19 

Briansuttonomyces eucalypti Crous, 

in Crous & Groenewald 

 15.8 PC14, PC15, PS21, 

PS19 

Mucor hiemalis Wehmer  10.2 PC14, PC15, PS21, 

PM 

Hormonema macrosporum Voronin  9.0 PC14, PC15, PS21, 

PS19 

Rhizopus arrhizus A. Fisch. X 9.0 PM 

Penicillium sp.  4.8 PC14, PC15, PS19 

Thyronectria sp.  3.5 PC14, PC15 

Neomicrosphaeropsis juglandis D. 

Pem, Selcuk, Jeewon & K.D. Hyde 

 3.5 PC14, PC15, PS19 

Talaromyces neorugulosus A.J. Chen, 

Frisvad & Samson 

 3.4 PC14, PC15 

Sphaeropsis sapinea (Fries) Dyko & 

Sutton 

X 3.1 PC14, PS19, 

Penicillium nothofagi Houbraken, 

Frisvad & Samson 

 1.5 PC14, PC15, PM 

Penicillium yezoense Hanzawa ex 

Houbraken 

 1.4 PS21 

Penicillium spinuloramigenum 

Thom. 

 1.3 PC15, PS21, 

Epicoccum tritici Hennings  1.2 PS21, PS19 

Fusarium sp. X 1.1 PC14, PS21, PS19, 

Talaromyces sp.  1.1 PC14, PC15 

Apiospora sp.  1.0 PC14, PC15, PS21, 

PS19 
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Figure 5 Photos of fungal colonies of the 17 most abundant fungi and their taxonomic 

assignments: A) Penicillium bialowiezense; B) Briansuttonomyces eucalypti; C) Mucor 

hiemalis; D) Hormonema macrosporum; E) Rhizopus arrhizus; F) Penicillium sp.; G) 

Thyronectria sp.; H) Neomicrosphaeropsis juglandis; I) Talaromyces neorugulosus; J) 

Sphaeropsis sapinea; K) Penicillium nothofagi; L) Penicillium yezoense; M) Penicillium 

spinuloramigenum; N) Epicoccum tritici; O) Fusarium sp.; P) Talaromyces sp.; R) 

Apiospora sp.. 
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3.1.1 Control seeds 
Fungi were observed on about 98.3% of all control seeds (1,474 seeds out of 1,500). 

The total number of 2,265 fungal colonies was observed on those seeds and among 

them 964 representatives were isolated. Obtained cultures were assigned to 165 

morphotypes. It was observed that more than 70% of morphotypes (116 out of total 

165) were represented by more than one isolate, whereas 49 morphotypes were 

singletons (i.e., represented by only one isolate). The most abundant morphotypes 

(i.e., ≥ 1% of total number of isolates, n = 17) represent 70.2% of total 2,265 

isolates. 

3.1.2 Treated seeds 
 
3.1.2.1 Heat treatment 

Fungi were observed on about 43.8% of all heat treated seeds (526 seeds out of 

1,200). The total number of 560 fungal colonies was observed on those seeds and 

among them 191 representatives were isolated. Obtained cultures were assigned to 

58 morphotypes. It was observed that more than 58.6% of morphotypes (34 out of 

total 58) were represented by more than one isolate, whereas 24 morphotypes were 

singletons (i.e., represented by only one isolate). The most abundant morphotypes 

(i.e., ≥ 1% of total number of isolates, n = 3) represent 64.1% of total 560 isolates. 

 
3.1.2.2 UVC1 treatment 

Fungi were observed on about 96.3% of all seeds treated with UVC light one time 

(1,155 seeds out of 1,200). The total number of 1,865 fungal colonies was observed 

on those seeds and among them 603 representatives were isolated. Obtained 

cultures were assigned to 73 morphotypes. It was observed that more than 82% of 

morphotypes (60 out of total 73) were represented by more than one isolate, 

whereas 13 morphotypes were singletons (i.e., represented by only one isolate). The 

most abundant morphotypes (i.e., ≥ 1% of total number of isolates, n = 18) represent 

82.6% of total 1,865 isolates. 
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3.1.2.3 UVC3 treatment 
Fungi were observed on about 96% of all seeds treated with UVC light three times 

(1,152 seeds out of 1,200). The total number of 1,870 fungal colonies was observed 

on those seeds and among them 498 representatives were isolated. Obtained 

cultures were assigned to 75 morphotypes. It was observed that more than 81% of 

morphotypes (61 out of total 75) were represented by more than one isolate, 

whereas 14 morphotypes were singletons (i.e., represented by only one isolate). The 

most abundant morphotypes (i.e., ≥ 1% of total number of isolates, n = 14) represent 

80.9% of total 1,870 isolates. 

3.2 Differences in fungal seed infection levels across 
treatments 

The differences in fungal seed infection levels per seed lot (i.e., number of infected 

seeds per SL) were assessed across treatments (i.e., control, heat treatment at 55 ˚C 

for 8 h, and UVC light treatments repeated one or three times) for all fungi, 

potentially pathogenic fungi, and Sphaeropsis sapinea. Similarly, the differences in 

fungal seed infection levels were shown across treatments and seed lots, also for all 

fungi, potentially pathogenic fungi, and Sphaeropsis sapinea.  

3.2.1 All fungi 
No significant differences in the number of infected seeds per SL were observed 

for all fungi between the seed treatment levels (Kruskal-Wallis: Df = 3, χ2 = 3.499, 

P = 0.3208; Fig. 6; Supplementary Table 1). While almost all tested seeds were 

infected in control and UVC treated seeds (i.e., ~300 seeds per SL), the heat 

treatment reduced the infection level, in comparison with control treatment, by 

55%. 
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Figure 6 The number of seeds within a seed lot infected with all fungi across four 

treatments: control (i.e., no treatment; N = 5), heat (i.e., 55 ˚C for 8 h; N = 4), or UVC 

light one time (i.e., UVC1; N = 4) or three times (i.e., UVC3; N = 4). Values are mean and 

standard errors. 

 
The infection levels across treatments and seed lots, as shown in Fig. 7, revealed 

that similarly all seeds were infected for control and UVC treated seeds, while heat 

treatment reduced the amount of infected seeds for most of the seed lots - by 75% 

for PC14, by 90% for PC15 and by 58% for PS18. However, the heat treatment did 

not reduce the infection level for seed lot PM14. 
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Figure 7 The number of seeds infected with all fungi across four treatments and seed lots. 

The treatments are control (i.e., no treatment), heat (i.e., 55 ˚C for 8 h), or UVC light one 

time (i.e., UVC1) or three times (i.e., UVC3). Missing bars are because some seed lots have 

not been treated, i.e., PC14 with UVC1 and UVC3 and PS20 with heat. Seed lots PC14 and 

PC15 belong to the tree species Pinus contorta; PM14 to Pseudotsuga menziesii, and PS18 

and PS20 to Pinus sylvestris. 

3.2.2 Potentially pathogenic fungi 
No significant differences in the number of infected seeds per SL were observed 

for potentially pathogenic fungi between the seed treatment levels (ANOVA: Df = 

3, P = 0.964; Fig. 8; Supplementary Table 1). Number of infected seeds for the 

control treatment was about 145 per SL on average. Compared to control treatment, 

heat treatment reduced this number of infected seeds by 46%, UVC1 by 11% and 

UVC3 by 28%. 
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Figure 8 The number of seeds within a seed lot infected with potentially pathogenic fungi 

across four treatments: control (i.e., no treatment; N = 5), heat (i.e., 55 ˚C for 8 h; N = 4), 

or UVC light one time (i.e., UVC1; N = 4) or three times (i.e., UVC3; N = 4). Values are 

mean and standard errors. 

 
The infection level with potentially pathogenic fungi across seed lots and 

treatments, as shown in Fig. 9, showed for the control treatment less than 70 

infected seeds in PC14 and PC15 seed lots, about 120 infected seeds in PS18 seed 

lot, in comparison with almost all 300 infected seeds in PM14 seed lot, and 255 in 

PS20 seed lot. Heat treatment, compared to control treatment, reduced the infection 

level in three seed lots: PC14 by 76%, PC15 by 79% and PS18 by 97%, but not in 

PM14 in which the infection level was similar as in the control. UVC1 treatment 

increased the infection level in seed lot PC15 by 475% and in PS20 by 18%, while 

the infection was reduced in seed lot PS18 by 47%. Similarly, UVC3 treatment 

increased the infection by 407% in PC15, and reduced it by 54% in PS18 and by 
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14% in PS20. UVC treatments eliminated all infection by potentially pathogenic 

fungi in PM14. 

 

 
Figure 9 The number of seeds infected with potentially pathogenic fungi across four 

treatments and seed lots. The treatments are control (i.e., no treatment), heat (i.e., 55 ˚C 

for 8 h), or UVC light one time (i.e., UVC1) or three times (i.e., UVC3). Missing bars are 

because some seed lots have not been treated, i.e., PC14 with UVC1 and UVC3 and PS20 

with heat. Seed lots PC14 and PC15 belong to the tree species Pinus contorta; PM14 to 

Pseudotsuga menziesii, and PS18 and PS20 to Pinus sylvestris. 

3.2.3 Sphaeropsis sapinea 
No significant differences in the number of seeds infected with Sphaeropsis sapinea 

per SL were observed between the seed treatment levels (Kruskal-Wallis: Df = 3, 

χ2 = 0.587, P = 0.8992; Fig. 10; Supplementary Table 1). Number of infected seeds 

with S. sapinea for the control treatment was less than 20 seeds per SL on average. 

In comparison with control treatment, all treatments decreased infection level as 

follows: heat by 95.9%, UVC1 by 72.5% and UVC3 by 60.2%. 
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Figure 10 The number of seeds within a seed lot infected with Sphaeropsis sapinea across 

four treatments: control (i.e., no treatment; N = 5), heat (i.e., 55 ˚C for 8 h; N = 4), or 

UVC light one time (i.e., UVC1; N = 4) or three times (i.e., UVC3; N = 4). Values are 

mean and standard errors. 

 
Pathogen infection across seed lots and treatments (Fig. 11) was observed in two 

out of five seed lots: PC14 and PS18. Considering seed lot PC14, only 9 out of 300 

seeds were infected in the control treatment, and after the heat treatment S. sapinea 

could not be isolated from the seeds. A much higher infection occurred in the seed 

lot PS18 where 82 out of 300 seeds were infected with S. sapinea, but this number 

was reduced after the treatments were applied by 96% after the heat treatment, by 

76% after the UVC1 and by 65% after the UVC3 treatment. 
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Figure 11 The number of seeds infected with Sphaeropsis sapinea across four treatments 

and seed lots. The treatments are control (i.e., no treatment), heat (i.e., 55 ˚C for 8 h), or 

UVC light one time (i.e., UVC1) or three times (i.e., UVC3). Seed lots PC14 and PC15 

belong to the tree species Pinus contorta; PM14 to Pseudotsuga menziesii, and PS18 and 

PS20 to Pinus sylvestris. 

3.3 Differences in fungal occurrence-based diversity 
across treatments 

The differences in fungal occurrence-based diversity per seed lot (i.e., number of 

fungal morphotypes or species per SL) were assessed across treatments (i.e., 

control, heat at 55˚C for 8 h, and UVC light one or three times) for all fungi and 

potentially pathogenic fungi. Similarly, the differences in fungal occurrence-based 

diversity were shown across treatments and seed lots, also for all fungi and 

potentially pathogenic fungi. Moreover, species composition of all fungi and 

potentially pathogenic fungi before and after the treatments was described.  
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3.3.1 All fungi 
 
3.3.1.1 Number of fungal morphotypes 
 
No significant differences in the number of fungal morphotypes per SL were 

observed for all fungi between the seed treatment levels (ANOVA: Df = 3, P = 0.3; 

Fig. 12A; Supplementary Table 2). Number of morphotypes for the control 

treatment was about 33 per SL on average. This number was reduced by half by all 

treatments, compared to control treatment: heat reduced it by 56%, UVC1 by 44.7% 

and UVC3 by 43.2%. Similar results were obtained for when number of fungal 

species per SL was considered (Fig. 12B). 
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Figure 12 The number of morphotypes (A) and species (B) within a seed lot for all fungi 

across four treatments: control (i.e., no treatment; N = 5), heat (i.e., 55 ˚C for 8 h; N = 4), 

or UVC light one time (i.e., UVC1; N = 4) or three times (i.e., UVC3; N = 4). Values are 

mean and standard errors. 

 
In most cases, the reduction of number of morphotypes after treatments was 

observed on a seed lot level (Fig. 13A). More than 40 fungal morphotypes were 

recorded in PC14, PC15 and PS18, as well as 20 morphotypes in PS20 control seeds 

in comparison with less than 10 in PM14. Heat treatment reduced the number of 

morphotypes, compared to control treatment, by 70% in seed lots PC14 and PC15, 

and by half in seed lots PS18 and PM14. UVC1 and UVC3 treatments reduced the 

number by about 20% in PC15, and by 70% in seed lots PS18 and PM14. UVC 

treatments increased the number by 20% for seed lot PS20. Similar results were 

obtained for when number of fungal species per SL was considered (Fig. 13B). 
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Figure 13 The number of morphotypes (A) and species (B) for all fungi across four 

treatments and seed lots. The treatments are control (i.e., no treatment), heat (i.e., 55 ˚C 

for 8 h), or UVC light one time (i.e., UVC1) or three times (i.e., UVC3). Missing bars are 

because some seed lots have not been treated, i.e., PC14 with UVC1 and UVC3 and PS20 

with heat. Seed lots PC14 and PC15 belong to the tree species Pinus contorta; PM14 to 

Pseudotsuga menziesii; and PS18 and PS20 to Pinus sylvestris. 
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3.3.2 Potentially pathogenic fungi 
 

3.3.2.1 Number of fungal morphotypes 

 
No significant differences in number of morphotypes of potential fungal pathogens 

per SL were observed between the seed treatment levels (ANOVA: Df = 3, P = 

0.114; Fig. 14A, Supplementary Table 2). Number of morphotypes for the control 

treatment was less than 10 per SL on average. The overall effect of the heat and 

both UVC treatments, compared to the control treatment, is as follows: heat reduced 

the number of morphotypes per SL by 77% and both UVC by about 45%. Similar 

results were obtained for when number of species of potential fungal pathogens per 

SL was considered (Fig. 14B). 
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Figure 14 The number of morphotypes (A) and species (B) within a seed lot for potentially 

pathogenic fungi across four treatments: control (i.e., no treatment; N = 5), heat (i.e., 55 

˚C for 8 h; N = 4), or UVC light one time (i.e., UVC1; N = 4) or three times (i. e., UVC3; 

N = 4). Values are mean and standard errors. 

 

The number of morphotypes of potential fungal pathogens per SL across four 

treatments and seed lots, as shown in Fig. 15A, was at a similar level for control 

treatment in seed lots PC14 (12 morphotypes) and PS18 (14 morphotypes). Six 

morphotypes were observed in PC15, eight in PS20 and only three in PM14. Heat 

treatment, compared to control treatment, again resulted in a high reduction of 

morphotype diversity – numbers were reduced by about 84% in PC14 and PS18 

and by 67% in PC15. The heat treatment had no major effect on the number of 

morphotypes in seed lot PM14. UVC treatments had no major effect on PC15 and 

PS20 seed lots. However, these treatments reduced the number in PS18 by about 

71%. UVC resulted in the absence of any morphotypes in PM14 seed lot. Similar 

results were obtained for when number of species of potential fungal pathogens per 

SL was considered (Fig. 15B). 
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Figure 15 The number of morphotypes (A) and species (B) for potentially pathogenic fungi 

across four treatments and seed lots. The treatments are control (i.e., no treatment), heat 

(i.e., 55 ˚C for 8 h), or UVC light one time (i.e., UVC1) or three times (i.e., UVC3; N = 4). 

Values are mean and standard errors. 
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3.3.3 Species composition across seed lots and treatments  
In total, 36 different fungal species appeared in the seed lot PC14 (Fig. 16), and 

among these 29 were associated with control seeds and 11 with heat treated seeds. 

Among all observed species, eight were potentially pathogenic, of which all eight 

were associated with control seeds and only one with heat. Considering all fungi in 

general, 25 species were observed only in the control treatment, i.e., were 

eliminated by heat treatment. These species were: nine Penicillium species, i.e., 

Penicillium sp., Penicillium spathulatum Frisvad & Samson, Penicillium 

bialowiezense, Penicillium terrenum D.B. Scott., Penicillium diabolicalicense 

Visagie & Seifert, Penicillium wellingtonense Houbraken, Frisvad & Samson, 

Penicillium lanosum Westling., Penicillium robsamsonii Houbraken & Frisvad and 

Penicillium nothofagi, as well as Apiospora sp., Apiospora kogelbergensis (Crous) 

Pintos & P. Alvarado, Cystobasidium larynges (Reiersöl) A. M. Yurkov, 

Neomicrosphaeropsis juglandis, Pseudocamarosporium lonicerae, 

Pseudocamarosporium propinquum (Sacc.) Wijayaw., Camporesi & K.D.Hyde, 

Sciadopityaceae, Talaromyces sp., Thyronectria sp. and Mucor hiemalis,, including 

seven potentially pathogenic species: Allantophomopsiella pseudotsugae 

(M.Wilson) Crous, Alternaria alstroemeriae E.G. Simmons & C.F. Hill,  

Sphaeropsis sapinea, Fusarium sp., Heterotruncatella spartii (Senan. et al.) F. Liu, 

L. Cai & Crous, Penicillium bialowiezense and Phoma sp. Four fungal species that 

were detected in the control treatment were not eliminated by heat treatment. These 

species were: Briansuttonomyces eucalypti, Hormonema macrosporum, 

Talaromyces neorugulosus and one potentially pathogenic, Pestalotiopsis 

hollandica Maharachch., K.D. Hyde & Crous. The following seven species were 

unique for heat treatment (i.e., possible contamination): Capronia sp., Coniochaeta 

sp., Cystobasidium slooffiae (E.K. Novák & Vörös-Felkai) Yurkov et al., 

Epicoccum sp., Neocucurbitaria juglandicola Jaklitsch & Voglmayr, Penicillium 

miczynskii K.M. Zalessky and Thyronectria lamyi (Desmazières) Seeler. 
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Figure 16 The number of fungal species in Pinus contorta seed lot PC14 that occurred 

between different treatments: control (i.e., no treatment) and heat (i.e., 55 ˚C for 8 h). 

 

In total, 42 different fungal species appeared in seed lot PC15 (Fig. 17), and among 

these, 24 were associated with control seeds, 11 with heat treated seeds, 20 with 

seeds treated by UVC light one time and 25 with seeds treated by UVC light three 

times. Among all observed species, five were potentially pathogenic, of which four 

were associated with control seeds, two with heat, two with UVC1 and three with 

UVC3. Considering all fungi in general, seven species were observed only in the 

control treatment, i.e., were eliminated by all treatments. These species were: 

Apiospora sp., Coprinellus sp., Neomicrosphaeropsis juglandis, Penicillium 

charlesii G. Smith, Samsoniella hepiali (Q.T. Chen & R.Q. Dai ex R.Q. Dai et al.) 

H. Yu, Penicillium speluncae Visagie & N. Yilmaz, including one potentially 

pathogenic species: Talaromyces rugulosus (Thom) Samson, Yilmaz, Frisvad & 

Seifert. Four fungal species that were detected in the control treatment were not 

eliminated by neither of the treatments. These species were Penicillium miczynskii, 

Hormonema macrosporum, Thalaromyces neorugulosus and one potentially 

pathogenic species, Penicillium bialowiezense. The number of species unique for 

treatments (i.e., possible contamination) were as follows: Capronia sp., 

Cystobasidium slooffiae, Neocucurbitaria juglandicola and Thyronectria lamyi for 
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the heat treatment; Trichothecium sp. and Mucor hiemalis for the UVC1 treatment; 

Penicillium maclennaniae H.Y. Yip., Penicillium nothofagi, 

Pseudocamarosporium propinquum, Thyronectria berberidicola R.Ma & S.N.Li, 

Trichothecium ovalisporum (Seifert & S.A.Rehner), Penicillium fellutanum, 

including one potentially pathogenic, Cladosporium subuliforme for the UVC3 

treatment. 

 

 

Figure 17 The number of fungal species in Pinus contorta seed lot PC15 that occurred 

between different treatments: control (i.e., no treatment), heat (i.e., 55 ˚C for 8 h), or UVC 

light one time (i.e., UVC1) or three times (i.e., UVC3). 

 

In total, 25 different fungal species appeared in the seed lot PS18 (Fig. 18), and 

among these, 17 were associated with control seeds, 12 with heat treated seeds, nine 

with seeds treated by UVC light one time and seven with seeds treated by UVC 

light three times. Among all observed species, six were potentially pathogenic, of 

which five were associated with control seeds, one with heat, three with UVC1 and 

two with UVC3. Considering all fungi in general, seven species were observed only 

in the control treatment, i.e., were eliminated by all treatments.  These species were: 
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Apiospora sp., Neoascochyta paspali (P.R. Johnst.) Q. Chen & L. Cai, 

Neodidymelliopsis camporesii D. Pem, Doilom & K.D. Hyde, Nothophoma sp. and 

Penicillium thomii Maire, including two potentially pathogenic species: Alternaria 

angustiovoidea E.G. Simmons and Dothiorella sarmentorum (Fr.) A.J.L. Phillips, 

Alves & Luque. Two fungal species that were detected in the control treatment were 

not eliminated by neither of the treatments. These species were: Nectria dematiosa 

(Schwein.) Berk. and the pathogen Sphaeropsis sapinea. The number of species 

unique for treatments (i.e., possible contamination) were as follows: Macroventuria 

sp., Penicillium sp., Penicillium tardochrysogenum Frisvad, Houbraken & Samson, 

Naganishia liquefaciens (Saito & M. Ota) X.Z. Liu et al., Aspergillus creber for the 

heat treatment, and one potentially pathogenic fungal species, Penicillium 

bialowiezense, for UVC1 treatment. 

 

 

Figure 18 The number of fungal species in Pinus sylvestris seed lot PS18 that occurred 

between different treatments: control (i.e., no treatment), heat (i.e., 55 ˚C for 8 h), or UVC 

light one time (i.e., UVC1) or three times (i.e., UVC3). 
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In total, 16 different fungal species appeared in the seed lot PS20 (Fig. 19), and 

among these, 15 were associated with control seeds, 16 with seeds treated by UVC 

light one time and 16 with seeds treated by UVC light three times. Among all 

observed species, six were potentially pathogenic, of which all six were associated 

with control and UVC1 treated seeds and five with UVC3 treated seeds.  No fungal 

species was observed that was eliminated by each of the treatments, and in total 14 

species survived all three treatments, including: Apiospora sp., Aspergillus 

oerlinghausenensis, Briansuttonomyces eucalypti, Hormonema macrosporum, 

Nectria dematiosa, Penicillium fimorum Houbraken & Frisvad, Penicillium 

spinuloramigenum, Penicillium yezoense, Mucor hiemalis, and five potentially 

pathogenic species, Cladosporium subuliforme, Fusarium sp., Penicillium 

bialowiezense,  Penicillium thomii and Stagonosporopsis lupini (Boerema & R. 

Schneid.) Boerema, Gruyter & P. Graaf. One species, Mucor plumbeus Bonord., 

was unique for UVC3 treatment (i.e., possible contamination). 

 

 

Figure 19 The number of fungal species in Pinus sylvestris seed lot PS20 that occurred 

between different treatments: control (i.e., no treatment), UVC light one time (i.e., UVC1) 

or three times (i.e., UVC3). 
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In total, five different fungal species appeared in the seed lot PM14 (Fig. 20), and 

among these, three were associated with control seeds, two with heat treated seeds, 

two with UVC1 treated seeds and two with UVC3 treated seeds. Among all 

observed species, one was potentially pathogenic, and associated only with control 

and heat treated seeds. One fungal species, Trichoderma atroviride, was observed 

only in the control treatment, i.e., was eliminated by all treatments. Out of three 

species that appeared in the control treatment, the heat treatment did not eliminate 

two of them: Trichoderma simmonsii P. Chaverri, F.B. Rocha and the pathogen 

Rhizopus arrhizus. Two species, Penicillium nothofagi and Mucor hiemalis, were 

unique for both UVC treatments (i.e., possible contamination). 

 

 

Figure 20 The number of fungal species in Pseudotsuga menziesii seed lot PM14 that 

occurred between different treatments: control (i.e., no treatment), heat (i.e., 55 ˚C for 8 

h), or UVC light one time (i.e., UVC1) or three times (i.e., UVC3). 
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3.4 Differences in seed germination among treatments 
The differences in seed germination per SL (i.e., germination capacity or energy 

per SL) were assessed across treatments (i.e., control, heat treatment at 55˚C for 8 

h, and UVC light treatments repeated one or three times). Similarly, the differences 

in seed germination were also shown across treatments and seed lots. 

3.4.1 Germination capacity 
No significant differences in germination capacity per SL were observed between 

the seed treatment levels (Kruskal-Wallis: Df = 3, χ2 = 2.3802, P = 0.4973; Fig. 21; 

Supplementary Table 3). Germination capacity for the control treatment resulted in 

approximately 90% per SL on average. When considering the overall effect of the 

treatments, compared to the control, no great differences are observed, as heat 

treatment reduced germination capacity by only 5%, UVC1 by 3% and UVC3 by 

2%. 

 

 

Figure 21 The germination capacity within a seed lot across four treatments: control (i.e., 

no treatment; N = 5), heat (i.e., 55 ˚C for 8 h; N = 4), or UVC light one time (i.e., UVC1; 

N = 4) or three times (i.e., UVC3; N = 4). Values are mean and standard errors. 
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Germination capacity across seed lots and treatments as shown in Fig. 22 was at the 

similar level between all treatments for seed lots PC14, PC15, PS18 and PS20 and 

varied between 90-100%. Germination capacity of seeds in the seed lot PM14, was 

around 60-70%. 

 

 

Figure 22 The germination capacity across four treatments and seed lots. The treatments 

are control (i.e., no treatment), heat (i.e., 55 ̊ C for 8 h), or UVC light one time (i.e., UVC1) 

or three times (i.e., UVC3). Missing bars are because some seed lots have not been treated, 

i.e., PC14 with UVC1 and UVC3 and PS20 with heat. Seed lots PC14 and PC15 belong to 

the tree species Pinus contorta; PM14 to Pseudotsuga menziesii; and PS18 and PS20 to 

Pinus sylvestris. 

3.4.2 Germination energy 
No significant differences in seed germination energy per SL were observed 

between the seed treatment levels (Kruskal-Wallis: Df = 3, χ2 = 0.6294, P = 0.8897; 

Fig. 23; Supplementary Table 3). Germination energy for the control treatment was 

around 75% per SL on average. In this case, the heat treatment reduced germination 

energy value, compared to the control treatment, by 10%, and both UVC treatments 

slightly increased it by, respectively: UVC1 by 3% and UVC3 by 5%. 
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Figure 23 The germination energy within a seed lot across four treatments: control (i.e., 

no treatment; N = 5), heat (i.e., 55 ˚C for 8 h; N = 4), or UVC light one time (i.e., UVC1; 

N = 4) or three times (i.e., UVC3; N = 4). Values are mean and standard errors. 

 

Germination energy across seed lots and treatments (Fig. 24) was the highest in 

seed lots PS18 and PS20, i.e., almost 100% for all treatments. Lower overall 

germination energy, i.e., around 70% was observed for seed lots PC14 and PC15. 

In the seed lot PM14 germination energy was about 25% in the control treatment, 

and the value remained similar after the heat treatment. However, both UVC 

treatments increased germination energy by half. 
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Figure 24 The germination energy across four treatments and seed lots. The treatments 

are control (i.e., no treatment), heat (i.e., 55 ̊ C for 8 h), or UVC light one time (i.e., UVC1) 

or three times (i.e., UVC3). Missing bars are because some seed lots have not been treated, 

i.e., PC14 with UVC1 and UVC3 and PS20 with heat. Seed lots PC14 and PC15 belong to 

the tree species Pinus contorta; PM14 to Pseudotsuga menziesii; and PS18 and PS20 to 

Pinus sylvestris. 
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This study assessed the infection level and diversity of all and potentially 

pathogenic fungi (with a focus on Sphaeropsis sapinea) in seed lots of Lodgepole 

pine, Scots pine and Douglas-fir trees before and after the heat treatment at 55 °C 

for 8 h and UVC light treatments. Seed germination was also assessed before and 

after the treatments to ensure seed viability post treatment. Therefore, this study 

provides new knowledge for improved risk management of introduction and spread 

of fungal pathogens with seeds used in reforestation nurseries using 

environmentally friendly treatments with no effect on seed germination. 

 
This study confirmed a high level of infection by fungi, including potentially 

pathogenic fungi and S. sapinea, as well as high diversity of all and plant pathogenic 

fungi associated with the seeds of Lodgepole pine and Scots pine, which is similar 

to previous findings (de la Bastide et al., 2019; Blumenstein et al., 2021). The 

overall diversity, however, varied across species, with lower fungal diversity in 

Douglas-fir seeds in comparison with the pine seeds tested. Therefore, the results 

indicate that seeds of the study tree species, mainly pine seeds, may serve as a 

pathway for the introduction of pathogenic fungi into forest nurseries, causing 

diseases of tree seedlings with a negative impact on forest regeneration. 

 
The results in this study show no statistically significant differences in fungal 

infection levels and diversity among treatments, although the average values show 

high variation across treatments. Consequently, none of the hypotheses were 

statistically confirmed. Possible reason for this is the small number of seed lots used 

in this study, together with the high variation in infection levels and diversity across 

seed lots. To properly test these differences statistically and obtain more reliable 

results, the number of seed lots of the studied tree species, should be increased. 

4. Discussion 
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The results showed that heat treatment at 55 °C for 8 h reduces fungal infection 

levels in the Lodgepole pine and Scots pine seed lots by 80% and 50%, respectively. 

A high reduction of approximately 90% in infection by potentially pathogenic fungi 

and S. sapinea was also observed in the infected seed lots. The overall fungal 

diversity and the diversity of potentially pathogenic fungi associated with 

Lodgepole pine and Scots pine seeds were almost always reduced by at least 50%. 

In summary, heat treatment at 55 °C for 8 h reduced fungal infections and diversity 

in pine seeds and could be used to minimize the incidence of seed-borne plant 

pathogens in forest nurseries. However, not all fungi could be eliminated from the 

seeds of the studied tree species, especially in the case of Douglas-fir, and these 

should be investigated further to assess the likelihood of their impact on seed and 

seedling health. 

 
UVC light did not reduce infection levels by all fungi, but it did reduce overall 

fungal diversity. Moreover, infection levels by plant pathogenic fungi increased by 

more than 400% in PC15 and with UVC1 by 18% in PS20 post-treatment while 

pathogenic fungi were reduced by half in seed lot PS18, with UVC3 by 14% in seed 

lot PS20 and eliminated in the seed lot PM14. The reason for this could be that 

fungi that survived the UVC treatment (approximately 50% of control fungi) 

infected the seeds at a higher frequency during storage prior to plating. This can be 

explained by the higher infection of the surviving fungal species after UVC 

treatment; thus, it is possible that UVC had a positive effect on sporulation of some 

infecting fungi, and fungal conidia spread faster, attacking more seeds.  

 
None of the treatments had a significant negative effect on the germination of the 

tested seeds indicating that the treatments performed in this study can be used to 

reduce or eliminate fungal infection in conifer seeds of the studied tree species 

without adversely effecting germination. 
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4.1 Effect of the seed treatments on fungal infection 
levels 

4.1.1 All fungi 
This study showed the high overall fungal infection levels of control seeds of 

Lodgepole pine, Scots pine, and Douglas-fir. The high level of infection in these 

tree species is not surprising, as it has already been confirmed in other studies. For 

instance, in a study by Kowalczyk et al. (2004), 2,710 fungal colonies representing 

approximately 50 species were isolated from 1,800 seeds of Scots pine. Seeds of 

Douglas-fir can also host hundreds of various fungi (Bakewell-Stone, 2023), and 

the infection of a few main fungal species has been described in Lodgepole pine 

seeds (Drenkhan et al., 2016; Watt et al., 2012).  

 

Our results showed that heat treatment can be highly effective in reducing the 

infection levels by fungi of Lodgepole pine and Scots pine seeds, but not of 

Douglas-fir seeds. This variation might be linked to the size of the seed, as, 

according to Bond et al. (1999), it is the seed size on which the effectiveness of the 

heat treatment depends. It could be that seeds of a larger size require more time to 

reach the desired temperature in the centre of the seed, and a longer duration of 

treatment might be needed to eliminate fungal infection throughout the seed (Shi et 

al., 2016; Birmpa et al., 2013). Douglas-fir seeds reach lengths of 4-7mm, whereas 

Lodgepole pine and Scots pine seeds have very similar, smaller, lengths of 2-5mm 

and 3-5mm, respectively (Kolotelo, 1997; Farinha et al., 2018). Considering this, 

the lack of the heat treatment effect on Douglas-fir seeds may be due to the larger 

size of Douglas-fir seeds compared to the seeds of Lodgepole pine and Scots pine.   

 
It was assumed that UVC treatments would also contribute to the reduction of 

fungal infection in the studied seed lots. However, this assumption has been proven 

incorrect, as almost 100% of seeds after UVC were infected consistently across all 

seed lots. The most likely reason for this result was fungi that survived the UVC 

treatment (around 50% of fungi observed in control seeds) and infected more seeds 

during storage prior plating. It could be also possible that the fungi that survived 

the UVC treatment were already present in almost all 300 treated seeds, so that their 
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infection did not necessarily increase after this treatment, however, more isolates 

of these fungi were observed after the treatment. The low efficiency of UVC 

treatments on some fungal species that survived may be due to a series of UV 

protective mechanisms by which fungi have evolved in response to the selective 

pressure exerted by radiation (Wong et al., 2019). Fungi produce pigments, such as 

melanin, carotenoids, and mycosporins, that act as 'sunscreens', minimize damage 

by radiation exposure, and prevent intercellular damage (Avalos & Limón, 2015; 

Belozerskaya et al., 2017). Also, phenols and terpenes are considered important 

defence compounds in conifers (Krokene et al., 2008; Eyles et al., 2010), yet few 

attempts have been made to correlate UV-induced changes in tissue chemistry with 

disease resistance (Manning & Vontiedemann, 1995; Witzell & Martin, 2008). This 

result may also have been influenced by the fact that UVC does not penetrate inside 

the seed, but acts on the surface (Birmpa et al., 2013; Luckey, 1980), therefore the 

fungi that appear inside of the seeds were not eliminated. Another reason for this 

could be that UVC may not have reached each side of the seeds, which can create 

a problem with small products, such as conifer seeds. It is possible that some fungi 

on the seed surface that were not exposed to and reached by UVC light survived. 

The exposure of seeds to the light treatment can be achieved by installing vibrating 

belts or a vibrating gutter so that UVC light can shine on all sides of the seeds 

(CleanLight, 2022). The possible insufficient dose of exposure to UVC light should 

also be considered. Too little exposure to the treatment may lead to poor ultraviolet 

absorption, thus failing to damage the fungal DNA, which will remain active (Wong 

et al., 2019). Therefore, fungal growth and survival can be strongly influenced by 

methodology, various adaptive mechanisms, and exposure to ultraviolet radiation. 

The effects of UVC on conifers are not well described; therefore, more research is 

needed to understand the lack of effect of UVC treatments on seed fungal infection 

of the tree species studied and to ascertain whether this treatment can be used to 

eliminate fungal infection. 

4.1.2 Potentially pathogenic fungi 
Control seeds of Douglas-fir were infected by potential pathogens in higher 

numbers relative to each seed lot of the pines tested. However, other studies have 



62 

confirmed that the seeds of all the conifers studied can be a source of high fungal 

infection (Whittle, 1977; Gordon, 1967). The high number of infected Douglas-fir 

seeds is related to a potential pathogen that infected many seeds in a relatively short 

time, that is, Rhizopus arrhizus, which is known to be highly sporulating fungal 

species (Rudramurthy et al., 2023). This was also the result obtained by Mallams 

(2004), who observed that all the seeds of this conifer tested were mainly infected 

by only one potential pathogen, Fusarium sporotrichioides, which can spread 

rapidly (Zhou et al., 2006). However, to confirm the high level of Douglas-fir seed 

infection compared to the study pine seeds, it would be necessary to increase the 

number of seed lots for each species covering the spatial and genotypic variation of 

the study tree species. 

 
Heat treatment proved effective in reducing infection of potentially pathogenic 

fungi in all seed lots except Douglas-fir, where infection levels remained similar as 

in control seeds. Ramsey (2005) even observed an increase in infection of Douglas-

fir seeds after heat treatment at 75 ºC for 30 min. In our study we observed the 

increased infection of R. arrhizus after the heat treatment. Kaerger et al. (2015) 

showed that this species is thermotolerant, with the temperature at which it reaches 

optimum growth up to 37 °C or higher. According to Ramsey (2005), some fungal 

species that are tolerant to heat can grow better and faster at higher temperatures, 

which correlates with the increased fungal infection of heat-treated seeds in the 

PM14 seed lot observed in this study. 

 
UVC treatments, reaching only the seed surface (while heat also penetrates inside 

the seed), eliminated the potential pathogens by 100% on the PM14 seed lot. This 

study shows that ultraviolet light can eliminate fungal infections of potentially 

pathogenic fungi in Douglas-fir seeds. In contrast, UVC1 and UVC3 treatments 

contributed to a higher number of seeds infected with potential pathogens in seed 

lot PC15 and UVC1 in PS20, which is a surprising result, as UVC has been proven 

to be harmful to pathogens (McDonald et al., 2000; Falconí & Yánez-Mendizábal, 

2017). This result may have been because UVC light had a positive effect on 

sporulation of the infecting fungi. For example, infection with the potential 

pathogen P. bialowiezense in seed lot PC15 involved 24 control seeds, 175 UVC1-
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treated seeds, and 148 UVC3-treated seeds. It has been shown that the production 

of fungal conidia, which are responsible for the spread of the fungus and infection 

of the host, can be increased under UV light (De Menezes et al., 2014) which might 

have been a case with P. bialowiezense. Even though ultraviolet radiation is known 

as one of the main environmental factors that can kill the conidia of several fungal 

pathogens, more studies should be conducted on the effect of this treatment on 

fungal infection. 

4.1.3 Sphaeropsis sapinea 
This pathogen has previously been detected in at least 50 different pine and other 

coniferous species, such as Douglas-fir (Kaya et al., 2014), fir, spruce, and larch 

(Sinclair & Lyon, 2005). In our study, we found its infection in two seed lots of 

pines, Lodgepole pine (PC14) and Scots pine (PS18). Previous studies confirmed 

that this pathogen is most detected on its main host Scots pine (Brodde et al., 2019) 

and is commonly isolated from the seeds of this species (Decourcelle et al., 2015; 

Oskay & Karatas, 2021). In this study, S. sapinea did not occur in Douglas-fir seed 

lot. The pathogen has never been recorded in Douglas-fir seeds but has only been 

isolated from seedlings of this conifer (Kaya et al., 2014), as well as from shoots 

and cones (Aday et al., 2014). The pathogen infected only one seed lot from each 

pine species (seed lots PC14 and PS18 carried S. sapinea, whereas seed lots PC15 

and PS20 did not). Surprisingly, Lodgepole pine seed lots originated from the same 

collection site and differed only in the date of collection. The infection rate in seed 

lot PC14 was low, as only nine control seeds were infected. Thus, it is possible that 

the lack of observation of this pathogen in the second seed lot of this conifer (i.e., 

PC15) was due to the overall low infection rate of this pathogen in this tree species. 

Considering this, further studies with more seeds are required, as it is possible that 

300 seeds were insufficient to detect this pathogen in Lodgepole pine. Scots pine 

seed lot PS20, collected in a forest nursery in Dal, Sweden, was not infected, which 

was expected because the Svenska Skogsplantor forest nursery had already 

confirmed that the forest nursery was free of the pathogen. The high infection rate 

of another Scots pine seed lot, PS18, collected in a forest nursery in Gotthardsberg, 

Sweden, correlates with the study of Larsson et al. (2021). In this study, S. sapinea 
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was detected in 2019 in the same nursery in Scots pine seedlings. This was the first 

report of this pathogen in seedlings of this conifer, as well as the first report of the 

disease caused by S. sapinea in Swedish forest nurseries. Our study confirms that 

Scots pine seeds can be a frequent source of high infection by S. sapinea and 

contribute to spreading of the pathogen in forest nurseries. 

 
Heat treatment successfully reduced the frequency of S. sapinea in infected seed 

lots by 100% in PC14 (9 control seeds were infected) and 96% in PS18 (82 control 

seeds were infected). High temperatures of more than 35 °C are considered lethal 

to this pathogen and can reduce its frequency (Decourcelle et al., 2015). For 

example, Decourcelle et al. (2015) demonstrated that heat treatment at 40 °C for 1 

h eliminated the pathogen found on Corsican pine seeds. The heat treatment applied 

in our study yielded similar results to the study by Iturritxa et al., (2011), where the 

same temperature and duration of heat were applied to Monterey pine seeds that 

had been artificially infected with S. sapinea prior to treatment which led to 

eradication of the pathogen from seeds. In summary, the results of our study showed 

that heat treatment can greatly reduce S. sapinea infection in Lodgepole pine and 

Scots pine. A treatment dose of 55 °C for 8 h proves effective and could be further 

used for this purpose. 

 
UVC1 and UVC3 treatments reduced pathogen frequency in the infected PS18 seed 

lot by 76% and 65%, respectively. In a study by Reglinski et al. (2013), for example, 

the irradiation of Monterey pine seedlings with UVC resulted in a dose-dependent 

induction of resistance to subsequent inoculation by S. sapinea; the longer the UVC 

exposure time, the lower the percentage of pine seedling dieback. This resulted in 

lower incidence of disease and reduced size of stem lesions in UVC treated 

compared with control seedlings. However, in the above-mentioned study UVC 

light induced resistance of the Monterey pine seedling that then eliminated S. 

sapinea, and in our study the pathogen infection was reduced directly by UVC light. 

It can therefore be concluded that UVC can be used to reduce S. sapinea infection 

levels in the seeds of Lodgepole and Scots pines. 



65 

4.2 Effect of the seed treatments on fungal 
occurrence-based diversity 

4.2.1 All fungi 
Overall, the number of fungal morphotypes and species identified in this study was 

high. A total of 371 morphotypes were recorded in the studied seeds, but 

approximately 60% of all isolates belonged to 22 dominant morphotypes. This 

result shows that a small number of fungal morphotypes with many individuals 

dominated the fungal communities, whereas a larger number of morphotypes was 

represented by a small number of individuals. Franić et al. (2020) reported that 

seed-borne fungal communities were dominated by a small number of fungi and 

that seed-borne fungi are host-specific. Sieber (2007) suggested that co-evolution 

between fungi and hosts (any part of plants) could have led to communities being 

dominated by a few fungal species. However, almost all the most dominant fungi 

were not previously recorded as specific to the tree species on which they were 

detected in this study. The exception is S. sapinea, which, as in our study, was 

previously isolated mainly from Scots pine. 

 

Morphotype and species diversity varied similarly across treatments and different 

tree species, with high diversity of Lodgepole pine and Scots pine seeds and a lower 

diversity of Douglas-fir seeds. The number of fungal species in control seeds of 

Scots pine in both seed lots was generally lower than that reported in other studies. 

Kowalczyk et al. (2004), for example, identified 50 fungal species from 2,710 

fungal colonies on seven seed samples including 1,800 seeds in total representing 

different stages of extraction process. The fungal diversity of Lodgepole pine seeds 

is poorly understood, but studies have shown high fungal diversity in the seedlings 

of this tree (Karlman, 1981). The lowest number of fungal species in the control 

Douglas-fir seed lot, that is, three fungal species recorded, did not correlate with 

the study by Gordon (1969), who detected 26 different fungal species on a similar 

number of seeds (n = 400). However, in the study by Gordon (1969) also only a 

few species dominated the community. Obtaining only three fungal species in 

PM14 control seeds in our study may be explained by the competition between 
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different fungi. Observed species, i.e., R. arrhizus and two species from the genus 

Trichoderma, i.e., Trichoderma atroviride and Trichoderma simmonsii, are known 

for their rapid growth and are considered aggressive competitors (Battaglia et al., 

2011; Tyśkiewicz et al., 2022), quickly colonizing various substrates and 

eliminating slower-growing fungi (Oszust et al., 2020). Trichoderma spp., for 

example, are potent mycoparasitic fungi that compete for nutrients, secrete cell 

wall-degrading enzymes, and excrete secondary metabolites that are active against 

many pathogenic fungi in plants (Harman & Björkman, 1998; Hjeljord & Tronsmo, 

1998). According to Huang (2020), fungal growth is correlated with their 

abundance which indicates that fast-growing fungi might have a competitive 

advantage when coexisting with other fungi. 

 
The most frequently occurring species for Lodgepole pine and Scots pine seed lots 

in the control treatment were H. macrosporum, N. juglandis and B. eucalypti. None 

of the three fungal species were confirmed to be pathogenic to plants. To date, H. 

macrosporum has been demonstrated on Douglas-fir seeds, where it was, next to 

Trichoderma, the most frequently isolated fungus in a study by Bergmann & Busby 

(2021). This fungus has been recorded in the needles of infected Japanese black 

pine (Pinus thunbergii Parl.; Liu et al., 2021), but its pathogenicity to this tree was 

not confirmed, nevertheless, its elimination may prevent the possible risk of 

spreading this fungus in different pine species. It is known that N. juglandis has 

already been recorded in dead branches of common walnut (Juglans regia L.) in 

Turkey (Pem et al., 2020) and in various diseased plants in Iran (Ahmadpour et al., 

2021), and information about B. eucalypti is very scarce. In our study, the same 

Penicillium species were observed in the two control seed lots of Lodgepole pine 

tree, i.e., Penicillium bialowiezense, Penicillium diabolicalicense, Penicillium 

lanosum and Penicillium terrenum. Fungi from this genus have already been 

reported in Lodgepole pine seeds (de la Bastide et al., 2019), as well as in seeds of 

different conifers, e.g., Scots pine (Kowalczyk et al., 2004). These ascomycetous 

fungi are molds that are most often saprotrophic in nature (Chávez et al.; 2006). 

Penicillium spp. can protect plants from dangerous pathogens by inducing defence 

systems in plants as well as developing systemic acquired resistance (Srinivasan et 

al., 2020). An example is the study by Yamaji et al. (2001), in which this genus was 
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shown to protect Sakhalin spruce (Picea glehnii (F. Schmidt) Mast.) seedlings from 

damping-off. Frequently isolated fungi, mainly from PS18 control seeds, were from 

the genus Fusarium, which in turn is known to infect pines. Fungi from this genus 

are classified as damping-off and root rot-causing species, strongly reducing the 

production of conifer seedlings, such as Scots pine (Swiecimska et al., 2020) and 

Douglas-fir (James et al., 1991; Hoefnagels & Linderman, 1999). Its presence has 

already been reported in control pine seeds (Clubbe, 1980), as well as in at least 60 

pine species worldwide (Davydenko et al., 2018). Occurrence of already mentioned 

Trichoderma species, that is, T. atroviride and T. simmonsii correlate with a study 

by Bergmann & Busby (2021), where Trichoderma spp. were also the most 

frequently recorded in Douglas-fir seeds without any treatment. Fungi of this genus, 

including T. atroviride (Reithner et al., 2011) and T. simmonsii (Ben M’ henni et 

al., 2022), are recognized as promising plant protection alternatives to chemical 

protection methods, as they are used as fungal Biocontrol Agents (BCA; Copping 

& Menn, 2000). They have already been used against tree pathogens, such as F. 

circinatum infecting Monterey pine seedlings in forest nurseries in Chile and New 

Zealand (Reglinski & Dick, 2005, Moraga-Suazo et al., 2011). Moreover, 

Trichoderma spp. also improved the emergence and vitality of the seedlings of this 

conifer. BCA may also improve the control of Armillaria root rot in pine (Prospero 

et al., 2021). Consequently, the presence of these fungi on Douglas-fir seeds may 

have a positive effect on reduction of other pathogenic fungi and their infection, so 

their elimination is not advisable. All these fungal species show that functional 

diversity of fungi in seeds is high, as pathogens, saprotrophs and potential 

biocontrol agents were found in this study. 

 
Our results showed that heat treatment reduced the diversity of seed fungi in Scots 

pine and Lodgepole pine seeds. One of the largest reductions in individuals 

recorded was for Penicillium sp. and Thyronectria sp. in both seed lots of 

Lodgepole pine, as well as Fusarium sp. in the PS18 seed lot. Thyronectria sp. has 

not yet been recorded in this conifer, but among this genus, the pathogenic mold 

Thyronectria austroamericana is known to cause canker in honey locusts (Gleditsia 

triacanthos; Hudelson, 2021). Heat treatment did not eliminate H. macrosporum 
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from any seed lot of pine tested, which was still present in many individuals after 

treatment.  

 
UVC treatments, compare to control treatment, reduced the overall fungal diversity 

in the seeds. An example is the already mentioned species N. juglandis, which was 

not reported in the PS18 seed lot after the UVC treatment but counted 200 isolates 

in the control treatment. Some fungal species, however, remained resistant to the 

treatment. For instance, Penicilium sp. appearing in PC15 and PS20 UVC-treated 

seed lots. The demonstrated resistance of fungi from the Penicillium genus and their 

frequent presence after UVC correlates with the study of a Laichmanová & 

Sedláček (2019), where the prevalence of strains of this genus after treatment was 

also demonstrated. Also, the differences in the number of UVC applications (one 

time or three times) were very small, as the diversity was at the same level after 

these treatments. 
 

In some seed lots UVC resulted in the appearance of many individuals of new 

fungal species in comparison with control seeds. This is best shown in the seed lot 

PC15, where up to seven new species appeared post-treatment, as well as in the 

seed lot PM14 in which all fungi recorded after the UVC treatment were new. 

Examples with the highest number of isolates in these seed lots after treatment are 

M. hiemalis and P. nothofagi. In a study by Laichmanová & Sedláček (2019) it was 

showed that spores of the genus Mucor were resistant and stayed viable after the 

UVC treatment. M. hiemalis, one of the most dominant fungi in this study, is not 

considered as pathogenic to plants. This species was earlier reported on White 

spruce (Picea glauca (Moench) Voss; Mittal, 1986), four different pine species 

(Mittal et al., 1990), as well as on various beech (Betula spp.) trees (Dickinson & 

Pugh, 1974) and some other deciduous trees, e.g., Pedunculate oak (Quercus robur 

L). Penicillium nothofagi, that appeared after the UVC treatment in PM14 seed lot, 

was recorded in other studies only in the soil (Houbraken et al., 2011c). The 

presence of these fungi may be also a result of contamination, as both species 

appeared in other seed lots in the control treatment. Given these exceptions of the 

appearance of new species or an increase in the abundance of fungi after UVC 
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treatments, more research should be carried out on the effects of UVC light on 

different fungal species. 

4.2.2 Potentially pathogenic fungi 
Several of the species identified in this study have been characterised as potential 

plant pathogens (Supplementary Table 4) infecting in total almost 40% of seeds in 

this study. Previous studies have shown that potential pathogens can account for 

30% among all fungi identified in the seeds (Cleary et al. 2019; Franic et al. 2019), 

which suggests comparable diversity. Most of the detected potential pathogens, 10 

out of 15, are known to cause damage to trees, especially to conifers from the genus 

Pinus. One of the most dominant potential tree pathogens in this study for control 

seeds of pines tested was the previously mentioned S. sapinea, causing great 

damage to pine species around the world (Georgieva & Hlebarska, 2017). A 

significant proportion of the fungal species detected in this study were also non-

tree plant pathogens. These species are not considered a direct threat to tree health, 

but their presence should be controlled. However, it is possible that the 

identification of species in this study is not totally accurate, as the ITS has its 

limitations in providing sufficient resolution for some highly specific fungal genera, 

such as Aspergillus, Cladosporium, Fusarium, Penicillium and Trichoderma, 

because these taxa have narrow or no barcode gaps in their ITS regions (Samson & 

Pitt, 2000; Lücking et al., 2020). 

 
In this study, heat treatment reduced the overall diversity of potential tree pathogens 

compared to control seeds. For example, potential pathogen H. spartii was 

eliminated by the heat in PC14 seed lot. This species is known to cause dieback and 

canker of Stone pine (Pinus pinea L.) in Tunisia (Hlaiem et al., 2019) and Black 

Spot Needle Blight of Pinus sylvestris var. mongolica trees in China (Wang, 2022). 

Heat treatment has similarly eliminated A. pseudotsugae, a potential pathogen of 

mainly pines but also larches. This species has so far only been recorded in Europe, 

where it causes Phomopsis disease by attacking the young shoots of the plants 

(Wajihi, 2019). In PS18, previously mentioned Fusarium sp. was also eliminated 

by the heat treatment which correlates with the study of Bennett & Colyer (2010). 

In their study, Fusarium oxysporum f. sp. vasinfectum infection on cotton seed was 
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reduced by the heat treatments at 30, 35 and 40 °C for up to 24 weeks as well as at 

60, 70 and 80 °C for 2 to 14 days. Another species eliminated by the heat found in 

all seed lots except PM14, P. thomii, is known as a potential seed-borne pathogen 

causing diseases of Eastern white pine trees in North America (Mittal, 1986), but 

the symptoms of its infection are unknown. Heat treatment, however, did not 

eliminate P. hollandica, which appeared in seeds of Lodgepole pine. This fungus is 

a potential pathogen of Mediterranean cypress (Cupressus sempervirens L.) in 

Spain, as it infests its shoots (Silva et al., 2020). It has also been recorded on various 

pine tree species (Jiang et al., 2022; Maharachchikumbura et al., 2011), Bull 

banksia (Banksia grandis Willd.) in Australia and on Japanese umbrella-pine 

(Scapdopitys verticillate Sieb. & Zucc.) in the Netherlands (Jiang et al., 2022). 

 

The UVC treatment, similarly, to heat treatment, also resulted in a reduction of the 

diversity of potential tree pathogens. For example, D. sarmentorum, eliminated 

from the seed lot PS18, is a potential pathogen of common walnut causing branch 

dieback (Iqbal, 2022). This species was also observed on ash trees (Fraxinus spp.), 

where it caused tree decline, wood cankers, bud necrosis, shoot and branch dieback 

displayed through bleached, necrotic or discoloured canes in infected trees 

(Ivanova, 2018). Another example of a potential pathogen of common walnut also 

found in our study is C. subuliforme Bensch, Crous & U. Braun (Yang, 2023), 

which was not eliminated by the UVC treatment in the seed lot PS20. UVC 

treatments, compare to heat, did not eliminate potentially pathogenic P. thomii from 

any seed lot, as well as Fusarium sp. from both seed lots of Scots pine. The reason 

for the lack of effect of UVC on Fusarium sp. could be that this treatment is known 

to penetrate only the seed surface, and fungi from this genus mainly reside inside 

the seed (Papavizas, 1985; Graham & Linderman, 1983). 

4.3 Effect of the seed treatments on seed germination 
The heat treatment at 55 ˚C for 8 h and the UVC light treatments performed in this 

study did not adversely affect the germination capacity and germination energy of 

Lodgepole pine, Scots pine and Douglas-fir seeds. This result implies that these 
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treatments can be used on the seeds of these tree species to reduce or eliminate the 

infection by potentially pathogenic fungi without affecting seed germination. 

 
The lack of negative effect of heat treatment on seed germination was also 

confirmed by Nunez & Calvo (2000). In their study, seeds of Scots pine and Aleppo 

pine (Pinus halepensis Mill.) treated with heat even at 70 °C germinated at the same 

level as control seeds, but the treatment was shorter, i.e., only 1-5 minutes. Also, 

Knapp & Anderson (1980) observed no negative effect of heat treatment at 45-65 

°C for 15 minutes on Lodgepole pine seed germination. It can therefore be 

concluded that heat treatments of different durations and temperatures can be used 

on conifer seeds to control fungal infection without adversely affecting 

germination. However, maximum and minimum heat treatment doses (temperature 

x duration) should be studied in more depth. 

 
UVC radiation has so far mainly been used to eliminate fungal infection on crops 

(Sadeghianfar et al., 2019; Kondrateva et al., 2020), and there is very little research 

on the use of this treatment on conifer seeds and its effect on germination. Results 

of our study do not correlate with the study by Foroughbakhch Pournavab et al. 

(2019), who showed that Martinez pinyon (Pinus maximartinezii Rzed.) seeds were 

highly sensitive to UVC treatments, which negatively affected their germination. 

More research should be carried out to investigate the effects of using UVC light 

on conifer seeds so that in the future we can effectively control fungal infection 

without negatively affecting germination. 

4.4 Traditional plating as a method for the fungal 
identification 

One of the most common methods for assessing fungi in seeds is plating. This 

method allows for obtaining fungal cultures from tree seeds by putting these seeds 

on a particular nutrient medium. There are many advantages using this method, 

such as providing complete information on fungal communities from different 

areas, distribution of fungi and fungus-host relationships (Gautam et al., 2022). 

With this method, we have a high sensitivity of fungi, however, only if the medium 
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is correctly selected. Also determination of the fungus at species level is possible. 

It's also considered as an economical method and demands less specialised 

equipment than more advanced techniques (Gautam et al., 2022). However, in 

addition to these advantages, there are also disadvantages that may contribute to the 

choice of other methods for fungal characterisation. Traditional plating is very time-

consuming. The detailed process of sampling, culturing, isolation and identification 

requires a commitment of time. This method is also resource-consuming (Figdor & 

Gulabivala, 2011). If the medium is chosen incorrectly, the growth of some fungi 

may be limited due to low sensitivity, which is then a limitation in identifying fungi 

(Mendonca et al., 2022). It was also previously studied that a range of uncultivable 

species is unknown from fruiting bodies (Nilsson et al., 2018). Lastly, there is a risk 

of contamination in using this method (Figdor, 2011). 

 
Due to limitations in the use of traditional culture-based methods, DNA and RNA 

based high-throughput sequencing (HTS) approaches are becoming essential 

(Nilsson et al., 2019). While sequencing DNA provides a genetic profile of a 

cell/organism, sequencing RNA identifies only the genes that are actively 

transcribed in the cells (Arroyo Mühr et al., 2021). Within that, the amplicon 

sequencing (also known as metabarcoding), using PCR, enables to analyze genetic 

variation in a specific genomic region (Tedersoo et al., 2002). While sequencing 

information has traditionally been elucidated using a low-throughput technique 

called Sanger sequencing, HTS is much more efficient given the sequencing 

volume. The Sanger method only sequences a single DNA fragment at a time, in 

turn, HTS is massively parallel, enabling hundreds of millions of DNA molecules 

to be sequenced (Paul et al., 2018). HTS also offers greater discovery power to 

detect rare variants with deep sequencing, as well as higher sequencing depth 

enabling higher sensitivity (Nilsson et al., 2019). However, DNA and RNA using 

HTS methods, are less cost-effective compared to the culture-based method 

(Nilsson et al., 2019). Ultimately, by betting on more modern methods to identify 

multiple species more quickly and efficiently at once, the implementation of HTS 

technology will be invaluable to practitioners' work in the future. 
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Results of the present study show that seeds of Lodgepole pine and Scots pine carry 

abundant and highly diverse fungi, including potential plant pathogens and 

specifically Sphaeropsis sapinea. Fungal diversity, however, varies among tree 

species, as Douglas-fir seed fungi were less diverse. The seeds of study tree species 

are also a source of frequent fungal infection. This study shows that heat at 55 °C 

for 8 h can reduce the level of fungal infection, as well as the overall fungal 

diversity. UVC treatments also reduce the overall fungal diversity, while infection 

levels remain high. Both treatments performed result in a reduction of infection by 

potentially pathogenic fungi, including S. sapinea. Heat and UVC treatments 

performed have no negative effect on seed germination, indicating their safe use in 

reducing or eliminating fungal infection in conifer seeds of study tree species. 

 

The results obtained point to the risk of introducing pathogenic fungi into forest 

nurseries causing diseases of tree seedlings with a negative impact on forest 

regeneration. Also, frequent import and use of latently infected pine seeds has been 

identified as a factor promoting the global movement of S. sapinea. The high 

demand for Scots pine seeds in Sweden leading to frequent seed trade may 

contribute to the easy and rapid spread of the pathogen. Thus, there is a high risk 

that S. sapinea, as well as different dangerous plant pathogens, could be moved to 

new areas when seeds are being exchanged for reproduction purposes. In addition 

to the trade, it is extremely important to prevent the infection of seedlings with this 

pathogen already in orchards. Treating seeds prior to sowing will result in disease-

free seedlings. At the same time, treating conifer seeds with heat and UVC prior 

export can highly prevent the spread and further pathogen infection. 

 

5. Conclusions and recommendations 
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This study emphasizes the need for further research of the effects of heat and UVC 

treatments on conifer seed fungi. In this study the number of 300 seeds per each 

seed lot (five seed lots in total) was tested, which is considered as the minimum 

number of seeds required for a 95% probability of detecting at least one infected 

seed in a seed lot containing 1% contaminated seeds.  It is important for 

practitioners to know what fungi can be find in the seed lots to minimize the risk of 

introducing harmful fungi to the forest nurseries and elsewhere (in case when seeds 

are shipped abroad). Therefore, testing more seeds and seed lots would be needed 

to understand more comprehensively possible risks associated with the movement 

of reforestation seeds. The reason for further research using more seeds and seed 

lots also arose from the high variation across seed lots and treatments found in the 

results of this study. More comprehensive information is needed to reach a general 

assumption that these treatments can be used on seeds to control fungi, especially 

pathogenic ones. 

 
More research should be carried out to determine whether shorter time of heat 

treatments would also be effective in controlling fungi. Reducing the time of this 

treatment would streamline and facilitate the work for practitioners. It is also 

needed to get sufficient information on the possibilities of using UVC as a treatment 

in nurseries. The results of this study showed that UVC seems to be less effective 

than heat treatment. However, it may still be worthwhile to see if UVC can be 

optimized, which can be done by fine tuning the conditions: adjusting light intensity 

and duration, as well as coverage by installing a vibrating device while performing 

UVC so it can reach each side of the seed. 

 

This study did not consider seed size as a possible factor which can influence the 

efficacy of the heat treatment for eliminating seed-borne fungi (Bond et al., 1999). 

As our results show that the heat treatment had no effect on Douglas-fir seeds, it is 

suggested that the effect of the size of the seeds tested should be equally 

investigated. 

 
More studies on seed-borne fungal communities, i.e., determination of fungus-host 

associations, and investigation of heat and UVC tolerance of fungi will allow to 
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apply the most appropriate treatment to control fungi, as well as to assess the effect 

of these treatments. 

 
In summary, the results of this work indicating the high risk and frequency of seed 

infection by fungi, especially pathogenic ones, prove that heat and UVC treatment, 

especially heat, should be practically implemented by practitioners in Sweden. The 

approach of heat-, and UVC-treating infected seeds prior to sowing and prior export 

will reduce or even eliminate the potential risk of disease transmission to Swedish 

nurseries, as well as the risk of plant pathogens spread during the seed trade. 
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Pathogen free seeds are critical to produce healthy plants for forest regeneration. However, recent 
studies have shown that tree seed carry a high diversity of fungi including known and unknown 
pathogens. There is a need to control seed-borne fungi to minimize the introduction of fungal 
pathogens, during plant propagation in reforestation nurseries. Thermotherapy treatments, such as 
heat and UVC light, are recognised as environmentally safe methods for controlling fungal 
infestation, but effects of such methods on tree seed fungi are poorly understood. Moreover, 
inadequate dose and duration of these methods can also weaken the viability of the seed by 
negatively affecting germination. 

This study assesses the infection level and diversity of all and potentially pathogenic fungi (with a 
focus on S. sapinea) in seed lots of Lodgepole pine (Pinus contorta Dougl. ex Loud.), Scots pine 
(Pinus sylvestris L.) and Douglas-fir (Pseudotsuga menziesii (Mirb.) before and after the heat at 55 
°C for 8 h and UVC light one or three times. Seed germination was also assessed before and after 
the treatments. 

The results showed that almost all tested seeds yielded fungi. The high infection level and diversity 
of fungi, including plant pathogens was showed for control seed lots of Lodgepole pine and Scots 
pine, and high infection levels and lower diversity for Douglas-fir seed lot. High incidence of S. 
sapinea was detected in the control PS18 seed lot, and negligible in the control PC14 seed lot. 
Overall, the heat treatment reduced fungal infection level and diversity to varying degrees in 
Lodgepole pine and Scots pine seeds, including potentially pathogenic fungi and S. sapinea. 
However, the reduction did not occur for the Douglas-fir seed lot. UVC treatments did not affect the 
fungal infection of any tree species. Considering only potentially pathogenic fungi, UVC reduced 
the infection in PS18 and PM14 seed lots, however increased in PC15 and PS20 seed lots. 
Occurrence of S. sapinea in PS18 seed lot, as well as diversity of all and potentially pathogenic fungi 
in all seed lots, compare to control treatment, was usually lower. The results also showed that none 
of the treatments had a significant negative effect on the germination of the tested seeds. 

The study demonstrates that heat treatment at 55 °C for 8 h and UVC light one or three times can be 
further used to control fungal infestation, however, more research is needed to determine the most 
appropriate dose and duration, depending on the tree species. Performed in this study treatments can 
be used to reduce or eliminate fungal infection and diversity on conifer seeds without adversely 
effecting germination. 

Keywords: seed-borne pathogens, artificial regeneration, conifers, thermotherapy 
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Supplementary Table 1 – Results of One-Way ANOVA Test (Number of seeds infected by 

potential pathogens per SL) and Kruskal-Wallis Test (Number of infected seeds per SL, 

Number of seeds infected with Sphaeropsis sapinea per SL) for the differences in fungal 

seed infection levels among treatments. Degrees of freedom (Df), chi square (χ2), P values, 

sum of squared errors (SSE) and mean squared error (MSE) are shown. 

 
Model Response 

variable 
Factor Df χ2 P SSE MSE 

Number of 
seeds infected 
by potential 

pathogens per 
SL  

~ Treatment 

 Number of 
seeds 

infected by 
potential 

pathogens 
per SL  

Treatment 3 - 0.964 3735 1245 

Number of 
infected seeds 

per SL 
~ Treatment 

Number of 
infected 

seeds per SL   

Treatment 3 3.499 0.3208 - - 

Number of 
seeds infected 

with 
Sphaeropsis 

sapinea per SL 
~ Treatment 

Number of 
seeds 

infected with 
Sphaeropsis 
sapinea per 

SL 

Treatment 3 0.587 0.8992 - - 
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Supplementary Table 2 - Results of One-Way ANOVA Test (Number of fungal morphotypes 

per SL, Number of fungal species per SL, Number of morphotypes of potential fungal 

pathogens per SL, Number of species of potential fungal pathogens per SL) for the 

differences in fungal presence/absence-based diversity among treatments. Degrees of 

freedom (Df), P values, sum of squared errors (SSE) and mean squared error (MSE) are 

shown. 

 
Model Response 

variable 
Factor Df P SSE MSE 

Number of fungal 
morphotypes per 
SL ~ Treatment 

Number of 
fungal 

morphotypes 
per SL 

Treatment 3 0.3 928 309.3 

Number of fungal 
species per SL ~ 

Treatment 

Number of 
fungal species 

per SL  

Treatment 3 0.515 176.1 58.69 

Number of 
morphotypes of 
potential fungal 

pathogens per SL 
~ Treatment 

Number of 
morphotypes 
of potential 

fungal 
pathogens per 

SL 

Treatment 3 0.114 100.4 33.45 

Number of 
species of 

potential fungal 
pathogens per SL 

~ Treatment 

Number of 
species of 
potential 
fungal 

pathogens per 
SL 

Treatment 3 0.139 33.5 11.167 

 

 
Supplementary Table 3 - Results of Kruskal-Wallis Test (Germination capacity per SL 

[%], Germination energy per SL [%]) for the differences in seed germination among 

treatments. Degrees of freedom (Df), chi square (χ2) and P values are shown. 

 
Model Response 

variable 
Factor Df χ2 P 

Germination 
capacity per 

SL [%] ~ 
Treatment 

Germination 
capacity per 

SL [%] 

Treatment 3 2.3802 0.4973 

Germination 
energy per 
SL [%] ~ 
Treatment 

Germination 
energy per 

SL [%] 

Treatment 3 0.6294 0.8897 

 



96 

Supplementary Table 4 – Potential plant pathogens detected in this study, their 

distribution, symptoms and known hosts. 

 
Potential plant 
pathogen 

Distribution Known host/s Symptoms Reference/s 

Penicillium 
bialowiezense 

 

-North America  
(Canada, USA), 
-Central America 
(Panama), 
-Europe (Poland, 
Germany) 

-Brussel, 
-Lactarius luteolus, 
-Polyporus sp., 
-Coconut, 
-Christmas fern 
(Polystichum 
acrostichoides (Michx.) 
Schott), 
-Redwood (Sequoia 
sp.) 

-Decay of 
brussels sprouts 

-Varga et al. 
(2008), 
-Scholtz & Korsten 
(2015), 
-Peterson et al. 
(2004) 

Rhizopus arrhizus World -Tomato -Brown rot -Liaquat et al. 
(2019), 
- Munjal & Sharma 
(1975), 
- Mittal & Sharma 
(1982), 
-Garbowski 
(1936), 
-Urosevie (1961), 
-Mason & Van 
Arsdel (1978), 
-Gordon (1967), 
-Mittal et al. 
(1990) 

Sphaeropsis sapinea World -50 pine species (Pinus 
spp.), 
-Douglas-fir, 
-Fir (Abies sp.), 
-Larch (Larix sp.), 
-Spruce (Picea sp.) 

-Tip blight, 
-Stem and 
branch canker, 
-Dieback, 
-Yellowing of 
needles 

-Adamson et al., 
(2015), 
-Kaya et al., 
(2014), 
-Munck & Stanosz 
(2010), 
-Whitehill et al., 
(2007), 
-Phillips et al., 
(2013) 

Fusarium sp. World -Scots pine, 
-Douglas-fir 

-Damping-off -Swiecimska et al. 
(2020), 
-James et al. 
(1990) 

Penicillium thomii World 
 

-Eastern white pine 
(Pinus strobus L.), 
-Gyrineum roseum 
(Tod.), 
- Trichothecium roseum 
(Pers.) 

Unknown -Mittal (1986), 
-Nicoletti et al., 
(2014) 

Pestalotiopsis 
hollandica 

-Europe (Spain) -Mediterranean cypress 
(Cupressus 
sempervirens L.), 
-Bull banksia (Banksia 
grandis), 
- Japanese umbrella-
pine (Sciadopitys 

-Blighted 
shoots 

-Silva et al., 
(2020), 
-Jiang et al., (2022) 
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verticillate Sieb. & 
Zucc) 

Stagonosporopsis 
lupini 

-North and South 
America, 
-Europe (UK) 

-White lupin (Lupinus 
albus Forssk.), 
-Andean lupin (Lupinus 
mutabilis Sweet) 

-Leaf Spot and 
Blight 

-Boerema et al., 
(1999), 
-Vaghefi et al., 
(2012), 
-Yong-Dong, 
(2021) 

Alternaria 
angustiovoidea 

-North America -Leafy spurge 
(Euphorbia esula L.), 
-Artichoke (Cynara 
cardunculus var. 
scolymus), 
-Corn, 
-Aowpea, 
-Okra (Abelmoschus 
esculentus L.), 
-Safflower (Carthamus 
tinctorius L.), 
-Zinnia (Zinnia sp.) 

-Dead plants, 
-Chlorosis and 
wilting of 
leaves on 
cuttings of leafy 
spurge 

-Ming-Yang et al, 
(1990) 

Allantophomopsiella 
pseudotsugae 

-Europe 
(Germany, UK, 
Netherlands, 
Norway, Iceland) 

-Conifers: mostly pines, 
larch 

-Phomopsis 
disease 

-Wajihi et al., 
(2019) 

Cladosporium 
subuliforme 

-North America 
(Cuba), 
-Asia (China) 

-Pepper (Capsicum sp.), 
-Passion fruit 
(Passiflora edulis 
Sims),  
-Common walnut 
(Juglans regia L) 

-Yellow leaf 
spot, 
-Leaf blight 
symptom 

-Yang, (2023) 

Heterotruncatella 
spartii 

-Africa (Tunisia), 
-Asia (China) 

-Stone pine (Pinus 
pinea L.), 
-Pinus sylvestris var. 
mongolica 

-Dieback 
disease, canker, 
-Black Spot 
Needle Blight 

-Hlaiem et al., 
(2019), 
-Ren-Wang, 
(2022) 

Dothiorella 
sarmentorum 

-Europe 
(Slovakia), 
-South America 
(Chile) 

-Ash (Fraxinus sp.), 
-Common Walnut, 
-Grapes (Vitis sp.), 
-Pistachio (Pistacia sp.) 

-Declining tree, 
-Wood cankers, 
-Bud necrosis, 
-Shoot and 
branch dieback 
displayed 
through 
bleached, 
necrotic or 
discoloured 
canes in 
infected trees, 
-Branch 
dieback 

-Ivanova, (2018), 
-Iqbal, (2022), 
-Gonzalez-
Domıngueza et al.,  
(2017) 

Phoma sp. -Europe 
(Belgium, France, 
UK) 

-Ash -Cancer -Schmitz et al. 
(2006) 

Talaromyces 
rugulosus 

-Asia (China) -Grapes -Decay -Li et al., (2019) 

Alternaria 
alstroemeriae 

 
 

-South America 
(Colombia), 
-Asia (Japan, 
China), 

-Alstroemeria sp., 
-Tobacco (Nicotiana 
sp.) 

-Black spot 
disease, 
-Grey spot 

-Yamagishi et al., 
(2009), 
-Valdes et al., 
(2014), 
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- Australia -Cheng Zhou et al., 
(2023), 
-Simmons & Hill, 
(2007) 
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