
ABSTRACT 

SANABRIA VELAZQUEZ, ANDRES DE JESUS. Cultural Management of Stevia Diseases in 

North Carolina, USA, Mexico, and Paraguay (Under the direction of Dr. Howard David Shew 

and Dr. Lindsey D. Thiessen) 

 

Stevia is a semi-perennial crop grown to obtain the glycosides in its leaves, which are 

processed to manufacture non-caloric sweeteners. The increase in stevia production areas 

brought a corresponding increase in plant diseases, limiting the commercial potential of the crop. 

The pathogens Sclerotium rolfsii, causal agent of stevia stem rot (SR), and Septoria steviae 

causal agent of Septoria leaf spot (SLS) can significantly reduce plant stand and leaf yields. 

Since stevia is a new specialty crop in the USA, there are no fungicides labeled to manage these 

pathogens, though multiple fungicides still are in IR4 testing. Because of the current limitations 

on the use of chemical pesticides for the management of stevia diseases, this study focused on 

the cultural management practices of stevia diseases in three important stevia production regions: 

Paraguay, Mexico, and NC, USA. One of these practices consists in understanding the origin of 

S. steviae inoculum sources to potentially avoid its introduction to new production areas. To 

investigate this, 12 isolates of Septoria spp. were obtained from the forest of Amambay and field 

plantings in Paraguay in 2018 and 2020, and multi-locus sequence analysis was used to generate 

a maximum likelihood (ML) tree including S. steviae from France, Japan, and NC, USA. Results 

of the ML tree showed that Paraguayan isolates formed a monophyletic group with S. steviae of 

France, Japan, and the USA and supported an ancestral connection of S. steviae isolates to 

Paraguay. Another cultural management practice investigated in this research was disease 

monitoring of SLS. It was developed new SAD set with six-leaf diagrams, each with a different 

degree of severity of SLS (0.5, 1, 10, 25, 40, 75%) that significantly improved severity 

estimations accuracy of inexperienced (Agreement (CCC) = 0.89; Bias (Cb) = 0.97; Precision (r) 



= 0.90) and experienced raters (Agreement (CCC) = 0.94; Bias (Cb) = 0.99; Precision (r) = 0.95) 

allowing the standardization of disease ratings across different environments. Finally, reducing 

pathogen inoculum and disease progression was investigated during experiments in 2019 and 

2021, using carbon sources for anaerobic soil disinfestation (ASD) in microplots at Central 

Crops Research Station (Clayton, NC, USA). In 2020 and 2021, field experiments were carried 

out at Colegio Superior Agropecuario del Estado de Guerrero, Mexico (MX), and Centro de 

Desarrollo e Innovación Tecnológica, Paraguay (PY) using a 2 × 3 factorial design with two 

ASD treatments and three fungicide treatments. ASD treatments included soil amended with 

cornmeal at a rate of 20.2 Mg/ha and molasses at a rate of 10.1 Mg/ha or non-amended. Foliar 

fungicide applications included azoxystrobin+difenoconazole, pyroligneous acid (PA), or a non-

treated control. Soil organic amendments for ASD were not significantly effective in reducing 

the standardized area under the disease curve progress (sAUDPC) in field trials (P=0.8342) 

despite being effective in laboratory assays (P<0.0001) and microplots trials (P<0.0001) in NC. 

The application of fungicides was significantly effective in reducing SR (P=0.013) and SLS 

(P=0.0095) with azoxystrobin+difenoconazole being the most effective and PA not being 

significantly different from control or azoxystrobin+difenoconazole treatments. ASD did not 

have a significant effect on yield (MX P=0.6043, PY P=0.1019). However, fungicides were 

significantly effective in increasing dry leaf yields with azoxystrobin+difenoconazole being the 

most effective treatment and PA not being significantly different from the control or chemical 

fungicide treatments (MX P <0.001, PY P = 0.0410). Overall, these results expand the current 

knowledge on S. steviae and S. rolfsii alternatives for management and open new questions about 

the biology and epidemiology of these pathogens.  
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CHAPTER 1 

Literature review 

Overview of stevia production  

The genus Stevia includes approximately 200 species of herbaceous plants, shrubs, and 

subshrubs belonging to the Asteraceae family distributed in the Americas (Chesterton and Yang 

2016). Commercially, stevia refers to the species, Stevia rebaudiana, which is native to the 

northeastern region of Paraguay in the highlands of the Amambay Department and to the 

neighboring regions of Brazil and Argentina (Soejarto 2002). The natives of Paraguay, the 

Guarani, used stevia as a medicinal plant and as a sweetener for their traditional drink, yerba 

mate. Due to its sweetening properties, the natives called it “kaʼa heʼẽ” in the Guarani language, 

which means sweet herb (Chesterton and Yang 2016).  

The first scientific description of Stevia rebaudiana was by Moises Bertoni, a Swiss 

naturalist. The report was published in 1905 and depicted the characteristics and sweetening 

properties of the plant (Bertoni 1905). In 1900, Ovidio Rebaudi, a Paraguayan chemist published 

the first chemical analysis of the plant, where he described the glycosides present in stevia, 

which later was renamed Stevia rebaudiana in his honor (Chesterton and Yang 2016). In 1931, 

French scientists managed to purify the glycosides and rebaudiosides responsible for the 

sweetening properties of stevia leaves (Bridel and Lavielle 1931).  

Stevia is a shrubby plant with multiple branches that grow vertically reaching a height 

between 30 and 90 cm (Yadav et al. 2011). They also can grow horizontally if the plants are 

lodged by the wind (Huber and Wehner 2021). The leaves are elongated and serrated with 

abundant trichomes and are opposite along the stems (Le Bihan et al. 2020). In native conditions 

where the climate is tropical to subtropical, the plant is perennial with a fibrous root system 
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(Britos and Jongdae 2016). The above ground parts of the plant die if air temperatures are below 

0°C, and death of the crown. The root system may survive air temperatures of 0°C, but will also 

die if soil temperatures reach 0°C (Koehler and Shew 2017).  

The flowers are white hermaphrodites arranged in small terminal or axillary capitula, 

grouped in corymbose panicles (Yadav et al. 2011). The flower is self-incompatible, so cross-

pollination is necessary to obtain fertile seeds. In addition, stevia plants present a sporophyte 

phase and are classified as compulsory apomictic (Uskutoğlu et al. 2019). The plants are 

classified as short-day plants, placing the critical photoperiod at 12-14 hours according to the 

eco-type. The beginning of flowering causes a decrease in the concentrations of stevioside in the 

plant (Le Bihan et al. 2020).  

The fruit is an achene containing one stevia seed. They can be light-colored or dark and 

are spread mainly by the wind (Soejarto 2001). The main form of propagation of the plant is 

through botanical seeds, yet these typically have a low percentage of germination. Usually, seeds 

with good germination are larger and black with a size of 0.5 to 1 mm, while infertile seeds are 

slender and light in color (Simlat et al. 2019). The production of seedlings is carried out using 

botanical seed or clonal multiplication. However, in addition to low germination rates, seeds 

typically give rise to a highly variable plant population due to outcrossing (Pereira et al. 2019). 

Asexual or vegetative propagation is completed using shoots that may include suckers, cuttings 

or stakes, etc., depending on the varieties to be used (Bogado-Villalba et al. 2021). The use of 

clonal varieties is preferred in commercial production of stevia, but it increases the production 

cost per seedling significantly and greatly increasing establishment cost for the crop (Castañeda-

Saucedo et al. 2020). 
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The main objective of the commercial cultivation of stevia is the production of leaves. 

The leaves contain glycosides known as stevioside and rebaudiosides, which are the sweetening 

compounds in S. rebaudiana (Parris et al. 2016). The sweetening potential of glycosides has 

been reported to be 150 times greater than sugar (Yadav et al. 2011). Glycosides cannot be 

metabolized by the body, therefore, making an ideal sweetener without health impacts like those 

from glucose and fructose (Ciriminna et al. 2019). The scientific literature has described more 

than 30 glycosides to date, with most of these compounds discovered only in recent years 

(Chester et al. 2013). The main steviol glycosides present in stevia were classified as stevioside 

(Kinghorn and Soejarto 1985), Rebaudioside A, Rebaudioside C, Rebaudioside D and 

Rebaudioside E (Sharma et al. 2016). Recently, Rebaudioside M was identified as having the 

highest sweetening power and the least metallic taste of the known rebaudiosides (Prakash et al. 

2014). 

Stevia leaves are used for the production of non-caloric and plant-derived sweeteners 

used by the food industry (Savita et al. 2004). A market analysis showed that the production and 

sale of stevia generated $ 417 million in 2017 and is forecast by the end of 2024 to generate 

revenues of $ 721 million. These predictions are supported by the launch of new stevia-based 

products between 2011 and 2016 (Ciriminna et al. 2019). Therefore, it is likely that as the 

demand increases the sweetener industry will need more raw stevia as the prime source of steviol 

glycosides.  

Stevia production worldwide is approximately 30,000 hectares (ha), with 25,000 ha 

cultivated in China (Mérillon and Ramawat 2018). In addition, stevia is cultivated commercially 

in Paraguay, Brazil, Colombia, Japan, Singapore, Taiwan, South Korea, China, USA, Canada, 

Mexico, India, and many European countries, with localized production in many other countries 
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as an experimental crop (Takácsné Hájos et al. 2016; Midmore and Rank 2002) (Figure 1.1).   

Currently, there is an interest in improving the commercial production of stevia in countries such 

as Paraguay and also in new countries such as Mexico and the USA (Bogado-Villalba et al. 

2021; Lozano Contreras et al. 2020; Huber and Wehner 2021). 

Production of stevia in Paraguay 

Paraguay is the center of origin of S. rebaudiana, and with approximately 800 ha of 

commercial production, it is the second-largest producer of stevia after China (Britos and 

Jongdae 2016). Stevia production is around 16,000 tons of dry leaf, mainly sold to Japan and 

Brazil, with smaller quantities exported to Europe and Mexico (Britos and Jongdae 2016). The 

stevia production chain relies heavily on smallholder farmers. They produce stevia in small areas 

that are harvested and sold by farmer's associations to glycoside extraction companies (Bamber 

and Fernandez-Stark 2012).  

Commercial cultivars utilized by farmers are seed propagated “Nativa” with yields up to 

4 ton/ha, and clonal “Eirete” y “Katupyry”, with yields between 4 and 7 ton/ha (Bogado-Villalba 

et al. 2021). These cultivars are produced by the Ministry of Agriculture of Paraguay to supply 

farmers with low-price seedlings (Britos and Jongdae 2016). Private companies such as 

Purecircle South America S.A. produce and provide their exclusive stevia improved cultivars 

“AKH L4” together with technical assistance to farmers and in exchange, the complete 

production is sold to the company (Alvarez-Britos 2013). This has been a successful system that 

has allowed stevia production to expand across the country. 

The main production areas in Paraguay are located in the Southern and Eastern regions of 

the country because annual rainfall is above 1500 mm, making them ideal for agriculture 

production (Britos and Jongdae 2016). In addition, these regions have well-drained soils with pH 
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5.5 to 6.5 and sandy loam texture (Kubota et al. 2005). Production areas with low soil fertility 

may be corrected with the application of lime and organic matter (Velázquez-Duarte et al. 2016). 

Mineral fertilization is rather uncommon among farmers, but when they are assisted by private 

companies, they applied mineral fertilizers. In this production area, the annual nutrient 

requirements of stevia are 162-19-140 (N-P-K) for a yield of 2,500 kg ha-1. The application of 

the fertilizers is carried out in lateral bands and furrows and incorporated into the soil manually 

(Casaccia and Álvarez 2006).  Different regions may require different levels of major and minor 

nutrients for optimum production. 

The plants are grown in containers for 90 days, and once the root system is well 

developed, they are planted in the field. Planting times are at the beginning of fall when frequent 

rains and low temperatures favor root development. This reduces planting stress and increases 

survival (Britos and Jongdae 2016). If the planting is carried out in April-May, the first harvest 

will be made in the months of July-August and the second harvest in November-December, with 

a high production of leaves. However, if transplanting is during the summer (December-January) 

there is a risk that the seedlings will die due to high temperatures and economic losses often 

result due to the additional cost of replanting (Casaccia and Álvarez 2006). 

In Paraguay, the recommended density for commercial stevia production is 100,000 

plants per hectare (Britos and Jongdae 2016). The spatial arrangement to be used depends on the 

production system the farmer chooses. In cases where farmers control weeds manually, they use 

single rows with distances of 50 cm between rows and 20 cm between plants (Cardozo Bobadilla 

2006). However, farmers with tractors use double rows with spacing between rows of 80 cm and 

12.5 cm between plants in bigger production areas (Britos and Jongdae 2016). In more intensive 

production systems, stevia is produced using triple or quadruple rows with plastic mulching and 



6 

 

 

 

irrigation systems which are placed on 1.0 m to 1.20 m wide beds. Each bed has 3 to 4 rows 

spaced 30 cm apart with 20 cm between plants and 50 cm pathways between raised beds 

(Taiariol et al. 2014). With the use of plastic mulch, stevia crops cultivar “Eirete” yielded 6,900 

kg ha-1 in four cuts with significant improvements in the number of shoots, plant height, and 

yield compared to controls with wheat straw coverture (Britos and Jongdae 2016). 

Some farmers conduct only two harvests a year, not harvesting at the end of winter (July-

August) because the cost of harvesting is higher than income from the harvest and in most cases 

yields are the same with two harvests as with three harvests per year (Casaccia and Álvarez 

2006). This has been attributed to the fact that the root system of the stevia has more recovery 

time after the harvest in March-April (Pereira et al. 2016). Most farmers still try to make four 

harvests per year. In the Department of Amambay, where stevia originated, edaphoclimatic 

conditions are ideal for the crop, normally four harvests are carried out per year, while in other 

production areas three harvests are made (Britos and Jongdae 2016). Harvest date depends on the 

transplant date. In a typical plantation with transplanting in April - May, the first cut will be 

made between July and August, the second in November and December, and the third cut in 

February - March (Casaccia and Álvarez 2006). The ideal harvest time is when the plant begins 

to produce flower buds or a week before open flowers appear, which coincides with the stage of 

the highest concentration of steviol glycosides (Bogado-Villalba et al. 2021). 

Production of stevia in Mexico 

Stevia was introduced to Mexico in 2010 through the Instituto Nacional de 

Investigaciones Forestales y Agropecuarias (INIFAP) to investigate if this crop could be adapted 

to their edaphoclimatic conditions.  Stevia production expanded to 100 ha under irrigation by 

2014 and has continued to increase (Segura-Campos et al. 2014). The most widely used varieties 
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in Mexico in addition to the "Native" variety from Paraguay are “Morita II” and the clonal 

variety “Eirete” from Paraguay. Recently, a new clonal cultivar named “Ch’ujuk” adapted to 

Mexican edaphoclimatic conditions was developed by the INIFAP (Lozano Contreras et al. 

2020). The commercial propagation of S. rebaudiana is not accomplished through botanical 

seeds due to their low germination. Instead, the utilization of cuttings is the most common and 

efficient way for commercial propagation of stevia seedlings. Moreover, this method allows 

uniform seedlings with the same characteristics as the mother plants (Castañeda-Saucedo et al. 

2020).  

The main stevia-producing states in Mexico are Nayarit (24 ha), Chiapas (20 ha), 

Campeche (21 ha), and Quintana Roo (10 ha). In other states such as Sinaloa, Jalisco, 

Michoacán, Guerrero, Oaxaca, Tamaulipas, Veracruz, Tabasco, and Yucatán, stevia production 

is smaller but promising given the possibility of multiple harvests through out the year (SIAP, 

2016). The soils of the production areas have been described as sandy-clayey or loamy-clayey 

soil with a regular to a high proportion of organic matter and moderate fertility (Osuna Ceja and 

Padilla Ramirez 1998; Silva-Gallegos et al. 2017). The moisture retention capacity of soils 

intended for stevia production is also critical because of irregular rainfalls in Northern Mexican 

states (Lee et al. 2007).  

The soil preparation for planting is carried out between 60 and 90 days before 

transplanting and if necessary, soil fertility corrections with lime and fertilizers are made. The 

beds are mechanically prepared with a width of 100 to 120 cm and a height of 20 to 30 

centimeters. The planting is carried out in the dry season with temperatures of 20 to 25°C 

(Ramírez and Lozano 2018). Planting densities between 50,000 and 120,000 plants ha-1 are used 

depending on whether the production system uses plastic covering with irrigation or not. Farmers 
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use double rows when using beds with plastic mulch and drip irrigation, although one bed with 

four rows using irrigation systems can be used in more intensive production areas (Ramírez-

Jaramillo and Lozano-Contreras 2016). 

During a year of cultivation, three to four harvests are made and are repeated typically 

over the entire five years that the crop can be commercially grown before reestablishment 

(Ramírez et al. 2011). Pruning can be mechanized with a mechanical harvester or semi-

mechanized with a pruning machine to which a hedge trimmer is adapted. Smallholder farmers 

usually harvest manually using pruning shears (Ramírez and Lozano 2018). Immediately after 

cutting, the pre-cleaning of the branches is carried out, which consists of the elimination of the 

basal leaves (black and brown leaves). Farmers avoid mixing these bad leaves to avoid low 

prices due to the reduced quality of the raw material (Ramírez and Lozano 2018). The drying of 

the leaves is done directly in the sun. The branches and leaves are placed on a plastic mesh and 

left in the sun until sunset. Materials are stored indoors if drying is not complete and returned sun 

dry each day until drying is complete. Some producers use an artificial dryer that can reduce the 

moisture content or leaves and stems by up to 10%, making it easier to store and commercialize 

(Reyes et al. 2020). 

Production of stevia in North Carolina, USA 

For many years China, Paraguay, and Japan were the principal producer and consumers 

of stevia (Bamber and Fernandez-Stark 2012). However, the popularity of stevia-sweeteners in 

the food industry has increased steadily, coinciding with the obesity pandemic in the developed 

world (Wang et al. 2020). Canada introduced stevia as an experimental crop in North America in 

the ’90s. The objective was to adapt stevia to the local farming system as an annual transplanted 

crop (Brandle and Rosa 1992). The crop extended to the United States, but its production became 



9 

 

 

 

popular only after 2008 when the Food and Drug Administration (FDA) approved the use of 

stevia as a food additive (Darrow et al. 2020; Huber and Wehner 2021). Purified steviol 

glycosides obtained from stevia leaves are Generally Recognized as Safe (GRAS) for use as a 

general-purpose sweetener in food (Neltner et al. 2013).  

In 2008, the United States Department of Agriculture (USDA) approved stevia for use as 

a non-nutritive sweetener, and interest in stevia production as a commercial crop grew in many 

parts of the USA, especially the southeast as a tobacco rotation crop (Koehler and Shew 2017). 

Tobacco has been historically an important crop produced in the Southern USA (Hanafin and 

Clancy 2015). However, the decline of the markets and disease pressure built because of mono-

crop agriculture has reduced the profits of farmers (Gallup et al. 2018). Since stevia can be 

produced using the same technology and equipment, farmers consider this new crop as a 

potentially economical alternative to tobacco (Koehler and Shew 2014a).  

Stevia production started in North Carolina in 2011 as an experimental crop, and by 2015 

farmers were commercially producing 120 ha (Koehler 2018). For stevia production in NC, 

farmers obtain the seedlings from seeds, and after 8-12 weeks of acclimatization in greenhouses, 

they transplant them to the field (Koehler and Shew 2017). Plant densities range from about 

65,000 to 100,000 ha-1 and are tyypically planted in single rows, though double rows are also 

used. Plastic mulch is used by some growers and irrigation is desirable due to periodic dry 

periods during the growing season (Koehler and Shew 2018). Stevia is grown largely as an 

annual or biannual crop with up to two harvests with up to two harvests per season. Stevia 

planting starts April or May with one harvest completed in August or September in the first 

growing season (Koehler and s 2018). When winter temperatures are below -6°C, stevia plants 

die, and it is necessary to replant (Koehler and Shew 2019; Kozik et al. 2020). If the plants 
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survive the winter, during the second year two harvests are done starting in June or July and 

repeating the harvest in August or September. The leaf harvest starts one week before the 

production of flowers, because the glycoside content in the leaves decreases after flowering, 

because the glycoside content in the leaves decreases after flowering (Huber and Wehner 2021).  

Stevia leaves are dried until they reach <10% humidity and only high-quality leaves are 

sold for glycoside extraction. Stevia stems are avoided because of their lower glycoside content 

(Wölwer-Rieck 2012; Periche et al. 2015). The final product is dried leaves which are sold for 

the extraction of glycosides to companies such as SoPure™, Cargill®, Sweegen®, 

FoodChemfor®, Sweet Green Fields LLC® among other companies based in the USA. Pure 

steviol glycosides are used for the production of commercial sweeteners such as Stevia in the 

Raw™, Zevia™, Splenda™, Truvia™, Sweet Leaf™, and new products are introduced in the 

market every year (Ciriminna et al. 2019).  

Agronomical challenges of stevia production  

To remain an economically valuable crop for production, farmers need to achieve high 

yields and high-quality glycosides obtained from raw stevia extraction (Xu et al. 2013). 

Additionally, there are still several agronomic aspects that are being optimized such as region-

specific cultivars, propagation, fertilization, irrigation, harvest, and pest management (Pal et al. 

2015).  

The production of stevia expanded from the original production areas of Paraguay to 

many new regions, including Asia, Europe and North America (Chesterton and Yang 2016). The 

edaphoclimatic conditions in these new production areas mostly differ from those in the center of 

origin of the crop, and locally adapted cultivars that provide good yield and quality are needed 

(Bogado-Villalba et al. 2021; Lozano Contreras et al. 2020; Huber and Wehner 2021). The lower 
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temperatures in northern production areas, such as North Carolina, limit the capacity of current 

stevia cultivars to be produced as a perennial crop (Koehler and Shew 2017; Koehler and Shew 

2019). To develop cultivars more tolerant to lower temperatures, breeders have developed stevia 

cultigens that more tolerant to winter conditions. The stevia cultigen 7947-3 was able to recover 

from to cold stress after 6 days of freezing at –2°C. These cultigens can be used in future 

breeding efforts to establish stevia as a semi-perennial crop in colder regions (Kozik et al. 2020).   

The commercial propagation of stevia is also limited by the low germination of the seeds 

(Shahverdi et al. 2017). In addition, the production of commercial stevia seed with uniform 

genetics is constrained by the auto incompatibility and cross-pollination habits of the plant 

(Uskutoğlu et al. 2019). Clonal production from mother plant cuttings is the most common way 

of propagation in stevia commercial nurseries (Koehler 2017). However, this increases the labor 

required for the implantation of new stevia fields escalating the costs (Lozano Contreras et al. 

2020). In vitro tissue culture of stevia callus has been utilized for seedling production. This 

propagation method allows the production of disease-free seedlings any time of the year but with 

the limitation of higher production costs per seedling (Patel and Shah 2009). Synthetic seeds are 

produced with an encapsulating seed in a matrix such as sodium alginate. This method allows 

long-term storage and provides good germination; however, the high cost prevents this method 

from being used commercially (Nower 2014).   

Since stevia is a new crop, pest management for arthropods, weeds, and diseases can be 

challenging due to the lack of information and commercial products for their control. Insect pests 

have not been reported to be yield-limiting threats for stevia commercial production (Lowery 

2017). However, greenhouses for seedling production can be infested with aphids (Schizaphis 

graminum), whiteflies (Bemisia tabaci), thrips (Thrips tabaci), leafhoppers (Empoasca spp.), and 
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red spider mites (Tetranichus urticae) (Bazazo et al. 2012). Thrips also have been reported as 

vectors of Tomato spotted wilt virus in stevia propagation greenhouses posing a possible threat 

for seedling production (Chatzivassiliou et al. 2007; Koehler et al. 2016). 

In contrast to insect pests, weed management is critical for stevia production especially 

shortly after transplant because stevia plants cannot outcompete them, causing a reduction in 

yields by 25% and increasing production costs (Taak et al. 2020). The critical period of weed 

management is between the first week and the end of the third week after planting (Azimah et al. 

2018). Weeds are mainly managed mechanically through manual removal (Huber and Wehner 

2021). The use of plastic mulch was reported as highly effective in preventing weed infestations 

(Taak et al. 2020). The other option is the use of chemical herbicides that can be used only 

during preplating or through targeted applications because of phytotoxicity to stevia (Casaccia 

and Álvarez 2006).  

Another challenging aspect of stevia cultivation is disease management with reports of 

diseases of stevia being mostly recent, coinciding with stevia expansion to new production areas. 

In countries where stevia is researched as a specialty crop, such as the USA and India, new 

diseases are well described in scientific articles (Table 1.1). In contrast, reports of diseases in 

South America, where stevia is native, are scarce due to the lack of academic publications 

(Figure 1.1). Among these diseases, those caused by fungal pathogens (Table 1.1) are the most 

threatening to stevia production because they destroy the final product (leaves) or reduce the 

number of plants available to harvest, hence increasing production costs and lowering yields 

(Koehler and Shew 2017; Koehler and Shew 2018).    
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Stevia diseases 

The leaves of S. rebaudiana are affected by multiple phytopathogenic organisms that 

cause necrotic spots. The most important leaf spot disease worldwide is Septoria leaf spot caused 

by Septoria steviae (Lovering 1996; Koehler et al. 2019; Hastoy et al. 2019). Similarly, 

Alternaria black spot affects the foliar area of stevia plants causing black spots that coalesce into 

larger, irregularly shaped spots and can often be masked by leaf spots caused by S. steviae 

(Ishiba 1982).  This disease is caused by Alternaria steviae and was reported for the first time in 

Japan. However, Alternaria alternata have been reported to be a causal agent of the disease as 

well (Maiti et al. 2007). A complex rather than only one pathogen may be causing Alternaria 

black spot, which has been reported more frequently in different warmer regions (Table 1.1). 

Commonly a secondary problem, bacterial leaf spots accompany other foliar spots such as 

Septoria or Alternaria leaf spots. Bacterial spot is not a very serious problem in stevia 

production. They usually appear in nurseries where sprinkler irrigation systems are used, and in 

the field, it can occur when humidity is high (Strayer et al. 2012).  

Soilborne diseases play a role in reducing the productive stand by causing wilting and 

dead of plants. As result, fewer plants regrowth after the winter increasing replanting cost.  The 

most prevalent soilborne disease in stevia is stem rot caused by Sclerotium rolfsii 

(Kamalakannan et al. 2007; Koehler and Shew 2014a; Le Bihan et al. 2019; Vélez-Olmedo et al. 

2021; Erper et al. 2020). In addition, Fusarium vascular wilt caused by Fusarium oxysporum was 

reported for first time causing vascular wilt of stevia in Egypt (Hilal and Baiuomy 2000), 

Venezuela (Salazar et al. 2015), Mexico (Leyva-Mir et al. 2018) and recently in commercial 

stevia plantations in Antioquia, Colombia (Díaz-Gutiérrez et al. 2019) (Table 1.1). In recent 

years Macrophomina phaseolina was reported as a pathogen of stevia, causing charcoal rot 
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(Hilal and Baiuomy 2000). It is gaining importance in production areas with sandy soil during 

the dry seasons (Rogers and Koehler 2021). 

Secondary diseases that have been reported in stevia production fields are Sclerotinia 

stem rot (Sclerotinia sclerotiorum) (Chang et al. 1997; Koehler and Shew 2014b), Rhizoctonia 

root and stem rot (Rhizoctonia solani) (Hilal and Baiuomy 2000; Kessler and Koehler 2020; 

Chauhan et al. 2019),  Verticillium wilt (Verticillium dahliae) (Farrar et al. 2000; Da Lio et al. 

2019; Lu 1989), Gray mold (Botrytis cinerea) (Garibaldi et al. 2009), Tomato spotted wilt virus 

(Tospovirus, Bunyaviridae) (Chatzivassiliou et al. 2007; Koehler et al. 2016), Phytoplasma 

(Group 16SrXXIV Phytoplasma) (Samad et al. 2011), Cucumber mosaic virus 

(Cucumovirus, Bromoviridae) (Chatzivassiliou et al. 2015), and Pythium Root Rot (Pythium 

myriotylum, P. irregulare, and P. aphanidermatum) (Koehler et al. 2017) (Table 1.1). These 

diseases have a lower impact on stevia yields or are less prevalent compared to the ones 

described in previous sections. Another explanation is that these diseases may be more difficult 

to diagnose like for example Tomato spotted wilt virus or Phytoplasmas and therefore are not 

reported as often as fungal diseases.  

Although the diseases previously described have the potential to limit stevia yield, by far 

the most prevalent and challenging diseases in stevia-producing areas around the world are 

Septoria leaf spot and stem rot accounting for up to 50% of yield loss (Koehler and Shew 2017; 

Koehler and Shew 2018). The management of these diseases is limited by a lack of knowledge 

about diagnosis, host range, dissemination, and products for disease control (Britos and Jongdae 

2016). There are still research gaps in the epidemiology and management of these diseases that 

need to be addressed to optimize stevia production.  
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Septoria leaf spot  

Septoria leaf spot (SLS) is one of the most important diseases of cultivated stevia, with 

the potential to significantly reduce yields (Koehler and Shew 2018). It is widely distributed in 

production areas around the world (Table 1.1). Once introduced into the field, it is difficult to 

eradicate(Reeleder 1999; Koehler and Shew 2018). The disease is caused by Septoria steviae, 

reported for the first time in Japan as a new phytopathogenic species of stevia (Stevia 

rebaudiana) (Ishiba et al. 1982). Recent studies identified S. stevia in NC, USA, and 

demonstrated that is a species-specific pathogen affecting stevia (Koehler et al. 2019). The same 

disease was also reported in France and phylogenetic studies were conducted to demonstrate that 

the causal agent of the disease is S. steviae (Hastoy et. al 2019). In 2021, S. steviae was reported 

for the first time causing leaf spots in stevia production fields in Thailand (Termsung et al. 

2021).  

The fungus S. steviae is classified in the Phylum: Ascomycota, Class: Dothideomycetes, 

Order: Capnodiales, Family: Mycosphaerellaceae, and Genus: Septoria (Quaedvlieg et al. 2013). 

The corresponding teleomorphic (sexual) form of S. steviae remains unknown and only the 

production of asexual spores (conidia) had been described (Ishiba et al. 1982). Conidia are 

contained inside pycnidia that release them in conditions of high moisture (Reeleder 1999). 

Conidia are often hyaline and filiform with multiple septa embedded in a gelatinous matrix 

called cirrus (Ishiba et al. 1982; Koehler et al. 2019; Termsung et al. 2021). Colony morphology 

is highly variable in synthetic growth media, with mycelia color from black, brown, grey, pink, 

and white ranging from pink to black color with varying production of pycnidia (Ishiba et al. 

1982; Termsung et al. 2021). The slow-growing nature of S. steviae colonies makes them 
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difficult to isolate, but also helps to differentiate them from other fungi that produce pycnidia 

isolated from stevia leaves such as Phoma spp. (Koehler et al. 2019; Quaedvlieg et al. 2013).  

The symptoms of SLS usually start in the lower leaves and spread upward as the disease 

progresses. Irregular dark brown necrotic spots can be small at first but may coalesce, becoming 

larger spots with a chlorotic halo around many lesions in some cases (Hastoy et al. 2019). 

Pycnidia often can be observed as small black dots in the center of the leaf spot. Under high 

humidity, these pycnidia produce mucilaginous cirri containing the conidiospores (Koehler et al. 

2019). Leaf spots affect the quality of the leaves and under high humidity, cause significant 

defoliation reducing the final yield of the crop (Koehler and Shew 2018).  

The mechanisms of the spread of the pathogen into new areas where stevia is produced 

are still undetermined.  There is the possibility of contaminated seeds being responsible for S. 

steviae movement to new production areas. It has been observed that Septoria spp. infect the 

seed coats or pericarp of numerous seeds (Ghosh et al. 2018). In other pathosystems such as 

wheat, celery, tomato, and lettuce Septoria spp. survives in seeds and can serve as the primary 

inoculum to initiate new epidemics (Kumar and Gupta 2020; Hewett 1968; Abang and Iloba 

2002; Lohmeier et al. 2013). In these reports, Septoria spp. was observed to remain on the 

surface of the seeds. From the surface, the pathogen can be transmitted to the coleoptile favored 

by temperatures between 10 and 25°C (Kumar and Gupta 2020). In Paraguay, the center of 

origin of stevia, this range of temperatures is observed during the rainy season when the severity 

of Septoria leaf spot is higher (Britos and Jongdae 2016).  Therefore, it is possible that stevia 

seeds imported from Paraguay helped to spread S. steviae across the different production areas in 

the world. The origin of Septoria steviae is still unresolved because isolates from Paraguay have 
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not been sequenced so phylogenetic comparison with previously reported isolates from multiple 

geographic is not possible.  

Phylogenetic analyses of Septoria steviae 

When Septoria steviae was first described in Japan, the identification was based on 

morphological characteristics, including conidiospores, conidiophores, pycnidia, and hyphae 

septation (Ishiba et al. 1982). However, the variability of morphological traits requires that 

additional information is needed to accurately differentiate among Septoria species (Quaedvlieg 

et al. 2013). With the development of the Polymerase Chain Reaction (PCR) and the low cost of 

DNA sequencing, new approaches for taxonomical placement of Septoria species such as 

phylogenetic analysis are now utilized (Harrison and Langdale 2006).  

To conduct phylogenetic analyses, DNA sequences of conserved genes or regions are 

aligned and compared and any differences observed among nucleotides are considered the result 

of mutation (Johnston et al. 2019). Using different evolutionary algorithms according to the 

nature of the mutation (Rota et al. 2018), an evolutionary distance is calculated based on the 

probability of these mutations (Katoh et al. 2019). Sequences that are grouped closer in the tree 

topology are more closely related, whereas those less related are grouped farther apart. The 

probability of a certain “tree” topology can be calculated using different estimation approaches 

such as Maximum likelihood, Parsimony, or Bayesian inference and provide a phylogenetic tree 

(Huelsenbeck and Crandall 1997; Swofford 1998; Holder and Lewis 2003).  

To identify Septoria isolates to species level, internal spacer transcribers-ITS, the second-

largest subunit of RNA polymerase II (RPB2), translation elongation factor1-α (Tef1-α),  β-

tubulin (β-Tub), actin (ACT), and calmodulin (Cam) are amplified using PCR and then 

sequenced (Quaedvlieg et al. 2013). The DNA sequences of these conserved genes, also know as 
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“housekeeping genes”, can be combined into a concatenated matrix to be used in phylogenetic 

analyses by conducting a multilocus sequence analysis (MLSA) (Couch and Kohn 2002).  

Previous MLSA phylogenetic analysis of S. steviae included conserved regions of S. 

steviae ex-type strain CBS120132 from Japan and showed that North Carolina isolates grouped 

in a monophyletic clade as S. steviae (Koehler et al. 2019). Koehler et al. (2019) also observed 

that the S. steviae clade was a sister to a clade containing S. lycopersici, S. malagutii, S. 

cucurbitacearum, and S. apiicola from hosts in the Solanaceae, Cucurbitaceae, and Apiaceae. 

Similarly, phylogenetic studies of Septoria isolates from stevia in France grouped these isolates 

as a monophyletic distinct group from S. lycopersici and S. apiicola which grouped in separate 

but closely related clades (Hastoy et al. 2019). Phylogenetic analysis conducted with two isolates 

of Septoria from stevia in Thailand confirmed the isolates were clustered with S. steviae ex-type 

(CBS 120,132, NBRC31181, and NBRC31190) and North Carolina isolates (Termsung et al. 

2021). All of these studies have shown that Septoria steviae is a well-supported species that is 

only known from stevia. However, there are still questions on the origin of this pathogen that can 

only be addressed by examination of isolates from the center of origin of stevia in Paraguay. 

Therefore, additional studies are needed on the phylogenetic placement of isolates from 

Paraguay and their similarity to isolates worldwide.  

Disease cycle and epidemiology  

Septoria steviae can overwinter in crop residues in its pycnidial stage and survive for at 

least one year in the soil (Reeleder 1999). During warm moist conditions in the spring, pycnidia 

give rise to cirri, which are mucilaginous structures that contain hundreds or thousands of spores 

or asexual conidia. When raindrops hit a cirrus, spores can be splash dispersed to the leaves of 

the nearby plants (Termsung et al. 2021).  Conidia are the primary inocula that initiate infections 
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(Koehler et al. 2019). It is still unknown if S. stevia produces pseudothecia and ascospores, or the 

role of these structures in the development of the disease. Conidia germinate and produce one or 

more germ tubes that penetrate the host through stomata. Leaf wetness and aerial temperatures of 

20°C are optimum for infection (Ishiba et al. 1982). For other Septoria species, penetration can 

be directly through the cuticles aided by the production of toxins that kill the plant cells (Tateda 

et al. 2018). These toxins have not been identified in S. steviae, and it is unknown if they are 

similar to the ones produced by other Septoria pathogens (Ghaderi et al. 2020).  

Septoria leaf spot is a polycyclic disease, each necrotic lesion gives rise to new pycnidia. 

These pycnidia can produce more spores which spread upward in the plant via rain splash 

(Reeleder 1999). Disease symptoms are particularly severe in places in which conditions of high 

temperature and relative humidity extend occur for long periods, and the disease is capable of 

destroying most of the leaf area of a stevia crop (Termsung et al. 2021). 

Septoria leaf spot management  

Septoria leaf spot defoliates stevia plants and significantly reduces yields and quality of 

the final product. Depending on the market demands, farmers can produce stevia under an 

organic or conventional production system. Conventional stevia is produced with small amounts 

of mineral fertilizers and chemical pesticides (Díaz-Gutiérrez et al. 2020; Koehler and Shew 

2018). Currently, there are no chemical fungicides labeled for use in stevia crops in North 

America; however, multiple fungicides classes are being tested for SLS management such as 

triazoles and strobilurins. These fungicides applied 3 times during the season can reduce disease 

severity by 80% and increase stevia yield by 50% (Koehler and Shew 2018). There is presently 

no fungicide resistance in S. steviae; however, for sustainable management, it will be necessary 
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to rotate active ingredients to reduce the risk of fungicide resistance development as reported in 

other pathosystems (Cools and Fraaije 2008).  

Organic stevia production relies on organic matter for fertilization and integrated pest 

management, biological control, physical control, and ecological strategies for pest control 

(Díaz-Gutiérrez et al. 2021; Kumar et al. 2014). Therefore, when the stevia production guidelines 

do not allow the use of chemical fungicides,  it is recommended to do preventive applications 

with cupric and biological fungicides (Koehler and Shew 2018). However, as the disease 

pressure increases, the effectiveness of these fungicides reduces (Koehler and Shew 2018). 

Consequently, monitoring SLS is critical to improve the time of the application of fungicides 

when disease severity is still low (Koehler and Shew 2018). 

Role of disease severity estimations accuracy for monitoring SLS  

Currently, all commercial varieties of stevia are susceptible to SLS. As stevia production 

expands around the world, evaluation of materials well adapted to each edaphoclimatic region 

will be required (Huber and Wehner 2021). Accurate disease assessment of SLS as well as other 

diseases would assist in selecting new genetic material for different locations (Hastoy et al. 

2019). Disease estimations need to be highly accurate such that international programs working 

on stevia breeding may coordinate efforts (Reynolds and Borlaugh 2006). Disease intensity 

estimates are useful to assess the effectiveness of cultural management practices, evaluate the 

efficacy of fungicides for the control of SLS, and to develop epidemiological models for the 

disease (Koehler and Shew 2018; Hijmans et al. 2000).  

The degree of damage and progression of SLS can be reported in different ways, but 

disease severity is the most commonly assessed variable. Septoria leaf spot severity is often 

defined as the amount or percentage of necrotic leaf area caused by S. steviae (Hastoy et al. 
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2019; Koehler and Shew 2018). However, disease severity can be estimated visually (Bardsley 

and Ngugi 2013), using image analysis (Mulaosmanovic et al. 2020), multispectral sensors 

(Colomina and Molina 2014), quantitative PCR (Turner et al. 2001), and loop-mediated 

isothermal amplification (LAMP) that relate the amount of DNA present in the tissue to the 

severity of symptoms (Thangavelu and Devi 2018). Although several of these methods can be 

automated (Karisto et al. 2018), visual severity estimation is the most widely used due to its low 

cost and ease of implementation (Del Ponte et al. 2017). 

Visual estimations of disease severity are subject to bias and imprecision inherent of 

disease raters (K. S. Chiang et al. 2016). Various studies have shown the tendency of raters to 

overestimate disease severity at low values and underestimate disease at high severity values 

(Chiang et al. 2017). The patterns and shapes of the spots also contribute to the bias of the 

estimations (Thal and Campbell 1987). Moreover, the experience and ability of raters can affect 

disease estimations (Bardsley and Ngugi 2013). The bias and lack of precision of the estimations 

of disease severity can result in the wrong analysis of the data and lead to inaccurate conclusions 

(Kuo Szu Chiang et al. 2016).  

The use of standard area diagrams (SAD) can improve precision and reduce the bias of 

visual disease severity estimations (Del Ponte et al. 2017). These diagrams are a set of drawings 

or pictures of leaves, fruits, roots, or the entire plant with increasing values of disease severity 

representing the actual percentage of tissue damaged or ordinal categories with defined ranges of 

tissue damaged (Bock et al. 2010). Raters can use the diagrams as a reference to estimate the 

disease severity of a sample, assigning disease severity values that resemble the most those in the 

diagrams (Franceschi et al. 2020). Research in different pathosystems such as pecan scab (Yadav 

et al. 2013), potato early blight (Duarte et al. 2013), Glomerella leaf spot on apple (Moreira et al. 
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2019), soybean rust (Franceschi et al. 2020), and coffee rust (Capucho et al. 2011) has shown 

that the use of SAD can significantly improve reliability and precision as well as reduce the bias 

of disease severity estimations.  

Previous research has proposed SADs for monitoring SLS, however, they were not 

validated or made available (Veia Sanabria and Orrego Fuente 2013; Reeleder 1999). The 

validation of SAD needs to be done through regression of estimated severity values with the 

actual disease severity of the specimens assessed (Godoy et al. 2006). Similarly, Lin’s 

concordance correlation coefficient (ρC) analysis has been used to validate and demonstrate the 

improvement of estimations using SADs (Franceschi et al. 2020). A severity SAD set for SLS, 

validated in laboratory and field conditions, can help reduce bias and improve the precision of 

estimations not only in greenhouse screenings but also in field trials of screening of new stevia 

cultivars. Because stevia is expanding rapidly to new production areas, maximizing the benefits 

from research programs working on SLS management will require the standardization of disease 

ratings, which is fundamental for the development of forecasting systems and to avoid biased 

disease risk models (Yang 2006; Mansoor et al. 2012). 

Stem rot  

The soilborne pathogen Sclerotium rolfsii is of global importance as it attacks a wide 

range of dicotyledons and monocotyledons plants. This plant pathogen was reported causing 

stem rot of stevia for the first time in the ’80s in South America (Dianese and Machado 1984). 

The symptoms consist of stem and root rot and wilting, with a large amount of visible mycelium 

and sclerotia (Koehler and Shew 2014a). The phytopathogenic fungus Sclerotium rolfsii belongs 

to Phylum: Basidiomycota, Class: Agaricomycetes, Order: Atheliales, and Genus: Sclerotium.  In 
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recent reports,  the internal transcribed spacer (ITS) region sequences were made available in the 

Genbank repository (Table 1.1).  

Disease caused by S. rolfsii in tropical or subtropical climates is very aggressive (Xie et 

al. 2014). This pathogen causes considerable yield losses in stevia fields by reducing the number 

of plants available to harvest (Koehler and Shew 2017). Sclerotia are the primary inoculum, and 

these remain viable for many years under field conditions in the absence of host plants (Leoni et 

al. 2014). These structures are formed by the compaction of hyphae to form hard spherically-

shaped, melanized bodies with a diameter between 0.5 mm and 2 mm with a distinct outer layer 

of cells called a rind. Inoculum is moved by any processes that can move soil or soil debris 

infested with the pathogen (Maurya et al. 2010, Ayed et al. 2018). 

Two forms of sclerotial germination, hyphal and eruptive, have been described (Punja 

and Grogran 1981). Hyphal germination is characterized by the individual growth of filaments 

from the surface of the sclerotia, these hyphae are generated from the medulla. Nonetheless, the 

growth is limited unless it contacts an external source of nutrients. Hyphal germination can occur 

more than once (Ayed et al. 2020). In contrast, eruptive germination is characterized by the 

development of hyphal aggregates that emerge through the cortex of the sclerotium, and can only 

occur once since all or almost all of the hyphae present in the sclerotium are released upon 

eruptive germination. The germination of sclerotia is triggered by high moisture and volatile 

compounds released from decaying organic matter (Beute and Rodriguez-Kabana 1979; Zmora-

Nahum et al. 2008).  

Once the sclerotia germinate, the mycelium grows to reach the host and starts producing 

toxins, primarily oxalic acid, to break down the tissue before the hypha penetrates the host. S. 

rolfsii produces large amounts of oxalic acid and polygalacturonases that act together to degrade 
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the cell walls during host infection and colonization (Cotton et al. 2003). Mycelia that aggregate 

on the surface of the host tissue are responsible for producing these substances, but they are 

penetrated by physical pressure (Khatediya et al. 2018).  

Disease cycle and epidemiology 

The disease is favored by warm temperatures and the presence of free moisture, making it 

is particularly problematic in tropical and subtropical climates (Table 1.1). High temperatures 

and moisture and the presence of volatile compounds stimulate sclerotia to germinate (Punja and 

Grogran 1981; Beute and Rodriguez-Kabana 1979; Ayed et al. 2018). After germination, 

mycelia reach the susceptible tissue and penetrate directly destroying cells by producing oxalic 

acid and other compounds (Punja et al. 1985; Liang and Rollins 2018). The presence of wounds 

may favor the infection; but it is still unknown if the wounds produced during stevia harvest can 

enhance infection and disease incicence or severity as observed in other pathosystems (Junsopa 

et al. 2016).    

The development of symptoms and mycelia of the pathogen surrounding stems or 

sometimes leaves in contact with the soil can be observed within 48 hours of infection under 

favorable environmental conditions. As the white mycelia become evident, the host tissue starts 

to becomes mushy and becomes necrotic (Britos and Jongdae 2016). As a result, the plant 

branches wilt partially, or if the moisture remains favorable for the pathogen, the whole plant 

wilts and dies. Once the plant tissue is completely wilted, abundant sclerotia are produced on the 

surface of the dead tissue within one week (Kamalakannan et al. 2007). Sclerotia are produced 

on or around the surface of dead tissue (Orrego Fuente 1999). This disease is monocyclic with 

the sclerotia produced on killed plants serving as the primary inoculum for the next growing 
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season (Koehler and Shew 2014a). Currently, it is unknown if basidiospores of the sexual form 

contribute to the development of the disease (Maurya et al. 2010).  

Sandy soils favor the disease since they are well-drained and usually lower in 

antagonistic microorganisms (Koehler and Shew 2017). In addition, soil tillage is can bring 

buried sclerotia to the soil surface where they can germinate and initiate the disease (Pal and 

Mahajan 2017). While, in no-till systems the inoculum can remain on crop debris if not disposed 

properly with sclerotia resting on the surface of the soil ready to germinate and cause disease (Xu 

et al. 2008). Since S. rolfsii is a cosmopolitan soil inhabitant, it is likely already present in many 

soils. The pathogen occurs widely in the USA since many host crops (peanuts, tomatoes, etc) are 

grown widely in the main producing states (Xu et al. 2008; Yan et al. 2021). In stevia 

production, it is unlikely that sclerotia are transported from field to field since most stevia 

transplants are grown in soilless media (Koehler 2017). In Paraguay, the use of soilless media is 

not common in stevia nurseries. Usually, substrates are prepared by each nursery with the use of 

manure as a source of organic matter. Therefore, if the substrate was not disinfested correctly, it 

may contain viable sclerotia. This has not been explored for S. rolfsii in stevia (Britos and 

Jongdae 2016) 

Stem rot disease management 

The management of stem rot in stevia must be based on practices that prevent disease 

occurrence. Efforts to control this disease are limited by the wide range of plant hosts, the 

prolific growth of S. rolfsii, and the large number of sclerotia that can remain viable in the soil 

for several years (Ram et al. 2020). 

The management of this disease through genetic resistance is not possible as there are no 

known resistant stevia varieties available (Koehler and Shew 2017). The high level of 
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aggressiveness of S. rolfsii is in part due to the production of oxalic acid, which is toxic to a wide 

range of hosts (Cotton et al. 2003). Crop rotation as a management tool has limited options as 

there are few non-host crops. Many members of the Poaceae are resistant, e.g., wheat, 

bermudagrass, and rye, but others are quite susceptible. Some plants in the Liliaceae family are 

not susceptible to this fungus, and rotation with these crops helps to reduce the amount of 

inoculum in the soil but because few crops of these family are profitable, farmers avoid these 

rotations (Leoni et al. 2014).   

Some cultural control practices adopted by farmers can affect survival, production, and 

dissemination of sclerotia (Moorman and Gwinn 2004). The practice of deep plowing that buries 

sclerotia at least 10 cm is effective in preventing sclerotia from germinating and infecting  the 

next season crop (Baig and Gamache 2009). In addition, compost, oats, or straw added to the soil 

have been shown to limit the incidence of the disease (Ferguson and Shew 2001). The 

application of these sources of organic matter increases the populations of beneficial 

microorganisms present in soils, these  microorganisms can suppress S. rolfsii and reduce disease 

(Sahni et al. 2008; Kumar et al. 2013).  

Physical control includes physical agents, such as heat to reduce inoculum density and 

disease development (Eshel et al. 2009). Solarization for management of S. rolfsii inoculum 

consists of wetting soil and covering it with polyethylene sheets during times of high 

temperatures to increase the soil temperature (Eshel et al. 2000). This method can effectively 

reduces sclerotia viability when exposed to temperatures of 50°C for 4-6 hours and 55°C for 3 

hours sclerotia lost viability (Flores-Moctezuma et al. 2006). Tests conducted in Paraguay have 

shown that the color of polyethylene does not influence the effectiveness of the treatment after 

45 days; however, it significantly affected the period the soil needs to be covered (Britos and 
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Jongdae 2016). To reduce sclerotia viability by 50% with transparent plastic only 15 days were 

required, while for black plastic 45 days were needed to reach the same percentage of 

suppression in viability (Britos and Jongdae 2016; Elad et al. 1980). In microplots, the use of 

black mulching combined with the incorporation of organic carbon sources and 4-week water 

saturation reduced disease incidence (Sanabria-Velazquez et al. 2021). 

Currently, there are no chemical fungicides labeled for the management of diseases in 

stevia in the USA. However, experiments showed that chemical fungicides were highly effective 

in reducing the incidence of S. rolfsii in stevia plots. Azoxystrobin was the most effective 

fungicide with 78% overwintering survival of stevia plants. This fungicide applied at a rate of 

381 a.i. during three times: before transplanting, with transplant water and foliar spray 3 weeks 

after transplanted significantly reduced stem rot of stevia (Koehler and Shew 2017).  

Biological control of S. rolfsii had been also extensively explored with variable results 

(Koehler and Shew 2018; Villamarín-Gallegos et al. 2020). Commercial formulations of Bacillus 

subtillis and plant extracts reduced stem rot disease progression during the first but not during 

the second production season of stevia (Koehler and Shew 2018). Trichoderma has been reported 

to promote the growth of stevia plants and increased glycoside content three fold compared to 

the nontreated control (Villamarín-Gallegos et al. 2020). Application of Trichoderma spp. also 

significantly reduced sclerotia germination through mycoparasitism (Ram et al. 2020). However, 

effectiveness of Trichoderma spp. depended on the edaphoclimatic conditions and results have 

not been consistant (Chavan and Hegde 2013; Villamarín-Gallegos et al. 2020; Díaz-Gutiérrez et 

al. 2021). Therefore, there is a need to study alternative approaches for disease control under 

conventional and organic stevia production systems. 

 



28 

 

 

 

Anaerobic soil disinfestation  

A new alternative practice for use in pathogen management is anaerobic soil 

disinfestation (ASD). This technique requires incorporating various carbon sources into the soil 

that microorganisms can rapidly metabolize, creating anaerobic conditions that are toxic to plant 

pathogens (Blok et al. 2000). During the process, volatile compounds unfavorable to pathogen 

survival are produced in the soil (Momma et. al 2013). The incorporation into the soil of easily 

decomposable organic matter is followed by irrigation, and then a plastic mulch is placed for 3-6 

weeks (Butler et al. 2014). This process causes the development of anaerobic conditions in the 

soil leading to the reduction of pathogen inoculum (Hewavitharana et. al 2019).  

Anaerobic soil disinfestation can reduce the intensity of root and stem diseases through 

different mechanisms. One of these mechanisms is the development of anaerobic conditions in 

the soil as a result of the fermentative activity of facultative anaerobic bacteria (Wen et al. 2016). 

During the anaerobic process, bacteria metabolize carbon sources and release organic acids and 

gases that are toxic to pathogens (Katase et al. 2009; Parawira et al. 2004; Achmon et al. 2017). 

Organic acids such as acetic acid and butyric acid are produced in concentrations toxic to 

pathogens such as Fusarium spp. and Sclerotinia spp. during the anaerobic process (Momma et 

al. 2006; Sanabria-Velazquez et al. 2020). There is also a change in the microbial composition of 

the soil during and after anaerobic disinfestation of soils (Liu et al. 2019). Several authors 

showed an increase in bacteria in the classes Bacilli and Clostridia. These classes contain 

numerous biological control agents, including Bacillus subtilis and Clostridium beijerinckii 

(Testen and Miller 2018; Mazzola et al. 2018; Liu et al. 2019; Ueki et al. 2018). These beneficial 

bacteria can survive the anaerobic process and suppress soilborne pathogens directly (Ueki et al. 

2017) 
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Carbon sources for ASD can be inexpensive and easily available and can be customized 

to a given production region (Testen and Miller 2019). Different types of carbon sources have 

been used for ASD, including agricultural byproducts such as fresh and composted manure 

(Khadka and Miller 2021), molasses (solid and liquid) (McCarty et al. 2014), maize stalks/straw 

(Zhao et al. 2021), grape pomace (Achmon et al. 2016), rice bran/straw (Serrano-Pérez et al. 

2017), and wheat bran (Katase et al. 2009). Various carbon sources can differ in efficacy because 

distinct organic acids detrimental to soilborne pathogens are produced based on the substrate 

used (Runia et al. 2014; Mazzola and Hewavitharana 2014). When low rates of carbon sources 

are applied, there is low efficacy in reducing pathogen viability as microbes do not have enough 

sources to produce these organic acids (Butler et al. 2014). Metanalysis of ASD effectiveness 

indicated that liquid carbon sources (ethanol, molasses, organic acids) were more effective than 

solid carbon sources because they can be incorporated more effectively into the soil and utilized 

by microbes (Shrestha et al. 2016). 

Anaerobic soil disinfestation is capable of reducing soilborne pathogens such 

as Fusarium oxysporum after just nine days of disinfestation. In addition, ASD treatment can 

reduce populations of Ralstonia solanacearum to a level below detection limits, 14 days after 

disinfestation (Momma 2008). Similarly, a significant correlation between anaerobic conditions 

in the soil and reduction of sclerotial germination of Sclerotium rolfsii was observed during ASD 

trials (Shrestha et al. 2018). This reduction in sclerotia viability was thought to be the result of a 

reduction of soil pH and an increase of toxic organic acids (Tenuta et al. 2002). In addition, ASD 

has shown great potential to control Sclerotium rolfsii effectively in systems where chemical 

fumigation is restricted (Shrestha et al. 2018). 
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In comparison to the use of fumigants, ASD may allow the survival of beneficial 

microorganisms after the process, as beneficial microbes such as Trichoderma spp. can survive 

short periods of anaerobic conditions (Khadka and Miller 2021). Similarly, once an ASD 

concludes, it is possible to apply biological control agents that prevent plant pathogen 

recolonization of the soil (van Agtmaal et al. 2015). In addition, it is important to note that ASD 

can be compatible with other cultural practices such as solarization, the use of biological 

controls, and applications of alternative fungicides (Butler et al. 2014; Huang et al. 2016; 

Martínez-Romero et al. 2008). 

Pyroligneous acid, an alternative fungicide 

The application of alternative fungicides is becoming more important for pathogen 

management in sustainable agriculture production (Letourneau and van Bruggen 2006). One of 

these products, used in Japanese traditional agriculture, is pyroligneous acid (PA) (Tsuzuki et al. 

1989). PA is a by-product of the pyrolysis of plant material with various agricultural uses 

(Grewal et al. 2018). The name PA is derived from “pyro” which refers to pyrolysis and 

“ligneous” which is derived from lignin that is used for its production. Commercially, names 

such as wood vinegar or liquid smoke are also used (Grewal et al. 2018). The composition of PA 

is mainly made of approximately 50% acetic acid with the remainder consisting of various 

organic acids, different phenols, and water (Zhai et al. 2015).  

Most of the research on PA applications in agriculture was developed in Asian countries 

(Tsuzuki et al. 1989). However, in recent years an increasing number of studies were published 

in Europe and the Americas (Grewal et al. 2018; Steiner et al. 2008; Mmojieje and Hornung 

2015; de Lima et al. 2019; Gomez et al. 2021). These articles focused on the use of PA as plant 

growth promoters and fertilizers in organic systems (Steiner et al. 2008; Zulkarami et al. 2011; 
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Wang et al. 2019) and the inhibitory capacity on plant pathogenic fungi (Maliang et al. 2021; 

Zhu et al. 2021).  

These new data had encouraged more experimentation with PA as an alternative 

fungicide in systems where chemical fungicides applications are limited such as postharvest (Liu 

et al. 2020). With concentrations as low as 30 mL L-1, PA applications inhibited Botrytis cinerea 

and prevented gray mold disease in harvested apples (Liu et al. 2020). Similarly, EC50 

concentrations of bamboo tar lower than 60 mg/liter significantly inhibited fungal plant 

pathogens Botrytis cinerea, Rhizoctonia solani, Fusarium oxysporum, and Podosphaera xanthii 

during in vitro trials; however, during greenhouse trials concentrations of 2,000 mg/liter were 

necessary to reduce disease severity consistently (Maliang et al. 2021). In field conditions, the 

applications of PA diluted 400-fold during the seedling and overwintering stages were 

significantly effective in reducing the incidence of Peronospora parasitica and Sclerotinia 

sclerotiorum by 12.14% and 17.33% respectively in rapeseed (Zhu et al. 2021).  In addition, soils 

treated with PA had a significant increase in biological activity that stimulated the suppression of 

multiple soilborne pathogens (Zhang et al. 2014; Maliang et al. 2021). Therefore, the application 

of soil disinfestation combined with the use of botanical fungicides such as PA is compatible 

with conventional and organic production systems and can be another important tool for the 

management of stevia pathogens in many production systems worldwide. 

Summary of research objectives 

Because of the current limitations on the use of chemical pesticides for the management 

of stevia diseases, this study focused on the cultural management practices of stevia diseases in 

three important stevia production regions: Paraguay, Mexico, and the USA. These practices 

consist in understanding the origin of inoculum sources and potentially avoiding its introduction 
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to new areas (Chapter 2), obtaining accurate measurements of disease progression for disease 

monitoring (Chapter 3), and reducing pathogen inoculum and disease progression through the 

application of organic soil amendments and botanical fungicides (Chapter 4). The specific 

objectives of the research were as follows: 

Objective 1. To investigate the phylogeographic history and spread of S. steviae, the 

causal agent of Septoria leaf spot.  

Hypothesis 1. Paraguay is the most likely origin of the ancestral lineages of S. steviae 

reported in countries where stevia is not autochthonous. The pathogen has coexisted with S. 

rebaudiana wild plants in the Paraguayan forest and thus was distributed from Paraguay to 

locations worldwide through plant propagation material. 

Objective 2. To create and validate a set of standard area diagrams with various ranges of 

Septoria leaf spot severity to help improve the reliability and precision of disease estimations of 

inexperienced and expert raters. 

Hypothesis 2. Visual estimations of Septoria leaf spot severity aided by the use of 

standard area diagrams will be highly accurate allowing the standardization of ratings across 

environments. 

Objective 3. To evaluate the effects of the application of soil disinfestation and botanical 

fungicides on reducing stevia diseases and improving yields when used singly or in combination 

in stevia production systems in NC, Mexico, and Paraguay.  

Hypothesis 3. Soil organic amendments, when anaerobic conditions are induced in the 

soil, can create environments unfavorable to pathogen survival, and when coupled with botanical 

fungicide applications, satisfactory yields can be obtained in stevia production systems in NC, 

Mexico, and Paraguay.   
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Table 1.1. Stevia diseases and causal agents reported and described in scientific journals since 1982.  

 

Disease  Causal Agent  
Kosh  

postulate 
Region  Genbank Accession No Reference 

Stem rot  Sclerotium rolfsii Completed India  Not Available (Kamalakannan et al. 2007) 

  Completed Italy KP982853, KP807529 (Carrieri et al. 2015) 

  Completed USA Not Available (Koehler and Shew 2014a) 

  Completed Egypt  Not Available (Hilal and Baiuomy 2000) 

  Completed France MK680087 (Le Bihan et al. 2019) 

  Completed Ecuador  MN421849, MN421850 (Vélez-Olmedo et al. 2021) 

  Completed Turkey MK288124 (Erper et al. 2020) 

  Completed Greece KT004674 (Chatzivassiliou et al. 2015) 

  Unknown  Paraguay  Not Available (Orrego Fuente 1999) 

  Completed Brazil  Not Available (Dianese and Machado 1984) 

Septoria leaf spot Septoria steviae  Completed Canada Not Available (Lovering and Reeleder 1996) 

  Completed India  Not Available (Bhandari and Harsh 2006) 

  Unknown  
Colombi

a 
Not Available (Jarma and Rengifo 2005) 

  Unknown  Paraguay  Not Available (Orrego Fuente 2001) 

  Completed USA 
MH532337-MH532411 and MH899594-

MH899608 
(Koehler et al. 2019) 

  Completed France MH352355-MH352389 (Hastoy et al. 2019) 

  Completed Thailand 
MT907475-MT907476 and MT907478-MT907479 

MT919238-MT919238 
(Termsung et al. 2021) 

  Completed China Not Available (Guanghua and Huipu 1995)  

  Completed Japan  MH532411- MH532381 
(Ishiba et al. 1982; Koehler et al. 

2019) 

Alternaria black spot  Alternaria steviae and  Completed Japan  
KJ718250, KJ718078, KJ718756, KJ718596, 

KJ718425 

(Ishiba 1982; Woudenberg et al. 

2014) 
 A. alternata Completed India  Not Available (Maiti et al. 2007) 

  Completed Brazil Not Available (Verzignassi et al. 1997) 

  Completed China  MF471694 and MG601507- MG601509 (Yan et al. 2018) 

  Unknown  Bulgaria  Not Available (Tanova and Kaschieva 2018) 

  Unknown  Paraguay  Not Available (Orrego Fuente 2001) 

  Completed Iran  Not Available (Atghia et al. 2015) 



62 

 

 

Table 1.1 (continued). 

  Completed Russia Not Available 
(Georgieva-Andreeva and Enchev 

2013) 
  Unknown  Cuba Not Available (Rodríguez González et al. 2007) 

Bacterial spot  Pseudomonas cichorii Completed USA JQ994483-JQ994486 (Strayer et al. 2012) 

Charcoal rot  Macrophomina phaseolina Completed Egypt  Not Available (Hilal and Baiuomy 2000) 

  Completed USA Not Available (A M Koehler and Shew 2017) 

Sclerotinia rot  Sclerotinia sclerotiorum Completed Canada Not Available (Chang et al. 1997) 

  Completed USA Not Available (Koehler and Shew 2014b) 

Rhizoctonia root and 

stem rot  
Rhizoctonia solani Completed Egypt  Not Available (Hilal and Baiuomy 2000) 

  Completed USA MT009023- MT009026 (Kessler and Koehler 2020) 

  Completed India  Not Available (Chauhan et al. 2019) 

Verticillium wilt  Verticillium dahliae Completed USA Not Available (Farrar et al. 2000) 

  Completed Italy MG851988 (Da Lio et al. 2019) 

  Unknown China Not Available (Lu 1989) 

Gray mold  Botrytis cinerea Completed Italy FJ486270 (Garibaldi et al. 2009) 

Tomato spotted wilt 

virus  
Tospovirus, Bunyaviridae Completed Greece Not Available (Chatzivassiliou et al. 2007) 

  Completed USA Not Available (Koehler et al. 2016) 

Phytoplasma  
 Group 16SrXXIV 

Phytoplasma 
Completed India  JF970603 (Samad et al. 2011) 

Cucumber mosaic virus  Cucumovirus, Bromoviridae Completed Spain KT382257 (Chatzivassiliou et al. 2015) 

Fusarium wilt  Fusarium oxysporum Completed 
Venezuel

a  
Not Available (Arturo et al. 2009) 

  Completed Mexico KJ439169 (Leyva-Mir et al. 2018) 

  Completed 
Colombi

a  
MK432913, MK432915 and MK432917 (Díaz-Gutiérrez et al. 2019) 

  Completed Egypt  Not Available (Hilal and Baiuomy 2000) 

Pythium Root Rot 

Pythium myriotylum, P. 

irregulare,  

and P. aphanidermatum 

Completed USA Not Available (Koehler et al. 2017) 
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Figure 1.1.  Map of countries cultivating stevia (Stevia rebaudiana) and the reports of new stevia diseases since 1982. Colored 

countries represent countries cultivating stevia for commercial and/or research purposes. Darker colored countries represent the 

number of new stevia diseases reported and described in scientific journals. Grey colored countries represent countries without stevia 

production or data published in scientific journals. 
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CHAPTER 2 

The origin of the problem. Phylogeographic analysis of Septoria steviae, causal agent 

of Septoria leaf spot of stevia 

Abstract 

Septoria steviae causes severe defoliation of stevia and can significantly reduce plant 

yields. Resolving the origin of S. steviae will enhance our understanding of the introduction and 

spread of the pathogen into new production areas. Twelve isolates of Septoria spp. were obtained 

from the native range of stevia in the forest of Amambay and from field plantings in Paraguay in 

2018 and 2020. Colony morphology and molecular characterization were obtained for actin, β-

tubulin, calmodulin, ITS, LSU, RPB2, and TEF1α loci for the isolates. Sequences available in 

GenBank from isolates of S. steviae collected in France, Japan, and the USA were included in 

the analyses. Multi-locus sequence analysis was used to generate a maximum likelihood (ML) 

tree. The morphological characteristics of Paraguayan isolates were like those from Japan and 

NC. Pycnidia produced by the 12 Paraguayan isolates of S. steviae grown on MEA medium 

averaged 75.61 to 91.24 × 87.1 to 100.83 µm while the range of conidia ranged from 40.45 to 

54.57 µm long and 1.47 to 1.82 µm wide. Results of the ML analysis showed that Paraguayan 

isolates formed a monophyletic group with isolates of S. steviae from France, Japan, and the 

USA. Stevia seeds were obtained from different sources and using blotter tests pycnidia and cirri 

of S. stevia were observed on multiple seed surfaces. This observation suggests that S. steviae 

could be associated with stevia seed which may have been the source of inoculum that led to 

spread from Paraguay to other countries. Future work will include isolates from other countries 

and to identify the mechanisms of the spread of S. steviae to new production areas. 

 Keywords: Paraguay; phylogenetics; Stevia rebaudiana, center of origin, seeds 
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Introduction 

Stevia rebaudiana (Bertoni), commonly known as “stevia”, is a perennial plant of the 

family Asteraceae with center of origin in the forests of Cordillera del Amambay in Paraguay 

(Britos and Jongdae 2016; Bogado-Villalba et al. 2021). Commercial production of stevia began 

in South America, primarily in Paraguay around 1964, and due to interest in alternative 

sweeteners, it was introduced to Japanese markets in 1970 (Chesterton and Yang 2016). In 1978, 

Septoria leaf spot (SLS) was reported for the first time in the Kagawa Prefecture, Japan (Ishiba 

et al. 1982). Disease symptoms were described as necrotic spots on the leaves that coalesced into 

larger irregular spots with pycnidia in the center of lesions. Conditions of high moisture and 

disease intensity led to significant plant defoliation (Ishiba et al. 1982; Koehler et al. 2019). The 

fungal pathogen Septoria steviae was reported as the causal agent and described as a new species 

that was specific to stevia based on morphological characterization and host specificity tests 

(Ishiba et al. 1982).  

Since the first description of SLS in Japan, the disease has been reported in multiple 

countries where stevia was introduced, including China (Guanghua and Huipu 1995), India 

(Bhandari and Harsh 2006), and Canada (Lovering and Reeleder 1996). In the United States of 

America (USA) stevia was introduced in the 1990s, but commercial production started only after 

2008 when the FDA approved high purity steviol and rebaudioside in the category of generally 

recognized as safe additives (GRAS) (Darrow et al. 2020). The first plantings in North Carolina 

(NC) started in 2011 (Koehler 2018) and given that introduced plants were presumed to be 

disease-free, yield-limiting diseases were not expected; however, SLS symptoms were observed 

in multiple stevia production areas in NC in 2015 (Koehler et al. 2019).  
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Multiple isolates of S. steviae were obtained from samples of stevia with symptoms of 

SLS in NC. The isolates were characterized molecularly by sequencing gene markers actin, β-

tubulin, calmodulin, ITS, LSU, RPB2, and TEF1α, and compared with sequences of S. steviae 

from Japan (Ishiba et al. 1982). Phylogenetic analyses demonstrated that NC and Japan isolates 

grouped in a monophyletic clade as S. steviae (Koehler et al. 2019). Similarly, phylogenetic 

analyses of Septoria steviae isolated from stevia in France grouped as a monophyletic distinct 

clade from other Septoria species (Hastoy et al. 2019). More recently, isolates of S. steviae 

isolated from stevia in Thailand clustered with S. steviae type isolate and NC isolates (Termsung 

et al. 2021).  

Although previous studies have shown that S. steviae forms a well-supported 

monophyletic group and is the causal agent of foliar leaf spot in stevia, it is not known if the S. 

steviae present in the center of origin of the plant is the same as that in production areas around 

the world (Veia-Sanabria and Orrego-Fuente 2013; Britos and Jongdae 2016). Therefore, it was 

important to collect and characterize isolates from the center of origin of stevia, conduct 

phylogenetic analyses to understand the possible origins of the pathogen and examine stevia 

seeds as a possible source of the pathogen inoculum. The goal of this study was to investigate the 

phylogeographic history and spread of S. steviae. The specific objectives of this research were (i) 

to characterize Septoria isolates sampled from symptomatic stevia plants stevia plants in 

Paraguay; (ii) perform a phylogenetic analysis of Paraguayan isolates of S. steviae with other 

isolates from France, Japan, and the USA using a multilocus DNA sequence analysis; and (iii) 

evaluate stevia seeds for the presence of S. steviae and possible transmission of S. steviae to new 

production areas via seed. 

 



67 

 

 

 

Materials and methods   

Fungal isolation and morphological characterization 

Samples of stevia leaves with symptoms of SLS were collected from production fields in 

Paraguay and wild stevia growing in the Amambay Forest in the reservation of native Pãi 

Tavyterã community “Tava Mboae” (Table 2.1). To study the micromorphology of the fungal 

isolates, symptomatic leaves were examined with a Nikon SMZ745T stereoscopic microscope 

(Nikon Corp., Tokyo, JPN). Moisture chambers were used to stimulate the formation of cirri. 

Spores were obtained from pycnidia using sterilized needles and diluted in sterilized distilled 

water in 1.5 ml tubes to a final concentration of 106 spores ml-1. One ml of spore suspension was 

dispensed onto a 9 cm diameter Petri dish containing potato-dextrose-agar (PDA, Difco, Detroit, 

MI) medium amended with 100 mg/L of Penicillin-G-sodium salt (Sigma-Aldrich, St. Louis, 

MO) and 100 mg/L Streptomycin sulfate (Fisher BioReagents, Fair Lawn, NJ). Individual 

colonies of S. steviae were obtained from these samples and transferred to fresh PDA medium 

and Pure colonies of were obtained. These colonies were transferred to oatmeal agar (OA) and 

2% malt extract agar (MEA) and incubated at 28°C for approximately for 21 days to allow for 

subsequent pycnidia and conidia development. 

Twelve Paraguayan monosporic isolates of Septoria steviae were obtained and used to 

measure pycnidia and conidia width and length utilizing a Nikon Eclipse Ni compound 

microscope (Nikon Instruments Inc., Melville, NY). A pure culture of a previously described 

Septoria steviae isolates from NC (Koehler et al. 2019) and S. steviae ex-type culture 

NBRC31181 and NBRC31190 from Japan were included as positive controls (Ishiba et al. 1982; 

Koehler et al. 2019).  
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DNA extraction, amplification, and sequencing 

The mycelium of each Septoria sp. isolate was obtained from one-month-old, pure 

cultures and transferred to 1.5 ml tubes. The hyphae were crushed with small, sterile plastic 

pestles prior to DNA extraction. DNA extractions followed a modified protocol of DNeasy 

Ultraclean (Mo Bio Laboratories, Carlsbad, California). To each sample, 400 µl Cell Lysis 

Solution was added and tubes were incubated in a heating block at 55˚C for one hour, after 

which the manufacturers' guidelines were followed. Polymerase chain reaction (PCR) of 

template obtained from the kit was used to amplify genes (Table 2.3) using primers specific to S. 

steviae identification in previous studies (Koehler et al. 2019; Hastoy et al. 2019; Termsung et al. 

2021). Each 25 µl PCR reaction contained 12.5µl 2X Phusion™ Master Mix, 1.25 µl primer 

forward (1 µm/µl), 1.25 ul primer reverse (1 µm/µl), 1 ul DMS, 7 µl dH2O, and 2 µl template 

(~100 ng). Thermal cycling conditions followed optimal conditions for primer sets as described 

by Koehler et al. (2019): denaturation temperature of  98°C for 30 s, and 34 cycles of DNA 

denaturation at 98°C during 30 s, followed by annealing for 30 s for each set of primers (Table 

2.3), and extension at 72°C for 60 and a final extension step for 5 min. The amplicons were 

purified using ExoSap-IT™ (Affymetrix, USA) and sent to Eton Bioscience (Research Triangle 

Park, NC) for Sanger sequencing. Nucleotide sequences were visualized and trimmed employing 

MEGAX (Kumar et al. 2018). All the sequences generated were deposited in the GenBank 

database (Table 2.1). 

Single and multi-locus phylogenetic inference  

For each locus used in the characterization (actin, β-tubulin, calmodulin, ITS, LSU, 

RPB2, and TEF1α ) nucleotide sequences from Paraguayan isolates (Table 2.1) were compared 

with sequences of S. steviae available in GenBank® from France (Hastoy et al. 2019), Japan, and 
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the USA (Koehler et al. 2019) and selected other Septoria species (Quaedvlieg et al. 2013)  

(Table 2.2). Sequences were aligned using ClustalW (gap opening penalty 10, gap extension 

penalty 0.1 for pairwise and multiple alignments) and a maximum likelihood (ML) was 

conducted on MEGAX with 1,000 bootstraps replicates. Nucleotide substitution models were 

chosen using the free software J-model Test (Posada 2008) obtaining as a result General Time 

Reversible (GTR) GAMMA substitution model (4 gamma categories and shape parameter equal 

to 1). The isolate CBS128658 of Septoria sp. was utilized as the outgroup as described in a 

previous study (Koehler et al. 2019).  

For multi-locus analysis, a concatenated alignment of the seven loci was obtained with 

Mesquite v3.6 with actin, β-tubulin, calmodulin, ITS, LSU, RPB2, and TEF1α datasets contained 

75 taxa and 4,357 characters composing the matrix. A ML tree was computed on MEGAX with 

1,000 bootstrap replicates as previously described for each locus. 

Occurrence of Septoria steviae on seeds 

To verify the presence of S. steviae on stevia seeds, a blotter test method was adapted 

from the validated protocols for detection of S. apiicola on seeds (Hewett 1968; International 

Seed Federation 2019). Seeds were collected from 8 commercial lots and 3 experimental fields 

with a history of SLS (Table 4). Six of the 11 seed lots were previously pelleted, and the 

remainder were raw seeds.  Seeds were placed in 9-cm diameter Petri dishes with three filter 

paper disks (pore size 10 μm) moistened with sterile distilled water. Seeds were incubated under 

continuous fluorescent light, at room temperature, where they remained for seven days. 

Incubated seeds were observed for visual signs and symptoms of S. steviae with a Nikon 

SMZ745T stereoscopic microscope (Nikon Corp., Tokyo, JPN) and results were expressed as a 
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percentage of seeds with pycnidia and cirri of S. steviae. For each batch, 10 replications of 40 

seeds each were used (n = 400). The experiment once repeated once more. 

Statistical analyses 

All statistical analyses were done in SAS (Ver. 9.4, SAS Institute Inc., Cary, NC).  Data 

from S. steviae morphometric evaluations and occurrence of S. steviae on seeds were pooled and 

analyzed using one-way ANOVA and treatment means were compared using Tukey’s test with a 

family-wise error rate of 5%. 

Results  

Morphological and molecular characterization of isolates. 

Morphological characteristics of type cultures NBRC31190 from Japan had a pink to grey 

color colony without formation of pycnidia regardless of the culture media (Figure 2.1 M and N). 

When grown on PDA medium Paraguayan isolates grew slowly, forming brown, grey, and black 

colonies (Figure 2.1 A to L). Abundant pycnidia producing cirri formed on MEA medium for all 

isolates; however, this was not consistently observed for all isolates grown on PDA or OA 

(Figure 2.1 A to L).   

Pycnidia produced by the 12 Paraguayan isolates of S. steviae grown on MEA medium 

averaged 75.61 to 91.24 × 87.1 to 100.83 µm, with statistical differences among isolates in 

pycnidia size (length: P < 0.0001; width: P < 0.0013) (Table 2.4). The isolates “7Py Sep” 

produced the largest pycnidia, average of 91.24±5.4 × 100.83±5.01 µm, which was statistically 

larger than isolates “2PySep” and “9PySep” (Table 2.4). In general, the range of conidia from 

Paraguayan isolates ranged from 40.45 to 54.57 µm long and 1.47 to 1.82 µm wide. Statistical 

differences in conidia size of Paraguayan isolates were observed (length: P <0.0001; width: P 
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<0.0001) with isolate “7PySep” also exhibited the largest average conidia, 51.6±4.77 × 

1.82±0.05 µm (Table 2.4).  

Single and multi-locus phylogenetic inference 

The ML tree generated from ACTIN gene sequences grouped all Paraguayan isolates in a 

monophyletic clade with previously reported isolates of S. steviae from France, USA, and Japan 

with 89.1% bootstrap support, with the closest sister clade containing S. lycopersici and S. 

malaguti with 67.3% support (Figure 2.2). Similarly, the ML tree obtained from TEF1 sequences 

grouped Paraguayan isolates of S. steviae with ones from France, USA, and Japan in a 

monophyletic distinct clade with 99.6% bootstrap support being the closest but distinct clade the 

one containing S. apiicola with 84.6% bootstrap values (Figure 2.3). Correspondingly, in the tree 

generated using ITS sequences, there was a 94.8% bootstrap support for isolates of Paraguay 

distributed within the S. steviae clade (Figure 2.4).  

The ML tree obtained with the β-tubulin gene sequence alignment grouped all S. steviae 

isolates in one single clade with 99.7% bootstrap support (Figure 2.5). However, the LSU locus 

tree topology was not informative, with low bootstrap support values (<50%) (Figure 2.6). The 

alignment containing RPB2 sequences produced a tree topology with a separate clade containing 

Paraguayan isolates as well as isolates from France, USA, and Japan in the S. steviae clade with 

98.70% bootstrap support (Figure 2.7). Likewise, the ML tree obtained from CAL sequences 

grouped all S. steviae isolates into one clade with a bootstrap value of 84% (Figure 2.8).  

After combining the alignments of all seven-loci (ACT, TEF1, ITS, BT, LSU, RPB2, 

CAL) sequences and generating a new alignment matrix with 75 taxa and 4,357 bp length was 

obtained. The ML tree grouped the Paraguayan isolates into the S. steviae clade with 100% 
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bootstrap support (Figure 2.9). The closest clades to S. steviae contained isolates of S. lycopersici 

and S. malaguti, S. cucurbitacearum and S. apiicola (Figure 2.9).  

Occurrence of Septoria steviae on stevia seeds 

Pycnidia of S. steviae were detected on the surface in three seed lots of uncleaned seed 

obtained from the cultivar “Nativa” from Paraguay and from plants in experimental fields in 

Kinston and Rocky Mount, NC (Table 2.5). The Kinston and Rocky Mount seed lots had 12±9% 

and 16±15% incidence of pycnidia exuding cirri after seven days of incubation. Samples of 

“Nativa” stevia seed from Paraguay showed 18 ±12% of seed with pycnidia present on the seed 

surface (Figure 2.10 E). None of these seeds were previously processed and were obtained from 

plants in fields heavily infested with S. stevia at the time of seed formation. In addition, other 

sources of pycnidia included leaf debris and the achenes containing the seeds (Figure 2.10 A and 

B). To confirm pycnidia were S. stevia, cirri morphology was confirmed through visualization 

under compound microscope typical of Septoria spp. (Figure 2.10 F and G).  In lots of cleaned or 

pelleted seeds, pycnidia were not observed (Table 2.5).   

Discussion  

The phylogenetic relationships of S. steviae indicated that Paraguay is the most probable 

origin of the ancestral lineages of S. steviae reported from France, USA, and Japan. These results 

are consistent with previous studies that characterized S. steviae (Reeleder 1999; Hastoy et al. 

2019; Koehler et al. 2019; Termsung et al. 2021), and studies on the genetic center of stevia, 

which is Paraguay (Chesterton and Yang 2016; Bogado-Villalba et al. 2021). Morphological and 

molecular characterization of Paraguayan isolates from “native” plants from Amambay (Figures 

2.1, 2.9, and 2.10) support the hypothesis proposed by Reeleder (1999), that the pathogen has 
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coexisted with S. rebaudiana wild plants in the Paraguayan forest and distributed from Paraguay 

to locations worldwide when commercial production started.  

In this study, 12 isolates from Paraguay were morphologically similar to S. steviae 

previously described with slow-growing colonies of brown, grey, and black color when grown 

on PDA, MEA, and OA media. These isolates produced abundant pycnidia and conidia on MEA 

medium and conidia sizes of Paraguayan isolates agreed with dimensions of French S. steviae 

isolates averaging 52.7 × 1.6 µm length and width. Paraguayan isolates are also similar to 

Japanese S. steviae isolates, with conidia ranging from 50 to 95 × 1.5 to 2.5 µm when grown on 

Saito soy-onion agar and 25.0 to 63.0 × 1.5 to 3.0 µm when measured on symptomatic stevia 

leaves (Ishiba et al. 1982). Pycnidia measurements of Paraguayan isolates agreed with those 

described by Koehler et al. (2019) in Rocky Mount NC, USA with pycnidia measured from field 

leaves ranging from an average of 54.2 × 1.8 µm and pycnidia grown on 3-wk-old rice grains on 

top of 1/4-strength PDA ranged from 69.9 to 124.2 × 113.5 to 141.2 µm for 12 isolates. The 

same authors reported conidia dimensions on symptomatic field leaves ranging from an average 

of 54.2 × 1.8 µm while on media varied from an average of 54.9 to 86.7 × 1.7 to 2.2 µm for 12 

isolates, which are within the range we noted for the Paraguayan S. steviae isolates.  

The phylogenetic trees obtained from single (Figures 2.2 to 2.8) and multi-locus analysis 

(Figure 2.9) confirmed that S. steviae is a distinct species that affects stevia, establishing a well-

supported monophyletic clade of isolates from France, USA, and Japan with isolates from 

Paraguay, the center of origin of stevia. Similar findings were observed by Koehler et al. (2019) 

applying a multi-locus analysis and finding that the S. steviae from NC and type isolates from 

Japan clustered consistently in the same monophyletic clade. Correspondingly, phylogenetic 

studies of S. steviae in France showed these isolates forming a monophyletic distinct group from 
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other Septoria species such as S. lycopersici and S. apiicola (Hastoy et al. 2019). Recently, the 

phylogenetic analysis conducted with two isolates of S. steviae from stevia in Thailand 

confirmed these isolates to be grouped with S. steviae ex-type (CBS 120132, NBRC31181, and 

NBRC31190) and NC isolates (Termsung et al. 2021).  

The movement of infected plant material such as seeds are documented as a frequent 

source of invasive plant pathogens (Elmer 2001; Kumar and Gupta 2020) and it had been 

reported for other species of Septoria including S. lycopersici, S. tritici, S. lactucae, S. 

oenotherae, and S. apiicola (Tok and Kurt 2019; Consolo et al. 2009; Bertus 1972; Simpson et 

al. 1995; Hewett 1968). In 1971, stevia seeds were imported from South America and distributed 

to research centers in Japan to optimize the commercial production of the plant and produce 

sweeteners as a potential replacement for glycyrrhizin, their main sweetener at the time (Mihashi 

et al. 1975; Chesterton and Yang 2016). It was in one of these research centers, in the Kagawa 

Prefecture, that S. steviae was reported and described as the causal agent of leaf spots for the first 

time (Ishiba et al. 1982). Therefore, the introduction of S. steviae to new areas was most likely 

together with plant material, similar to what was described for other Septoria species such as S. 

apiicola, which forms fruiting bodies on the seed coat of celery seeds (Ben-Yephet 1992) and 

was a sister species closely related to the S. steviae clade in the present (Figure 2.9) and previous 

studies (Koehler et al. 2019; Hastoy et al. 2019; Termsung et al. 2021).   

Numerous pycnidia were observed in seed stocks collected from the experimental fields 

in NC and Paraguay with a high infestation level of SLS (Table 2.5). Since pycnidia in seed 

stocks were also found on debris it may be suggested that through seed cleaning this source of 

inoculum can be reduced (Simpson et al. 1995; Luo et al. 2011; O’Connell et al. 2005). For 

example, there were no pycnidia present on pelletized seed. However, this is a costly practice for 
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commercial production in stevia (Nower 2014). The seeds collected from experimental fields in 

NC and Paraguay were uncleaned and contained the achenes, on which numerous pycnidia were 

observed (Figure 2.10 A and B), similar to what was observed by Simpson et al. (1995), who 

reported multiple pycnidia of S. oenotherae on seed debris of common evening-primrose 

(Oenothera biennis) imported from South America. The seed surface of the stevia also contained 

pycnidia that exuded spores after seven days of incubation. Closer examination of pycnidia and 

their cirri confirmed the presence of S. steviae conidia (Figure 2.10 E, F and G),. Another stevia 

seed-associated fungus such as Alternaria spp. were observed on seeds (Figure 2.10 C, D and E). 

This pathogen was described for the first time by Ishiba (1982) in the Kagawa Prefecture in 

1978. Also, the transmission of the pathogen to seedlings was previously demonstrated by 

Verzignassi et al. (1997) suggesting that it might have been introduced through contaminated 

seed to Japan.  

The fungus S. steviae could have been dispersed by infested seed lots from South 

America similar to what was reported for other Septoria spp. pathogens (Simpson et al. 1995; 

Banke and Mcdonald 2005; O’Connell et al. 2005). During warm and moist conditions in the 

spring, pycnidia give rise to cirri, which are mucilaginous structures that contain hundreds or 

thousands of asexual conidia (Reeleder 1999; Koehler et al. 2019). When raindrops hit a cirrus, 

spores can be splash dispersed to the upper leaves, and when the disease severity is high, the 

drops containing spores can reach the inflorescences. Pycnidia of S. steviae in inflorescences of 

S. rebaudiana were described by Lisboa (2017), which may explain the presence of pycnidia on 

the achenes that contain the seed collected from fields of Paraguay and NC, USA (Figure 2.10 A 

and B). However, the moment and infection process of the stevia seeds is still unknown. If 

mycelium of the pathogen is readily present in the pericarp, testa, endosperm, or embryo, and 
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therefore can be transmitted from the seed to the seedlings needs to be studied like in other stevia 

pathogens such as Alternaria spp. (Verzignassi et al. 1997). To confirm this hypothesis, stevia 

seeds need to be sectioned, dissected, and plated on selective media or detected through 

molecular methods as described for other seedborne pathogens (Ellis et al. 2020; Mancini et al. 

2016). Our current observations support that S. steviae pycnidia can be present on achenes and 

the seed surface and might give rise to surface-borne spores, for the infection of seedlings. More 

research is needed to determine if S. steviae is a seed-borne pathogen as well as its role in the 

epidemiology of the disease.  
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Table 2.1. Locations sampled in Paraguay for isolation of Septoria steviae, causal agent of Septoria leaf spot of Stevia rebaudiana, 

and GenBank accession numbers for seven loci sequenced in this study. 

 
Isolate  Location  Host  ACT TEF1 ITS LSU RPB2 CAL BTUB 

1PySep Cordillera  
S. rebaudiana 

var. Katupyry 
OK413952  OK414000  OK444797  OK444146  OK413988  OK413976  OK413964  

2PySep Cordillera 
S. rebaudiana 

var. Eirete 
OK413953  OK414001  OK444798  OK444147  OK413989  OK413977  OK413965  

3PySep San Pedro 
S. rebaudiana 

var. PC1 
OK413954  OK414002  OK444799  OK444148  OK413990  OK413978  OK413966  

4PySep San Pedro 
S. rebaudiana 

var. PC4 
OK413955  OK414003  OK444800  OK444149  OK413991  OK413979  OK413967  

5PySep Cordillera 
S. rebaudiana 

var. Eirete 
OK413956  OK414004  OK444801  OK444150  OK413992  OK413980  OK413968  

6PySep Central 
S. rebaudiana 

var. PC4 
OK413957  OK414005  OK444802  OK444151  OK413993  OK413981  OK413969  

7PySep San Pedro 
S. rebaudiana 

var. PC1  
OK413958  OK414006  OK444803  OK444152  OK413994  OK413982  OK413970  

8PySep Caaguazú 
S. rebaudiana 

var. PC1 
OK413959  OK414007  OK444804  OK444153  OK413995  OK413983  OK413971  

9PySep Cordillera 
S. rebaudiana 

var. Katupyry 
OK413960  OK414008  OK444805  OK444154  OK413996  OK413984  OK413972  

10PySep Amambay 
S. rebaudiana 

native 
OK413961  OK414009  OK444806  OK444155  OK413997  OK413985  OK413973  

11PySep Amambay 
S. rebaudiana 

native 
OK413962  OK414010  OK444807  OK444156  OK413998  OK413986  OK413974  

12PySep Amambay 
S. rebaudiana 

native 
OK413963  OK414011  OK444808  OK444157  OK413999  OK413987  OK413975  
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Table 2.2. GenBank accession numbers of the conserved loci of the Septoria spp. as reported by 

Quaedvlieg et al. (2013) and Verkley et al. (2013) used for phylogenetic analyses.  

 
Species Isolate  Actin TEF1 ITS LSU RPB2 CAL BTUB 

S. apiicola CBS 400.54 KF253649 KF253292 KF251345  KF251849  KF252346  KF253997  KF252817  

S. apiicola CBS 395.52 KF253648 KF253291 KF251344  KF251848  KF252345  KF253996  KF252816  

S. apiicola CBS 389.59 KF253647 KF253290 KF251343  KF251847  KF252344  KF253995  KF252815  

S. apiicola CBS 116465 KF253646 KF253289 KF251342  KF251846  KF252343  KF253994  KF252814  

S. astericola CBS 128593 KF253651 KF253295 KF251347  KF251851  KF252348  KF253999  KF252819  

S. astericola CBS 128587 KF253650 KF253294 KF251346  KF251850  KF252347  KF253998  KF252818  

S. stachydicola CBS 128662 KF253867 KF253513 KF251566  KF252071  KF252559  KF254218  KF253034  

S. chrysanthemella CBS 354.73 KF253684 KF253327 KF251380  KF251884  KF252381  KF254032  KF252852  

S. chrysanthemella CBS 351.58 KF253683 KF253326 KF251379  KF251883  KF252380  KF254031  KF252851  

S. chrysanthemella CBS 128716 KF253682 KF253325 KF251378  KF251882  KF252379  KF254030  KF252850  

S. chrysanthemella CBS 483.63 KF253681 KF253324 KF251377  KF251881  KF252378  KF254029  KF252849  

S. chrysanthemella CBS 128622  KF253680 KF253323 KF251376  KF251880  KF252377  KF254028  KF252848  

S. chrysanthemella CBS 128617 KF253679 KF253322 KF251375  KF251879  KF252376  KF254027  KF252847  

S. cirsii  CBS 128621 KF253685 KF253328 KF251381  KF251885  KF252382  KF254033  KF252853  

S. cucurbitacearum CBS 178.77 KF253703 KF253346 KF251399  KF251903  KF252400  KF254051  JX902286  

S. exotica  CBS 163.78 KF253722 KF253366 KF251418  KF251922  KF252416  KF254070  KF252890  

S. leucanthemi  CBS 353.58  KF253762 KF253406 KF251458  KF251962  KF252455  KF254110  KF252930  

S. leucanthemi  CBS 113112 KF253761 KF253405 KF251457  KF251961  KF252454  KF254109  KF252929  

S. leucanthemi  CBS 109091 KF253760 KF253404 KF251456  KF251960  KF252453  KF254108  KF252928  

S. leucanthemi  CBS 109090  KF253759 KF253403 KF251455  KF251959  KF252452  KF254107  KF252927  

S. leucanthemi  CBS 109086 KF253758 KF253402 KF251454  KF251958  KF252451  KF254106  KF252926  

S. leucanthemi  CBS 109083 KF253757 KF253401 KF251453  KF251957  KF252450  KF254105  KF252925  

S. lycoctoni  CBS 109089 KF253765 KF253409 KF251461  KF251965  KF252458  KF254113  KF252933  

S. lycopicola CBS 128651  KF253768 KF253412 KF251464  KF251968  KF252461  KF254116  KF252936  

S. lycopersici CBS 354.49  KF253767 KF253411 KF251463  KF251967  KF252460  KF254115  KF252935  

S. lycopersici CBS 128654 KF253766 KF253410 KF251462  KF251966  KF252459  KF254114  KF252934  

S. malagutii  CBS 106.80 KF253774 KF253418 KF251470  KF251974  KF252467  KF254122  JX902289  

S. napelli CBS 109106  KF253783 KF253427 KF251479  KF251983  KF252475  KF254131  KF252950  

S. napelli CBS 109105 KF253782 KF253426 KF251478  KF251982  KF252474  KF254130  KF252949  

S. napelli CBS 109104 KF253781 KF253425 KF251477  KF251981  KF252473  KF254129  KF252948  

S. obesa CBS 128623 KF253785 KF253429 KF251481  KF251985  KF252477  KF254133  KF252952  

S. obesa CBS 128588 KF253784 KF253428 KF251480  KF251984  KF252476  KF254132  KF252951  

S. paridis CBS 109109 KF253796 KF253441 KF251492  KF251997  KF252489  KF254145  KF252962  

S. paridis CBS 109108  KF253795 KF253440 KF251491  KF251996  KF252488  KF254144  KF252961  

S. paridis CBS 109110 KF253794 KF253439 KF251490  KF251995  KF252487  KF254143  KF252960  

S. paridis CBS 109111 KF253793 KF253438 KF251489  KF251994  KF252486  KF254142  KF252959  

S. posoniensis CBS 128645  KF253811 KF253456 KF251507  KF252012  KF252503  KF254160  KF252977  

S. pseudonapelli CBS 128664 KF253830 KF253475 KF251526  KF252031  KF252520  KF254179  KF252995  

S. putrida CBS 109088 KF253832 KF253477 KF251528  KF252033  KF252522  KF254181  KF252997  

S. putrida CBS 109087  KF253831 KF253476 KF251527  KF252032  KF252521  KF254180  KF252996  

S. senecionis  CBS 102381  KF253848 KF253492 KF251545  KF252050  KF252539  KF254197  KF253013  

S. senecionis  CBS 102366 KF253847 KF253505 KF251544  KF252049  KF252538  KF254196  KF253012  

Septoria sp. CBS 128658 KF253860 KF253493 KF251557  KF252062  KF252551  KF254209  KF253025  

S. steviae NBRC 31190  MH532351 MH532411 MH532396  MH532336  MH899608  MH532381  MH532366  

S. steviae NBRC 31181  MH532350 MH532410 MH532395  MH532335  MH899607  MH532380  MH532365  

S. steviae CBS120132  MH532349 MH532409 MH532394  MH532334  MH899606  MH532379  MH532364  

S. steviae NCSep12  MH532348 MH532408 MH532393  MH532333  MH899605  MH532378  MH532363  

S. steviae NCSep11  MH532347 MH532407 MH532392  MH532332  MH899604  MH532377  MH532362  

S. steviae NCSep10  MH532346 MH532406 MH532391  MH532331  MH899603  MH532376  MH532361  

S. steviae NCSep9  MH532345 MH532405 MH532390  MH532330  MH899602  MH532375  MH532360  

S. steviae NCSep8  MH532344 MH532404 MH532389  MH532329  MH899601  MH532374  MH532359  

S. steviae NCSep7  MH532343 MH532403 MH532388  MH532328  MH899600  MH532373  MH532358  

S. steviae NCSep6  MH532342 MH532402 MH532387  MH532327  MH899599  MH532372  MH532357  

S. steviae NCSep5  MH532341 MH532401 MH532386  MH532326  MH899598  MH532371  MH532356  

S. steviae NCSep4  MH532340 MH532400 MH532385  MH532325  MH899597  MH532370  MH532355  

S. steviae NCSep3  MH532339 MH532399  MH532384  MH532324  MH899596  MH532369  MH532354  
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Table 2.2 (continued) 

 
S. steviae NCSep2  MH532338 MH532398  MH532383  MH532323  MH899595  MH532368  MH532353  

S. steviae NCSep1  MH532337 MH532397  MH532382  MH532322  MH899594  MH532367  MH532352  

S. steviae 16LIV MH352362 MH352377  MH352382  MH352387  MH352372  MH352367  MH352357  

S. steviae 17LIV MH352364 MH352379  MH352384  MH352389  MH352374  MH352369  MH352359  

S. steviae 14LIV MH352360 MH352375  MH352380  MH352385  MH352370  MH352365  MH352355  

S. steviae 15LIP  MH352361 MH352376  MH352381  MH352386  MH352371  MH352366  MH352356  

S. steviae 17LIP MH352363 MH352378  MH352383  MH352388  MH352373  MH352368  MH352358  
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Table 2.3. Locus and primer combinations used for the molecular characterization of fungal 

isolates of Septoria steviae from Paraguay. Adapted from Koehler (2018).   

 

Locus 
Annealing  

Temperature 
Primer Sequence Reference 

Actin 

63 °C ACT-

512F 
ATGTGCAAGGCCGGTTTCGC 

Carbone and 

Kohn (1999) 

ACT2Rd ARRTCRCGDCCRGCCATGTC 
Quaedvlieg et 

al. (2011) 

β-tubulin 

61 °C 

T1 AACATGCGTGAGATTGTAAGT 

O’Donnell 

and Cigelnik 

(1997) 

Β-Sandy-

R 
GCRCGNGGVACRTACTTGTT 

Stukenbrock 

et al. (2012) 

Calmodulin  

66 °C CAL-

235F 
TTCAAGGAGGCCTTCTCCCTCTT 

Quaedvlieg et 

al. (2012) 

CAL2Rd TGRTCNGCCTCDCGGATCATCTC 
Quaedvlieg et 

al. (2011) 

Internal 

transcribed 

spacer 

60 °C 
ITS5 GGAAGTAAAAGTCGTAACAAGG 

White et al. 

(1990) 

ITS4 TCCTCCGCTTATTGATATGC 
White et al. 

(1990) 

Large 

Subunit 

nrDNA 

59 °C 
LSU1Fd GRATCAGGTAGGRATACCCG 

Crous et al. 

(2001) 

LR5 TCCTGAGGGAAACTTCG 
Vilgalys and 

Hester (1990) 

RNA 

polymerase 

II 

54 °C 
fRPB2-5F 

GATGATMGWGATCAYTTYGG

  

Liu et al. 

(1999) 

 fRPB2-

414R 
ACMANNCCCCARTGNGWRTTRTG 

Quaedvlieg et 

al. (2011) 

Translation 

elongation 

factor-1alpha 

(EF) 

61 °C 
EF1-728F CATCGAGAAGTTCGAGAAGG 

Carbone and 

Kohn (1999) 

EF-2 GGARGTACCAGTSATCATGTT 

O’Donnell & 

Cigelnik 

(1997) 
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Table 2.4. Mean lengths and widths of pycnidia and conidia of Septoria steviae isolates from Paraguay grown on malt extract agar 

(MEA) for 30 days. 

 

Isolate  

Pycnidia  Conidia 

Mean  

length (µm) 

Mean  

width (µm)  

Mean  

width (µm) 

Mean  

length (µm) 

1PySep 87.18 (±10.18) ABCx 97.83 (±15.85) AB 1.81 (±0.07) E 44.94 (±6.27) ABC 

2PySep 75.61 (±4.77) A 87.1 (±5.53) A 1.75 (±0.06) DE 54.40 (±1.52) E 

3PySep 80.22 (±8.91) ABC 89.98 (±4.69) AB 1.51 (±0.06) A 41.13 (±4.76) A 

4PySep 90.2 (±9.35) BC 99.38 (±8.05) AB 1.55 (±0.13) AB 40.45 (±9.27) A 

5PySep 81.49 (±9.38) ABC 91.89 (±9.64) AB 1.66 (±0.15) BCD 54.57 (±0.77) E 

6PySep 82.07 (±11.13) ABC 90.76 (±8.55) AB 1.68 (±0.03) CD 46.02 (±3.46) ABCD 

7PySep 91.24 (±5.4) C 100.83 (±5.01) B 1.82 (±0.05) E 51.6 (±4.77) CDE 

8PySep 90.5 (±2.33) BC 97.39 (±2.76) AB 1.57 (±0.08) ABC 49.01 (±1.64) CDE 

9PySep 77.58 (±11.18) AB 88.15 (±11.76) AB 1.67 (±0.06) BCD 48.78 (±4.99) BCDE 

10PySep 82.77 (±10.98) ABC 92.31 (±11.63) AB 1.57 (±0.06) ABC 53.36 (±7.61) DE 

11PySep 90.74 (±10.12) BC 100.61 (±10.74) AB 1.53 (±0.08) A 41.14 (±3.00) AB 

12PySep 89.86 (±9.38) BC 98.97 (±7.05) AB 1.47 (±0.05) A 46.02 (±5.81) ABCD 

P value <0.0001 0.0013 <0.0001 <0.0001   

 
x Values in a column indicated by different letters are significantly different at p < 0.05 according to Tukey’s test. Values are means ± 

standard deviation with ten replications.  



86 

 

 

 

Table 2.5. Occurrence of Septoria steviae pycnidia exuding cirri on stevia (Stevia rebaudiana) 

seed surface for different seed lots (n=400). 

 

Seed lot Origin Pelleted 
S. steviae 

Occurrence (%) 

 3BS  USA Yes 0 ±0 A 

 4AB USA Yes 0 ±0 A 

 A-6 USA No 0 ±0 A 

 3A USA Yes 0 ±0 A 

 G3 USA No 0 ±0 A 

 5A USA Yes 0 ±0 A 

 G4 USA Yes 0 ±0 A 

 4A USA Yes 0 ±0 A 

Kinston USA No 12 ±9 B 

Rocky Mount  USA No 16 ±15 B 

Nativa  Paraguay No 18 ±12 B 

P-value   <0.0001   

     
x Values in a column indicated by different letters are significantly different at p < 0.05 according 

to Tukey’s test. Values are means ± standard deviation with ten replications. 
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Figure 2.1. Pure cultures of Septoria steviae from Paraguay on oatmeal agar (OA), potato 

dextrose agar (PDA) 2% malt extract agar (MEA) respectively of 12 Paraguayan isolates after 21 

days of incubation. A) 1PySep, Cordillera B) 2PySep, Cordillera C) 3PySep, San Pedro D) 

4PySep, San Pedro E) 5PySep, Cordillera F) 6PySep, Central G) 7PySep, San Pedro H) 8PySep, 

Caaguazu I) 9PySep, Cordillera J) 10PySep, Amambay K) 11PySep, Amambay L) 11PySep, 

Amambay M) NBRC31181, Japan N) NBRC31190, Japan. Bar = 5 mm. 
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Figure 2.2. Maximum likelihood tree obtained from ACTIN gene sequences of Septoria steviae 

(highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates of 

Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658. Scale bar represents the number of 

substitutions per site.  
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Figure 2.3. Maximum likelihood tree obtained from TEF1 sequences of Septoria steviae 

(highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates of 

Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658. Scale bar represents the number of 

substitutions per site.  
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Figure 2.4. Maximum likelihood tree obtained from ITS region sequences of Septoria steviae 

(highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates of 

Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658.   CBS 128658. Scale bar represents the number 

of substitutions per site.  
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Figure 2.5. Maximum likelihood tree obtained from β-tubulin gene sequences of Septoria 

steviae (highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates 

of Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658. Scale bar represents the number of 

substitutions per site.  
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Figure 2.6. Maximum likelihood tree obtained from LSU gene sequences of Septoria steviae 

(highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates of 

Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658. Scale bar represents the number of 

substitutions per site.  
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Figure 2.7. Maximum likelihood tree obtained from RPB2 gene sequences of Septoria steviae 

(highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates of 

Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658. Scale bar represents the number of 

substitutions per site.  
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Figure 2.8. Maximum likelihood tree obtained from CAL sequences of Septoria steviae 

(highlighted in bold) isolated from Stevia rebaudiana from Paraguay and several isolates of 

Septoria steviae previously reported by Koehler et al. (2019), Hastoy et. al (2019), and 

Quaedvlieg et al. (2013). The scale bar indicates the number of substitutions per position. 

Support values from 1,000 bootstrap replications are located at the nodes (cutoff value 50%). 

The tree was rooted to Septoria sp. CBS 128658. Scale bar represents the number of 

substitutions per site.  
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Figure 2.9. Maximum likelihood tree obtained from a combined dataset seven-loci (ACT, TEF1, 

ITS, BT, LSU, RPB2, CAL) sequences of Septoria steviae (highlighted in bold) isolated from 

Stevia rebaudiana from Paraguay and several isolates of Septoria steviae previously reported by 

Koehler et al. (2019), Hastoy et. al (2019) and Quaedvlieg et al. (2013). The scale bar indicates 

the number of substitutions per position. Support values from 1,000 bootstrap replications are 

located at the nodes (cutoff value 50%). The tree was rooted to Septoria sp. CBS 128658. Scale 

bar represents the number of substitutions per site.   
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2.10. Incidence of Septoria stevia on seeds surface of stevia. A) Achenes of Stevia rebaudiana 

containing seeds B) Multiple pycnidia on the surface of the achenes C) Blotter test of S. 

rebaudiana D) Stevia seed surface contamination with multiple fungi E) Close up to pycnidia 

producing cirrus F) Pycnidia observed under the compound microscope releasing conidia of S. 

steviae G) Conidia of S. steviae. 
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CHAPTER 3 

Standard area diagrams to estimate the severity of Septoria Leaf Spot on Stevia 

Abstract 

Septoria leaf spot (SLS), caused by Septoria steviae, produces necrotic spots in the leaf 

area of stevia plants, affecting their quality and reducing their commercial potential. Accurate 

disease estimates of SLS are necessary for stevia disease management research as new genetic 

material and management approaches are constantly evaluated. In this study, we developed a 

new standard area diagram (SAD) set with six-leaf diagrams, each with a different degree of 

severity of SLS (0.5, 1, 10, 25, 40, 75%). Validation of the SAD was conducted with 28 raters, 

14 with experience, and 14 without experience rating SLS. Raters observed 40 images of stevia 

leaves of various disease severities from 0 to 100% without and with aid of the SAD developed 

for SLS. Agreement (ρc), bias (Cb), precision (r), and inter-rater reliability (ρ) coefficients were 

significantly closer to true severity values when the raters used the SAD for both rater groups, 

inexperienced (CCC = 0.89; Cb = 0.97; r = 0.90, μ=0.01, ρ = 0.81) and experienced raters (CCC 

= 0.94; Cb = 0.99; r = 0.95, , ρ = 0.91). For field validation, raters without previous 

experience were randomly assigned to two groups: 7 were trained to use SAD and 7 were not 

provided with SAD, and the evaluation of disease severity was done three times on 30 leaves 

with varying degrees of severity previously marked on random plants. Significant improvement 

of severity estimates agreement (P = 0.00997) was observed with raters that were trained and 

allowed to use the SAD without any time limit (without SAD CCC = 0.45 and CCC = 0.67 with 

SAD), while raters that were not trained and did not use the SAD did not improve the accuracy 

of their estimations (CCC = 0.51). However, when the raters were rushed to estimate with a time 

limit of 10 sec, only the raters with SAD reduced their accuracy (CCC = 0.56) while raters not 
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using the SAD showed the same accuracy (CCC = 0.57). The use of the new SAD can improve 

severity estimations accuracy, which is necessary for the screening of resistant cultivars, studies 

of epidemiology, development of forecasting systems, and disease management research in this 

pathosystem. 

Keywords: Stevia rebaudiana, Septoria steviae, Disease severity, Phytopathometry. 

Introduction 

Stevia [Stevia rebaudiana (Bertoni) Bertoni] is a semi-perennial plant native to Paraguay, 

which is cultivated for its sweetening properties with growing demand worldwide. The rising 

popularity of stevia as a specialty crop is due to its sweetener compounds, stevioside and 

rebaudioside, found mainly in the leaves of the plant (Bogado-Villalba et al. 2021). Currently, 

this crop is produced in more than 120 countries, among them: China, Paraguay, Japan, the USA, 

Italy, France (Ciriminna et al. 2019).  

The increase of stevia production around the world coincides with an expansion of 

disease problems that limit the commercial potential of the crop. Foliar pathogens such as 

Septoria steviae, causal agent of Septoria leaf spot (SLS), cause significant damage affecting the 

quality of the leaves, reducing their commercial potential (Koehler et al. 2019). The disease is 

particularly severe in places where high temperatures and humidity are prevalent for prolonged 

periods (Termsung et al. 2021). Symptoms include irregular, necrotic dark brown spots, that 

usually begin on the lower leaves and spread upwards in the plant canopy. When lesions are 

numerous, they coalesce and develop in the leaves turning them brown until they wither 

(Reeleder 1999). 

Accurate disease estimates of SLS are necessary for stevia production expansion to 

different areas, as evaluation of new genetic material with disease resistance is needed (Huber 
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and Wehner 2021). Furthermore, disease intensity estimates can be used to assess the 

effectiveness of cultural management practices, evaluate the efficacy of fungicides for the 

control of SLS, and develop epidemiological models for the disease (Koehler and Shew 2018; 

Hijmans et al. 2000). Disease damage and progression characterization can be done in different 

ways, but the severity of SLS is the most common variable assessed where the necrotic leaf area 

is reported (Hastoy et al. 2019; Koehler and Shew 2018).  

Disease severity can be estimated through image analysis (Hastoy et al. 2019), 

multispectral sensors (Colomina and Molina 2014), quantitative polymerase chain reaction 

(qPCR) (Turner et al. 2001), and loop-mediated isothermal amplification (LAMP) (Thangavelu 

and Devi 2018). Even though these methods can be highly accurate, they can be also high-cost 

and difficult to implement for field evaluations. On the other hand, visual disease severity 

estimation is low-cost and easy to implement in field conditions. For that reason, visual 

estimation remains the main way of disease severity estimation in plant pathology and special 

emphasis had been put on ensuring that these estimations can be precise and reliable (Del Ponte 

et al. 2017).   

When visual disease severity estimations are done aided by the use of standard area 

diagrams (SAD), they can be highly accurate (Del Ponte et al. 2017; Bock et al. 2021). These 

diagrams are a set of drawings or pictures of leaves, fruits, roots, or the entire plant with 

increasing values of disease severity representing the actual percentage of tissue damaged with 

defined ranges (Bock et al. 2010; Del Ponte et al. 2017). Raters can use the diagrams as a 

reference to estimate the disease severity of a sample, assigning disease severity values that 

resemble the most those in the diagrams (Franceschi et al. 2020). Research in different 

pathosystems such as pecan scab (Yadav et al. 2013), Potato early blight (Duarte et al. 2013), 
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Glomerella leaf spot on apple (Moreira et al. 2019), soybean rust (Franceschi et al. 2020), coffee 

rust (Capucho et al. 2011) has shown that the use of SAD can significantly improve reliability 

and precision as well as reduce the bias of disease severity estimations.  

Previous research proposed SADs for the visual estimation of Septoria leaf spot severity, 

however, they were not published and/or validated (Reeleder 1999; Veia Sanabria and Orrego 

Fuente 2013). Validation of SAD can be done by measuring agreement of disease severity 

estimations compared to actual disease severity through Lin’s Concordance Correlation 

Coefficient (ρC) as described in previous research (Nita et al. 2007; Nascimento et al. 2020; 

Franceschi et al. 2020). Therefore, the objectives of this work were to i) create a SAD with 

various ranges of SLS affecting stevia leaves ii) evaluate the SAD for use by inexperienced and 

expert raters, and iii) validate the SAD in field conditions.  

Materials and methods  

Septoria leaf spot standard area diagram (SAD) development  

Stevia plants line G3 were grown from cuttings and potted in 15 cm diameter plastic pots 

containing potting media (SunGro, Bellevue, WA). Plants were maintained in the experimental 

Greenhouses of the North Carolina State University, Raleigh, NC at 28 ± 5°C with a 12-h 

photoperiod for 10 weeks. A hand-trigger spray bottle (Preval, Coal City, IL) was used to apply a 

spore suspension of Septoria steviae with a concentration of 106 spores ml-1 to the point of 

wetting of the stevia leaves. After the application, all plants were covered with a transparent 

plastic bag for four weeks to create a moisture chamber and favor spore germination. Once 

plastic bags were removed, stevia plant leaves were collected and scanned using a photo scanner 

(CanoScan 8800F, Canon Inc., Tokyo, Japan). Images were converted to 8-bit grayscale and 

thresholded manually until optimal contrast between black (necrotic leaf area) and white areas 
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(green healthy tissue) using the imaging software ImageJ (Schneider et al. 2012). The black areas 

were assumed to be the actual (true) disease severity and expressed as the percentage of the total 

leaf area calculated without including chlorotic halos or other discolorations. These images were 

further edited using PAINT.NET applying the distribution and progression of the pattern of SLS 

observed in stevia leaves. A SAD set with six different disease severity percentages was created 

based on the minimum and maximum values of severity observed in the leaf samples with 

symptoms of SLS and incremental severity percentages between these limits as previously 

described (de Melo et al. 2020).  

Validation of the SAD set for Septoria leaf spot disease severity estimation 

Leaves with symptoms of Septoria leaf spot at varying degrees of severity were collected 

from stevia plants grown with local extension agronomic recommendations at the Upper Coastal 

Plain Research Station (Rocky Mount, NC) in 2018. Leaves were stripped from stems including 

the petiole and placed in fabric bags avoiding sunlight to prevent leaf oxidation. Once in the lab, 

leaves were superficially cleaned with a brush to remove sand and debris. Subsequently, they 

were flattened for 24 hrs using paper and weights to press the leaves. The adaxial leaf surfaces 

were scanned using a digital scanner (CanoScan 8800F, Canon Inc., Tokyo, Japan), and then 

processed using ImageJ software. The necrotic area estimated using ImageJ was considered the 

true severity of SLS and was used as the nearest percent estimation (NPE) to assess the 

precision, bias, and concordance of the disease severity estimates made with and without SADs. 

Validation of the SAD was done with two groups of raters with and without experience. 

In total, 28 raters, 14 with experience and 14 without experience rating SLS, were selected. 

Raters were categorized as experienced if they had previous practice in disease severity 

assessment of Septoria leaf spot symptoms and stevia production. Raters were considered 
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without experience if they had not previously performed visual estimations of Septoria leaf spot 

symptoms or other foliar diseases. Raters observed 40 images from the above-described stevia 

leaves of various disease severities from 0 to 100% projected using PowerPoint® slides, and first, 

they estimated SLS severity without the aid of the SAD. For each image, raters could assign any 

value from 0 to 100% to estimate SLS severity without a time limit. Following the first set of 

image ratings, the raters took a 30 min break and then observed the same 40 images of SLS-

affected stevia leaves in a different order and proceeded to estimate the disease severity again 

with the aid of the SADs.  

Disease severity estimation accuracy analysis 

Disease severities were considered a continuous variable and expressed as the estimation of the 

percentage of necrotic leave tissue of individual leaves. The raters without and with SAD were 

considered the measuring variable and the individual leaves the specimens. The Concordance 

Correlation Coefficient (CCC) developed by Lin (1989) was determined as the product of 

precision (r of Pearson) and the measurement of bias  given by . 

“Location” shift  was given by , and “Scale” shift (υ) 

was given by: υ = , where  was the mean severity values estimated by each rater, 

 was the severity “true” values measured using image analysis,  represented the 

standard deviation of  the mean severity values estimated by each rater,  symbolized the 

standard deviation of the “true” values measured using image analysis. The mean absolute errors 

were calculated based on the difference between the mean estimated severity of each group of 

raters and the “true” values for each stevia leaf. The inter-rater reliability was determined based 

on the intracluster correlation coefficient (ρ) as previously described.  
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The statistical analysis was carried out in R version 3.4.4 (R Core Team© 2018). The 

best-fit linear regression line of the mean estimated severity was obtained using the statistical 

package agricolae (Mendiburu 2015) and intercept and slope were compared through a paired t-

test for each rater group with and without the use of SAD with a probability of error α=0.05. 

Similarly, the mean absolute errors were compared through a paired t-test for each rater group. 

The values of the Pearson correlation coefficient, measurement of bias, and the concordance 

correlation coefficient, location, and scale for each rater were calculated using the statistical 

package epiR (Stevenson et al. 2015). The differences between the means of each statistic with 

SADs, and without SADs were calculated based on 10,000 balanced bootstrap samples using the 

R statistical packages tidyverse (Wickham et al. 2019), moderndive (Ismay and Kim 2019), and 

infer (Bray et al. 2020). The 95% confidence intervals (CIs) for the difference between the 

means of each statistic were calculated by bootstrapping via the percentile method. The 

differences were tested for statistical significance with a probability of error α=0.05 using the 

equivalence test where the differences between means of each statistic CIs containing zero were 

considered non-significant (Duarte et al. 2013, Moreira et al. 2019). The intracluster correlation 

coefficient (ρ) was calculated using the package irr (Gamer et al. 2012).  

Power Analysis  

Simulated experiments were arranged in a completely randomized design for disease 

severity estimation of two arbitrary treatments A and B with an assumed true difference between 

the means (μΔ) = 5, 10, 15%, respectively. A paired t-test was used as described in previous 

studies (Chiang et al. 2016; Chiang et al. 2014), to compare the severity estimations of raters 

with and without using SAD for low disease severity (i.e. 5% severity) and a number of leaf 

samples (n = 5–100) for raters without and with experience in disease estimation. The mean 
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estimated severity and standard deviation for each group of raters were calculated by obtaining 

the linear function for a true disease severity of 5% based on rater estimates from the above 

described SAD validation experiment. The disease severity estimations by each rater group were 

limited to values from 0 to 100 because severities cannot be negative values and were assumed to 

follow a lognormal distribution to account for overestimations at low disease severity as 

described by Chiang et al. (2016). Simulations were run 10,000 times with a probability of error 

of 5% (α=0.05). The probability to reject H0 when is false (power = 1- type II error rate) was 

recorded and plotted against the number of leaf samples for each simulated experiment using R 

version 3.4.4 (R Core Team© 2018, MA, USA).  

Visual assessment of the severity of SLS under field conditions 

For field evaluations, 14 different raters without previous experience in disease 

evaluation or stevia cultivation were selected based on the lack of formal training or familiarity 

with SLS symptoms. The raters were randomly assigned to two groups: SAD use trained and 

untrained groups, and the evaluation of disease severity was done three times (Evaluation 1: 

without SAD, Evaluation 2: only trained group with a SAD and no time limit, Evaluation 3: only 

trained group with a SAD and time limit of 10 seconds). 

Stevia plants cv. “Nativa” of 10 months with natural infection of SLS were evaluated in 

the fields during December of 2020 in the Centro de Desarrollo e Innovación Tecnológica, 

Itapua, Paraguay. Plants were selected randomly and leaves with varying degrees of severity 

were marked on each plant with colorful stripes and a label with the leaf number totaling 30 

stevia leaves. Disease severity estimates were first collected by all raters without the SAD set 

aid. Each leaf previously marked was evaluated one time by each rater and the disease severity 
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percentage registered on a spreadsheet together with the respective leaf number. The same 

procedure was repeated until 30 stevia leaves were completed by each rater.  

After a 3-hour break, seven random people from the total group of previous raters 

estimated the disease on the previously marked stevia leaves with the aid of the SAD, while the 

other seven raters continued to estimate the disease severity without the SAD. The same 

procedure previously described was repeated until 30 stevia leaves were completed. There was 

no time limit for the disease severity estimations with a range between 14 and 23 s. Once this 

part was completed, all the raters took 3 hours break. To measure the effect of limited time for 

estimation of disease, the evaluators were given 10 seconds to make disease severity estimates. 

The same previous seven raters continued to estimate the disease severity on the marked stevia 

leaves with the aid of a SAD, while the other seven raters continued to estimate the disease 

severity without SAD aid.  

Once this phase was completed, the same leaves with petioles used for visual estimations 

were pulled from the stevia plants. Each leaf was placed in the respective envelope with the leaf 

number taking care that they did not receive sunlight. Envelopes were transported to the lab in 

coolers for processing as described previously. The leaves were kept flat and the adaxial surfaces 

were scanned with a white background as contrast using a photo scanner (HP ScanJet Pro 3000, 

Hewlett-Packard, CA, USA). Stevia leaves necrotic area was measured using ImageJ and these 

severity values were considered the nearest percent estimation. These NPEs were assumed as the 

true severity of SLS for each leave and was used for the analyses of the accuracy of visual 

estimations of the raters  

The statistical analysis was carried out in R version 3.4.4 (R Core Team© 2018, MA, 

USA), and all estimates of Pearson correlation coefficient, measurement of bias, and the 
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concordance correlation coefficient, location, and scale were calculated for each rater using the 

statistical package epiR (Stevenson et al. 2015). Since the effect of training was measured on the 

same raters during three different evaluations, it was conducted a repeated-measures analysis of 

variance (ANOVA) with a probability of error of 5% (α=0.05). All estimates were analyzed 

using a mixed model in which raters were considered as random effects and the groups (with and 

without SAD training) and evaluations (three evaluations) as fixed effects.  

Results 

Validation of the SAD set and accuracy analysis 

The standard area diagrams for Septoria Leaf Spot severity developed in this research had 

six-leaf diagrams, each with a different degree of severity of SLS (0.5, 1, 10, 25, 40, 75%). The 

SAD was intended to be used as a reference for the rater, so disease estimates can take any value 

between and beyond the values of the scale considering coalescent of necrotic spots (Figure 3.1).  

The best-fit linear regression line of experienced rater estimations with SAD was closer 

to the concordance line ( = ,) compared to ratings of raters without experience with 

SAD (Figure 3.2). The improvements in disease ratings because of the SAD set help were more 

evident for the intercepts in raters without experience with significant differences in the 

intercepts but not the slopes (without SAD:  = 23.27+0.75  Vs. with SAD:  

= 5.72+ 0.87 , P < 0.0001) while for experienced raters the improvement was marginal 

(without SAD:  = 6.59 + 0 .94  Vs. with SAD:  =1.18+0.97 , P < 

0.0061).  

Experienced raters' absolute errors did not reduce significantly with the use of the SADs. 

However, inexperienced raters' severity estimations had significantly larger absolute errors 

without the use of the SADs compared to estimations aided by the SAD (P = 0.0006), especially 
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at lower disease severity ranging from 0 to 35% (Figure 3.3). The mean absolute errors exceeded 

40% for inexperienced raters and 30% for experienced raters without the help of SAD for 

severity estimations. When the SADs were used for severity estimations, the absolute errors were 

reduced to a maximum of 20% for both groups of raters (Figure 3.3). Still, the use of SAD did 

not improve the tendency of disease underestimation for both groups of raters when the “true” 

severity of the leaf was higher than 60%.   

Disease severity estimates agreement, coefficient of bias, correlation coefficient, and 

location shift were closer to true severity values (CCC = 1.00; Cb = 1.00; r = 1.00, ) 

when the raters used the SAD as an aid for severity estimation for both inexperienced (CCC = 

0.89; Cb = 0.97; r = 0.90, ) and experienced raters (CCC = 0.94; Cb = 0.99; r = 0.95, 

), compared to severity estimations without help rating scale (Table 3.1).  However, 

scale shift (υ) was not significantly improved with the use of SAD regardless of rater experience.  

There was greater CCC (ρc) improvement when the SADs were used by inexperienced 

raters. For disease estimations without SADs, the CCC was 0.70 (±0.0322). However, when the 

SADs were used, the CCC mean estimate was 0.89 (±0.0240) with a significant difference 

between mean estimates of 0.188 (±0.0345). Bias (Cb) improved from 0.881 (±0.0241) to 0.974 

(±0.00623) with the use of SADs. Similarly, precision measured by the correlation coefficient 

(Pearson’s r) improved from 0.791 (±0.0211) without SAD to 0.907 (±0.0096) with the use of 

the SAD. Location improved from 0.440 (±0.0732) without SAD to 0.014 (±0.0420) for raters 

with SAD getting significantly closer to 0 (perfect estimation).  

For experienced raters, the mean CCC (ρc) without the SADs was equal to 0.894 

(±0.0085) but with the use of SAD increased the CCC to 0.943 (±0.0056) with a significant 

improvement of 0.049 (±0.0104). Bias (Cb) improved little when SADs were used from 0.979 
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(±0.0036) to 0.99 (±0.0030). It was observed a significant mean difference between these two 

groups of 0.0107 (±0.0048). Similarly, precision also increased significantly with the use of the 

SAD but only by 0.0349 (±0.0092).   

The intracluster correlation coefficient (ρ) significantly improved when the raters used 

the SADs regardless of the raters’ experience (P < 0.001) (Table 3.2). However, the ρ 

improvement (ρ = 0.11) was greater when the SADs was used by inexperienced raters (ρ = 0.70 

without SAD and ρ = 0.81 with SAD). Similarly, experienced raters improved the intracluster 

correlation coefficient but only by 0.04 (ρ = 0.87 without SAD and ρ = 0.91 with SAD).  

Power Analysis 

The power to reject H0 when is false for a true mean difference of 5% disease severity 

between treatments A and B was higher for disease severity estimations of raters using the SADs 

compared to the raters no aided by the SADs (Figure 3.4). Experience raters with SADs had 80% 

power to reject the H0 using the SADs with 30 leaves sample (Figure 3.4 A) but without the 

SADs only 63% power for the same number of samples. It would be needed to evaluate at least 

20 more leaves to get power equal to 80% without the SADs (Figure 3.4 A). Inexperienced raters 

had 80% power starting from 30 leaves sample (Figure 3.4 D), while without the SADs only had 

40% power needing at least 90 leaves sample to reach an 80% power to reject the H0 when is 

false. 

When using the SADs, all raters were more prone to reject H0 when is false for “true” 

mean differences of 10 and 15% disease severity between treatments A and B (Figure 3.4), 

compared to “true” difference between means of only 5% (Figure 3.4 A and D). Experienced 

raters had a power of 87% with only 10 samples when using the SAD (Figure 3.4 B), while 

without the SAD and the same number of samples the power was only 70%. In contrast, for 



109 

 

 

“true” mean differences of 10% severity between treatments inexperienced raters had a power of 

85% with 10 leaves when using the SAD (Figure 3.4 E), however without the SAD and the same 

number of samples the power was only 44% requiring at least 25 leaves to get 80% power to 

reject H0 when is false. When the difference between means of treatments A and B was assumed 

to be 15%, experienced raters with 5 leaves samples also had a power of 83% when using the 

SAD; however, with the same number of leaves samples, the power to reject H0 when is false 

was only 63% when not using the SAD (Figure 3.4 C). Similarly, the power to reject H0 when is 

false for estimations of inexperienced raters with a sample of 5 leaves was already 80% with the 

SADs but only 38% for the same number of samples without the use of SADs (Figure 3.4 F). 

Visual assessment of the severity of SLS under field conditions  

Analysis of variance of the estimates of bias (P = 0.04510), precision (P = 0.0429), 

agreement (P = 0.00997), and location (P = 0.0378) showed a significant effect of the interaction 

of the training group (SAD trained group Vs. the untrained group) and the evaluation (Evaluation 

1: all raters without SAD, Evaluation 2: only trained group with a SAD and not time limit, 

Evaluation 3: only trained group with a SAD and time limit of 10 seconds). However, the use of 

the SAD was not significant on the scale shift and only the moment of evaluation had a 

significant effect (P < 0.0001) (Figure 3.5 B). 

The location shift during the first evaluation was 0.58 for the group no trained with SAD 

and varied little during the second and third evaluation (0.64 and 0.57, respectively). While the 

group trained in the use of the SAD in the first evaluation had a location shift of 0.81 and later 

during the second evaluation reduced by 50% (location shift = 0.45) to increase again during the 

third evaluation when there was a time limit of 10 s for the estimations (0.56). Scale shift on the 

other side was not significantly different between the groups (P = 0.943) but it was different 
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during each evaluation. After each evaluation, all raters improved scale shift with an average of 

1.67 and 1.62 during the first evaluation, 1.35 and 1.34 during the second evaluation, and 1.22 

and 1.27 during the third evaluation for trained and untrained raters respectively (Figure 3.5 A).  

The interaction between group training and evaluation moment was significant for 

disease estimation bias (P = 0.04510). Both groups had similar biases during evaluation 1 (0.77 

and 0.68, not trained and trained with SAD, respectively). For the second evaluation, the trained 

group was allowed to use the SAD and they improved bias with a coefficient of 0.85; while the 

no trained groups did not vary significantly from the first evaluation without SAD (0.79) (Figure 

3.5 C). During the third evaluation in which both groups were rushed to evaluate with a time 

limit of 10 sec, there was no difference compared to the second evaluation bias with 0.80 and 

0.82 for groups not trained and trained with SAD, respectively. 

The precision of both groups during the first evaluation (Evaluation 1: all raters without 

SAD) was similar with 0.66 and 0.65 for not trained and trained with SAD, respectively. 

However, during the second evaluation in which the trained group was allowed to use the SAD, 

they significantly improved their precision (r = 0.80) while the not trained group maintained 

similar precision (r = 0.64). During the third evaluation when the raters were limited to 10 

seconds for each rating, the group using the SAD significantly reduced their precision (r = 0.68) 

while the group without SAD showed and small improvement (r = 0.70) (Figure 3.5 D).  

The agreement measured by the CCC for both groups during the first evaluation was 

similar with a coefficient of 0.51 and 0.45 for not trained and trained with SAD (Figure 3.5 E). 

Though, during the second evaluation, the group using the SAD significantly improved the CCC 

with a coefficient of 0.67, while the group without SAD did not significantly improve (0.51). 

However, during the third evaluation with a time limit of 10 s, the group with the SAD 
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significantly reduced their CCC to 0.56 compared to the previous evaluation, while the group 

without SAD remained without significant differences (CCC = 0.57).  

The inter-ratter reliability was similar for trained (ICC = 0.5) and not trained with SAD 

(ICC = 0.519) during the first evaluation in which both groups were not allowed to use the SAD. 

During the second evaluation, the ICC was 0.71 for trained raters that used the sad for their 

estimations, while for the untrained raters that were not allowed to use the SAD was 0.55. 

However, during the third evaluation with a time limit of 10 s both groups have similar ICC 

values (trained with SAD = 0.556 and untrained = 0.544) (Figure 3.5 F).  

Discussion 

The SAD tool developed in this study had six images with severity percentages of 0.5, 1, 

10, 25, 40, 75%, respectively. We chose these six diagrams with their respective severity 

percentages as they represented the possible disease severity range observed in the field. Since 

SLS is spread through raindrops that disseminate the spores upward in the plant canopy, at the 

beginning the necrotic lesions are small and contain severity values between 0.5 and 30%. 

However, with a conducive environment, these lesions coalesce observing leaves with high 

severity (> 40) which are still attached to the plants. These high severity leaves are commonly 

found in the lower canopy still attached to the plant.  

In this study, the six diagrams SAD improved accuracy, precision, and inter-rater 

reliability of Septoria leaf spot severity estimations and it minimized the risk of erroneous 

decisions or Type II errors in statistical analysis. Therefore, this number of diagrams seems to be 

appropriate for SLS severity estimation. Other studies included ten images with a range of 

severity linearly distributed from 0.1 to 72 being considered adequate to reference different 

levels of severity (Rios et al. 2013). However, the accuracy of visual estimations did not relate to 
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the number of diagrams, whereas few as three diagrams reduced the error of inaccurate estimates 

as much as five, seven, or 10 diagrams (Bock et al. 2016).  

In this research, we found that there is a greater absolute error when estimating low 

disease severity (0 to 40%) compared to mid and upper disease severity ranges (50 to 100%), in 

which raters overestimate low disease severity (Figure 3.3). Overestimation of low disease 

severity is commonly observed in other studies (Sherwood et al. 1983, Franceschi et al. 2020). 

Furthermore, management decisions are needed at low disease severities as SLS is most 

frequently found with low levels of disease because high disease severity causes defoliation, 

similarly to other foliar pathosystems (Franceschi et al. 2020).  

Overestimation of disease severity is alleviated using the SAD to a greater degree for 

inexperienced than experienced raters. Similar to what was observed in this study, previous 

studies had shown that SADs are particularly useful for inexperienced raters (Debona et al. 2015; 

Duarte et al. 2013). This demonstrates that the use of SAD can help training new raters and bring 

them to the same level as those with experience (Stonehouse 1994); Debona et al. 2015; Yadav 

et al. 2013). Accurate disease severity estimations are fundamental for the development of 

forecasting systems and to avoid biased disease risk models.   

The risk of making wrong assessments was higher for raters without the use of the SAD 

than when using a SAD agreeing with previous research (Kuo Szu Chiang et al. 2016). A type II 

error is the probability of accepting the H0 when is false and this may happen when two 

treatments mean differences are small like for example, only 5% means difference, and the 

estimates of disease severity are not accurate enough to reject H0. Therefore, more samples 

would be needed to be able to reject H0 increasing the power of the test. Based on simulations of 

SLS disease severity estimations in this study, raters’ estimations using the SADs required fewer 
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leaf samples to reach the customary 80% power compared to raters not using SADs. The lower 

power for estimations of inexperienced raters not using SADs could be because they were prone 

to errors when estimating disease. Therefore, higher statistical power can be obtained by training 

raters to use SAD. Other studies proposed the use of image analysis to reduce the error during 

the disease severity estimations. However, image analysis is still slower than visual estimation 

and therefore still impractical when the number of specimens is large (Pethybridge and Nelson 

2015; Hastoy et al. 2019).  

During the field validations, a significant improvement of disease estimate accuracy was 

observed with raters that were trained and allowed to use the SAD. These raters had a CCC = 

0.45 during the first evaluation without SAD and 0.67 with the aid SAD during the second 

evaluation without any time limit for severity estimation. While raters that were not trained and 

did not use the SAD did not improve significantly during the first evaluation CCC= 0.51 and 

CCC = 0.51 during the second, which agrees with other studies (Yadav et al. 2013). However, 

when the raters were rushed to estimate with a time limit of 10 sec, only the raters with SAD 

reduced their accuracy with a CCC = 0.56 while raters not using the SAD remained the same 

(CCC = 0.57). This can be because raters using the sad required more time to compare the leaf to 

the diagrams and therefore when rushing their estimation got more imprecise. In contrast, raters 

without the SAD did not need to compare their estimation to anything and therefore their 

estimations were faster. This is consistent with (Parker et al. 1995) who observed that faster 

estimations of disease in cereals were less accurate and precise compared to evaluations without 

time constraints. It is possible to make decisions faster when there are fewer classes or diagrams 

and therefore less time is needed (Hartung and Piepho 2007). This was observed by  (Lima Filho 

et al. 2019) when single central leaflets diagrams for assessments of cassava brown leaf spot 
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helped raters estimate severity significantly faster than compound leaves diagrams set since they 

needed less time to compare. In the field, many situations can rush raters such as environmental 

factors (heat, cold, rain, winds, daylight hours) affecting their estimations. While this research 

evaluated the impact of limited time for visual estimations, more research is needed on the effect 

of other stressful environmental factors on the accuracy of disease estimation (Del Ponte et al. 

2017).  

Disease severity estimations are particularly important for the evaluation of new stevia 

cultivars and/or management practices against Septoria leaf spot because estimations from 

different researchers evaluating stevia lines need to be reproducible across environments 

(Bardsley and Ngugi 2013). However, previous studies of stevia screening against Septoria 

steviae did not publish and/or validated the set of diagrams used in their evaluations (Reeleder 

1999; Veia Sanabria and Orrego Fuente 2013). Only, Hastoy et al. (2019) published a protocol 

for image analysis of SLS in which diseased leaves were removed and scanned 21 days post 

inoculation for greenhouse screening. In this research, we proposed a SAD set validated in the 

laboratory and field conditions that can help reduce bias and improve precision and inter-rater 

reliability of estimations not only in greenhouse screenings but also in field trials. Visual 

estimations using SAD are cheaper and faster than other methods, which may allow for broader 

adaptation of their use (Chiang et al. 2017). Because stevia is a rapidly expanding crop, 

maximizing the benefits from research programs will require the standardization of ratings such 

as the SAD developed by this study.  
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Table 3.1. Estimates of bias (Cb), precision (r), agreement (CCC), Location (u), and Scale (υ) of 

assessments of severity of Septoria Leaf Spot (caused by Septoria steviae) of stevia (Stevia 

rebaudiana) assessed on 40 leaves by raters without and with experience with and without using 

a standard area diagram (SAD). Simulations with 10,000 bootstrap samples were used to obtain 

the difference between means and the confidence intervals (CIs). 

Statistic Mean Difference between meansa 95% CIsb  

 Inexperienced Raters   

 Without SAD With SAD   

CCC (ρc) 0.703 (±0.0322) 0.892 (±0.0092) 0.1884 (±0.0345) 0.1235    0.2580 

Bias (Cb) 0.881 (±0.0241) 0.974 (±0.0062) 0.0929 (±0.0256) 0.0474    0.1460 

Precision (r) 0.791 (±0.0211) 0.907 (±0.0096) 0.1147 (±0.0244) 0.0686    0.1642 

Location (u) 0.440 (±0.0732) 0.014 (±0.0420) -0.4260 (±0.0865) -0.5930   -0.2570 

Scale (υ) 0.944 (±0.0217) 0.956 (±0.0311) 0.0126 (±0.0384) -0.0608    0.0897 

 
 Experienced Raters 

  

 
Without SAD With SAD 

  
CCC (ρc) 0.894 (±0.0085) 0.943 (±0.0055) 0.0493 (±0.0104) 0.0289    0.0693 

Bias (Cb) 0.979 (±0.0036) 0.991 (±0.0030) 0.0107 (±0.0048) 0.0008    0.0200 

Precision (r) 0.913 (±0.0078) 0.948 (±0.0044) 0.0349 (±0.0092) 0.0165    0.0532 

Location (u) 0.133 (±0.0376) 0.001 (±0.0372) -0.1316 (±0.0536) -0.2350    -0.0248 

Scale (υ) 1.029 (±0.0221) 1.026 (±0.0150) -0.0025 (±0.0273) -0.0550    0.0501 

a Mean of the difference between each statistic 
b If the CIs embraced zero, the difference was not significant (α=0.05) 
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Table 3.2. Inter-rater reliability measured by the intra-class correlation coefficient (ρ) of 

assessments of severity of Septoria Leaf Spot (caused by Septoria steviae) of stevia (Stevia 

rebaudiana) assessed on 40 leaves by raters without and with experience and all raters in general 

with and without using a standard area diagram (SAD). 

Intra-class correlation coefficient (ρ) 95% CIs  P value  

Inexperienced Raters     

Without SAD 0.701 0.595 < ICC < 0.801 P < 0.001 

With SAD 0.809 0.732 < ICC < 0.877 P < 0.001 

Experienced Raters     

Without SAD 0.873   0.816 < ICC < 0.921 P < 0.001 

With SAD 0.912 0.869 < ICC < 0.946 P < 0.001 
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Figure 3.1. Standard area diagrams for Septoria Leaf Spot severity of stevia (Stevia rebaudiana) 

leaves caused by Septoria steviae. Disease severity values represent the percentage (%) of leaf 

area with necrotic tissue calculated using image analysis software ImageJ.  
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Figure 3.2.  Relationship between true and the mean estimated disease severity of Septoria Leaf 

Spot of stevia (Stevia rebaudiana) assessed on 40 leaves. Best-fit linear regression line for 

severity estimations of A) experienced rater without the help standard area diagrams, B) 

experienced rater with the help standard area diagram, C) Inexperienced rater without the help 

standard area diagram, and D) inexperienced rater with the help standard area diagram. The solid 

red lines represent the best-fit linear regression line, whereas the dash lines represent the 

concordance line (slope of 1, intercept of 0).  
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Figure 3.3. Mean absolute errors for estimations of disease severity of 40 leaves with symptoms 

of Septoria Leaf Spot of stevia (Stevia rebaudiana) assessed by A) experienced rater without the 

help standard area diagrams, B) experienced rater with the help standard area diagram, C) 

Inexperienced rater without the help standard area diagram, and D) inexperienced rater with the 

help standard area diagram. Black dots represent the mean difference between estimated severity 

(u) minus true severity (w) the red lines represent absolute error patterns. 
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Figure 3.4. Power of the hypothesis test to reject H0 when is false (power = 1-type II error rate) for mean disease severity (μA) of 5%. 

The assumed difference between the population means (μΔ) = 5, 10, 15%, respectively, and the number of leaf samples (n = 5–100) 

for raters without and with experience. Red lines with circles represent severity estimations aided by the use of the SAD and blue lines 

with triangles without the use of the SAD.  The assumed mean disease severity estimation and the standard deviation for each group of 

raters were calculated by obtaining the mean rating estimates as a linear function of the actual severity (Yactual). Simulations were run 

10,000 times with a probability of error of 5%. 
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Figure 3.5. Estimations of the severity of Septoria Leaf Spot (caused by Septoria steviae) of 

Stevia (Stevia rebaudiana) assessed on 30 leaves by raters without with and without training 

using a standard area diagram (SAD) during three different evaluations (Evaluation 1: All raters 

without SAD, Evaluation 2: only trained group with a SAD and not time limit, Evaluation 3: 

only trained group with a SAD and time limit of 10 seconds). Estimates of A) Location shift, B) 

Scale shift, C) Bias (Cb), D) Precision (r), E) agreement (CCC), F) Inter-rater reliability (ICC). 
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 CHAPTER 4 

Exploring alternative management of plant pathogens of stevia in North Carolina, 

Mexico, and Paraguay 

Abstract 

Stevia is a semi-perennial crop grown to obtain the diterpene glycosides in its leaves, 

which are processed to manufacture non-caloric sweeteners. Anaerobic soil disinfestation (ASD) 

combined with the application of fungicides for the management of stem rot and Septoria leaf 

spot was evaluated in lab and field experiments. In 2019 and 2021, experiments using carbon 

sources for ASD were carried out in microplots at Central Crops Research Station (Clayton, NC, 

USA). In 2020 and 2021, field experiments were carried out at Colegio Superior Agropecuario 

del Estado de Guerrero, Mexico (MX), and Centro de Desarrollo e Innovación Tecnológica, 

Paraguay (PY) using a 2 × 3 factorial design with two ASD treatments and three foliar fungicide 

treatments. ASD treatments included soil amended with cornmeal at a rate of 20.2 Mg/ha and 

molasses at a rate of 10.1 Mg/ha or non-amended. Foliar fungicide applications included 

azoxystrobin+difenoconazole, pyroligneous acid (PA), or a non-treated control. In soils amended 

with cornmeal and molasses as carbon sources for ASD, the viability of sclerotia of Sclerotium 

rolfsii was significantly reduced (P < 0.0001). Soil organic amendments for ASD were not 

significantly effective in reducing the standardized area under the disease curve progress 

(sAUDPC) in field trials (P =0.8342) despite efficacy in laboratory assays (P < 0.0001) and 

microplots trials (P < 0.0001) in NC. The application of fungicides was significantly effective in 

reducing stem rot (P = 0.0130) and Septoria leaf spot (P = 0.0095) with 

azoxystrobin+difenoconazole being the most effective and PA not being significantly different 

from control or azoxystrobin+difenoconazole treatments. ASD did not have a significant effect 
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on yield (MX P = 0.6043, PY P = 0.1019). However, fungicides were significantly effective in 

increasing dry leaf yields with azoxystrobin+difenoconazole being the most effective treatment 

and PA not being significantly different from the control or chemical fungicide treatments (MX 

P < 0.001, PY P = 0.0410). Stevia production costs were 40% higher when applying ASD 

compared to just using fungicides for disease management, and the use of ASD and PA for 

disease management might be justified only when gross returns of stevia are high.  

Keywords: Stevia rebaudiana, organic agriculture, integrated pest management, 

pyroligneous acid, soil disinfestation 

Introduction  

Stevia (Stevia rebaudiana [Bertoni]) is a semi-perennial herbaceous plant grown to obtain 

the diterpene glycosides in its leaves, stevioside, and rebaudioside processed by the food industry 

for the manufacture of non-caloric sweeteners (Soejarto et al. 1983). Paraguay cultivates 

approximately 800 ha of commercial stevia (Pymes Paraguayas, 2006). Stevia was introduced to 

Mexico in 2010 through the Instituto Nacional de Investigaciones Forestales y Agropecuarias 

(INIFAP) to investigate if this crop could be adapted to the region (Segura-Campos et al. 2014).  

Subsequently, stevia production expanded to 57 hectares under irrigation by 2014 and continues 

to increase. In North Carolina (NC) and the southeastern of the United States, cultivation of 

stevia began as an experimental rotation crop in 2011 (Koehler and Shew 2014b). Many 

agronomical variables such as crop nutrition, spacing, and pest management are still being 

adjusted for the commercial development of stevia in NC (Huber and Wehner 2021; Koehler and 

Shew 2018). 

The increase in stevia production areas brought a corresponding increase in plant 

diseases, limiting the commercial potential of the crop. The most important soilborne pathogen 
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of cultivated stevia is Sclerotium rolfsii, the causal agent of stevia stem rot (Koehler and Shew 

2014). This disease can significantly reduce the plant stand and drastically reduce yield; 

moreover, it is difficult to manage because of its broad host range and production of sclerotia 

that overwinter for several seasons in the soil (Koehler and Shew 2017). Another important 

disease is the foliar pathogen, Septoria steviae, a significantly yield-limiting foliar pathogen that 

causes Septoria leaf spot (Reeleder 1999). Ishiba et al. (1982) observed this fungus causing 

necrotic leaf spots across stevia production areas and described the causal agent as S. steviae. 

The fungus can overwinter in leaf debris buried in soil, serving as primary inoculum during 

periods of precipitation (Reeleder 1999; Koehler and Shew 2018). Water drops disperse the 

spores from the ground, causing new lesions on healthy plants (Reeleder 1999). The disease is 

more intense in areas with conditions of high temperature and humidity for prolonged periods 

(Termsung et al. 2021). 

Disease management strategies are important as these two diseases are capable of causing 

wilt, defoliating stevia plants, and significantly reduce yields (Koehler and Shew 2017; Koehler 

and H. D. Shew 2018). Depending on the market demands, farmers can produce stevia under 

organic or conventional production systems. Conventional stevia is produced with small amounts 

of mineral fertilizers and chemical pesticides (Díaz-Gutiérrez et al. 2020; Koehler and H. D. 

Shew 2018). In contrast, organic stevia production relies on organic matter fertilization and 

biological or mechanical pest controls (Díaz-Gutiérrez et al. 2021; R Kumar et al. 2014).  

Stevia is a new specialty crop in the USA, so there are no fungicides labeled to manage 

pathogens in this crop, though multiple fungicides still are in IR4 testing (Koehler and Shew 

2017). Some alternatives used in organic agriculture are biocontrol agents, copper, and sulfur-

based fungicides. However, organically approved products tested, such as Serenade Opti 
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(Bacillus subtilis QST 713; Bayer Crop Science, Research Triangle Park, NC) and Kocide 3000 

(copper fungicide, Dupont, Wilmington, DE) did not significantly reduce the severity of the 

disease compared to nontreated controls (Koehler and Shew, 2017). Therefore, there is a need to 

continue investigating disease controls under conventional and organic agriculture systems.  

A new alternative for soilborne pathogen management is anaerobic soil disinfestation 

(ASD). This technique requires incorporating carbon sources into the soil that microorganisms 

can metabolize under anaerobic conditions (Blok et al. 2000). During the process, volatile 

compounds unfavorable to pathogen survival a released into the soil (Momma et. al 2013). The 

incorporation of organic matter into the soil is followed by irrigation until the soil reaches water 

field capacity. Once the soil is saturated with water, plastic mulch is placed for 3-6 weeks (Butler 

et al. 2014), which creates anaerobic conditions in the soil (Hewavitharana et. al 2019). In the 

context of integrated management, ASD can be combined with the application of fungicides 

allowed in organic agriculture (Letourneau and van Bruggen 2006). One of these products, used 

in Japanese traditional agriculture, is pyroligneous acid (PA), a by-product of the pyrolysis 

process of plant material (Grewal et al. 2018). The application of PA induces plant growth and 

has direct effects against plant pathogens, as previous research has shown inhibition of plant 

pathogenic fungi and bacteria when treated with PA (Maliang et al. 2021). Soil treated with PA 

may also increase biological activity that stimulates the suppression of multiple soilborne 

pathogens (Zhang et al. 2014; Maliang et al. 2021). Therefore, the application of soil 

disinfestation combined with the use of fungicides such as PA is compatible with conventional 

and organic production systems and can be an important tool for the management of stevia 

pathogens. 
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The use of inexpensive organic amendments and botanical fungicides for the control of 

plant pathogens is a new sustainable and efficacious management alternative intended for the use 

of smallholder farmers in NC, Mexico, and Paraguay. We hypothesize that soil organic 

amendments can induce conditions unfavorable to pathogen survival, and when coupled with 

organic fungicide applications, satisfactory yields can be obtained in stevia production systems. 

The objectives of this study were to i) evaluate the efficacy of soil organic amendment treatment 

with different carbon sources, separately and combined, for the management of stevia pathogens 

in NC, Mexico, and Paraguay; ii) evaluate the efficacy of organic fungicides applications on 

reducing stevia diseases; and iii) evaluate the effects of the application of soil disinfestation and 

botanical fungicides on yields when used singly or in combination in stevia production systems 

in NC, Mexico, and Paraguay.  

Materials and methods 

Fungal isolates  

For in vitro and microplot trials one isolate of S. rolfsii was obtained from stevia plants 

with symptoms of stem rot in NC. For field trials in Paraguay one isolate of S. rolfsii previously 

isolated from stevia cultivar “Eirete” grown in the experimental field of the Instituto Paraguayo 

de Tecnologia Agraria, in Cordillera, Paraguay was used. For field trials in Mexico, one isolate 

of S. rolfsii, previously isolated from peppers cv. “Mexicana” at Colegio Superior Agropecuario 

del Estado de Guerrero, Mexico was used after the pathogenicity to stevia was confirmed. All 

fungal isolates were kept on potato-dextrose-agar (PDA) at 4°C in slant tubes and were 

transferred to fresh PDA before experiments. For Septoria leaf spot evaluation disease developed 

naturally in all fields.  
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Fungicides 

For trials in Paraguay, the fungicide Quadris Top SBX™ (azoxystrobin + 

difenoconazole) of the FRAC group 11 and 3 respectively was used with a rate of 230 a.i. g ha−1. 

For trials in Mexico, the fungicide Amistar Top™ was used (azoxystrobin + difenoconazole) of 

the FRAC group 11 and 3 respectively were used with a rate of 230 a.i. g ha−1 given its 

effectiveness in controlling stevia fungal pathogens in previous studies (Koehler and Shew 2017; 

Koehler and H. D. Shew 2018). 

For all the trials in Mexico, and Paraguay, PA was included due to its use in stevia 

production in Paraguay, Brazil, and Japan as an alternative pesticide (Zanetti et al. 2004; 

Oramahi and Yoshimura 2013; Grewal et al. 2018). The PA was comprised of 75% three to five-

year-old Eucalyptus (Eucalyptus grandis) and 25% from five to seven-year-old Neem 

(Azadirachta indica) wood.  

Anaerobic soil disinfestation laboratory simulation  

The sandy loam soil was utilized in this assay was obtained from the experimental stevia 

field in the Upper Coastal Plain Research Station, Rocky Mount, NC, USA. Soil disinfestation 

simulations were arranged using a completely randomized design with five replicates and seven 

treatments: cornmeal, molasses, wheat bran, cornmeal+molasses, and wheat bran+molasses 

amended soils, and unamended covered and uncovered soils. Sixty grams of soil per plate were 

mixed with various potential carbon sources for ASD: molasses, cornmeal, wheat bran, and their 

combination to a rate of 2 kg of carbon source/m2 of soil and placed in a Petri plate of 9 cm 

diameter. Subsequently, water was added to the mixture until soil saturation. A Petri plate of 9 

cm diameter with acidified PDA medium and a mycelial plug of Sclerotium rolfsii was placed 

facing the bottom of the Petri plate with soil. The Petri plates were sealed using electrical tape to 
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no gaseous exchange outside of the plate during the anaerobic process. Two treatments served as 

controls: aerobic control without carbon source and no soil saturation, and anaerobic control that 

was saturated with water and sealed with tape but without carbon source. Plates were incubated 

in darkness for four weeks at room temperature (28 ±2°C). The same experiment was replicated 

once more.  

The mycelial growth of S. rolfsii was measured as the area of the colony in cm2 and the 

number of sclerotia produced was counted. Mycelia from all the colonies were transferred to a 

fresh PDA medium to check regrowth. Soil oxidation-reduction potential (ORP) was measured 

using a pH meter (Accumet AB 15/15z bench-top meter, FisherScientific, NJ) combine with an 

ORP electrode, and readings were recorded in millivolts (mV). 

Effect of carbon sources incorporated into de soil on stem rot incidence.  

In 2019 and 2021, experiments using carbon sources for ASD were carried out in 1 m2 

microplots at Central Crops Research Station, Clayton, NC, USA. The combined effect of plastic 

mulching and flooding and the incorporation of molasses and cornmeal into the soil was 

evaluated using a 2 × 2 × 2 factorial design for a total of eight treatments: plastic 

mulch+cornmeal, plastic mulch+molasses, plastic mulch+cornmeal and molasses, plastic 

mulch+no carbon sources, no plastic mulch+cornmeal, no plastic mulch+molasses, no plastic 

mulch+cornmeal and molasses, and no plastic mulch+no carbon sources. Experiments were 

established using a completely randomized block design and infested with 350 g of stevia debris 

colonized by S. rolfsii just before the application of carbon sources. Carbon sources were mixed 

into the soil to a depth of 15 cm using a hoe. Before saturation of the microplots mesh packets 

containing ten sclerotia of S. rolfsii were interred in the center of each microplot. Immediately 

after the incorporation of carbon sources, microplots were flooded with water to field capacity 
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and covered with black plastic mulch ensuring that the borders were completely sealed while the 

rest of the plots were left uncovered. The microplots were kept sealed for four weeks (28 days). 

Once the four weeks were completed, the mesh packets with sclerotia were recovered and the 

viability of the inoculum assessed, and the soil oxidation-reduction potential was measured. 

Holes were made in the plastic mulch to allow the dissipation of phytotoxic gasses. After one 

week, 6-week-old stevia rooted cuttings were transplanted into microplots to evaluate the 

percentage of plants with stem rot symptoms. 

Sclerotia of Sclerotium rolfsii in the mesh packets were recovered after soil disinfestation, 

cleaned, surface-disinfested, and plated on Bromophenol-blue PDA medium to evaluate their 

viability. Sclerotia viability was evaluated in percentage considering 100% viable in case all 

sclerotia germinated. In addition, stem rot incidence progression was evaluated by assessing the 

percentage of plants with symptoms of wilting of each plot. Disease incidence was recorded 

weakly starting 15 days after planting stevia seedlings until the control plots were dead. The 

progression of the severity of the disease was expressed as the standardized area under the 

disease progress curve (sAUDPC) as described by Koehler and Shew (2017). The weed density 

was evaluated by counting the number of weeds in the total area of the microplot and expressing 

them as the number of weeds/m2. 

Effectiveness of integrated disease management strategies under field conditions 

Field trials were conducted to assess the effectiveness of soil disinfestation combined 

with the application of fungicides for the management of stem rot and Septoria leaf spot under 

field conditions. Field experiments were carried out at Colegio Superior Agropecuario del Estado 

de Guerrero, Mexico in 2020 and 2021 and Centro de Desarrollo e Innovación Tecnológica, 

Itapua, Paraguay 2020 and 2021 (Table 4.1). For all trials, fertility with organic matter, plastic 
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mulch, drip irrigation, and management practices were employed as commonly performed by 

smallholder farmers. No other chemical treatments were added to test plots during the 

experiments. 

Treatments consisted of a 2 × 3 factorial arrangements where factor A was the soil 

disinfestation treatment and factor B was the fungicide application. Treatment combinations 

were wheat bran+molasses amended soil and no fungicide application, wheat bran+molasses 

amended soil and azoxystrobin+difenoconazole application, wheat bran+molasses amended soil 

and PA application, no amended soil and no fungicide application, no amended soil and 

azoxystrobin+difenoconazole application, and no amended soil and PA application. The trials 

were arranged in a randomized complete block experimental design with five replications and 30 

plants per experimental unit (UE). Before the experiments, the soil was tilled and leveled and 

plot beds were prepared with 1 m wide × 3 m long with plants two wide on each bed-row with 30 

cm spacing between plant rows and 20 cm between plants and 1 m between each bed.  

For all the ASD treatments, molasses (10.1 Mg/ha) + cornmeal (20.2 Mg/ha) were 

incorporated 15 cm deep into the soil beds using hoes. Sclerotia of S. rolfsii contained inside 

mesh packets together with temperature loggers Hobo (Onset Computer, Bourne, MA) that 

recorded the temperature everyone hour were buried in the center of the plots to a depth of 6 cm. 

Immediately, plots were saturated with water up to water capacity using double drip irrigation, 

and the plots were covered with plastic film sealing the edges with soil to entrap volatile 

compounds generated by the degradation of carbon sources. The controls were not treated with 

carbon sources but kept the plastic mulch. The soil treatment lasted four weeks (28 days). Mesh 

packets with sclerotia were recovered and the viability of the inoculum was assessed. Holes for 

planting were done on the plastic mulch, and after one week, 6-week-old stevia seedlings were 
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transplanted into plots (Table 4.1). After 15 days of transplanting, stem rot disease incidence and 

Septoria leaf spot were evaluated weekly. Similarly, fungicide applications began 15 days after 

transplanting with treatments as indicated in Table 4.1. Fungicides were applied every three 

weeks with calibrated sprayers to the base of the plants and on the upper canopy of the plants. 

After 90 days, plants were harvested manually using pruning shears. Yields were determined by 

harvesting all plants from each plot and weighing the fresh and dry weight.  

Sclerotia of Sclerotium rolfsii in the mesh packets were recovered after soil disinfestation, 

cleaned, surface-disinfested, and plated on Bromophenol-blue PDA medium to evaluate their 

viability. Sclerotia viability was evaluated in percentage considering 100% viable in case all 

sclerotia germinated. In addition, stem rot incidence progression was evaluated by assessing the 

percentage of plants with symptoms of wilting of each plot. Disease incidence was recorded 

weakly starting 15 days after planting stevia seedlings until they were harvested. The progression 

of the severity of the disease was expressed as the standardized area under the disease progress 

curve (sAUDPC). The weed density was evaluated by counting the number of weeds in the total 

area of the microplot and expressing them as the number of weeds/m2. 

Only for the field trials, Septoria leaf spot severity progression and plant yield were 

evaluated. Septoria leaf spot severity progression was evaluated through visual assessment of the 

percentage of necrotic leaf area of stevia with symptoms only from the center rows of each plot. 

Disease severity was recorded weakly starting 15 days after planting stevia until plants were 

harvested. The progression of the severity of the disease was expressed as the standardized area 

under the disease progress curve (sAUDPC). In addition, the fresh and dry weight of stevia was 

measured in kg/m2 by harvesting leaves only from the center rows from each plot 90 days after 
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planting. Fresh weight was measured in the field using a portable scale, and dry weight was 

measured after 48 hs of drying and then weighted using an electronic scale. 

Economic analysis 

The cost of disease management was estimated for each treatment combination in an 

annual stevia production with plastic mulch and irrigation with at least two harvests. Cost of land 

preparation and production ($/ha) were fixed including plastic mulching and drip irrigation, 

whereas the cost of anaerobic soil disinfestation and fungicide application varied for each 

treatment (Table 4.2). Soil disinfestation costs were calculated based on carbon sources prices 

used in each region, incorporation into the soil, and additional personal similarly as reported in 

previous studies (Shi et al. 2019; Shennan et al. 2014; Zavatta et al. 2021; Vecchia et al. 2020; 

Shennan et al. 2018). Gross returns ($/ha) were calculated in function of the annual yield of each 

of the experimental plots [Yielddry = (743.67 kg/ha -247.13 kg/ha A + 377.00 kg/ha B + 24.47 

kg/ha C -263.53 kg/ha D + 253.27 kg/ha E + 0.0 kg/ha F + ε) * number of harvests] and price per 

kg of dry leaves (GR = Yielddry × Price). Four possible scenarios were assumed based on prices 

of stevia dry leaves in international markets: the low price of 1 $/kg, the regular price of 2 $/kg, 

and the high price of 4 $/kg for conventional stevia (Aladakatti et al. 2012; Yang et al. 2013; 

Rakesh Kumar et al. 2014), whereas the high price of 6 $/kg for organic stevia (Tukan and Kitri 

2019). It was assumed that high prices correspond to organic production, therefore chemical 

fungicides treatments were excluded. Net returns ($/ha) were calculated as total gross returns 

minus the total cost for each treatment (NR = GR – Cost). 

Statistical analyses 

All statistical analyses were done in SAS (Ver. 9.4, SAS Institute Inc., Cary, NC).  Data 

from ASD simulation from two experiments were pooled and analyzed using one-way ANOVA 
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and treatment means were compared using Tukey’s test with a family-wise error rate of 5%. 

Microplot and field trials data were analyzed and presented separately for each trial and location 

after checking for significant interaction between experiment run and treatments. Data were 

analyzed using a mix-model ANOVA where treatments were a fixed effect and blocks, and 

experimental error were random effects. Treatment means were compared using the LSMEANS 

with the SLICE statement when there was a significant interaction between the treatments with 

an error rate of 5%. 

Results  

ASD simulation using various carbon sources  

In soils amended with carbon sources, there was a significantly greater reduction of 

mycelial growth of S. rolfsii compared to the covered and uncovered controls (P < 0.0001) 

(Table 4.3). The highest reduction of growth was observed for the combination of wheat 

bran+molasses with a colony area of 2.33±1.92 cm2. However, cornmeal, molasses, wheat bran, 

and cornmeal+molasses were not significantly different for the inhibition of mycelial growth 

with colony areas of 3.61±2.11, 9.04±10.93, 2.42±1.79, and 3.16±2.70 cm2 respectively (Table 

3).  

The number of sclerotia produced by S. rolfsii colonies was significantly lower in the 

plates that were treated with carbon sources compared to the covered and uncovered controls, 

which had a higher number of sclerotia, 201±32.05 and 209±21.99, respectively (P < 0.0001) 

(Table 4.3). The lowest number of sclerotia were observed for cornmeal+molasses (0±0) and 

wheat bran+molasses (0±0) treated plates. However, these treatments were not significantly 

different from wheat bran (0.0±0.63), cornmeal (1±1.29), and molasses (7±11.32). Sclerotia 
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collected from experiments all germinated in fresh PDA regardless of the treatment confirming 

the fungistatic effect of the treatments.   

The oxidation-reduction potential of the soil was significantly lower in the plates that 

were treated with carbon sources compared to the covered (286.2 ±99.03 mV) and uncovered 

(417.1±62.65 mV) controls, which had a higher soil redox potential (mV) (P < 0.0001). The 

lowest soil redox potential was observed for cornmeal+molasses (-317.4±87.20 mV). However, 

these treatments were not significantly different from wheat bran+molasses (-250.6±40.08 mV), 

cornmeal (-282.6±112.53 mV), molasses (-274.7±93.62 mV), and wheat bran (-288.9±80.95 

mV).  

Effect of carbon sources incorporated into the soil on stem rot incidence 

The germination of S. rolfsii sclerotia was significantly reduced when plots were 

amended with carbon sources and covered with plastic (P < 0.0001) (Table 4.4). Sclerotia placed 

in plots flooded and amended with cornmeal had 11 ±14% viability, while the amended with 

molasses had 20±14% and the combination of cornmeal and molasses 04±06%. The effect of 

only flooding and covering with plastic mulch on sclerotia viability was non-significant (Table 

4.4). When amendments were incorporated into the plots without covering with plastic mulch, no 

significant reduction of sclerotia viability was observed (Table 4.4).  

The disease progression of stem rot was significantly lower in plots amended with carbon 

sources, flooded, and covered with plastic mulch compared to the plots without plastic mulch 

and no carbon sources incorporated (35.93±9.52; P < 0.0001). The lowest sAUDPC values were 

registered on plots where cornmeal and molasses were added, flooded, and covered with plastic 

(9.90 ±10.53); however, it was not statistically different from plots amended with molasses 

(12.13 ±12.26) or with cornmeal (12.87 ±9.09) that were flooded and covered with plastic (Table 
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4). Plots flooded and covered with plastic mulch but not amended with carbon sources had 

sAUDPC values of 25.90±4.22, which was not significantly different from plots where carbon 

sources were incorporated and covered with plastic. The incorporation of molasses without 

covering with plastic significantly reduced the progression of stem rot (19.37 ±11.01) compared 

to only applying cornmeal or cornmeal + molasses, in which the stem rot progression was 

significantly higher with sAUDPC of 45.78±7.96 and 48.08±8.39 respectively (Table 4.4). 

Average soil temperature was significantly higher in plots with soils amended with 

cornmeal (30.50±0.43 °C), molasses (30.00±0.26 °C) or cornmeal and molasses (30.42±0.42 °C) 

and flooded and covered with plastic during four weeks compared to the plots without plastic 

and carbon sources (27.92 ±1.71 °C; P < 0.0001; Table 4.4). Plots flooded and covered with 

plastic mulch but not amended with carbon sources registered average temperatures of 

29.58±0.26 °C that were not significantly different from temperatures from carbon sources 

amended plots.  

A significant decrease of the soil oxidation-reduction potential was observed in plots 

amended with carbon sources, flooded, and covered with plastic mulch (P < 0.0001). Soils from 

plots amended with cornmeal (-342.20±46.69 mV), molasses (-312.00±27.75 mV), and the 

combination of cornmeal and molasses (-390.40±72.1 mV), that were flooded and covered with 

plastic mulch during four weeks had statistically lower ORP values compared to nonamended 

and without plastic control plots (346.40 ±47.40 mV; Table 4.4). In plots where no carbon 

sources were added, there was no significant decrease in the soil reduction potential 

(288.40±45.98 mV). 

The number of weeds per m2 was significantly lower in plots covered with plastic mulch 

compared to nontreated plots without plastic coverture (P < 0.0001). In plots without plastic but 
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with carbon sources incorporated, the number of weeks per m2 was not significantly different 

from the non-treated control plots (81.40±60.76), or the ones in ASD were performed (Table 

4.4).  

Effect of integrated management strategy for pathogens of stevia under field 

conditions 

For field trials in Mexico, mean soil temperatures were significantly higher for soil 

treated with cornmeal+molasses compared to nontreated plots (P < 0.0001) with an average 

temperature of 38.04±4.46°C during anaerobic soil disinfestation compared to the nontreated 

control 33.63±3.13°C (Figure 4.1). In Paraguay, the soil temperatures registered were 

significantly greater in soil treated with carbon sources compared to nontreated plots (P < 0.001). 

Soil temperatures in plots treated with anaerobic soil disinfestation were significantly higher with 

average temperatures of 35.57±4.21°C compared to the nontreated control 31.07±4.93°C (Figure 

4.1).  

Sclerotia buried in plots treated with the combination of molasses plus cornmeal and 

covered in Mexican field trials had significantly lower viability (15 ±18%) compared to sclerotia 

placed in plastic mulch without carbon sources (46±24%; P < 0.001) (Figure 4.2). Similarly, for 

field trials in Paraguay, sclerotia placed in plots treated with carbon sources and tarped have 

significantly lower viability (14.67 ±10.60%) compared to sclerotia placed in plastic mulch 

without carbon source (58.22 ±20.81%; P < 0.001; Figure 4.2).  

The effect of soil disinfestation on the reduction of the progression of stem rot in stevia 

plots was not significant for field trials in Mexico (P = 0.8342). Neither the interaction between 

the soil disinfestation and the application of the fungicides was significant (P = 0.1841). The 

application of the fungicides was significantly effective in reducing the disease progression (P = 
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0.0130). Plots treated with azoxystrobin+ difenoconazole had significantly the lowest standard 

AUDPC (6.38 ±5.25), while PA (6.48 ± 10.05) was not significantly different from the chemical 

treatment or the nontreated control (14.85 ±10.08; Figure 4.3).  

The progression of Septoria leaf spot symptoms did not reduce significantly as a result of 

the anaerobic soil disinfestation (P = 0.5065), and there was no interaction between the soil 

disinfestation and fungicide application (P = 0.5889). However, the application of fungicides 

significantly reduced disease progression (P < 0.001; Figure 4.3). Plots treated with 

azoxystrobin+difenoconazole had the lowest sAUDPC (2.06±2.14), while the application of PA 

resulted in sAUDPC values (3.31±9.10) were not significantly different from the 

azoxystrobin+difenoconazole treated plots or the control plots (13.57±13.04; Figure 4.3). Data 

on disease progression was not obtained for field trials in Paraguay due to the sudden Covid 

pandemic in 2020.  

For field trials in Mexico, yield did not increase significantly as a result of the anaerobic 

soil disinfestation (P = 0.6043). There was no interaction observed between the soil 

disinfestation and fungicide application (P = 0.8966). The application of conventional fungicide 

was significantly increased yield (P < 0.001). Plots treated with azoxystrobin+difenoconazole 

had the highest yield (1,058.80 ±268.96 kg/ha), while control plots had significantly lower yield 

(488.33 ±172.35 kg/ha). The application of PA was not significantly different from the 

azoxystrobin+difenoconazole treatment or the control plots with yields of 755.90 (±342.98) 

kg/ha. Similarly, the soil disinfestation did not have a significant effect on yield in Paraguay field 

trials (P = 0.1019). The application of fungicides was significantly effective to increase the yield 

in Paraguay field trials (P = 0.0410). In Paraguay trials, azoxystrobin+difenoconazole 

application had the highest yield (1,114.33 ±187.85 kg/ha), while non-treated control plots had 
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significantly lower yield (865.00 ±269.94) kg/ha. The application of PA was not significantly 

different from the chemical treatment or the control plots with yields of 982.33±172.91 kg/ha.  

Economic analysis 

The incorporation of carbon sources for the anaerobic soil disinfestation increased 

production costs by almost 40% compared to only applying fungicides for the management of 

diseases (Table 4.2). Higher net returns were obtained for plots where no ASD was performed 

(Figure 4.5). Overall, no ASD + PA resulted in the highest average net return ($3,167.42/ha) 

with a gross return of $8924/ha (price of $6/kg for organic stevia and a yield of 1,487.32 kg/ha 

for the first year of stevia production). Profits were $134.06/ha in nontreated control plots 

without disease management (no ASD+nontreated control) when the dry stevia leaves (960.26 

kg/ha) were marketed with an organic stevia price ($6/kg). Similar income was generated for 

plots treated for fields treated with ASD and applications of PA (ASD + PA = $566.06/ha) and 

sold as organic stevia with a price of $6/kg. However, the net return was negative for plots just 

treated with ASD without the application of any fungicides (ASD+ Control = $-2,564.14/ha) 

with an organic stevia price. With a price of $4/kg of dry leaves, the plots with no ASD and only 

azoxystrobin+difenoconazle applications (No ASD + azoxystrobin+difenoconazle generated a 

gross return of $7975.44/ha (1,993.86 kg/ha of dry stevia leaves for 2 harvests per year) and 

resulted in an average net return of $2,064.14/ha. In plots where ASD was combined with 

applications of azoxystrobin+difenoconazle (ASD + azoxystrobin+difenoconazle) generated a 

gross return of $9610.64/ha (dry leaves yield of 2,402.66 kg/ha × a price of $4/kg) obtaining a 

net return of 804.34 $/ha. When only PA was applied for disease management (No ASD + PA), 

it resulted in small income as well with $192.78/ha (dry yield of 1487.32 kg/ha × $4/kg). In the 

scenario of just low and regular prices of dry stevia leaves ($1 and $2/kg, respectively), the rest 
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of the treatments for the management of diseases resulted in negative net returns regardless of 

yield for the first year of stevia production (Figure 4.5).   

Discussion 

Stevia is a new crop originally from Paraguay that is expanding rapidly to new 

production areas in North America and Europe (Bogado-Villalba et al. 2021; Huber and Wehner 

2021; Le Bihan et al. 2019). Because of this, few pesticides are currently approved for the use in 

stevia field in the USA (Koehler and Shew 2017). Moreover, stevia is marketed as an all-natural 

noncaloric sweetener and many markets are willing to pay extra value for pesticide-free 

products, especially European markets (Ismail et al. 2020). In this work, it was explored 

alternative pesticides for their use in stevia disease management such as ASD and PA which can 

be applied in combination as part of an IPM program. This is the first report of PA application 

treatment being both effective in reducing diseases in stevia and cost-effective in stevia crops 

(Figures 4.3, 4.4, and 4.5). In contrast, ASD soil treatment did not significantly impact disease 

progression or yield during field trials, but it was effective in small areas (Tables 4.3 and 4.4) 

suggesting that there is potential for its application for soilborne pathogen management, but more 

research carbon source type and mechanisms of action are needed (Hewavitharana et al. 2021).   

During the in vitro screening of carbon sources, anaerobic soil disinfestation simulated in 

Petri plates significantly reduced the mycelial growth and the sclerotia formation of S. rolfsii 

through the production of volatile compounds given that the colonies were not in direct contact 

with the soil (Table 4.3). We suspect the aromatics were the result of the production of volatile 

fatty acids produced during anaerobic conditions which coincided with significantly lower 

oxidation-reduction potential values of the soil (Runia et al. 2014; van Agtmaal et al. 2015; 

Momma et al. 2006, 2010; Mazzola and Hewavitharana 2014; van Agtmaal et al. 2018). 
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Additionally, fewer sclerotia formed in the treated plates with organic amendments compared to 

the controls (Table 4.3). However, this effect was likely only fungistatic given that sclerotia 

resumed their growth when transferred to fresh PDA, which is similar to previous research (van 

Agtmaal et al. 2015).  

Sclerotia buried in the soil were exposed directly to anaerobic conditions (Figure 4.2) and 

the action of antagonist microorganisms, which reduced their viability. Wheat bran as a carbon 

source for ASD has been previously reported to significantly reduce the viability of sclerotia of 

S. rolfsii while stimulating colonization by antagonist microorganisms such as Trichoderma that 

directly affect sclerotia (Shrestha et al. 2018). Additionally, we observed an increase in 

temperature of 4°C during the tarping period in plots treated with carbon sources (Table 4.3), 

which can be linked to higher microbial metabolic activity in the soil (Achmon et al. 2016; 

Bárcenas-Moreno et al. 2009). Similarly, Testen and Miller (2019) observed temperatures 

increased by 1.5 up to 6.3°C in plots where ASD was conducted compared with nontreated 

control plots that correlated to soil microorganisms breaking down carbon sources and inducing 

anaerobic conditions. The production of fungistatic and fungicidal compounds produced by the 

microbial community has also been implicated in reducing other populations of plant pathogens 

(Runia et al. 2014; Streminska et al. 2014; Lee et al. 2020; Huang et al. 2015; Mowlick et al. 

2013).  

Stem rot progression on stevia and the number of weeds per m2 were significantly lower 

in plots where ASD was performed using cornmeal (20.2 Mg/ha) + molasses (10.1 Mg/ha) 

(Table 4.4).  (Achmon et al. 2017; Ebrahimi et al. 2016; Liu et al. 2019; Khadka et al. 2019). 

Previous research used corn gluten meal for anaerobic soil disinfestation, which significantly 

reduced the soilborne disease intensity on tomatoes grown in treated plots (Testen et al. 2021). 
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However, the same authors reported a phytotoxic effect of corn gluten meal on the germination 

and growth of tomatoes (Testen et al. 2021). Corn gluten meal has been reported as an herbicide 

or as a cause of phytotoxicity in plants (Bingaman and Christians 1995). Therefore, the herbicide 

characteristics of corn gluten meal prevent its use for perennial systems due to the potential long-

term toxic effect on plants (McDade and Christians 2000; Testen et al. 2021). In contrast, the 

cornmeal treatment in this study did not have phytotoxic effects on stevia and the fumigant effect 

was only observed under anaerobic conditions during our trials.   

In plots where only cornmeal was added without the water saturation and plastic cover, 

we observed a significantly higher stem rot incidence (Table 4.4). This could happen because 

cornmeal serves as a source of nutrients for the pathogen and no antifungal compounds are 

produced in the absence of anaerobic conditions. Mayo-Prieto et al. (2020) reported that 

bentonite and/or cornmeal in substrates (vermiculite or peat) favored Rhizoctonia solani growth 

causing higher disease incidence on beans (Phaseolus vulgaris). Furthermore, cornmeal was also 

able to improve colonization by biocontrol fungi such as Trichoderma harzianum (Mayo-Prieto 

et al., 2020). Therefore, given that cornmeal is a rich carbon source, its use in the absence of 

anaerobic disinfestation can lead to the colonization of opportunistic fungi. 

Molasses was also evaluated as a carbon source in this study for anaerobic soil 

disinfestation, which significantly reduced the progression of stem rot in microplot experiments 

(Table 4.4). This is similar to research on other pathogens including soilborne pathogens such as 

Fusarium oxysporum (Lee et al. 2020), Rhizoctonia solani (Khadka and Miller 2021), Sclerotinia 

sclerotiorum and S. minor (Sanabria-Velazquez et al. 2020), and S. rolfsii (Shrestha et al. 2018). 

A similar effect has been observed in the reduction of nematode populations, which translated 

into lower disease and higher yields in perennial crops (Schenck 2001). The advantage of liquid 
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molasses over other carbon sources is the potential to be applied through drip irrigation or 

sprayed, which is ideal for some farm operations (Rosskopf et al. 2014; McCarty et al. 2014). 

Additionally, the application of molasses may also reduce the requirements of fertilizer 

necessary for crop nutrition (Vecchia et al. 2020; Di Gioia et al. 2017). 

There was no significant effect of soil disinfestation on the reduction of disease or yield 

between the ASD treatments and the nontreated control in field trials, which is similar to 

previous research evaluating chemical fumigation (Koehler and Shew 2018). Nevertheless, given 

that stevia has the potential to be grown as a perennial crop, soil disinfestation might have a more 

noticeable effect on the reduction of diseases progression over several years than on the first year 

of production. This particular study did not observe the effect of soil disinfestation over several 

years, therefore, long-term studies are needed to evaluate the year-to-year impacts of ASD in 

stevia. 

During field experiments, the application of azoxystrobin+difenoconazole significantly 

reduced the progression of stem rot and Septoria leaf spot and increased yield compared to 

nontreated control plots (Figure 4.3 and 4.4). These results are congruent with previous studies 

that established the efficacy of QoI fungicides in reducing stem rot disease intensity (Koehler 

and Shew (2017). In another study, three applications of triazoles and strobilurins were able to 

reduce Septoria leaf spot severity by 80% and increase stevia yield by 50% during field trials in 

NC (Koehler and Shew 2018). During the second harvest of the second year of testing, yields of 

fungicide treated plots were significantly greater than the nontreated control, ranging from 2358 

kg/ha in the difenoconazole+benzovindiflupyr treated plots to 1256 kg/ha in 

fluopyram+tebuconazole treated plots (Koehler and Shew 2018). 
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In this study, the application of PA did not lead to significantly lower disease progression 

and higher yield compared to azoxystrobin+difenoconazole, or non-treated control (Figures 4.3 

and 4.4), likely due to high variability between plots. Inconsistency in disease reduction might 

also be related to the environmental degradation of antifungal compounds (da Silva Porto et al. 

2021). In contrast, applications of PA have been effective in other pathosystems, significantly 

reducing the incidence of Peronospora parasitica and Sclerotinia sclerotiorum by 12.14% and 

17.33% respectively (Zhu et al. 2021). Similarly, bamboo PA in a concentration of 30 mL L-1 

significantly inhibited Botrytis cinerea and prevented gray mold disease in harvested apples (Liu 

et al. 2020). While this current study did not show significant disease control using PA, it may 

still serve as an alternative fungicide for stevia production; however, more research focused on 

timing, mode of application, and formulation is necessary to help to improve its efficacy 

(Maliang et al. 2021).  

ASD increased the cost of production of stevia by almost 40% compared to not 

conducting the ASD for the first year of stevia production (Table 4.2). This higher cost of 

conducting ASD are similar to those reported in tomato production in Florida, where ASD 

accounted for 32% of the production cost (Shi et al. 2019) and 22% in strawberry production 

using rice bran as a carbon source compared to the nontreated fields (Zavatta et al. 2021). In this 

study, much of the cost of ASD was related to carbon source type and the labor necessary for 

application (Table 4.2). The use of cover crops such as cowpea, annual ryegrass, oat, rye, and 

mustard among others may reduce costs of ASD (Vecchia et al. 2020); however, cover crops 

were less effective in other production systems (Zavatta et al. 2021). Therefore, the use of ASD 

and organic fungicides in stevia may be justified only if the stevia dry leaves have a differential 

value in the organic market and disease pressure is high (Figure 4.5). Soil disinfestation may not 
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be beneficial in all stevia fields given that soilborne bacterial diseases and nematodes are not 

major threats to stevia production and fungal pathogens such as S. rolfsii can be effectively 

managed with the applications of fungicides (Koehler and Shew 2017; Koehler and Shew 2018).  
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Table 4.1. Description of each location characteristics and conditions during the experiments combining anaerobic soil disinfestation 

and application of fungicides for the management of stevia diseases under field conditions. 

Location Season 

Soil  

type 

Previous 

Crops 

ASD 

Carbon  

source 

Plastic 

type 

Cultiv. Fungicide 

Harvest 

time 

CEDIT, Itapua,  

Paraguay 

2019/ 

2020 

Clay 

loam 

Tomato, 

Soybean 

Dec-19 

Wheat bran + 

Molasses 

Black 

& 

white  

Nativa 

Quadris 

Top 

May-20 

CSAEGRO,  

Guerrero, Mexico 

2020 

Sandy 

loam 

Pepper Jun-20 

Cornmeal + 

Molasses 

Black 

Morita 

II 

Amistar 

Top 

Nov-20 

2021 

Sandy 

loam 

Stevia Jul-21 

Cornmeal + 

Molasses 

Black 

Morita 

II 

Amistar 

Top 

Nov-21 
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Table 4.2. The cost of stevia production for different combinations of disease alternative disease management approaches for stevia 

production. Treatments were A) ASD+Control, B) ASD+Azoxystrobin, C) ASD+PA D) No ASD+Control, E) No 

ASD+Azoxystrobin, F) No ASD+PA. 

Cost 
Quantity  Price   Treatments costs ($) 

A B C D E F 

Compost 5,000 kg/ha 0.1 $/kg 500 500 500 500 500 500 

Land prep – tractor/driver/fuel  1 ha 25 $/ha 50 50 50 50 50 50 

Tractor and equipment to lay plastic 1 ha 50 $/ha 50 50 50 50 50 50 

Irrigation hookup  8 hs 14 $/hs 112 112 112 112 112 112 

Harvest cost  24 hs 14 $/hs 336 336 336 336 336 336 

Labor: Disinfestation and plastic laying 12 hs 14 $/hs 168 168 168 0 0 0 

Tape 4,450 m 0.07 $/m 311.5 311.5 311.5 311.5 311.5 311.5 

Molasses 10,100 kg/ha 0.11 $/kg 1,111 1,111 1,111 0 0 0 

Cornmeal 20,200 kg/ha 0.08 $/kg 1,616 1,616 1,616 0 0 0 

Plastic mulch 2,560 m2 0.3 m2 768 768 768 768 768 768 

Fungicides   3.7 L/ha 54 $/L 0 199.8 0 0 199.8 0 

Pyroligneous acid 3 L/ha 15 $/L 0 0 45 0 0 45 

Application of products 6 hs 14 $/hs 0 84 84 0 84 84 

Stevia plants 50,000 plants 0.07 $/plants 3,500 3,500 3,500 3,500 3,500 3,500 

                   Total Cost  8522.5 8806.3 8651.5 5627.5 5911.3 5756.5 
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Table 4.3. Effect of anaerobic soil disinfestation (ASD) simulations utilizing various carbon 

sources on mycelial growth of Sclerotium rolfsii. 

Treatment x 

 

Mycelial  

Growth (cm2) 

Number of 

sclerotia 

Soil redox 

potential (mV) 

Cornmeal 3.61±2.11 A y 1±1.29 A -282.6±112.53 A 

Molasses 9.04±10.93 A 7±11.32 A -274.7±93.62 A 

Wheat bran 2.42±1.79 A 0±0.63 A -288.9±80.95 A 

Cornmeal+molasses 3.16±2.70 A 0±0 A -317.4±87.20 A 

Wheat bran+molasses 2.33±1.92 A 0±0 A -250.6±40.08 A 

Covered 52.31±8.80 B 201±32.05 B 286.2±99.03 B 

Uncovered 57.55±4.66 B 209±21.99 B 417.1±62.65 C 

x Uncovered = non-amended saturated control; Covered = non-amended saturated plastic covered 

control; Molasses =molasses in a rate 20.2 Mg/ha; Cornmeal = Cornmeal in a rate of 20.2 

Mg/ha; Wheat bran= wheat bran in a rate of 20.2 Mg/ha. 

y Values in a column indicated by different letters are significantly different at P< 0.05 according 

to Tukey’s test. Values are means ± standard deviation with five replications. Data represent the 

combined results of two trials. 
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Table 4.4. Effect of the combination of plastic mulch coverture and different carbon sources for anaerobic soil disinfestation (ASD) 

during 4 weeks in microplots, Clayton, NC, USA.  

Plastic mulch 
Carbon sources Sclerotia 

sAUDPC 
Temperature Redox  Weeds count  

Cornmeal Molasses (%) (°C) (mV) (weed/m2) 

Plastic mulch  

Yes  No 11 ±14 A y  12.87 ±9.09 A 30.50 ±0.43 B  -342.20 ±46.69 A  3.00 ±5.10 A 

No Yes  20 ±14 A  12.13 ±12.26 A 30.00 ±0.26 B  -312.00 ±27.75 A  6.00 ±9.59 A 

Yes  Yes  04 ±06 A  9.90 ±10.53 A 30.42 ±0.42 B  -390.40 ±72.13 A  7.80 ±15.30 A 

No No  71 ±19 B  25.90 ±4.22 AB 29.58 ±0.26 B  397.40 ±61.47 B  1.60 ±2.30 A 

No plastic mulch  

Yes  No  93 ±06 B  45.78 ±7.96 C 29.94 ±0.27 B  288.40 ±45.98 B  37.60 ±42.51 AB 

No Yes  69 ±24 B  19.37 ±11.01 AB 29.22 ±0.56 AB  326.00 ±74.22 B  23.40 ±18.23 AB 

Yes  Yes  73 ±29 B  48.08 ±8.39 C 30.36 ±1.03 B  235.40 ±341.44 B  33.80 ±31.63 AB 

No No  91 ±12 B  35.93 ±9.52 BC 27.92 ±1.71 A  346.40 ±47.40 B  81.40 ±60.76 B 

P-value        

Main effects A = Plastic mulch <0.0001 <0.0001 0.0018 <0.0001  0.0002 

 B = Cornmeal 0.0044 0.0475 <0.0001 <0.0001 0.4217 

 C = Molasses 0.0001 0.0101 0.028 <0.0001 0.1665 

Interaction  A * B  0.0009 <0.0001 0.0501 0.0004 0.3314 

 A * C 0.4903 0.8279 0.1318 0.0003 0.0655 

 B * C  0.0451 0.0134 0.1318 0.0008 0.1515 

 A * B * C 0.0681 0.479 0.6723 0.0003 0.1574 

y Values in a column indicated by different letters are significantly different at P < 0.05 according to Tukey’s test. Values are means ± 

standard deviation with five replications. 
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Figure 4.1. Mean soil temperatures were recorded under black plastic mulch at 6 cm during 

anaerobic soil disinfestation over 4 weeks. A) 2020 Field trial in Guerrero, Mexico. B) 2019-

22020 Field trial in Itapúa, Paraguay.  
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Figure 4.2. Effect on Sclerotium rolfsii sclerotia viability of the combination of plastic mulch 

coverture and different carbon sources for anaerobic soil disinfestation (ASD) during 4 weeks. 

A) 2020 Field trial in Guerrero, Mexico. B) 2019-22020 Field trial in Itapúa, Paraguay. Gray 

boxes represent the quartile distribution of sclerotia viability with the black dash as the median 

and the whiskers as the maximum and minimum values and white dots as outliers. Orange dots 

represent the means and orange arrows standard deviation of percentage of sclerotia viability 

with five replications. Values indicated by different letters are significantly different at P < 0.05 

according to Tukey’s test.  
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Figure 4.3. Effect fungicide application on stevia diseases progression during 2020 field trial in 

Guerrero, Mexico. A) Stevia stem rot caused by Sclerotium rolfsii. B) Septoria leaf spot caused 

by Septoria steviae. Gray boxes represent the quartile distribution with the black dash as the 

mean and the whiskers as the maximum and minimum values and white dots as outliers. Orange 

dots represent the means and orange arrows standard deviation of standardized AUDPC. Points 

represent the mean data of five replicates. Values indicated by different letters are significantly 

different at P < 0.05 according to Tukey’s test.  
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Figure 4.4. Effect fungicide application on stevia yield during field trials. A) 2020 Field trial in 

Guerrero, Mexico. B) 2019-22020 Field trial in Itapúa, Paraguay. Gray boxes represent the 

quartile distribution with the black dash as the mean and the whiskers as the maximum and 

minimum values and white dots as outliers. Orange dots represent the means and orange arrows 

standard deviation of yield from five replications. Values indicated by different letters are 

significantly different at P < 0.05 according to Tukey’s test. 
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Figure 4.5. Estimated net returns of stevia yield for each combination of management approach 

associated cost and yield with varying price per kg of dry leaves. Net returns ($/ha) were 

calculated as total gross returns (GR = Yielddry × Price) minus the total cost for each treatment 

(NR = GR – Cost) 

. 
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Appendix A 

First Report of Charcoal Rot Caused by Macrophomina euphorbiicola in Stevia Production 

Fields in Paraguay 

Andres D. Sanabria-Velazquez1†, Alberto Cubilla2, Maria Eugenia Flores-Giubi2, Javier E. 

Barua2, Cristina Romero-Rodríguez 2 Lindsey D. Thiessen1 and H. David Shew1 

 

1Department of Entomology and Plant Pathology, North Carolina State University, Raleigh 

27695 

2Departamento de Química Biológica, Facultad de Ciencias Químicas, Universidad Nacional de 

Asunción (UNA), San Lorenzo, Paraguay. 

†Corresponding author: adsanabr@ncsu.edu 

 

Stevia (Stevia rebaudiana [Bertoni] Bertoni) is a perennial plant native to Paraguay. It is grown 

for the diterpene glycosides contained in its leaves which are extracted for use as non-caloric 

sweeteners. In December 2018, wilting stevia plants (30% incidence) were removed from 

commercial production fields in San Estanislao County, San Pedro, Paraguay. Dark brown 

septate hyphae and microsclerotia were observed on roots of symptomatic plants. Root and 

crown regions of symptomatic plants were washed, cut into 0.5 to 1 cm pieces, and then surface-

disinfested with 0.6% NaOCl before placing them in Petri dishes containing acidified potato 

dextrose agar. Gray-black colonies developed without conidia but contained numerous 

microsclerotia after incubation for one week at 25 ±5°C. Twenty microsclerotia from pure 

cultures were measured, with mean width 68.8 ±35 µm and mean length 88.8 ±55.5 µm. Fungal 

DNA was extracted from mycelia of a representative isolate (SP1_PY) in pure culture for PCR 
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amplification of the internal transcribed spacer (ITS) and translation elongation factor 1-alpha 

(TEF1-α) amplified using ITS4/ITS5 and EF1-728F/ EF-2 primers, respectively (Machado et al. 

2019). The obtained amplicons were sequenced at Eton Bioscience (Research Triangle Park, NC) 

and deposited in the NCBI Gene Bank database (ITS: MT645815; TEF1-α: MT659121). 

Sequences were aligned with several isolates of Macrophomina spp. previously reported by 

Huda-Shakirah et al. (2019) using ClustalW and concatenated (ITS and TEF-1α alignments) to 

generate a maximum likelihood tree using MEGA7. The isolate was grouped into the same clade 

with M. euphorbiicola (isolates CMM4045, CMM4134, and CMM4145) with 92% of bootstrap 

support. Morphological analysis could not differentiate from other Macrophima species nor the 

molecular database of the ITS region, only TEF-1α allowed accurate identification. For 

pathogenicity experiments, stevia plants cv. Katupyry were grown in 10 cm-diameter nursery 

grow bags containing disinfested sandy soil and kept under greenhouse conditions (28 ±5°C; 16-

h photoperiod). Plants (n=8) were inoculated by adding 20 g of rice infested with M. 

euphorbiicola to each plant. Infested rice grains were distributed around the crown of the plant at 

a depth of 0.5 cm; non-infested rice was added to control plants (n=8). Lower-stem lesions were 

developed with the presence of microsclerotia of M. euphorbiicola after one week of inoculation 

in all inoculated plants. No lesions developed on control plants. Seven out of eight inoculated 

plants wilted after three weeks of inoculation. The fungus was re-isolated from inoculated stevia 

plants. Tests were repeated with similar results. Previously, M. phaseolina was reported to cause 

charcoal rot on stevia in Egypt (Hilal and Baiuomy 2000), and in North Carolina, USA (Koehler 

and Shew 2017). However, our isolate was grouped with isolates of M. euphorbiicola based on 

the combined sequences of the ITS and TEF-1α. These isolates of M. euphorbiicola were 

reported by Machado et al. (2019) as causal agents of the charcoal rot on Ricinus communis and 
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Jatropha gossypifolia in Brazil, which borders northeast Paraguay. This pathogen has a 

significant impact on stevia production during the hot and dry season by reducing the number of 

plants to be harvested and increasing replanting costs in perennial production systems. 
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Appendix B 
 

STEVIA (Stevia rebaudiana)  

Stem rot, Sclerotium rolfsii A.D. Sanabria-Velazquez Y.I. Rosado-

Rivera, & L.D. Thiessen 

Dept. Entomology and Plant Pathology 

NC State University, Raleigh, NC 27695 

 

 Greenhouse evaluation of alternative products for the management of Stem rot of stevia, NC 2021. 

 

Stevia (Stevia rebaudiana) is a new crop grown in NC for the diterpene glycosides contained in its leaves, 

which are extracted for use as all-natural non-caloric sweeteners. There is a need to study alternative 

approaches for disease management under conventional and organic agriculture systems. Stevia seedlings 

rooted plugs were obtained clonally from stevia plants “Nativa”. Seedlings were transferred to pots with a 

commercial soilless growing substrate (SunGro, Bellevue, WA) and maintained in the greenhouses of 

Method Road NC State University, Raleigh, NC. Each pot with a stevia plant was infested with 20 gr of 

soilless growing substrate colonized by Sclerotium rolfsii. All plants were covered with transparent 

plastic bags to create a moisture chamber to induce sclerotia germination. Biological fungicide treatments 

were applied as a drench in a volume of 200 ml per pot using the recommended dose of each product. 

Five single-plant replications were placed into a completely randomized design and experiments were 

conducted twice. For trial 1, plants were inoculated and treated on 09 Feb. Application of treatments were 

repeated on 23 Feb, 09 Mar, 03 Mar, and 23 Mar. For trial 2, plants were inoculated and treated on 04 

Apr. Application of treatments was repeated on 17 Apr, 07 May, and 21 May. Disease severity rating (1 

to 4; 1=healthy, 4=plant death) and diseased plants (%) were taken on 27 Mar for trial 1 and 28 May for 

trial 2 (once the control plants were dead) by counting the number of stevia plants with white mycelial 

growth around the stem and with symptoms of wilting. Data were analyzed using SAS version 9.4 with 

PROC NPAR1WAY (Kruskal-Wallis Test) for disease ratings and PROC LOGISTIC for diseased plants. 

Mean separations were compared using ‘lsmeans’ with a probability of error of 5%. 

Stem rot symptoms develop after two weeks of the infestation with substrate colonized by Sclerotium 

rolfsii with mild wilting of control plants. After eight weeks of the infestation, the disease was severe, 

with the untreated controls severely wilted with mean disease ratings of 3.8. Quadris® completely 

prevented plants from wilting and received ratings of 1.0 (healthy). Serifel®, Seek®, Pyroligneous acid, 

and Bio-save® were not significantly different from Quadris and limited plant disease severity with 

ratings of 2.4, 2.2, 2.2, and 2.4, respectively. Serenade®, Mycostop®, and Actinovate® were significantly 

less effective in reducing disease severity compared to Quadris® with ratings of 3.0, 2.6,2.6 respectively 

being also not significantly different from Ninja® or the untreated control. Applications of Quadris® 

significantly reduced the probability of observing diseased plants to 8% compared to the untreated 

control. However, the biological fungicides were less consistent in preventing the development of 

symptoms being not significantly different from the untreated control or Quadris®. Similar results were 

observed during trial 2. Additional research should be conducted to determine if these biological 

fungicides can be combined with other management practices like soil disinfestation to improve their 

effectiveness.   
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Treatments Rate Per liter 

Disease severity 
Diseased plants (%) 

Trial 1   Trial 2 
Scale ratingX 

Trial 1   Trial 2 

Mean rank 

Trial 1   Trial 2 

1.Ninja® 0.25 ml 3.8    4.00 41.6 cY    41.50 c  91 abZ   91 bZ 

2.Serifel® 1.2 gr 2.4    2.20 21.9 ab     21.70 ab 91 ab     41 ab  

3.Serenade® 12.5 ml 3.0    3.20 31.0 bc     30.30 bc 74 ab     91 b 

4. Seek® 30 ml 2.2    2.40 19.8 ab     23.30 ab 58 ab    75 ab 

5.Pyroligneous acid  30 ml 2.2    1.80 20.4 ab    17.30 ab 74 ab     41 ab 

6.Mycostop® 0.7 gr 2.6     3.00 24.6 bc     27.50 bc 91 ab    91 b 

7.Bio-save® 4.4 gr 2.4    1.60 22.7 ab     15.10 ab 74 ab     25 ab 

8.Actinovate® 0.9 gr 2.6     2.80 24.4 bc     28.30 bc 74 ab    91 b 

9.Quadris® 6.6 ml 1.0    1.00 6.0 a      8.50 a 8 a      8 a 

10.Untreated control - 3.8    4.00 41.6 c      41.50 c 91 b     91 b 

P-value   0.0024     0.0016 0.045     0.0013 
XMean disease severity rated on a scale of 1 to 4, where 1=healthy, 2=minor wilting, 3=severe wilting, 

and 4=plant death. 
YMeans with common letters within a column are not significant different (P < 0.05, Tukey test). 

ZMeans with common letters within a column are not significant different (P < 0.05, Dunn test). 
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Appendix C 

 

STEVIA (Stevia rebaudiana)  

Septoria leaf spot, Septoria steviae  A.D. Sanabria-Velazquez Y.I. 

Rosado-Rivera, & L.D. Thiessen 

                   Dept. Entomology and Plant Pathology 

                  NC State University, Raleigh, NC 27695 

 

Evaluation of alternative products for management of Septoria leaf spot of stevia, NC 2021. 

 

Stevia (Stevia rebaudiana) is a new specialty crop in the USA and no specific fungicides are 

labeled yet for the management of diseases. Stevia rooted plugs were obtained clonally from 

stevia plants “Nativa”. Seedlings were transferred to pots with a commercial soilless growing 

substrate (SunGro, Bellevue, WA) and maintained in the greenhouses of Method Road NC State 

University, NC, Raleigh. A hand-trigger spray bottle (Preval, Coal City, IL) was used to apply a 

spore suspension of Septoria steviae with a concentration of 106 spores to the point of wetting of 

the stevia leaves. Biological fungicide treatments were applied with a hand-trigger spray bottle 

(same as previously described) using the recommended dose for each product. The fungicide 

Quadris® (azoxystrobin) was included for comparison. After the application, all plants were 

covered with a transparent plastic bag to create a moisture chamber and favor spore germination. 

Five single-plant replications were placed into a completely randomized design repeating the 

experiments twice. For trial 1, plants were inoculated and treated on 13 Mar. Application of 

treatments was repeated on 23 Mar and 06 Apr. For trial 2, plants were inoculated and treated on 

13 Apr and the application of treatments was repeated on 27 Apr and 11 May. Disease severity 

ratings were taken every week. Data were analyzed using SAS version 9.4 with Proc GLIMMIX, 

and mean separations were assessed using ‘lsmeans’ with a probability of error of 5%. 

For trial 1, Septoria leaf spot symptoms developed after one week of inoculation. After five 

weeks of the inoculation, the leaf spots were severe, with the untreated controls with a standard 

AUDPC of 22.24. Quadris® completely prevented stevia plants from the disease with no 

symptoms being observed. Pyroligneous acid was not significantly different from Quadris® or 

the untreated control with a standard AUDPC of 14.36. Biological fungicides Mycostop®, Seek®, 

Serenade®, Biosave®, Actinovate®, Serifel®, and Ninja® were significantly less effective in 

reducing disease progression compared to Quadris® with standard AUDPC values from 14.98 to 

20.58 being also not significantly different from the untreated control. For trial 2, symptoms of 

Septoria leaf spot started one week after the inoculation. After seven weeks of inoculation, only 

the application of Quadris® significantly reduced Septoria leaf spot symptoms compared to the 

untreated controls.  
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Treatments Rate Per liter 
sAUDPCY 

Trial 1 Trial 2 

1.Ninja® 0.25 ml              20.58 bZ 40.10 b 

2.Serifel® 1.2 gr 20.36 b 34.67 b 

3.Serenade® 12.5 ml 16.56 b 34.46 b 

4.Seek® 30 ml 15.86 b 33.63 b 

5.Pyroligneous acid  30 ml  14.36 ab 34.69 b 

6.Mycostop® 0.7 gr 14.98 b 32.95 b 

7.Bio-save® 4.4 gr 16.60b 28.03 b 

8.Actinovate® 0.9 gr 16.68 b 39.60 b 

9.Quadris® 6.6 ml 00.00 a 00.00 a 

10.Untreated control - 22.24 b 39.36 b 

P-value  0.0014 <0.0001 
YMean Standard Area Under Disease Progress Curve (sAUDPC = AUDPC/number of days of the 

epidemic)  
ZMeans with common letter within a column are not significant different (P<0.05, Tukey's HSD). 

 

 

 


