
ABSTRACT 

KOEHLER, ALYSSA M. Etiology and Management of Stevia Diseases. (Under the direction 

of Dr. David Shew). 

 

Stevia (Stevia rebaudiana) is a perennial plant under evaluation as a new crop in the 

southeastern United States. Stem rot caused by Sclerotium rolfsii is common in stevia 

plantings in North Carolina. Fungicide efficacy trials were conducted to evaluate 

azoxystrobin, flutolanil, and tebuconazole applied at three timings. Azoxystrobin applied 1 

week prior to planting had the lowest area under disease progress curve values across all 

trials. Fungicide plots were used to assess overwintering survival of stevia. Plants in plots 

treated with quinone outside inhibitor (QoI) fungicides in the 2014 and 2015 growing 

seasons had greater overwintering survival and emergence in 2015 and 2016. In 2016, 

greenhouse and field trials were conducted to assess the impact of QoI fungicides on plant 

physiology, root associated microorganisms, and the ability of stevia to overwinter in the 

field. Greenhouse trials were conducted in the absence of pathogens and no differences in 

plant height, top weight, or root ratings were observed following one or two fungicide 

applications. In 2016-2017, significant differences in overwintering survival of plants treated 

with QoI fungicides were observed at two field sites. Roots were destructively sampled 

monthly to determine root weight and isolate microorganisms present in roots. No significant 

differences in root weights were observed at the Kinston field site, but for 4 of 11 monthly 

sampling dates at the Rocky Mount field site, two or more treatments had root weights 

greater than the control. Across both field sites, Macrophomina phaseolina was the most 

frequently isolated pathogenic fungal organism and abundant microsclerotia were observed 

on overwintering stems in 2017.  

 



Beginning in 2015, a species of Septoria with morphological characteristics of S. 

steviae was isolated from diseased field and greenhouse-grown stevia plants with leaf spot 

symptoms. Twelve isolates of Septoria were obtained from diseased stevia plants during the 

2015 and 2016 growing seasons. Isolates were characterized and compared to type cultures 

of S. steviae based on conidial and pycnidial morphology and multi-locus sequence analysis 

of the actin, β-tubulin, calmodulin, internal transcribed spacer, 28S large subunit ribosomal 

RNA, RNA polymerase II second largest subunit, and translation elongation factor-1α loci. 

Field and cultured pycnidia and conidia measurements were within the range of 

measurements reported for type culture isolates. NC isolates formed a distinct and well-

supported monophyletic group (clade) with type culture isolates of S. steviae. Some diversity 

in the group was present and the group was closely related to numerous Septoria from non 

Asteraceae hosts. The S. steviae clade falls between the S. paridis and S. astericola clades. 

Septoria leaf spot caused by S. steviae is present across all production areas in NC, causing 

leaf lesions that expand to cause near total defoliation when left unmanaged. Fungicide 

efficacy trials for management of Septoria leaf spot were conducted over two years at two 

field sites. Seven fungicides or combination products reduced disease severity and increased 

yield compared to non-fungicide treated controls. The fungicides azoxystrobin, 

chlorothalonil, flutolanil, fluxapyroxad, pyraclostrobin, and tebuconazole were screened 

using an in vitro assay to determine sensitivity of 10 Septoria steviae isolates that received 0 

or 1 year of fungicide exposure. All isolates of S. steviae sampled from plants in NC were 

sensitive to all fungicides examined. Successful identification of S. steviae will be critical to 

the long term management of Septoria leaf spot and establishment of stevia in the southeast 

US.  
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Abstract 

Koehler AM and Shew HD. 2018. Impacts of fungicide application and root-infecting 

microorganisms on overwintering survival of stevia. Plant Dis. 102:000-000. 

 

Stevia (Stevia rebaudiana) is a perennial plant emerging as a newly cultivated crop in the 

southeastern United States. Previous studies have shown that stevia plants treated with 

quinone outside inhibitor (QoI) fungicides had enhanced overwintering survival. Greenhouse 

and field trials were conducted to assess the impact of fungicides on plant physiology, root 

associated microorganisms, and the ability of stevia to overwinter in North Carolina. In 2016, 

greenhouse trials were conducted in the absence of soilborne pathogens and no differences in 

plant height, top weight, or root ratings were observed following one or two fungicide 

applications. In 2016-2017 field trials, significant differences in overwintering survival of 

plants treated with QoI fungicides were observed at two field sites. Roots were destructively 

sampled monthly to determine root weights and isolate microorganisms. No significant 

differences in root weights were observed at the Kinston field site, but in 4 of 11 months at 

the Rocky Mount site, at least two treatments had root weights greater than the non-fungicide 

treated control. Across both field sites, Macrophomina phaseolina was the most frequently 

isolated organism and abundant microsclerotia were observed on overwintering stems in 

2017. Future studies will be directed at quantifying M. phaseolina colonization and 

microsclerotia abundance following fungicide applications to determine if this pathogen 

reduces the ability of stevia plants to survive during cold temperatures.  
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Introduction 

Stevia rebaudiana (Bertoni) Bertoni is a member of the Asteraceae family with leaves that 

contain multiple diterpene glycosides extracted for use as nonnutritive sweeteners (Kinghorn 

2003). Perennial production of stevia in the US began following approval of stevia for use as 

a nonnutritive sweetener from the United States Department of Agriculture in 2008 (Food 

and Drug Administration Generally Recognized as Safe Notice GRN 000253 and GRN 

000252). North Carolina has been a leading state in the establishment of US stevia 

production due to high levels of natural rainfall, favorable temperatures, long summer day 

length, and existing production infrastructure.  

In current production practices, stevia seed is germinated in greenhouse float tray 

systems. Plants are grown for eight to ten weeks and may have the terminal growth removed 

by mowing to promote compact vigorous plants that are transplanted to the field. First year 

plants are typically transplanted from late April to late May with one harvest in September. 

Previous studies have shown that crops planted earlier in the season have more time for root 

establishment which can result in higher rates of overwintering survival rates (Koehler and 

Shew 2017). Production practices including plant density, row spacing, and nutritional inputs 

are currently being optimized for production in the southeast. Stevia is a short-day plant 

native to Paraguay where air temperatures range from -6 to 43°C at latitudes between 23 and 

24°S (Yadav et al. 2011). North Carolina field sites are located between latitudes 35 and 

36°S with a longer day length that is desirable for glycoside accumulation in the leaves. 

However, higher latitudes with colder winter temperatures can limit the ability to produce 

stevia as a perennial. North Carolina is at the northern limit for overwintering survival of 

current stevia germplasm. At first frost, stevia stems die back and only roots and crowns 
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overwinter. Abundant new shoots begin to emerge in March in plants that successfully 

overwinter, typically allowing for an early and late season harvest in the second and third 

years of production.  

In 2015 and 2016, enhanced overwintering survival of stevia was observed in plants 

treated with quinone outside inhibitor (QoI) fungicides for the management of S. rolfsii. 

Plants treated with azoxystrobin and pyraclostrobin in 2015 had significantly higher plant 

emergence in spring 2016, but the mechanisms contributing to enhanced overwintering 

survival remained unknown (Koehler and Shew 2017). Seeds of stevia varieties currently 

produced cannot be directly sown into a field, making crop establishment the most expensive 

component of stevia production. Understanding the mechanisms that contribute to enhanced 

overwintering of stevia crowns, allowing for highly productive second and third year crops, 

is critical to the profitability and successful establishment of stevia as a perennial crop in the 

southeast US.  

The objectives of this project were to (i) determine if fungicide applications result in 

phenotypic differences within stevia plants in the absence of soilborne pathogens; (ii) assess 

the effect of fungicides on overwintering root weights and survival; and (iii) characterize the 

organisms associated with overwintering stevia roots.  

Materials and Methods  

Greenhouse trials. For greenhouse fungicide trials, ten-week-old stevia seedlings 

were transplanted from float trays into 15 cm pots containing a soilless potting media 

(Sungro Horticulture Inc., Bellevue, WA). After three weeks of establishment in pots, trials 

were conducted in which fungicides were applied to the seedlings at field label rates either 

once or twice and treated plants were observed for growth responses. Treatments included 



 

11 

azoxystrobin (Heritage TL, Syngenta Crop Protection Inc., Greensboro, NC), azoxystrobin 

plus difenoconazole (Quadris Top SBX; Syngenta, Greensboro, NC), azoxystrobin plus 

benzovindiflupyr (Elatus; Syngenta, Greensboro, NC), pyraclostrobin (Headline; BASF, 

Research Triangle Park, NC), pyraclostrobin plus fluxapyroxad (Priaxor; BASF, Research 

Triangle Park, NC), tebuconazole (Folicur; Bayer Crop Science, Research Triangle Park, 

NC), flutolanil (Convoy; Nichino America, Inc., Wilmington, DE), and a nontreated control 

(Table 2.1). Azoxystrobin and pyraclostrobin belong to the quinone outside inhibitor (QoI) 

group [fungicide resistance action committee (FRAC) code 11]. Flutolanil and fluxapyroxad 

belong to the succinate dehydrogenase inhibitor (SDHI) group (FRAC code 7). 

Difenoconazole and tebuconazole belong to the demethylation inhibitor (DMI) group (FRAC 

code 3).  

In the single application trial, stevia seedlings received one foliar application of a 

fungicide and were destructively sampled to determine height, fresh top weight, and root 

ratings at three, six, and nine weeks post application. Plant height was measured at the time 

of fungicide application and final height was calculated as the amount of growth from 

fungicide application to each destructive sampling date. Root ratings were measured on a 1-5 

scale. A dead plant was rated as a 1, a plant with a few side roots was rated a 2, a plant with 

roots wrapping around the plant but none extending to the bottom of the root ball was rated a 

3, roots wrapped around the sides and bottom was rated a 4, and roots wrapped around the 

side, bottom, and extending through the bottom of the pot was rated a 5. Each destructive 

sampling time point contained five replications per treatment. In the double application trial, 

plants received an initial foliar fungicide application and a second application 14-days later. 

After the second application, plants were destructively sampled to determine height, top 
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weight, and root ratings at three, six, and nine weeks post application. At each sampling time 

point there were five replications. Each fungicide application trial was conducted twice.  

Within the single and double application trials, there were no significant trial by run 

interactions and runs within each trial were combined for analysis of data for each destructive 

sampling time point. Mixed-model ANOVA was conducted using PROC GLIMMIX in SAS 

(version 9.4). Data from the single and double application trials were analyzed for root 

rating, height, and top weight with treatment as a fixed effect and run and replication as 

random effects. Fixed effects were tested for significance at α = 0.05 and LSmeans were 

separated using paired t tests.  

Field trials. Fungicide trials were conducted at the Caswell Research Farm in 

Kinston, NC and at the Upper Coastal Plain Research Station in Rocky Mount, NC in 2016-

2107 to observe roots treated with fungicides while screening for efficacy to Septoria leaf 

spot. At the Kinston site 10-week-old stevia seedlings were planted at a density of 60,000 

plants ha-1 with a row spacing of 0.76 m on flat rows on June 9, 2016. Treatments were 

arranged in a randomized complete block design with four 7.62 m rows per treatment and 

five replicates per treatment. At the Rocky Mount site 10-week-old stevia seedlings were 

planted at a density of 54,000 plants ha-1 in bedded rows with a spacing of 0.91 m on June 

10, 2016. Treatments were arranged in a randomized complete block design with four 12.2 m 

rows per treatment and five replicate plots per treatment.  

Treatments included seven fungicides and a non-fungicide treated control (Table 2.2). 

Fungicides were banded over rows using a TeeJet TP8006 flat fan nozzle on a CO2 sprayer 

calibrated to deliver product at a rate of 280.6 L H2O ha-1. Fungicide treatments included 

azoxystrobin plus difenoconazole (Quadris Top SBX, Syngenta, Greensboro, NC), 
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azoxystrobin plus benzovindiflupyr (Elatus, Syngenta, Greensboro, NC), pyraclostrobin plus 

fluxapyroxad (Priaxor, BASF, Research Triangle Park, NC), tebuconazole (Folicur, Bayer 

Crop Science, Research Triangle Park, NC), tebuconazole plus fluopyram (Luna Experience, 

Bayer, Research Triangle Park, NC), benzovindiflupyr plus difenoconazole (Aprovia Top, 

Syngenta, Greensboro, NC), and azoxystrobin plus chlorothalonil (Quadris Opti, Syngenta, 

Greensboro, NC). Two end of season fungicide applications were made in each trial once 

plants reached a disease severity rating of three to five percent of leaf area covered by 

Septoria leaf spot lesions. All of the treatments at the Kinston site, excluding the control, also 

received three early season cover sprays of 229 g a.i. ha-1 tebuconazole (Folicur, Bayer Crop 

Science, Research Triangle Park, NC) to control for Sclerotium rolfsii.  

 Roots were sampled monthly from July 21, 2016 until April 28, 2017 at the Kinston 

site and July 18, 2016 until May 15, 2017 at the Rocky Mount site. One plant per replicate of 

every treatment was dug from each trial at a predetermined row and randomly assigned 

number of paces into the row. Plants were marked with an identifier tag and brought back to 

the laboratory for data collection. Stems were removed from the plant and roots and crowns 

were rinsed with water to remove debris. Roots were weighed and a subset of roots was cut 

from the plant and used for isolation of oomycetes and filamentous fungi. Cut roots were 

surface disinfested in 0.825 % NaOCl for 30 s, rinsed in sterile deionized H2O, and plated 

onto semi-selective media. Media used in this trial included PARP (20 g/L Bacto agar [Difco, 

Detroit, MI] and 200 ml/L 25% clarified V8 juice amended with pimaricin (2 mL of 0.5% 

stock), ampicillin (250 µg mL-1), rifampicin (2 mL of 0.5% stock), and PCNB (125 µg mL-1),  

[Terraclor 75% WP, Southern Ag Insecticides, Inc.]), potato dextrose agar (PDA) (Difco, 

Detroit, MI)) amended with streptomycin sulfate (100 µg mL-1) and penicillin G (100 µg mL-
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1), and 2% Bacto water agar (Difco, Detroit, MI) amended with streptomycin sulfate (100 µg 

mL-1) and penicillin G (100 µg mL-1). Three root pieces were plated onto each type of 

medium for every treatment and incubated at 23°C for 4 -7 days. Hyphae growing from roots 

were transferred to new plates of the appropriate medium to establish pure culture isolates. 

Isolates were separated into preliminary groups based on morphological characteristics and 

hyphal tissue was prepared for molecular identification. 

DNA extraction and sequencing. To obtain tissue for DNA extraction, three 6.75 

mm plugs of each isolate were transferred into 20 mL of potato dextrose broth (PDB). 

Isolates were grown for 7 d at ~21° C and the mycelial suspension was aspirated, transferred 

into 1.5 microcentrifuge tubes and lyophilized. Genomic DNA was extracted by grinding 

tissue with Qiagen cell lysis solution (Qiagen, Hilden, Germany) and 3 µL Puregene® 

Proteinase K (Qiagen, Hilden, Germany) and incubating at 55° C for 1 h. Samples were 

treated with RNase (3 µL) and incubated for 30 min at 37° C before adding Qiagen protein 

precipitation solution (Qiagen, Hilden, Germany). Each sample was added to isopropanol to 

precipitate DNA and washed with 70 % ethanol. Samples were eluted with 50 µL pure H2O, 

analyzed by spectrophotometry, and standardized to a concentration of 20 ng mL-1. 

For each isolate, the ITS1-5.8S-ITS2 (ITS) region was amplified by polymerase chain 

reaction (PCR) using primers ITS4 (5′ -TCCTCCGCTTATTGATATGC-3′) and ITS5 (5′-

GGAAGTAAAAGTCGTAACAAGG-3′) (White et al. 1990). PCR reactions were 50 µL and 

consisted of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200 µM each dNTP, 4 

µM of each primer, 1.25 U of Taq polymerase (Applied Biosystems, Branchburg, New 

Jersey), and 80 ng of genomic DNA. Thermal cycling parameters included an initial 

denaturation step at 95° C for 3 min, followed by 34 cycles of DNA denaturation at 95° C for 
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30s, primer annealing at 55° C for 30 s, and primer extension at 72° C for 1 min. A final 

extension step of 72° C for 10 min completed the cycling parameters. Amplified products 

were cleaned with ExoSap-IT (Affymetrix® ThermoFisher Scientific, Waltham, MA). 

Samples were sent for sequencing to Eton Bioscience Inc. (Research Triangle Park, NC). 

Sequences were identified using BLAST and the GenBank database (National Center for 

Biotechnology Information). Analysis of sequence data was completed with CLC Main 

Workbench 7.7 (CLC Bio: a Qiagen Company, Germany).    

Overwintering survival and statistical analysis. In October, final stand counts were 

conducted at each location, plants were mowed at a height of approximately 10 cm to 

simulate harvest, and plants were left in the field to overwinter. Daily high and low air 

temperatures along with high and low soil temperatures at a depth of 0.1 m were recorded 

from October to April using data from the Lower Coastal Plain Research Station in Kinston 

(http://climate.ncsu.edu/cronos/?station=KINS) and the Upper Coastal Plain Research Station 

in Rocky Mount (http://climate.ncsu.edu/cronos/?station=ROCK). At the Kinston and Rocky 

Mount field sites, stem emergence stand counts were conducted on May 1, 2017 and April 

17, 2017, respectively.  

In each trial, stand counts of plants emerging in 2017 were compared to counts taken 

at the end of 2016 to determine the percentage of plants that successfully overwintered. In 

addition to total emerging plants, the number of emerging stems per plant were counted. 

Mixed-model ANOVA for monthly root weights, overwintering emergence, and emerging 

stems were conducted using PROC GLIMMIX in SAS (version 9.4). Data from each trial 

were analyzed with treatment as a fixed effect and replication as a random effect. Fixed 
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effects were tested for significance at α = 0.05 and LSmeans were separated using paired t 

tests.  

Results 

 Greenhouse trials. Six fungicide products were screened for physiological effects on 

plant height, top weight, and root rating in the absence of soilborne pathogens. In single 

fungicide application trials, there were no run by treatment interactions and trials were 

combined for analysis. No significant differences in plant height, top weight, or root rating 

were observed for any of the treatments at the three, six, or nine-week destructive sampling 

time points. At the nine-week time point, amount of plant growth from fungicide application 

to destructive sampling ranged from 49.9 cm in the control to 62 cm in the azoxystrobin plus 

benzovindiflupyr treatment. Plant top weights ranged from 58.5 g in the tebuconazole 

treatment to 86 g in the azoxystrobin treatment, with the control at 67.9 g. All treatments had 

healthy root systems with root ratings of 4.2-4.8 fully covering the sides and bottom of the 

root ball. In trials receiving two fungicide applications, there were no run by treatment 

interactions and data for each trial were combined for analysis. There were no significant 

treatment differences at any of the destructive sampling time points. At the final rating, nine 

weeks after the second fungicide application, plant heights ranged from 56.1 cm of growth in 

the control to 72.7 cm of growth in the pyraclostrobin treatment. Plant top weights ranged 

from 49.2 g in the azoxystrobin plus benzovindiflupyr treatment to 76.1 g in the 

pyraclostrobin plus fluxapyroxad treatment, with the control weighing 58.3 g. All treatments 

had large, healthy root systems with root ratings of 4.5-5. 

 Field trials. Environment. June through October environmental conditions were 

favorable for disease in both trials (Koehler unpublished). At the Kinston field site 2016-17 
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winter air temperatures were below normal in December and March and above normal in 

January and February. Soil temperatures at 0.1 m did not go below freezing at any point. The 

lowest soil temperatures were 6.9° C in December, 3.6° C in January, 7.2° C in February, and 

6° C in March. At the Rocky Mount site, 2016-17 winter air temperatures were above normal 

from December to February and below normal in March. The lowest soil temperatures at 0.1 

m were 2.1° C in December, 0.5° C in January, 2.9° C in February, and 2.8° C in March. 

 Root weights and isolations. At the Kinston field site, roots were dug monthly from 

July 21, 2016 until April 28, 2017. During this time, there were no significant differences in 

root weight among treatments. Across all treatments, root weight increased until the 

November sampling which ranged from 23.3 g in the control to 147.5 g in the azoxystrobin 

plus benzovindiflupyr treatment. In December, root weight was lower in all treatments 

compared to November and ranged from 9 g in the control to 57 g in the difenoconazole plus 

benzovindiflupyr treatment. On the 28 April sampling, root weight increased in all treatments 

and ranged from 40.5 g in the control to 112.3 g in the azoxystrobin plus difenoconazole 

treatment.  

 Oomycetes and filamentous fungi were recovered from roots each month throughout 

the collection period. Isolated organisms included Macrophomina phaseolina () and species 

of Ceratobasidium, Fusarium, Mortierella, and Pythium (Table 2.3). Within the 26 Pythium 

isolations collected and identified, 85% were identified as P. irregulare, 8% as P. spinosum, 

3.5% as P. dissotocum, and 3.5% were identified as P. aphanidermatum. Isolates of Pythium 

were collected across all treatments. Two isolates of Mortierella were identified from control 

treatments. Twenty Fusarium isolations were made across all treatments with 80% identified 

as F. oxysporum, 5% as F. solani, 5% as F. equiseti, 5% as F. acuminatum, and 5% as F. 
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proliferatum. Sixteen isolates were identified as Ceratobasidium sp. AG-F across all 

treatments. The most frequently recovered organism was M. phaseolina with 38 isolates. M. 

phaseolina was isolated from control plants in five of the collection months. Root crowns 

would typically be composed of thick healthy roots, roots with necrotic lesions, and dead 

roots shedding the cortex layer.  

At the Rocky Mount site, plant roots were sampled from July 18, 2016 to May 15, 

2017. There were no treatment differences from July through October. Significant 

differences (P < 0.0189) in root weight were observed in November. Azoxystrobin plus 

difenoconazole (117.4 g) and difenoconazole plus benzovindiflupyr (109.4 g) treatments had 

significantly higher root weight than the control (28.3 g). No differences were observed in 

December. In January and February, significant differences were observed (P < 0.0156 and P 

< 0.0028, respectively). In January, the root weight of plants treated with tebuconazole 

(125.3 g), difenoconazole plus benzovindiflupyr (109.7 g), and azoxystrobin plus 

chlorothalonil (99 g) was greater than the control (40.3 g). In February, root weight of plants 

treated with azoxystrobin plus benzovindiflupyr (112 g), difenoconazole plus 

benzovindiflupyr (84.8 g), azoxystrobin plus difenoconazole (76 g), pyraclostrobin plus 

fluxapyroxad (72 g), and azoxystrobin plus chlorothalonil (69.3) was greater than the control 

(25.6 g). In March, treatment differences (P < 0.0042) in root weight were observed for 

plants treated with pyraclostrobin plus fluxapyroxad (111.5 g) and azoxystrobin plus 

difenoconazole (89.6 g) compared to the control (23.4 g). There were no differences in root 

weights in April or May.  

Macrophomina phaseolina and species of Ceratobasidium, Fusarium, and Pythium 

were recovered in the highest frequency from stevia roots sampled from plants grown at the 
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Rocky Mount site (Table 2.3). Across all treatments, isolates of P. irregulare accounted for 

91% of Pythium isolates (20 of the 22 Pythium isolates). One isolate of P. coloratum and one 

isolate of P. sylvaticum were also identified. Fusarium species were less diverse than at the 

Kinston site with 32 isolates of F. oxysporum and one isolate of F. proliferatum. Fusarium 

isolates were present on the roots of all treatments. Thirty-seven isolates across all treatments 

were identified as Ceratobasidium sp. AG-F and 37 isolates were identified as M. 

phaseolina. M. phaseolina was isolated from control plants in five of the collection months.  

Overwintering survival. At the Kinston field site, there were significant differences (P 

<0.001) in overwintering survival of plants that ranged from 18% in the control to 61% in the 

pyraclostrobin plus fluxapyroxad treatment. All treatments with azoxystrobin or 

pyraclostrobin, and fluopyram had higher overwintering survival than the non-fungicide 

treated control (Table 2.4). In addition to treatment effects in plant emergence, there were 

also differences (P < 0.05) in the number of stems that emerged. Plants receiving 

pyraclostrobin plus difenoconazole, azoxystrobin plus difenoconazole, and azoxystrobin plus 

benzovindiflupyr had mean stem emergence of 18.2, 17.2, and 17 respectively, compared to 

the control with a mean of 6 stems. At the Rocky Mount site there were significant treatment 

differences in overwintering survival (P < 0.0016). Emergence rates were lower than the 

Kinston site, ranging from 9 to 49%. Azoxystrobin plus difenoconazole and pyraclostrobin 

plus fluxapyroxad treatments had overwintering emergence rates of 49 and 47% which were 

higher than the control treatment with 25% emergence. All other treatments performed at a 

level similar to or worse than the control (Table 2.4). There were significant differences in 

the number of stems that emerged (P < 0.02), but there were no differences between the 

control and any of the fungicide treatments.  
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Discussion 

 Overwintering survival is an important issue for the establishment of stevia as a 

perennial crop in the US. Previous studies have shown that QoI products used to manage in-

season diseases had higher overwintering emergence than other fungicide treatments or non-

treated controls (Koehler and Shew 2017). In this study, greenhouse and field trials were 

conducted to understand the mechanism(s) that may be contributing to the observed 

enhancement in overwintering survival. Greenhouse trials in the absence of pathogens were 

conducted to observe if there were any notable physiological effects occurring within plants 

following fungicide application. In single and double application trials, no significant 

differences among treatments were observed for plant height, top weight, or root rating. In 

field trials, roots were sampled and weighed monthly at two sites. Differences in root weights 

at the Kinston field site were not observed, but control plants weighed less than most 

treatments each month. Treatments did however affect root weights in November, January, 

February, and March at the Rocky Mount field site. Treatments with differences in root 

weights compared to the control varied among months. The most consistent treatments were 

azoxystrobin plus difenoconazole and difenoconazole plus benzovindiflupyr, where roots 

weighed more than the control treatment in three of the four months with differences. 

Pyraclostrobin plus fluxapyroxad and azoxystrobin plus chlorothalonil had roots that 

weighed more than the control treatment in two of the four months with differences and 

azoxystrobin plus benzovindiflupyr and tebuconazole had higher root weights in one of the 

four months. In an annual soybean system, fungicides applied in the absence of disease 

attributed to 10% greater biomass in stem weight following pyraclostrobin application, but 

there was no effect on yield (Swoboda and Pedersen 2009).  
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Stevia is an open pollinated crop and there is natural phenotypic variation in plant 

heights, branching pattern, leaf size, and flowering time. In greenhouse trials, natural 

variation was more noticeable than any physiological effects contributed by fungicide 

application. When sampling roots in the field, phenotypic variation among plants was also 

observed. Within a given treatment plants varied greatly in root weight, plant architecture, 

and leaf size. Plants sampled from the field were randomly selected and plant size within 

treatments fluctuated from month to month. At both sites, natural variance in plant size and 

architecture may have accounted for some of the fluctuation in treatment above and below 

ground biomass from month to month. While there were not any notable physiological 

differences in greenhouse plants or consistent differences in field root weights, there were 

still differences in overwintering emergence. At the Kinston site, all combination products 

that contained a QoI component, in addition to fluopyram plus tebuconazole had significantly 

higher overwintering emergence than the control. At the Rocky Mount site, overwintering 

emergence was lower and there were two products with a QoI component, azoxystrobin plus 

difenoconazole and pyraclostrobin plus fluxapyroxad, which had higher overwintering 

emergence than the control.  

Soil temperatures through the 2016-17 winter fluctuated from being above to being 

below 30 year average. Both field sites had warmer than average February temperatures that 

promoted overwintering roots to initiate the formation of new stems. These stems were met 

by colder than average temperatures in March and 12 nights with air temperatures below 

freezing at Kinston and Rocky Mount. Over the winter, there were 42 nights with below 

freezing air temperatures at Kinston and 49 at Rocky Mount. Following March frosts, many 

plants sampled in April at the Rocky Mount site were dead with no healthy roots. Roots were 
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often black and the cortex had fallen off (Figure 2.1). Upon further inspection, abundant 

microsclerotia identified as those produced by M. phaseolina, were covering the base of the 

dead stems at the soil line (Figure 2.1).   

Numerous organisms were isolated from stevia roots each month, but Macrophomina 

phaseolina was the most frequently isolated organism across both field sites over the 

sampling period. M. phaseolina causes charcoal rot, stem rot, root rot, and seedling blight 

with a host range of over 500 plant families (Islam et al. 2012; Sarr et al. 2014). Maize, 

soybean, and sorghum are all hosts of M. phaseolina and each of the tests sites had been 

rotated with at least one of these crops prior to planting of stevia for two years prior to 

conducting these trials. In 2016, M. phaseolina was isolated at a high frequency at both field 

sites in July, August, and September.  The environmental conditions frequently associated 

with charcoal rot in other hosts, 28-35°C air temperatures accompanied by drought stress 

(Mihail 1989; Kaur et al. 2012), were present in both stevia locations. The continued 

isolation of M. phaseolina from October to April was unexpected and represented the ability 

of the pathogen to remain viable in the roots and crowns of stevia during dormant periods. 

During the fall and winter months, M. phaseolina was isolated from control treatments in 

December, February, March, and April at the Kinston site and in November, December, 

January, March, and April at the Rocky Mount site. At the Rocky Mount site, M. phaseolina 

was only isolated from non-treated control plants in January and March, which were two of 

the months in which roots from control treatments weighed less than some QoI treated roots. 

No isolations from QoI treatments were recovered in January, March, or April. In the 2016-

2017 winter, March was a harsh month for plant survival because many stems had already 

emerged and were stunted or killed completely by March frosts. In bean and wheat stems, it 



 

23 

has been shown that maximum colonization and saprophytic ability of M. phaseolina occurs 

between 15-20° C (Dhingra and Chagas 1981). Future work in stevia should focus on the 

dynamics of infection and colonization by M. phaseolina to determine if fungicides impact 

in-season inoculum accumulation resulting in varying inoculum levels that may differentially 

weaken plants and reduce plant ability to withstand temperature extremes in the winter.  

During August 2016, scattered plants with wilting that did not correspond with wilt 

and stem bleaching symptoms caused by Sclerotium rolfsii were observed at the Rocky 

Mount site. In 2017 new plants were planted into the same field at Rocky Mount and 

numerous plants began to show wilt that would begin on a few stems and then include all 

stems on a plant. A black canker often formed at the base of stems and necrosis also was 

present in roots. These symptoms began in June and progressed throughout July and August 

with M. phaseolina identified as the causal agent (Koehler and Shew 2018). These 

symptomatic plants were in soil that was planted with new stevia crops for three consecutive 

years. Isolations from this study demonstrate that M. phaseolina colonization in stevia plants 

may be impacting overwintering survival and may also have in-season implications for 

disease in a perennial system as inoculum levels increase within the root zone over a 2 to 3 

year production cycle. Future work should incorporate soil assays to monitor microsclerotia 

levels over the course of perennial production to optimize crop rotation plans. Continued 

studies are also needed to determine which fungicides have field efficacy for management of 

M. phaseolina in stevia and if enhanced overwintering survival observed in plants following 

application of QoI products is connected with lower colonization rates, reduced 

microsclerotia formation, and/or another mechanism.  
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While many other organisms were isolated from stevia roots, M. phaseolina appears 

to be most connected with overwintering survival and inoculum accumulation in perennial 

systems. At the Rocky Mount site, F. oxysporum was isolated 33 times, which included four 

months with isolations in the non-treated control. At the Kinston site, none of the F. 

oxysporum isolates were from non-treated control roots. In the case of Ceratobasidium AG-F 

isolations, they were recovered throughout the sampling period regardless of treatment. 

Isolates were recovered from control treatments in four months at the Rocky Mount site and 

four months at the Kinston site. Little is published about Ceratobasidium sp. AG-F, but it has 

been associated with root rot of subterranean clover (Wong and Sivasithamparam 1985). In 

greenhouse inoculations with oat grains colonized by a pure culture Ceratobasidium sp. AG-

F isolate, Ceratobasidium was re-isolated but no notable symptoms were observed in the 

roots or stems of inoculated stevia plants.  P. irregulare is a pathogen with a wide host range 

and one of the most frequently isolated species of Pythium (Barr et al. 1997). In this study, 

isolates were observed across all fungicide treatments in at least one collection month. No P. 

irregulare isolations were sampled from stevia roots in the control treatment at the Rocky 

Mount site. Isolations were recovered from roots in the Kinston control plots in October, 

November, December, and April. Symptoms from Pythium in stevia have been more notable 

in young plants and greenhouse systems than mature field plants, but further work is needed 

to investigate the impact of root colonization on overwintering (Koehler et al. 2017). As 

advances are made in understanding the soil and root microbiome, the complexity of 

interactions occurring between plants and microorganisms along with the impact of fungicide 

application on this balance will continue to be revealed. In this study, many fungi and 

oomycetes were sampled from stevia roots. The minimum temperature and/or accumulated 
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degree days below freezing that stevia plants can withstand has not been identified. It is 

possible that organisms colonizing stevia roots are weakening the root system and the ability 

of plants to survive during below freezing temperatures. This study utilized a specific set of 

semi-selective media and root isolations to gather data about root-inhabiting microorganisms. 

Further studies incorporating additional isolation and culturing methods may allow for 

identification of addition pathogenic and nonpathogenic organisms associated with stevia 

roots and stems.   

This study is one of the first to investigate both the physiological effects and the 

composition of root-inhabiting microorganisms (mostly pathogenic and filamentous fungi 

and oomycetes that have a saprobic phase and ability to colonize roots) following QoI 

fungicide applications in a perennial system. Further research is needed to quantify pathogen 

effects, but greenhouse and field data support that soilborne pathogens including M. 

phaseolina are playing a greater role in overwintering survival than physiological effects of 

the fungicides on plant biomass. Differences in plant size, particularly root weight, were only 

observed in the field in the presence of pathogens. As stevia production expands in the 

southeast, monitoring the effect of fungicides on M. phaseolina colonization, microsclerotia 

formation, and inoculum accumulation will help elucidate the mechanisms contributing to 

QoI enhanced overwintering survival allowing for production of stevia crops with less 

disease that are able to survive through winter for perennial production.  
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Table 2.1. Fungicides evaluated on stevia in the absence of pathogens in the greenhouse 

 

Treatment  Active Ingredients FRAC 

Group 

Rate 

(a.i. g ha-1) 

    

Non-Treated Control -- -- -- 

Quadris azoxystrobin 11 381 

Quadris Top SBX azoxystrobin + difenoconazole 11+3 115+115 

Elatus azoxystrobin + benzovindiflupyr 11+7 205+99 

Headline pyraclostrobin 11 403 

Priaxor pyraclostrobin + fluxapyroxad 11+7 195+97 

Folicur  tebuconazole 3 227 

Convoy flutolanil 7 1065 
a 2016 Application timings at Kinston, NC were (1) 24 Aug and 7 Sept or (2) 24 Aug 

and 14 Sept. Application timings at Rocky Mount, NC were (3) 18 Aug and 9 Sept.  
b 2017 Application timings at Kinston, NC were (1) 23 Aug and 8 Sept. Applications 

timings at Rocky Mount, NC were (2) 18 Aug and 8 Sept.  
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Table 2.2. Fungicides evaluated for management of Septoria leaf spot, physiological 

effects, and overwintering survival of stevia 

Treatment  Active 

Ingredients 

FRAC 

Group 

Rate 

(a.i. g ha-1) 

Application Timings a 

    Kinston Rocky Mount 

Non-Treated 

Control 
-- -- -- -- -- 

Folicur tebuconazole 3 227 1 3 

Quadris Top 

SBX 

azoxystrobin + 

difenoconazole 
11+3 115+115 1 3 

Elatus 
azoxystrobin + 

benzovindiflupyr 
11+7 205+99 2 3 

Priaxor 
pyraclostrobin + 

fluxapyroxad 
11+7 195+97 2 3 

Luna 

Experience 

tebuconazole + 

fluopyram 
3+7 124+124 1 3 

Aprovia Top 
difenoconazole + 

benzovindiflupyr 
3+7 115+77 1 3 

Quadris Opti 
azoxystrobin + 

chlorothalonil 
11+M 112+1121 2 3 

a 2016 Application timings at Kinston, NC were (1) 24 Aug and 7 Sept or (2) 24 Aug 

and 14 Sept. Application timings at Rocky Mount, NC were (3) 18 Aug and 9 Sept.  
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Table 2.3. Organisms isolated from stevia root in Kinston and Rocky Mount, NC 

 

 
Number of Isolations  

Organism   Kinston a Rocky Mount  

Pythium spp. 21 19 

Fusarium spp. 19 33 

Mortierella sp. 2 0 

Ceratobasidium sp. AG-F 16 37 

Macrophomina phaseolina 38 37 

a Isolations began in July 2016 and were collected until April 28, 2017 in 

Kinston and May 15, 2017 in Rocky Mount  
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Table 2.4. Effect of fungicide applications during the growing season on emergence of stevia 

stems from overwintering crowns the following spring in Kinston and Rocky Mount, NC 

 
Overwintering Emergence 

 Kinstona Rocky Mount 

Fungicide Treatment b  May 1, 2017c April 17, 2017 

Non- Treated 18 c 25 b 

tebuconazole 29 c 13 b 

azoxystrobin + difenoconazole 55 ab 49 a 

azoxystrobin + benzovindiflupyr 60 a 24 b 

pyraclostrobin + fluxapyroxad 61 a 47 a 

tebuconazole + fluopyram 52 ab 25 b 

difenoconazole + benzovindiflupyr 37 bc 9 b 

azoxystrobin + chlorothalonil 55 ab 24 b 

Pr >Fd <0.0001 <0.0016 

a Trials were planted on June 9, 2016 (Kinston) and June 10, 2016 (Rocky 

Mount).  
b Fungicide treatments were applied in 2016.  
c Spring stand counts were taken for each trial and compared to the number of 

plants alive before winter to determine the percentage of plants that overwintered. 

Data was analyzed using PROC GLIMMIX in SAS (version 9.4); LSmeans were 

separated using paired t-tests (α= 0.05). Treatments followed by the same letter 

are not significantly different. 
d Treatment effect within each trial.  
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Figure 2.1. Stevia stem with necrotic roots and microsclerotia of Macrophomina phaseolina 

(Photo by Matt Bertone) 
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CHAPTER 3. 

Identification and characterization of Septoria steviae as the causal agent of Septoria 

leaf spot disease of stevia in North Carolina 
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Abstract 

Koehler AM, Larkin MT, Rogers LW, Cubeta MA, and Shew HD. 2018. Identification and 

characterization of Septoria steviae as the causal agent of Septoria leaf spot disease of stevia 

in North Carolina. Mycologia. 110:000-000. 

 

Stevia (Stevia rebaudiana) is an emerging perennial crop in the southeastern US. A leaf spot 

disease of stevia caused by Septoria steviae was first reported from Japanese field plantings 

in 1982 based on morphological characterization. In 2015, a species of Septoria with 

morphological characteristics of S. steviae was isolated from diseased field and greenhouse-

grown stevia plants with leaf spot symptoms in North Carolina. In this study, 12 isolates 

obtained from diseased stevia plants in 2015 and 2016 were characterized and compared to 

reference strains of S. steviae. Comparisons were based on conidial and pycnidial 

morphology and multi-locus sequence analysis of seven regions that included actin, β-

tubulin, calmodulin, internal transcribed spacer, 28S large subunit ribosomal RNA, RNA 

polymerase II second largest subunit, and translation elongation factor-1α loci. Field and 

cultured pycnidia and conidia measurements of NC isolates were within the range of 

measurements reported for type culture isolates. NC isolates formed a unique 

monophylogenetic group (clade) with type culture S. steviae isolates that falls between the S. 

paridis and S. astericola clades which include pathogens of hosts in the Apiaceae, 

Asteraceae, Cucurbitaceae, Melanthiaceae, and Solanaceae. Based on results presented in this 

study, future research investigations can be directed at understanding the relative contribution 

of diversity and host range preference to the disease ecology of S. steviae.  
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Introduction 

The genus Stevia within the family Asteraceae contains a diverse array of at least 230 

herbaceous and shrub species including the most well documented species Stevia rebaudiana 

(Bertoni) Bertoni (King and Robinson 1987; Kinghorn 2003). S. rebaudiana (stevia) is a 

perennial herb native to the highlands of Paraguay in the valley of Rio Monday with leaves 

that contain multiple diterpene glycosides extracted for use as a natural, non-caloric 

sweetener (Katayama et al. 1976; Brandle et al. 1998; Kinghorn 2003). Guarani Indians of 

the Paraguayan highlands used caá-êhê or “sweet herb” for generations as a medicinal and as 

a general sweeting agent for maté, a bitter caffeinated beverage (Kinghorn 2003; Soejarto et 

al. 1983). Commercial use of stevia first began in Paraguay in 1964 and spread to Japanese 

markets in the 1970s (Katayama et al. 1976; Carakosta et al. 2008). In 2008, the USDA 

approved stevia for use as a non-nutritive sweetener (FDA GRAS Notice GRN 000253 and 

GRN 000252). To meet the demand of increasing commercial products containing stevia 

glycosides, there has been interest in establishing commercial production of stevia in the US.  

 In 1978 a new leaf spot disease of stevia was identified and the pathogen was 

described as Septoria steviae (Ishiba et al. 1982). Stevia was the only host identified for S. 

steviae and no infection was observed following inoculation of two other plant hosts in the 

Asteraceae (Ishiba et al. 1982). In 1995, another occurrence of S. steviae on stevia in Canada 

was reported based on morphological descriptions of isolates from British Columbia and 

Ontario (Lovering and Reeleder 1996). Conidia and pycnidia morphology of 10 isolates of S. 

steviae from Canada were characterized for use in a resistance screening trial (Reeleder 

1999). 
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Commercial plantings of stevia in North Carolina (NC) were established in 2011 and 

in 2015, angular, olive-gray foliar lesions were observed on leaves of greenhouse seedlings 

and in emerging 2nd year stevia plants. Lesions often had a chlorotic halo and rapidly 

coalesced to form large necrotic areas resulting in defoliation. Through the growing season, 

the disease progressed upward in the plant leading to complete defoliation in some plants. 

Conidia were isolated from diseased leaves and a filamentous fungus with morphological 

characteristics of Septoria was tentatively identified. Koch’s postulates were completed by 

inoculating greenhouse grown stevia plants with conidia derived from a pure culture of the 

fungus by incubating them under plastic bags for 1-2 weeks until symptoms developed.  

Fungi of the genus Septoria Sacc. are asexual morphs classified in the order 

Mycosphaerellales and family Mycosphaerellaceae. Over 2000 Septoria names have been 

described with most taxa causing leaf spot diseases (Verkley and Starink-Willemse 2004). It 

is generally accepted that the genus Septoria includes fungi forming pycnidial conidiomata 

and hyaline, smooth, filiform to cylindrical multi-septate conidia (Sutton 1980; Verkley et al. 

2013). Historically, host specificity has served as a criterion in species delimitation (Verkley 

et al. 2013). Morphological characteristics like conidiomatal structure used to delineate 

genera in the past have not correlated well with DNA sequence inferred phylogenies (Crous 

et al. 2001; Verkley and Starink-Willemse 2004). The study of Quaedvieg et al. 2013 

examined the evolutionary relatedness of S. steviae within the genus Septoria using 

multilocus sequence analysis but the taxonomic placement of this species was not resolved 

and remains unknown.  

The objectives of this research were to 1) characterize isolates sampled from diseased 

stevia plants in North Carolina to determine if they were morphologically similar to S. 
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steviae type culture isolates and 2) resolve the taxonomic placement of North Carolina and 

type culture isolates of Septoria from stevia using multi-locus DNA sequence analyses. 

Accurate identification of this pathogen will facilitate selection of disease management 

programs and aid in tracking inoculum sources to reduce the spread of disease through 

production systems.  

Materials and Methods   

Morphological examination of field isolates.—  

Stevia leaves with characteristic lesions of Septoria leaf spot were collected from 2015-2016 

in fields in Kinston, Rocky Mount, and Clinton, NC for use in this study. Symptomatic 

leaves were observed visually with a Nikon SMZ-U stereoscopic microscope, and light 

microscopy (LM) was used to examine micromorphology. Thin freehand sections of lesions 

with embedded pycnidia were mounted in sterile H2O and examined under a Nikon eclipse ti-

elements light microscope with Nomarski optics (DIC). Individual leaf lesions were excised, 

surface disinfested in 0.825 % NaOCl for 30 s, rinsed in sterile deionized H2O, and scraped 

with a sterile probe to dislodge conidia. Conidia were placed in sterile H2O and examined 

under the compound microscope described above. LM micrographs of conidia and pycnidia 

were taken with a Nikon DS-Ri2 using z-stacking. Conidia from Kinston, NC and Rocky 

Mount, NC were measured for length and width with ImageJ software. Width was calculated 

as the average of three measurements taken at each third of each conidium. Pycnidia from 

leaves at the Kinston site and from the Rocky Mount site were also measured for length and 

width. Measurements were rounded to the nearest 0.05 µm. The mean, standard error and 

two sample t-tests assuming unequal variances were calculated for the length and width of 

conidia and pycnidia from each field site.  
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Single spore cultures of 12 field isolates from Kinston, Rocky Mount, and Clinton, 

NC were established on Petri dishes containing potato dextrose agar (PDA, Difco) amended 

with streptomycin sulfate (100 µg mL-1) and penicillin G (100 µg mL-1). After 1 mo of 

growth, 6.75-mm agar plugs of each isolate were transferred to Petri dishes containing one 

quarter strength PDA. Six sterilized rice grains were placed in a circle 2-cm from the agar 

plug. To sterilize rice grains, 12.5 g long grain rice and 9 mL dH2O were combined in a 250 

mL flask and autoclaved for 1 h for two consecutive days. Petri dishes containing agar plugs 

and rice grains were incubated at 15 C under near UV light for 3 weeks to allow for pycnidia 

and conidia development. Twenty conidia and ten pycnidia from 3-week-old quarter strength 

rice grain PDA were measured as described above for each of the 12 NC isolates. 

Measurements were rounded to the nearest 0.05 µm. The mean, standard error, and two 

sample t-tests assuming unequal variances were calculated for the length and width of 

conidia and pycnidia. Mixed-model ANOVA was conducted using PROC GLIMMIX in SAS 

(version 9.4). Isolate was treated as a fixed effect and replicated measurements were treated 

as random effects. Fixed effects were tested for significance at α = 0.05 and LSmeans were 

separated using paired t tests.  

Preparation of type culture isolates.—  

Three type culture strains were obtained from the National Institute of Technology and 

Evaluation Culture Collection in Japan (NBRC31181), (NBRC31190) and the Westerdijk 

Fungal Biodiversity Institute of the Netherlands (CBS120132). Isolates were transferred to 

new Petri dishes containing potato dextrose agar (PDA, Difco) amended with streptomycin 

sulfate (100 µg mL-1) and penicillin G (100 µg mL-1).  

DNA extraction, PCR, and sequencing.—  
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The 12 NC single-spore cultures and the 3 type culture strains described above were 

established on Petri dishes containing PDA. Hyphae from each isolate were scraped with a 

scalpel from 1-mo-old cultures, collected in a 1.5 mL microcentrifuge tube, and lyophilized. 

Genomic DNA from the 15 isolates was extracted using the DNEASY Ultraclean Microbial 

Kit (Mo Bio Laboratories, Inc, Carlsbad, CA). DNA from each isolate was amplified for 

seven loci: actin (Act), β-tubulin (Btub), calmodulin (Cal), ITS1-5.8S-ITS2 (ITS), 28S 

nrDNA (LSU), RNA polymerase II second largest subunit (RPB2), and translation 

elongation factor-1alpha (EF) (Quaedvlieg et al., 2013; Verkley et al., 2013). PCR reactions 

were 50 µL and consisted of 10  PCR buffer, 2.8 µl DMSO (99.9%), 10 µM of each primer, 

200 µM each dNTP, 1.5 mM MgCl2, 2.5 U of Taq polymerase (Applied Biosystems, 

Branchburg, New Jersey), and 80 ng of genomic DNA. Thermal cycling parameters included 

an initial denaturation step at 95 C for 3 min, followed by 34 cycles of DNA denaturation at 

95 C for 45s, primer annealing for 30 s, and primer extension at 72 C for 90 s (TABLE 3.1). 

A final extension step of 72 C for 10 min completed the cycling parameters. Amplified 

products were cleaned with ExoSap-IT (Affymetrix® ThermoFisher Scientific, Waltham, 

MA). Samples were sent for sequencing to Eton Bioscience Inc. (Research Triangle Park, 

NC). CLC Main Workbench 7.7 was used to load sequences from each locus for the 15 

isolates (CLC Bio: a Qiagen Company, Germany).  

Phylogenetic analyses.—  

Multi-locus sequencing based on nuclear ribosomal Internal Transcribed Spacer (nrITS) and 

28S Large Subunit (nrLSU) was conducted for initial placement to genus. Further 

hierarchical phylogenetic placement in the genus Septoria was based on sequence analysis of 

portions of actin, β-tubulin, calmodulin, and RPB2 genes using the Tree-Based Alignment 
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Selector (T-BAS, version 2.0) toolkit (Carbone et al. 2016; Miller et al. 2015) and reference 

phylogenies and multi-locus alignments for Septoria available in TreeBase (Verkley et al. 

2013). Nucleotide sequences were aligned using MAFFT in T-BAS that provides rapid 

detection of homologous segments using fast Fourier transform (FFT) through an iterative 

refinement of an initial alignment. Multi-locus phylogeny-based placement on reference 

fungal trees was performed using an evolutionary placement algorithm (EPA) (Berger et al., 

2011) and taxonomic placement was inferred and visualized using T-BAS. Maximum 

likelihood (ML) analyses of all loci were performed with RAxML with default parameters 

and the GTRGAMMA substitution model. Statistical support for the ML analysis was 

calculated from 1,000 bootstrap replicates.  

Results  

Morphological examination of field leaves.—  

Symptoms of Septoria leaf spot of stevia include angular lesions scattered throughout the 

leaves of the plant. As the season progresses, leaf lesions coalesce and progress upward in 

the plant leading to complete defoliation under favorable environmental conditions (FIG. 

3.1). Black pycnidia are present in the center of each lesion (FIG. 3.2). Pycnidia examined 

from Kinston, NC field isolates (n=6) averaged 61.5 (SE ± 5.7)  73 (SE ± 8.4) µm and 

ranged 52.1 - 92  52.4 - 108 µm. Pycnidia from Rocky Mount, NC isolates (n=9) averaged 

62.5 (SE ± 3.1)  76.7 (SE ± 2.8) µm and ranged 43.2 – 75.5  55.5 – 86.8 µm (TABLE 3.2). 

Conidia from NC field isolates were hyaline and filiform with 0-8 septa (Fig. 3.3). Conidia 

length of Kinston, NC field isolates (n=60) averaged 53.9 (SE ± 1.4) µm and ranged 26.9 – 

70.6 µm. Conidia width of Kinston, NC field isolates (n=35) averaged 1.7 (SE ± 0.4) µm and 

ranged 1 – 2.3 µm. Conidia length of Rocky Mount, NC isolates (n=107) averaged 54.15 (SE 
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± 0.87) µm and ranged 27.8– 72.3 µm. Conidia width of the Rocky Mount, NC isolates 

(n=28) averaged 1.8 (SE ± 0.1) µm and ranged 1.2-2.4 µm (TABLE 3.3). 

Morphological examination of cultured isolates. —  

Abundant pycnidia formed on the rice grain surfaces and conidia and pycnidia were 

measured from the 12 NC isolates. Pycnidia were measured in two diagonal directions and 

average width ranged from 69.9-124.2 µm and 98.8-141.8 µm (TABLE 3.2). There were 

significant differences in pycnidia widths, (P<0.0006) in small width measurements and 

(P<0.01) in large width measurements. Isolate NCSep7 from Kinston (n=10) had the largest 

pycnidia that averaged 124.2 (SE ±12.3)  141.2 (SE ± 8.0) µm. Isolate NCSep1 from 

Kinston (n=10) had the most spherical pycnidia averaging 90.5 (SE ± 2.4)  98.8 (SE ± 2.8) 

µm. Isolate NCSep6 (n=10), also from Kinston, had oblong shaped pycnidia averaging 69.9 

(SE ± 14.3)  113.5 (SE ± 16.3) µm. Averages of conidia from NC isolates ranged from 54.9 

- 86.7 µm in length and 1.68 - 2.2 µm in width (TABLE 3.3). There were significant 

differences in length (P<0.0001) and width (P<0.0001) measurements among isolates. Isolate 

NCSep12 from Clinton had the largest conidia length and width, 86.7 (SE ± 3.1)  2.2 (SE ± 

0.07) µm. Isolate NCSep10 from Rocky Mount had the smallest conidial length, 54.9 (SE ± 

1.8) µm, and isolate NCSep1 from Kinston had the smallest conidial width, 1.68 (SE ± 0.07) 

µm.    

Pycnidia and conidia did not form on rice grains inoculated with the 3 type culture 

strains, so measurements published for the Japanese type culture field isolates NBRC31181 

and NBRC31190 were used for comparison (Ishiba et al. 1982). Pycnidia from Japanese 

isolates were 50-92  50-100 µm averaging 70.3  75.4 µm and 48-100  50-120 µm 
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averaging 66.5  75.5 µm. Conidia from Japanese isolates had 0-5 septa and were 25-63  

1.5-2.8 µm averaging 41.3  2.1 µm and 25-65  1.5-2.5 µm averaging 45.3  2.0 µm. 

Phylogenetic analyses.— 

 Blast searches of the GenBank DNA sequence database for each of the 7 loci showed 92-

99% sequence identity (similarity) with more than 20 pathogenic species of Septoria. 

Individual regions had similarity to numerous Septoria species pathogenic on other 

Asteraceae hosts including S. astericola, S. atropurpurea, S. calendulaem S, helianthi, S. 

leucanthemi, S. obesa, S. scenecionis, and S. taraxaci (Verkley et al., 2004). Many regions 

were also similar to S. apicola, S. cirsii, S. cucurbitacearum, S. lamiicola, S. lycopersici, S. 

malagutii, and S. paridis. Individual sequences did not provide adequate species resolution 

requiring the use of a multi locus approach. Using T-BAS 2.0, a phylogeny was inferred 

using a previously published phylogeny of Septoria spp. In this analysis, S. steviae type 

cultures and isolates sampled from stevia in North Carolina were included in the data matrix. 

Isolates of Septoria from NC stevia formed a well-supported monophyletic group with type 

culture isolates of S. steviae. Within this clade, there were three subgroups consisting of 

isolates NCSep1, NCSep3, NCSep4, NCSep6 and type culture strains CBS120132, 31181, 

and 31190 =subgroup 1;  NCSep2, NCSep7, and NCSep10 = subgroup2; and NCSep5, 

NCSep8, NCSep9, NCSep11, and NCSep12 = subgroup 3 (FIG. 3.4). 

Discussion  

Septoria steviae causing leaf spot on stevia was first reported in 1982 based on 

morphological description (Ishiba et al. 1982). Detailed morphological and multilocus 

sequence analyses conducted in this study confirmed that isolates sampled from stevia in 

North Carolina formed a distinct monophyletic group with type culture strains of S. steviae. 
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Pycnidia and conidia measured from NC isolates were consistent with the range of S. steviae 

pycnidia and conidia measurements from field isolates reported by Ishiba et al. In culture, 

NC field isolates developed pycnidia on rice grains placed onto one quarter strength PDA 

plates within three weeks. Conidia and pycnidia measurements from cultured NC isolates 

differed in size (length and width), but these differences did not correspond to collection 

location or phylogenetic placement.  

Cultured pycnidia and conidia were larger than conidia and pycnidia observed on 

stevia leaves collected directly from the field. In our study, the type culture strains did not 

develop pycnidia on rice grains even after three months of incubation. Conidia sizes of 

Japanese isolates in culture were reported as larger than field isolates by Ishiba et al. Conidia 

produced on Saito soy-onion agar averaged 76.7  2.16 µm and conidia produced on stevia 

leaf decoction agar averaged 78.3  2.12 µm (Ishiba et al. 1982). Conidia and pycnidia 

produced in V8 agar by Lovering and Reeleder were also larger than values reported for field 

isolates with pycnidia ranging from 60 to 300 µm and conidia ranging 33.6 to 126 µm in 

length by 1.3 to 2.5 µm in width. 

 Quaedvlieg et al., (2013) included sequences of S. steviae type culture strain 

CBS120132 in a comprehensive phylogenetic analysis of the genus Septoria and this isolate 

grouped with a species of Phoma. Type culture CBS120132 was obtained for the current 

study and new sequences were generated for each of the seven genetic regions. Sequences 

were compared to GenBank accessions KF25191, KF252243, and KF251238 for the EF, 

RPB2, and ITS regions, respectively. Sequences from the current study did not match the 

sequences from Quaedvlieg et al., (2013). Upon correspondence with the author, it was 
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discovered that the sequence for the CBS120132 isolate used in the phylogenetic analysis 

was not accurate, explaining the unexpected taxonomic placement.  

The use of T-BAS 2.0 for phylogenetic placement confirmed the identities of NC 

isolates tentatively identified as S. steviae and determined relatedness to other species of 

Septoria. This experimental approach provides a phylogenetic framework by utilizing the 

previously published alignments generated by Verkley et al., (2013), and reduces species 

level uncertainty inherit to single loci BLAST-based approaches (Carbone et al. 2016). This 

study validated S. steviae as a distinct and well supported monophyletic group based on 

molecular characterization and confirmed that NC isolates are S. steviae. The observed 

diversity within the S. steviae clade was not associated with isolate origin location or 

morphological features of isolates. Future studies are needed with a larger sample sizes to 

further investigate diversity of S. steviae within NC, especially as additional stevia 

germplasm is released for commercial use.  

The S. steviae clade was positioned as an intermediate group between the S. paridisi 

and S. astericola clades that contain pathogenic species (S. apiicola, S. cucurbitacearum, S. 

lycopersici, S. malagutii, and. S. paridis) of hosts in the Apicaese, Asteraceae, Cucurbitaceae, 

Melanthiaceae, and Solanaceae. S. lycopersici, is causal agent of tomato leaf spot and S. 

malagutti is the causal agent of annular leaf spot of potato. S. malagutti was previously 

known as S. lycopersici var. malagutii, but was established as its own species in 2006 (Cline 

and Rossman 2006). S. paridis causes disease within the genus Paris of family 

Melanthiaceae (Verkley et al. 2013). S. cucurbitacearum has a host range on cucurbits while 

S. apiicola infects celery. Future studies to examine the host specificity of S. steviae could 

assist in identifying the source of inoculum introduction into US production.   
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Confirmation that isolates sampled from NC cluster with S. steviae type culture 

isolates sampled from stevia in Japan raises questions about the dispersal and dissemination 

of this pathogen in stevia production systems. Although production was established in NC in 

2011, symptomatic plants were not observed until 2015. Research is needed to determine 

how this pathogen is introduced to new production areas and to document the host range or 

host preference of S. steviae. Due to the significant defoliation that results from this 

pathogen, Septoria leaf spot is the most economically devastating pathogen of stevia 

currently present in North Carolina production. If the pathogen is not native to NC and stevia 

is the only host, limiting the introduction of this pathogen to new field sites will be the most 

effective way to reduce inoculum pressure. Proper identification of NC isolates from this 

study will inform selection of chemicals for efficacy trials to obtain product labels for 

application on stevia. The results from this study also provide a framework to investigate the 

host range of S. steviae to better understand pathogen movement and develop management 

strategies to reduce inoculum introduction to new production areas. 
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Table 3.1. Primer combinations and annealing temperatures used for DNA amplification and 

sequencing  

Locus Primer Primer sequence 5′ to 3′: Annealing 

temp (°C) 

Orientation Reference 

Translation 
elongation 

factor-1alpha  

 

EF1-728F CATCGAGAAGTTCGAGAAGG 52 Forward Carbone & 
Kohn (1999) 

EF-2 GGARGTACCAGTSATCATGTT 52 Reverse 

 

O’Donnell et al. 

(1998) 
Beta-tubulin  

 

T1 AACATGCGTGAGATTGTAAGT 52 Forward O’Donnell & 

Cigelnik (1997) 

Beta-Sandy-R GCRCGNGGVACRTACTTGTT 52 Reverse Stukenbrock et 
al. (2012) 

RNA 

polymerase II 

second largest 

subunit  

 

fRPB2-5F GATGATMGWGATCAYTTYGG 49 Forward Liu et al. (1999) 

fRPB2-414R ACMANNCCCCARTGNGWRTTRTG 49 Reverse Quaedvlieg et 
al. (2011) 

Internal 

transcribed 

spacer  
 

ITS5 GGAAGTAAAAGTCGTAACAAGG 52 Forward White et al. 

(1990) 

ITS4 TCCTCCGCTTATTGATATGC 52 Reverse White et al. 
(1990) 

Calmodulin  

 

CAL-235F TTCAAGGAGGCCTTCTCCCTCTT 50 Forward Quaedvlieg at 

al. (2012) 
CAL2Rd TGRTCNGCCTCDCGGATCATCTC 50 Reverse Quaedvlieg et 

al. (2011) 

Actin  
 

ACT-512F ATGTGCAAGGCCGGTTTCGC 52 Forward Carbone & 
Kohn (1999) 

ACT2Rd ARRTCRCGDCCRGCCATGTC 52 Reverse Quaedvlieg et 

al. (2011) 
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Table 3.2. Mean length and width of pycnidia of Septoria steviae isolates 

 

Isolate 
Mean Length (µm) (±SE) x 

Mean Width (µm) (±SE)  
Range (µm) 

NC Field Isolates 
 

 

     Kinston, NC 61.5 (± 5.7) x 73 (± 8.4) 52.1 - 92 x 52.4 - 108 

     Rocky Mount, 

NC 

62.5 (± 3.1) x 76.7 (± 2.8) 43.2 - 75.5 x 55.5 - 86.8 

NC Cultured Isolates  
 

 

     NCSep1 90.5 (± 2.4) x 98.8 (± 2.8)  78 - 100.1 x 89.3 - 119.2  

     NCSep2 112.4 (± 10.7) x 126.3 (± 12.1)  62.2 - 163.5 x 62.2 - 183.8  

     NCSep3 N/A N/A 

     NCSep4 105.6 (± 7.3) x 126.4 (± 10.5) 75.1 - 142.8 x 75.1 - 171   

     NCSep5 93.5 (± 6.7) x 109.1 (± 8.0)  68.5 - 123.1 x 75.3 - 153.5  

     NCSep6 69.9 (± 5.8) x 113.5 (± 7.5)  52 - 111.5 x 86.8 - 166.1  

     NCSep7 124.2 (± 14.3) x 141.2 (± 16.3)  66.4 - 204.6 x 71.4 - 236.5  

     NCSep8 107.6 (± 7.3) x 141. 8 (± 9.0)  87.9 - 153.1 x 114 - 189.1  

     NCSep9 91.8 (± 5.5) x 115.2 (±6.8)  60.5 - 130.3 x 77.8 - 151.2  

     NCSep10 90.3 (± 6.4) x 106.6 (± 8.0)  60.9 - 111.5 x 63.7 - 138.3 

     NCSep11 96.1 (± 5.9) x 108.4 (± 6.5)  92.1 - 136.5 x 108.8 - 148  

     NCSep12 101.1 (± 5.6) x 123 (± 6.9)  74.9 – 125.7 x 86.7 – 151.3  

Ishiba et al. 1982  

Field Isolates  

  

     31181 70.3 x 75.4 50-92 x 50-100 

     31190 66.5 x 75.5 48-100 x 50-120 
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Table 3.3. Mean length and width of conidia of Septoria steviae isolates 

 

Isolate 
Mean Length (µm) (±SE) x 

Mean Width (µm) (±SE)  
Range (µm) 

NC Field Isolates 
 

 

     Kinston, NC 53.9 (± 1.4 ) x 1.7 (± 0.04 ) 26.9 - 70.6 x 1 - 2.3 

 

     Rocky Mount, NC 54.2 (±.87) x 1.8 (± 0.1) 27.8 - 72.3 x 1.2 - 2.4 

NC Cultured Isolates  
 

 

     NCSep1 66.2 (± 2.7) x 1.7 (± 0.08) 36.7 - 84.1 x 1.1 - 2.4 

     NCSep2 72.6 (± 1.9) x 1.8 (± 0.1) 51 - 87.8 x 1 - 3.1 

     NCSep3 N/A N/A 

     NCSep4 74.5 (± 1.9) x 1.8 (± 0.09) 53.2 - 89.3 x 1.2 - 2.6 

     NCSep5 65.4 (± 2.5) x 1.7 (± 0.09) 33.8 - 85.6 x 1.5 - 2.8 

     NCSep6 70.9 (± 3.5) x 2.2 (± 0.07) 51.4 - 98 x 1.7 - 2.9 

     NCSep7 76.5 (± 2.7) x 1.8 (± 0.07) 39.7 - 94.2 x1.3 - 2.5 

     NCSep8 68.1 (± 2.3) x 1.9 (± 0.06) 54.1 - 95 x 1.4 - 2.2 

     NCSep9 72 (± 2.0) x 1.8 (± 0.06) 52.3 - 87.4 x 1.4 - 2.2 

     NCSep10 54.9 (± 1.8) x 2.03 (± 0.04) 40.6 - 75 x 1.7 - 2.4 

     NCSep11 N/A N/A 

     NCSep12 86.7 (± 3.1) x 2.2 (± 0.07) 3.11 - 107 x 1.5 - 2.7 

Ishiba et al. 1982  

Field Isolates  

  

     31181 41.3 x 2.1 25-63 x 1.5-2.8 

     31190 45.3 x 2.0 25-65 x 1.5-2.5 
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Figure 3.1. Progression of Septoria leaf spot in stevia (A) Healthy stevia plant. (B) Leaf 

lesions of Septoria leaf spot in lower foliage. (C) Stevia plant defoliated due to Septoria leaf 

spot.  

 

 

 

 

 

A 

B 

C 



 

53 

 

 

 

 
 

Figure 3.2. Septoria steviae pycnidia on stevia. (A) Pycnidia within a leaf lesion. (B) 

Multiple pycnidia embedded in the mesophyll of a stevia leaf lesion. (C) Septoria steviae 

pycnidium embedded in a stevia leaf lesion releasing conidia. 
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Figure 3.3. Septoria steviae conidia  
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Figure 3.4. Phylogenetic placement of Septoria steviae 
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CHAPTER 4. 

Field efficacy and baseline sensitivity of Septoria steviae to fungicides used for managing 

Septoria leaf spot of stevia 
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ABSTRACT 

Koehler AM and Shew HD. 2018. Field efficacy and baseline sensitivity of Septoria steviae 

to fungicides used for managing Septoria leaf spot of stevia. Crop Protection. 107:000-000. 

 

Stevia (Stevia rebaudiana) is an herbaceous perennial emerging as a new crop in the 

southeastern US. Septoria leaf spot caused by Septoria steviae is present across all 

production areas in North Carolina, causing leaf lesions that expand and result in total 

defoliation when left unmanaged. Fungicide efficacy trials for management of Septoria leaf 

spot were conducted over two years at two field sites. Seven fungicides, single or 

combination products, reduced disease severity and increased yield compared to non-

fungicide treated controls. Azoxystrobin, chlorothalonil, flutolanil, fluxapyroxad, 

pyraclostrobin, and tebuconazole were screened using an in vitro assay to establish 

sensitivity profiles for 10 isolates of S. steviae that had received 0 or 1 year of fungicide 

exposure. All S. steviae isolates were sensitive to all fungicides evaluated. Successful 

management of Septoria leaf spot is critical for long term establishment of stevia as a crop in 

the southeast US.  
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Introduction  

 Stevia rebaudiana (Bertoni) Bertoni is an herbaceous perennial in the Asteraceae that 

is rapidly emerging as a new crop in the United States. Stevia leaves contain multiple 

diterpene glycosides extracted for use as natural, non-caloric sweeteners (Kinghorn 2003). 

Commercial use of stevia began in Paraguay, where stevia is native, and entered Japanese 

markets in the 1970s (Katayama et al. 1976; Carakosta et al. 2008). The USDA approved 

stevia for use as a non-nutritive sweetener in December 2008 (FDA GRAS Notice GRN 

000253 and GRN 000252). As commercial products containing stevia glycosides continue to 

increase, there has been interest in establishing commercial production of stevia in the US.  

 North Carolina has been a leading state to evaluate the feasibility of commercial 

stevia production in the US. High levels of natural rainfall, favorable climate, and existing 

infrastructure favor stevia production in the southeast US. The first commercial plantings of 

stevia in NC were established in 2011. Currently, stevia production begins with seeds sown 

in greenhouse float trays. Seedlings are transplanted to the field eight to ten weeks after 

germination, typically from late April through May. There is one harvest in September or 

October at the end of the first growing season. At the time of first frost, the upper portion of 

the plant dies back, but roots may remain alive through winter allowing for perennial 

production. However, extended periods of below freezing temperatures can limit 

overwintering survival (Koehler unpublished). If plants successfully overwinter, abundant 

new shoots begin to emerge in March (Koehler and Shew 2017) allowing for up to two 

harvests per growing season in the 2nd and 3rd years of production.  

 In 2015, olive-gray foliar lesions with chlorotic halos that rapidly coalesced and 

turned necrotic were observed on greenhouse seedlings and in emerging 2nd year plants. 
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Throughout the growing season, the disease progressed upward in the plant leading to total 

defoliation by the end of the season. Koch’s postulates coupled with morphological and 

DNA-based multilocus sequence analyses of the fungus, identified Septoria steviae as the 

causal agent of Septoria leaf spot of stevia in NC (Koehler unpublished). This disease was 

first reported in Japan (Ishiba et al. 1982) and later in Canada (Lovering and Reeleder 1996).  

There are currently no fungicides or biological control agents labeled for use on 

stevia in the US, and efficacious and economically feasible approaches to manage Septoria 

leaf spot of stevia will be needed. S. stevia produces abundant asexual conidia, and under 

favorable environmental conditions can result in total defoliation of plants and complete crop 

failure. Additionally, the pathogen overwinters in leaf debris and readily infects newly 

emerging leaves on stems that emerge after overwintering. This is a major concern for 

perennial production of the crop. As part of an integrated approach to managing disease, 

foliar fungicides may reduce late season defoliation due to Septoria leaf spot and 

accumulation of overwintering inoculum.  

 The objectives of this project were to 1) identify efficacious fungicides for 

management of Septoria leaf spot of stevia and 2) document baseline sensitivity profiles of S. 

steviae isolates from stevia in North Carolina to selected fungicides.   

Materials and Methods  

Field trial sites and experimental design  

Field trials were conducted at the Caswell Research Farm in Kinston, NC and the 

Upper Coastal Plain Research Station in Rocky Mount, NC in 2016 and 2017. Stevia 

rebaudiana planted in 2015 at both field sites had high levels of Septoria leaf spot disease. At 

the Kinston site, 10-week-old stevia seedlings were planted at a density of 60,000 plants ha-1 
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with a row spacing of 0.76 m on flat rows on June 9, 2016 and May 26, 2017. Treatments 

were arranged in a randomized complete block design with four 7.62 m rows per replicate 

and five replicates per treatment. At the Rocky Mount site 10-week-old stevia seedlings were 

planted at a density of 54,000 plants ha-1 in bedded rows with a spacing of 0.91 m on June 

10, 2016 and 31,000 plants ha-1 on June 1, 2017. Treatments were arranged in a randomized 

complete block design with four 12.2 m rows per replicate and five replicates per treatment. 

Due to the high inoculum levels of S. steviae present in overwintering debris, no additional 

inoculum was added to either experimental test site.  

Chemical Treatments  

 Treatments included seven fungicides or fungicide combinations and a non-treated 

control (Table 4.1). Fungicides were banded over rows using a TeeJet TP8006 flat fan nozzle 

on a CO2 sprayer calibrated to deliver product at a rate of 280.6 L H2O ha-1. Fungicide 

treatments included a demethylation inhibitor (DMI) (Folicur, Bayer Crop Science, Research 

Triangle Park, NC), a combination fungicide with DMI and quinone outside inhibitors (QOI) 

(Quadris Top SBX, Syngenta, Greensboro, NC), combination fungicides with QoI and 

succinate dehydrogenase inhibitors (SDHI) (Elatus, Syngenta, Greensboro, NC; and Priaxor, 

BASF, Research Triangle Park, NC), combination fungicides with DMI and SDHIs (Luna 

Experience, Bayer, Research Triangle Park, NC; and Aprovia Top, Syngenta, Greensboro, 

NC), and a combination fungicide with a QoI and multi-site inhibitor (Quadris Opti, 

Syngenta, Greensboro, NC). Two end-of-season fungicide applications were made in each 

trial beginning when plants reached three to five percent of leaf area covered by Septoria leaf 

spot (Table 4.1). All treatments at the Kinston site, including the control, also received three 
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early season cover sprays of 229 g a.i. ha-1 tebuconazole (Folicur, Bayer Crop Science, 

Research Triangle Park, NC) to control Sclerotium rolfsii in 2016 and 2017.  

Disease scoring, yield measurements, and statistical analysis  

Disease was allowed to develop naturally at each site and disease severity was 

assessed visually as percent leaf area damage due to Septoria leaf spot lesions. The center 

two rows of each four-row plot were rated in each of the trials. In 2016, subplot harvests 

were conducted in each trial by harvesting 3-m-long sections of the center two rows of each 

plot and weighing total stem and leaf biomass. First harvests were conducted on September 

23 at Rocky Mount and September 30, 2016 at Kinston. Yield data was calculated by 

converting harvest weights to kg stem and leaf weight per hectare. A second harvest, which 

simulated a delayed or late harvest, was conducted on October 26, 2016 at the Rocky Mount 

site. In 2017, subplot harvests were conducted in each trial by harvesting from two 0.6-m-

long sections of the center two rows of each treatment and stripping leaves from stems to 

obtain only leaf biomass. First harvests were conducted on September 22 at Rocky Mount 

and September 29 at Kinston. A late season harvest was conducted on October 13, 2017 at 

the Rocky Mount site. Yield data were calculated by converting subplot leaf harvest weights 

to kg leaf weight per ha. 

 Due to differences in harvesting method, trials from 2016 and 2017 were analyzed 

separately. Within each year, first harvest disease severity ratings and first harvest yield data 

were pooled across location. Second harvest disease severity ratings and yield data from the 

Rocky Mount site were analyzed separately for each year. Data were subjected to mixed-

model analysis of variance (ANOVA) using PROC GLIMMIX in SAS (version 9.4). For 

combined trials with no significant interaction between trial and treatment, data from each 
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trial were combined for analysis. If there were significant interactions, trials were analyzed 

separately. For combined trials, treatment was a fixed effect and trial, replication, and the 

overall error term were random effects. For individual trials, treatment was a fixed effect and 

replication and the overall error term were random effects. Fixed effects were tested for 

significance at α = 0.05 and significant differences among treatment means were separated 

using paired t-tests.  

In-vitro fungicide sensitivity screening  

  The sensitivity profiles of 10 single-spore isolates of S. steviae were assessed by point 

inoculation of conidia onto fungicide-amended media (Pappas et al. 2010). Concentrations 

and fungicides screened included: 0.001, 0.01. 0.1, 1, and 10 mg L-1 a.i. for azoxystrobin 

(Heritage TL, Syngenta Crop Protection Inc., Greensboro, NC), chlorothalonil (Daconil, 

Syngenta Crop Protection Inc., Greensboro, NC), fluopyram (Indemnify, Bayer Crop 

Science, Research Triangle Park, NC), fluxapyroxad (Xzemplar, BASF, Research Triangle 

Park, NC), and tebuconazole (Folicur, Bayer Crop Science, Research Triangle Park, NC); 

and 0.00001, 0.0001, 0.001, 0.01, and 0.1 for pyraclostrobin (Headline, BASF, Research 

Triangle Park, NC). Azoxystrobin and pyraclostrobin belong to the quinone outside inhibitor 

(QoI) group [fungicide resistance action committee (FRAC) code 11]. Fluopyram and 

fluxapyroxad belong to the succinate dehydrogenase inhibitor (SDHI) group (FRAC code 7), 

tebuconazole belongs to the demethylation inhibitor (DMI) group (FRAC code 3), and 

chlorothalonil belongs to the multi-site activity (M) group (FRAC code M 05). Fungicides 

were added to potato dextrose agar (PDA, Difco) upon cooling to approximately 55 C.  

 Single-spore isolates were collected from infected plants in NC fields from 2015-

2016 and transferred to new Petri dishes containing PDA amended with streptomycin sulfate 
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(100 µg mL-1) and penicillin G (100 µg mL-1). After one month of growth, 6.75 mm agar 

plugs of each isolate were transferred to one-quarter strength PDA. Six sterilized rice grains 

were placed in a circle 2 cm from the agar plug. Rice gains were sterilized by combining 12.5 

g long grain rice and 9 mL dH2O in a 250 mL flask and autoclaving for one hour on two 

consecutive days. Petri dishes containing agar plugs and rice grains were incubated at 15 C 

under near UV light for 8 weeks to allow for development of pycnidia on the rice grains. 

Colonized rice grains with pycnidia were macerated in 20 ml of sterile dH2O to release 

conidia, and the resulting spore suspension was adjusted to a concentration of 50,000 spores 

per mL using a hemocytometer. Ten µl drops of spore suspension were pipetted onto three 

pre-marked points on each Petri dish containing the fungicide amended PDA medium 

(Pappas et al. 2010). Each treatment was repeated twice for a total of six observations per 

treatment for each of the two experimental runs. Petri dishes were incubated in natural light 

at 22°C for six days and assessed for presence of visible fungal colonies. Non-amended 

plates served as controls.  

The concentration of fungicide that inhibited visible colony formation was recorded 

for all isolate by fungicide interactions. The frequency of inhibition across the 10 isolates at 

each concentration of a fungicide was combined for analysis and this process was repeated 

for all fungicides screened.  

Results  

Effect of treatments on disease severity  

 Environmental conditions were favorable for disease at both field sites over both test 

years with lesions present in lower leaves throughout the growing season. From planting 

through September, 2016 there was 119 cm of rainfall at the Rocky Mount site and 95 cm of 
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precipitation at the Kinston site. There was less precipitation in 2017 with 52.5 cm at the 

Rocky Mount site and 39.3 cm at the Kinston site from June through September. The disease 

progressed up the canopy in August at both locations. In all of the trials, plants reached 5% 

leaf area damage between August 18 and 24 and fungicide applications were initiated. For 

disease severity ratings, there was no interaction between trial and treatment at first harvest, 

so disease severity ratings were combined for the two trial locations in 2016 and 2017. In 

2016, there were significant treatment effects (P<0.0001) at the first harvest in September 

harvest, with the non-treated control reaching 55.5% leaf area damage (Figure 4.1). 

Treatment effects also were observed at the September harvest in 2017, (P<0.0001), with the 

non-treated control reaching 57% leaf area damage (Figure 4.1). In both years all fungicides 

tested had less disease than the control with disease severity ratings ranging from 9.3% - 

20.9% in 2016 and 3.7% - 12.6% in 2017 (Figure 4.1).  

 A second harvest was conducted in October at the Rocky Mount field site in 2016 and 

2017 to simulate a delayed or late harvest. In 2016, environmental conditions were favorable 

for disease spread between the first and late harvest, with an additional 25.9 cm of rainfall 

during the month of October. Control plots reached 82% mean disease severity and there 

were significant treatment differences (P<0.0001). At the time of the late harvest 47 days had 

elapsed since the final fungicide application and all treatments still had less disease than the 

control, ranging from 14.8-27% mean disease severity (Figure 4.1). In 2017, there was an 

additional 8.7 cm of rainfall in October between the first and second harvests. At the time of 

the late harvest is was 35 days since the final fungicide application and there were significant 

treatment differences (P<0.0001). Control plots reached 90% mean disease severity and 

fungicide treatments ranged from 12-30% (Figure 4.1).   
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Yield 

At first harvest in 2016, there was no significant interaction between trial and 

treatment so yield data from Kinston and Rocky Mount, NC were combined for analysis. At 

this harvest, there were no significant differences among treatments. Numerical differences 

ranged from 6555 kg ha-1 in the azoxystrobin and difenoconazole treatment to 2979 kg ha-1 in 

the control (Figure 4.2). A second harvest was conducted at the Rocky Mount site and 

significant (P<0.0026) treatment differences were observed. The azoxystrobin plus 

difenoconazole treatment had the highest yield at 4578 kg ha-1 (Figure 4.2). Fluopyram plus 

tebuconazole (3861 kg ha-1) and difenoconazole plus benzovindiflupyr (3531 kg ha-1) also 

had higher yield than the non-treated control which had a yield of 2282 kg ha-1 for stem and 

leaf biomass (Figure 4.2).  

In 2017, field sites were planted at different plant populations due to equipment 

availability. Differences in plant densities, 60,000 plants ha-1 in Kinston compared to 31,000 

plants ha-1 in Rocky Mount, resulted in significant interaction between trial and treatment. 

Due to the significant interactions, all harvests in 2017 were analyzed separately (Figure 4.3). 

At the Kinston site, there were significant treatment effects in first harvest yield (P<0.04). 

The highest yielding treatment was chlorothalonil plus azoxystrobin at 8582 kg ha-1. There 

were three other treatments, difenoconazole plus benzovindiflupyr, pyraclostrobin plus 

fluxapyroxad, and azoxystrobin plus benzovindiflupyr, which also had higher yields than the 

control yield of 2407 kg ha-1 of leaf biomass (Figure 4.3). At the Rocky Mount site, there 

were no significant treatment effects at the first harvest (P<0.15). Yield ranged from 2428 kg 

ha-1 in the azoxystrobin plus difenoconazole treatment to 1041 kg ha-1 in the control. At the 

second harvest in Rocky Mount there was a significant treatment difference (P<0.0001). 
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Yields of fungicide treatments ranged from 2358 kg ha-1 in the difenoconazole plus 

benzovindiflupyr treatment to 1256 kg ha-1 in the fluopyram plus tebuconazole treatment. All 

fungicide treatments had higher yields than the control which yielded 437 kg ha-1 leaf 

biomass (Figure 4.3).  

In-vitro fungicide sensitivity 

 Non-amended plates had dense mycelial colonies around 80-mm in diameter, after six 

days of incubation. In the azoxystrobin treated plates, growth occurred from 0.001-0.01 mg 

L-1 (Table 4.2). Colonies of all isolates at 0.001 mg L-1 were dense in growth while isolates 

that developed at 0.01 mg L-1 had fewer colonies that were lighter in color (Figure 4.4). In 

chlorothalonil plates, growth occurred from 0.001 to 1 mg L-1 (Table 4.2). Isolates that 

developed at 0.01 and 1 mg L-1 were faint in appearance with one to two of the three 

inoculated points containing sparse colonies. In fluopyram amended plates, growth occurred 

from 0.001-1 mg L-1 (Table 4.2). Isolates that developed at 1 mg L-1 were lighter in color but 

had colonies in all three of the inoculated points per plate. On fluxapyroxad amended plates, 

growth occurred from 0.001-1 mg L-1 (Table 4.2). Isolates that developed at 1 mg L-1 had 

fewer colonies and lighter color. In tebuconazole amended plates, growth occurred from 

0.001 – 0.1 mg L-1 (Table 4.2). Isolates that developed at 0.1 mg L-1 were faint in color with 

fewer colonies. Isolates were most sensitive to pyraclostrobin where isolates grew from 

0.00001-0.001 mg L-1 (Table 4.2). Isolates that grew at 0.001 mg L-1 had sparse colonies on 

only one or two of the three marked spots per Petri dish.  

Discussion  

 S. steviae is an important pathogen of stevia with the potential to cause total 

defoliation of plants prior to harvest. Septoria leaf spot is of great concern to first year crops 
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and since the pathogen overwinters in leaf debris and infects emerging stems in years 2 and 3 

of production, the disease also could be a limiting factor to yield potential in perennial 

systems. Trials in this study were conducted on first year crops with one harvest (normal or 

late timing) at the end of the season. In both years of this study, disease severity remained at 

less than five percent leaf area damage and was limited to the bottom of the plant until 

August when environmental conditions and plant canopy microclimate became favorable for 

the pathogen to spread upward in the plant. Fungicides were applied twice and kept disease 

severity significantly below the level of the non-treated control and increased yield. Second 

and third year crops have thick early-season canopies with microclimates potentially 

conducive to higher early-season disease pressure. Further testing is needed to determine if 

early season fungicide applications will be needed in 2nd and 3rd year crops.  

 Azoxystrobin plus difenoconazole, azoxystrobin plus benzovindiflupyr, azoxystrobin 

plus chlorothalonil, pyraclostrobin plus fluxapyroxad, tebuconazole plus fluopyram, and 

tebuconazole all significantly reduced the disease severity at both harvest times in each year. 

In the 2016 first harvest, azoxystrobin plus difenoconazole and pyraclostrobin plus 

fluxapyroxad provided the highest efficacy for management of Septoria leaf spot with 9.8 

and 9.3 percent leaf area damage, respectively. Despite significant treatment differences for 

disease severity, there were only numerical differences in first harvest yield weight. Lack of 

significant differences in the yield could have been due to phenotypic variation in plant size 

and morphology across the field and the harvesting method. In 2016, both leaf and stem 

biomass was calculated for yield. Stems with no leaves as well as leaves with abundant 

lesions may have contributed to weight in treatments that had higher disease severity. It is 

generally recommended to harvest stevia prior to flowering when glycoside content in the 
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leaves is at a maximum (Brandle et al. 1998). In the southeast US, flowering can begin in 

September, but an optimal harvesting time has not been established. Since harvesting dates 

vary across production sites in NC, September and October harvests were conducted at the 

Rocky Mount site. At the time of the second harvest in 2016, the control plants reached 82% 

mean leaf area covered and there were significant yield differences. At this point many of the 

symptomatic leaves had become totally necrotic, dried up, and fallen from the plant. 

Azoxystrobin plus difenoconazole maintained control with 14.8 percent leaf area covered at 

the second harvest. Azoxystrobin plus difenoconazole was the highest yielding treatment at 

both harvest time points, 6555 kg ha-1 in September and 4578 kg ha-1 in October. Comparing 

all treatments, the non-treated control had a lower yield potential in both harvests and all 

treatments had lower yields at the October harvest than the September harvest.  

 In 2017, the two sites were planted at different plant population densities and 

September disease severity data were combined but yield data were analyzed separately. 

Percent leaf area damage was lower in all fungicide treatments in 2017 than in 2016, but leaf 

area damage was still 57% in the unsprayed control. At the first harvest, there were 

significant treatment differences at the Kinston site with azoxystrobin plus chlorothalonil 

having the highest yield. At the Rocky Mount site the control had the lowest yield, but there 

were no significant treatment differences at the first harvest. In 2017, the harvesting method 

was adjusted so that leaves were stripped from stems and only leaf weight was taken into 

calculation. This method of harvest helped produce yield data that better reflected leaf 

weights that would be typical for growers. The optimal planting density for stevia has not yet 

been determined, but these trials indicate that a planting density of 60,000 plants ha-1 at 

Kinston had triple to quadruple the yield of treatments planted at 31,000 plants ha-1 at Rocky 
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Mount. The yield in the control at the high density field site was only double rather than 

quadruple that of the low density site, indicating that closer plant spacing in the absence of 

fungicides to manage Septoria leaf spot may not be much of an advantage for yield potential. 

Future work is needed to optimize plant density in the presence of Septoria leaf spot for first 

year production and the impact of microclimate on disease severity in second and third years 

of production. At the Rocky Mount second harvest, mean disease severity in the control had 

reached 93% and there were significant yield differences. Difenoconazole plus 

benzovindiflupyr had the highest yield at the second harvest and was only 10 kg ha-1 less 

than the first harvest weight. All other yields were lower in the second harvest than the first 

except for the azoxystrobin plus benzovindiflupyr treatment which had a higher yield at the 

second harvest. This trial again supports that in the absence of fungicides, it is important to 

harvest in September to maximize yield potential.  

 In recent years, fungicide resistance to DMIs, QoIs, and SDHIs has been a concern 

for many pathogen groups including Septoria (Pappas et al. 2010; Estep et al. 2015; Ishii and 

Holloman 2015). Establishing monitoring programs to evaluate fungicide effectiveness is 

critical to document shifts in sensitivity prior to observing failure of fungicides in the field 

(Russel 2004). Since stevia is a new crop to the US, with no fungicides labeled at this time, 

this study aimed to establish a sensitivity profile of 10 isolates that had received 0-1 years of 

fungicide exposure. S. steviae is very slow growing so conventional mycelial expansion 

bioassays were not appropriate as seen with other Septoria species (Pappas et al. 2010). In all 

fungicides screened, isolates with no fungicide exposure did not perform differently than 

isolates with one year of fungicide exposure. At this time, no resistance to any of the tested 

fungicide chemistries was identified within Septoria steviae populations in North Carolina. 
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These trials can serve as a framework for future studies as production acreage increases and 

fungicides to manage Septoria leaf spot of stevia become available across the southeast US. 

 This project is the first to screen fungicides for efficacy against Septoria leaf spot of 

stevia and to document the sensitivity profile of isolates with limited fungicide exposure. At 

this time, all fungicides screened effectively reduced percent leaf area damage by Septoria 

leaf spot disease, which should allow for increased yield potential. Until the time that 

fungicides are available, there is a yield advantage to harvest in September rather than 

delaying harvest until October. In vitro trials indicate that S. steviae isolates with 0-1 years of 

fungicide exposure are sensitive to all fungicides screened. As production acreage continues 

to expand, future work should focus on gathering larger collections of isolates to monitor for 

shifts in baseline sensitivities of S. steviae isolates to fungicides that are approved for use on 

stevia.  
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Table 4.1. Fungicides evaluated for management of Septoria leaf spot of stevia caused by 

Septoria steviae 

Treatment  Active 

Ingredients 

FRAC 

Group 

Product Rate 

(a.i. g ha-1) 

Application 

Timings 

    2016a 2017b 

Non-Treated Control -- -- -- -- -- 

Folicur tebuconazole 3 227 1, 3 1, 2 

Quadris Top SBX 
azoxystrobin + 

difenoconazole 
11+3 115+115 1, 3 1, 2 

Elatus 
azoxystrobin + 

benzovindiflupyr 
11+7 205+99 2, 3 1, 2 

Priaxor 
pyraclostrobin + 

fluxapyroxad 
11+7 195+97 2, 3 1, 2 

Luna Experience 
tebuconazole + 

fluopyram 
3+7 124+124 1, 3 1, 2 

Aprovia Top 
difenoconazole + 

benzovindiflupyr 
3+7 115+77 1, 3 1, 2 

Quadris Opti 
azoxystrobin + 

chlorothalonil 
11+M 112+1121 2, 3 1, 2 

a 2016 Application timings at Kinston, NC were (1) 24 Aug and 7 Sept or (2) 24 

Aug and 14 Sept. Application timings at Rocky Mount, NC were (3) 18 Aug and 9 

Sept.  
b 2017 Application timings at Kinston, NC were (1) 23 Aug and 8 Sept. 

Applications timings at Rocky Mount, NC were (2) 18 Aug and 8 Sept.  
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Table 4.2. In-vitro fungicide sensitivities of Septoria steviae isolates to selected fungicides  

 

Treatment  Percent of Isolates Inhibited at Selected Fungicide Concentrations a 

 0.00001 0.0001 0.001 0.01 0.1 1 10 

Azoxystrobin  
-- -- 

45 55 
no 

growth  

no 

growth 

no 

growth 

Chlorothalon

il 

-- -- 
0 72.5 22.5 5 

no 

growth 

Fluopyram  
-- -- 

0 0 10 90 
no 

growth 

Fluxapyroxa

d  

-- -- 
0 2.5 67.5 30 

no 

growth 

Tebuconazol

e  

-- -- 
0 12.5 87.5 

no 

growth 

no 

growth 

Pyraclostrobi

n 

0 75 
25 

no 

growth 

no 

growth 
-- -- 

a Mean percent of isolates with no growth beyond that concentration. Concentrations 

that were not screened are indicated by dashed lines. Concentrations at which no spore 

germination occurred (100% of isolates inhibited) are indicated by no growth. 
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Figure 4.1. Effect of fungicide treatments on Septoria leaf spot disease severity in NC in 

2016 and 2017. First harvest disease ratings at Kinston and Rocky Mount, NC were 

combined for analysis and second harvest ratings were from the Rocky Mount site. 

Treatment effects were analyzed using PROC GLIMMIX in SAS (9.4); LS means were 

separated using paired t tests (α = 0.05). Within each bar style, treatments of the same letter 

are not significantly different. Error bars represent standard error of the mean. 
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Figure 4.2. Effect of fungicide treatments on stevia yield following management for Septoria 

leaf spot in 2016. First harvest yields at Kinston and Rocky Mount, NC were combined for 

analysis and second harvest yields were from the Rocky Mount site. Treatment effects were 

analyzed using PROC GLIMMIX in SAS (9.4); LS means were separated using paired t tests 

(α = 0.05). Within each bar style, treatments of the same letter are not significantly different. 

Error bars represent standard error of the mean. 
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Figure 4.3. Effect of fungicide treatments on stevia yield following management for Septoria 

leaf spot in 2017. Treatment effects within each harvest were analyzed using PROC 

GLIMMIX in SAS (9.4); LS means were separated using paired t tests (α = 0.05). Within 

each bar style, treatments of the same letter are not significantly different. Error bars 

represent standard error of the mean. 
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Figure 4.4. Dense (left) and less dense, lighter colonies (right) of Septoria steviae in 

response to varying concentrations of azoxystrobin. 
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APPENDICES 
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Appendix A: 

Evaluation of Abound, Convoy, and Folicur for stem rot control on stevia in North 

Carolina 
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Appendix B: 

Evaluation of Veramin Quality and Serenade Opti for stem rot control on stevia in 

North Carolina, 2014-16. 
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Appendix C: 

Evaluation of Serenade Opti and Kocide 3000 for Septoria leaf spot control on stevia in 

North Carolina, 2016-17. 
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Evaluation of Serenade Opti and Kocide 3000 for Septoria leaf spot control on stevia in 

North Carolina, 2016-17 

 

Stevia is emerging as a new perennial crop in the US. The commercial stevia line G7 

was planted at the Upper Coastal Plain Research Station in Rocky Mount, NC on 10 June, 2016 

at a density of two plants per row ft in an irrigated field with a history of Septoria leaf on plants 

in 2015. Plots consisted of four 40 ft rows on 36 in. centers, arranged in a randomized complete 

block with five replications. Recommendations for fertility and weed control were based on 

station field history records. No fungicides or biological controls are labeled for use on stevia 

in the US. These trials were conducted to gain initial efficacy data on products that could be 

used in organic systems to control Septoria leaf spot. Foliar products Serenade Opti and Kocide 

3000 were applied two times at the end of the season once plants reached 5% leaf area damage 

caused by Septoria steviae. Full canopy sprays were applied using a CO2 pressurized (40 psi) 

backpack sprayer equipped with a two-row hand-held boom with TP8006 flat fan nozzles 

calibrated to deliver 30 gal/A at a 3.0 mph walking pace. Percent leaf area damage disease 

severity rating were taken from first spray through harvest in October. Optimal harvest time 

has not been established for the southeast US, so subplot harvests were conducted in September 

and October by harvesting 10 ft from the center 2 rows of each plot and weighting total stem 

and leaf biomass. Yield data was calculated by converting harvest weights to lb stem and leaf 

weight per acre. 

 

 Septoria leaf spot was present in lower leaves throughout the season and reached 5% 

leaf area damage in August when product applications were initiated. Some phytotoxicity was 

observed in the Kocide 3000 treatments. Serenade Opti reduced disease at the October rating 

and had a higher numerical yield in October compared to the control, but all treatments yielded 

more lb/A in the September harvest. Future experiments will examine additional biological 

control treatments for management Septoria leaf spot in first and second year stevia crops.  

 

z Applications were made on 1 = 19 Aug and 9 Sept; N/A = not applicable. 
y Data was analyzed using PROC GLIMMIX in SAS (version 9.4); LSmeans were separated 

using paired t-tests (α= 0.05). Treatments followed by the same letter are not significantly 

different. 
x Treatment effect within each trial. 

 

Treatment and rate/A Application 

timingz 

Mean % 

disease 

severityy 

16 Sept 

Yield 16 

Sept 

(lb/A)  

Mean % 

disease 

severity 

26 Oct 

Yield 26 

Oct 

(lb/A) 

Serenade Opti 190 fl oz 1 40 A 3272 A  74 A 2151 A  

Kocide 3000 1lb 1 43 A 2542 A  82 B 1697 A 

Unsprayed Control N/A 41 A 2939 A  82.5 B 2036 A 

Pr >Fx  0.4 0.6 0.0039 0.6 
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Appendix D: 

First report of Tomato spotted wilt virus in Stevia rebaudiana in North Carolina. 
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Tomato spotted wilt virus (TSWV) (genus Tospovirus, family Bunyaviridae) is an important 

plant pathogen on vegetables, ornamentals, and field crops across the southeast US (1). 

TSWV was first detected in North Carolina in 1988 in tobacco and tomato fields (2). Stevia 

(Stevia rebaudiana (Bertoni) Bertoni) is an emerging perennial crop in the United States, 

grown for 3 to 5 years with two harvests per growing season. Stevia leaves contain numerous 

glycosides that are extracted for use as a natural noncaloric sweetener. In current production 

practices, stevia plants are started from seed in a greenhouse system and transplanted to the 

field 8-10 weeks after germination. In February 2015, virus-like symptoms were observed on 

stevia plants in a research greenhouse in Raleigh, North Carolina. The plants were removed 

from field plantings in the fall and moved to the greenhouse for overwintering. Symptoms 

began as mottling, distortion, and chlorosis of leaves and progressed to include necrotic leaf 

lesions, stem lesions, severe dieback, and plant death.  Adult thrips, identified as 

Frankliniella occidentalis, were wide spread throughout the greenhouse and on plant 

material. Leaf tissue from symptomatic plants was collected for Immunostrip testing (Agdia 

Inc., Elkhart, IN).  All symptomatic tissue collected tested positive for TSWV and negative 

for Impatiens necrotic spot virus (INSV). Diagnosis was further confirmed through sequence 

analysis of a nucleocapsid (N) protein gene fragment amplified by reverse transcription 

polymerase chain reaction (RT-PCR).  RNA was extracted from symptomatic tissue, and 

cDNA template was generated using Protoscript II Reverse Transcriptase (New England 

BioLabs Inc.) and amplified using nucleocapsid primers TSWVNC5’PCI 5’-

AATTACATGTCTAAGGTTAAGCTCACTAAGG -3’ and TSWVNC3’XBA 5’-

AATTTCTAGATTAAGCAAGTTCTGYGAGTTTTGCC-3’ (Sit et al., unpublished). The 

amplified sequences of the RT-PCR products were 99% identical to TSWV NC-34 N-gene 
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sequence in GenBank (DQ777221.1). This is the first known report of TSWV infection in 

stevia in the United States. In 2007, Chatzivassiliou et al. observed viral symptoms in stevia 

in Greece and reported TSWV as the causal agent. 
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Figure D.1: Symptoms of tomato spotted wilt virus in Stevia rebaudiana. A) Mottling, 

distortion, and chlorosis of leaves. B) TSWV vector Frankliniella occidentalis. C) Necrotic 

stem lesions. D) Necrotic leaf lesions and dieback. 
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Appendix E: 

First report of Pythium root rot of stevia caused by Pythium myriotylum, Pythium 

irregulare, and Pythium aphanidermatum in North Carolina. 
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Stevia (Stevia rebaudiana (Bertoni) Bertoni) is an emerging perennial crop in the United 

States. In current production practices, stevia is started from seed in a greenhouse float tray 

system and 8 to 10 week old seedlings are transplanted into the field. Diseased stevia 

seedlings were observed in commercial float systems in Harnett County, North Carolina in 

June 2015 and 2016. Symptoms included stunting, leaf curl, wilting, root necrosis, and 

eventual total root loss. Necrotic root tissue was rinsed under running water, blotted dry, and 

cut into 1 cm pieces. Root pieces were plated on CMA-P5ARP (17 g/liter corn meal agar 

amended with pimaricin, ampicillin, rifampicin, and PCNB [Terraclor 75% WP, Southern Ag 

Insecticides, Inc.]) (Jeffers and Martin, 1986). Cultures were incubated at room temperature 

for 48 h and observed for colony morphology. Colonies resembling Pythium sp. were 

transferred to obtain pure cultures and pathogen identification was confirmed by sequencing 

the internal spacer (ITS) region of ribosomal DNA. DNA was extracted from mycelia with 

the PUREGENE DNA Isolation Kit for 10 to 20 mg of tissue (Qiagen, Valencia, CA) and 

subjected to a polymerase chain reaction using universal primers ITS 4,5. Isolates were 

identified as Pythium myriotylum (99% sequence identity with GenBank Accession No. 

HQ643704.1).  

A second Pythium species was isolated from root lesions on overwintering crowns dug from 

a field planting of stevia in Rocky Mount, NC in March 2016. The isolate was identified as 

Pythium irregulare (98 % sequence identity with GenBank Accession No. HQ643622.1). A 

third Pythium species was isolated from wilting field plants with root lesions in Clinton, NC 

in June 2016. Pathogen identification was confirmed using universal primers ITS 4,5 and 

isolates were identified as Pythium aphanidermatum (99 % sequence identity with GenBank 

Accession No. AY598622.2). Koch’s postulates were confirmed for each of the three species 
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on 15 week old stevia plants, cv. G3, grown in 8-cm diameter pots. Rice grains colonized by 

the isolates of P. myriotylum, P. irregulare, or P. aphanidermatum served as the inoculum. 

Four rice grains were buried 1 cm deep approximately 2 cm from the base of the plant in six 

test pots for each species. Plants were observed over a three-week period for symptom 

development at which time root necrosis was evident on all inoculated plants. Non-

inoculated plants did not develop symptoms. All Pythium species were re-isolated from 

respective symptomatic plants and species identifications were confirmed by sequencing and 

morphology (G. Abad, unpublished, van der Plaats-Niterink, 1981). To our knowledge, this 

is the first report of P. myriotylum, P. irregulare, and P. aphanidermatum causing root rot of 

S. rebaudiana. Float systems used to produce stevia are highly conducive to the development 

of Pythium root rot. At this time, no fungicides are registered for stevia so strict sanitation 

and cultural measures are necessary to prevent seedling losses in float systems.  
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Figure E.1: Symptoms of Pythium root rot caused by P. myriotylum on stevia in float tray 

production in North Carolina: (A) Stunting of float tray seedlings (B) Multiple plants 

exhibiting leaf curl symptoms (C) Necrosis and death of seedling roots (D) Root lesions  
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Appendix F: 

First report of charcoal rot of stevia caused by Macrophomina phaseolina in North 

Carolina. 
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Stevia (Stevia rebaudiana (Bertoni) Bertoni) is an emerging perennial crop in the United 

States. Small black root lesions were first observed on overwintering crowns dug in March 

2016 from a field planting of stevia in Rocky Mount, NC. Similar root lesions were observed 

on first year plants in Kinston and Rocky Mount, NC throughout the 2016 growing season in 

fields with a history of soybean and corn rotations. Isolations from lesions were made on 

potato dextrose agar amended with 50 µg/ml of streptomycin sulfate and penicillin G. 

Isolations were incubated at room temperature (22 to 25C) for 1 week and observed for 

colony morphology. Grey-black colonies that became dark with age were isolated into pure 

culture. Hyphae were septate with barrel-shaped cells, and numerous 50-150 µm 

microsclerotia resembling those produced by Macrophomina (Kaur et al., 2012) were 

present. Pathogen identification was confirmed by sequencing the internal spacer (ITS) 

region of ribosomal DNA. DNA was extracted from mycelia with the Qiagen DNEasy Plant 

Mini Kit (Qiagen, Valencia, CA) and subjected to a polymerase chain reaction using 

universal primers ITS 4,5. Isolates were identified as Macrophomina phaseolina (100% 

sequence identity with GenBank Accession No. KF951775.1). Koch’s postulates were 

confirmed on 10 week old stevia plants, cv. G3, grown in 8-cm diameter pots in the 

greenhouse. Ten 6.75 mm agar plugs were buried 1-cm deep approximately 2 cm from the 

base of the plant in each of six replicate sterile pots. Plants were observed over a six-week 

period for symptom development at which time root necrosis similar to field symptoms was 

evident on all inoculated plants. Non-inoculated plants did not develop symptoms. M. 

phaseolina was re-isolated from necrotic inoculated roots and confirmed by morphology and 

sequencing. To our knowledge, this is the first report of M. phaseolina causing charcoal rot 

of stevia in North America. Hilal and Baiuomy (2000) reported M. phaseolina as the causal 
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agent of charcoal rot on stevia in Egypt. At this time, no fungicides are registered for stevia. 

Since stevia is often grown as a perennial rotation crop, and M. phaseolina was present year-

round in roots of stevia, it will be important to determine if this pathogen becomes more 

damaging over a three year production cycle and reaches levels that may have negative 

impacts on rotation crops.  
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Appendix G: 

Disease Dynamics of Sclerotinia sclerotiorum on Stevia in North Carolina. 
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