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     ABSTRACT 

 

THE RELATIONSHIP OF Ilyonectria TO REPLANT DISEASE OF AMERICAN GINSENG (Panax 

quinquefolius) 

  

Behrang Behdarvandi      Advisor: 

University of Guelph, 2020                   Professor Paul H. Goodwin 

 

Ginseng replant disease involves the high mortality of ginseng plants (Panax quinquefolius) 

growing in fields previously used for ginseng cultivation, and is linked to root rot caused by 

Ilyonectria mors-panacis. One hypothesis for replant disease is that there is a selection for 

highly virulent isolates in the first crop, but no significant differences in root lesion size were 

observed among 12 isolates of I. mors-panacis and four isolates of Ilyonectria robusta obtained 

from diseased roots of ginseng in replant or non-replant soil. However, the average growth rate 

on potato dextrose agar for I. robusta isolates was greater than for I. mors-panacis, and the 

average virulence was greater for isolates with greater hyphal pigmentation in culture. Based on 

nucleotide sequences of all exons of the genomes, the I. robusta isolates were distinguishable 

from the I. mors-panacis isolates, which were divided into types 1 and 2. The division of I. 

mors-panacis into types was not related to virulence but to secretome sequence differences, 

particularly small secreted cysteine-rich proteins and secreted lipases. Treatment of ginseng 

roots with replant soil extract, but not ginseng root extract or non-replant soil extract, increased 

lesion sizes of roots inoculated with I. mors-panacis compared to water. Increased lesion size 

was related to a reduced response to I. mors-panacis infection in expression of five genes 

related to jasmonic acid (JA), ethylene (ET) or necrotrophic infection, whereas expression of a 



iii 

 

salicylic acid (SA) related gene was increased. Formation of JA/ET related immunosuppressing 

compounds in replant soil may be due to soil bacterial activity as ginseng root extracts could be 

converted into unknown immunosuppressing compound(s) when incubated in culture medium 

with an isolate of Pseudomonas plecoglossicida obtained from replant soil. Higher growth of 

the bacterium with ginseng root extract compared to medium alone indicated that root extract 

acted as a nutrient. It is hypothesized that ginsenosides and/or other ginseng root compounds 

enter soil where they are microbially converted into immunosuppressing compounds against the 

JA/ET defense response of ginseng to I. mors-panacis infection following uptake by roots. 

Prolonged immunosuppression could increase levels of root rot contributing to ginseng replant 

disease.   
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Chapter 1: Introduction and literature review 

1.1. Ginseng history and significance  

  Ginseng (Panax spp.) is a perennial herbaceous plant belonging to the Araliaceae family 

(McRae 1921). It is known as a medicinal herb and has been used in traditional Chinese 

medicine for more than 5000 years after its initial discovery in Manchuria, China.  The genus 

name, Panax, (Pan: all; anax: medicine) means “cure all” in Greek, and has been also named 

ginseng due to its man-liked shape believed to represent the three essences such as body, mind, 

and spirit (Yun 2001). The first exportation of herbal plants including ginseng has been 

documented in 14
th

 century from China to other areas of eastern Asia (Pan at al. 2014). Ginseng 

then became popular throughout the world in the late 1800s (Proctor & Bailey 1987).  The value 

of ginseng lies in the secondary metabolites including ginsenosides (teriterpenoid saponin) 

(Zhong & Yue 2005), purported granting the plant pharmaceutical properties such as health 

tonic, roborant, blood circulating and tranquilizing activities (Liu & Xiao 1992). In addition to 

ginsenosides, ginseng contains other health beneficial components, such as flavonoids, fatty 

acids, vitamins, and polysaccharides (Proctor 1996). In summary, the uses of ginseng include but 

are not limited to pathological conditions, poison detoxification, and reduction of fever, fatigue, 

and hemorrhage/impotence (Xiang et al. 2008). Recently, studies have also shown that ginseng 

extracts have beneficial effects on stress management, mental cognition, cholesterol control, 

cardiovascular disease, cancers, immune deficiency and hepatotoxicity (Yun & Choi 1995; 

Xiang et al. 2008). All parts of a ginseng plant contain these active human health components 

(Liu & Xiao 1992); however, the plant is generally harvested for its fleshy and highly valued 

taproot (Proctor 1996).  
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1.2. Species, geographical distribution, and ecology 

 There are 16 ginseng species. Panax ginseng (Chinese ginseng), P. pseudoginseng, P. 

notoginseng, P. japonicus, P. zingibernsis, P. stipuleanatus P. assamicus, P. bipnnatifidus, P. 

angustifolius, P. major, P. sinensis, P. sikkimensis, and P. wangianus (Choi & Wen 2000),  P. 

sokpayensis (Sharma & Pandit 2009) are native to central and eastern Asia including Himalaya, 

India, China, and Japan (Choi & Wen 2000; Sharma & Pandit 2009), and Panax quinquefolius 

(American ginseng) and P. trifolius (dwarf ginseng) are indigenous to eastern North America (Li 

1995). Among ginseng species, the major economically important species are P. ginseng and P. 

quinquefolius (Proctor 1996).  

Panax quinquefolius naturally grow under canopies of hardwood forests (Proctor & 

Bailey 1987) that let the plant receive diffused solar radiations (~20-30% of direct sunlight), and 

adequate soil moisture (OMAFRA 2016). Leaf mulches in forests also protect roots from low 

temperature in winter and drought in summer providing a specific growth condition for plants to 

survive and grow (Proctor & Bailey 1987; Proctor et al. 2003). Growth is favored by well-

drained soils with silt loam to sandy loam texture with high organic matter.  It can tolerate a wide 

pH range from 4.5 to 7.4 (Proctor & Bailey 1987); however, slightly acidic soils between pH 5-6 

are preferable (Randall & Cook 2013). Panax spp. require soil moisture of ~60-65 % of field 

capacity for optimal growth and development. Deficiency or overabundance of water results in 

reduction of the growth rate between 30 to 100% (Mork et al. 1981). Seed germination occurs 

when seeds are subjected to cool-warm-cool temperatures (stratification) between 3 to 21 °C for 

about 20 months. The optimal temperatures for embryo development, germination and plant 

growth is between 15-25 °C (Lee et al. 1983). 

1.3. Panax quinquefolius  
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Panax quinquefolius is closely related to P. ginseng (almost identical in appearance) and 

is one of the most economically significant species of Panax (Schorger 1969; Carpenter & 

Cottam 1982). It inhabits eastern Canada in southwestern Quebec and southern Ontario, and has 

been found in Minnesota, South Dakota, Georgia, Louisiana and Oklahoma in the U.S.A 

(Anderson et al. 2002). Dominant plant species in these areas generally are sugar maple (Acer 

saccharum), white ash (Fraxinus americana), hickory (Carya spp.), and bitternut hickory (Carya 

cordiformus) (Sinclair 2008). In 1716, P. quinquefolius was first identified near Montreal by the 

Jesuit Father Lafitau, and French traders began to export it to China within the following year 

(Persons 1994). Over-harvesting the wild ginseng resulted in the disappearance of many ginseng 

populations by the mid to late 1800's leading to initial attempts at cultivation of ginseng (Persons 

1994). The first known cultivation of P. quinquefolius was in the 1870's by Abraham Whisman 

in Virginia and George Stanton in New York (Persons 1994). In Canada, P. quinquefolius is 

primarily cultivated in Ontario, Quebec and British Columbia (Sinclair 2008). In Ontario, all 

ginseng is cultivated since harvesting of wild ginseng is forbidden by the Endangered Species 

Act, 2007 (OMAFRA 2015). 

1.4. Cultivation of Panax quinquefolius in Ontario  

Since P. quinquefolius naturally inhabits hardwood forests, the plant must be cultivated 

either under forest conditions or artificial shade (Proctor 1996), which makes the production of 

ginseng highly expensive (Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) 

2016). It can be cultivated artificially by three different methods: 1) field-cultivated where 

ginseng is planted in agricultural fields under shade;  2) woods-grown where ginseng is planted 

in forests with regular agricultural practices including soil preparation, fertilization and pest 

control management and 3) wild-stimulated where ginseng seeds are planted in the natural 
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habitat without any agricultural practices. In commercial cultivation of field-cultivated P. 

quinquefolius, different land preparation practices including application of manure/fertilizers, 

fumigation, bed formation, and construction of the shades structure which all occur before 

seeding.  

 In Ontario, the preferred soil pH is 6.5 and if the pH is lower, the soil can be limed using 

calcitic or dolomitic limestone; however, if the pH is higher, sulphur or ammonium sulphate is 

used. Depending on soil analyses, different types and amount of macronutrient fertilizers 

including N, P, and K are applied into the soil of ginseng gardens in the required amount. 

Excessive N results in lower yield and quality of ginseng root. Phosphorus which has a 

significant effect on ginseng root growth is applied in new gardens.  Phosphorus deficiency in 

the soil results in pencil-like or small roots. Micronutrients, such as manganese, zinc, copper and 

boron, can be also applied based on the soil requirement. In addition, fumigation is applied as a 

regular practice of ginseng cultivation a few months before seeding to control/limit pathogenic 

soil microorganisms. The fumigants are injected into the entire field, and depending on the type 

of fumigant, the field is sealed for 7-14 days by plastic tarps or received overhead irrigation 

and/or rolling after fumigation.  Due to a limited penetration of fumigants into soil clumps and 

organic matter, the fumigation cannot completely control the soil-borne pathogens (OMFARA 

2015).  

Panax quinquefolius bed strips are formed with 180 cm distance (center to center), and 

parallel to each other, at 20-30 cm high. The seeding is done in September at the rate of 112-123 

kg/ha producing 204-225 plants/m
2
; however, the number of standing plants usually decrease in 

the third and fourth years to 100 and 70 plant/m
2
 respectively. Mulches, such as rye or wheat 

straw or bark, are applied (5-10 cm) on the bed surface immediately after seeding in the fall. The 
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seedlings emerge in the next spring (April/May), and artificial polypropylene shade structures 

are pulled over the entire cultivated area to prevent the direct sunlight on the field to conserve 

soil moisture and moderate the soil temperature in the summer.  Plants do not usually require 

irrigation due to the presence of mulch and shade; however, solid-set and drip are the most 

common irrigation methods in ginseng production. The plants start showing symptoms of 

senescence, such as reddening/purpling of leaves in late summer and become completely yellow 

in October. At this time, the shades are tied back, and straw mulch is added on the surface (if 

required), and the plants begin the second year of their life cycle (OMFARA 2015).  

Panax quinquefolius is usually harvested at the end of the third or fourth year; however, 

harvesting time is dependent on the purpose of the production. At the time of harvest, the shade 

and mulch are removed, and modified potato diggers bring up the roots on the bed surface, and 

the roots are collected by hand or move the roots up a conveyor directly into a bin. The roots 

must be taken out as soon as possible since they can be infected by pathogenic microorganisms. 

The quality of the root is evaluated in traditional markets based on the root appearance such as 

skin and interior color,  wrinkling of the surface, and scent or taste; however, non-traditional 

markets evaluates the quality of ginseng roots based on medicinally active components of the 

root such as ginsenosides, polysaccharides, gypenosides, and alkaloids (OMFARA 2015).  

Among ginseng species, only a few species including P. quinquefolius (Li 1995), are 

economically important (Anderson et al. 1993). In Ontario, the industry dramatically expanded 

in 1980’s and consequently made the plant one of the most significant horticultural crops in 

Ontario. It is estimated about $300,000,000 per annum export value of P. quinquefolius industry 

in Ontario (Westerveld 2015). The price of P. quinquefolius varies every year and mostly 

depends on the method of its cultivation. For instance, the price of wild stimulated P. 



 

 

6 

 

quinquefolius was reported to be $275 to $1100 per kg compared to field-cultivated roots at $13 

to $26 per Kg (Anderson et al. 2002), and the average production is 2400 lb of dried roots per 

acre with $17/lb in Canada. In addition to the dried roots, seeds are also sold at $50/lb 

(OMFARA 2016).  

1.5. Ginsenosides as secondary metabolites of ginseng 

 Secondary metabolites are organic compounds that are not directly involved in an 

organism’s normal growth, development or reproduction (Croteau et al. 2000). Many secondary 

metabolites of plants act as defense agents against environmental stresses (biotic and abiotic) 

(Bernard et al. 2011). Ginsenosides are secondary metabolites that belong to a subclass of 

triterpenoid saponins which are glycosylated natural products with soap-like properties (Bernard 

et al. 2011). A ginsenoside structure contains three parts, a hydrophobic four-ring alicyclic 

backbone, an attached carbohydrate portion and an aliphatic side chain (Im & Nah 2013). Based 

on the skeleton of aglycones, ginsenosides are classified into two main groups: dammarane and 

oleanan. Oleanane types of ginsenosides have a pentacyclic triterpene skeleton with attached 

sugars, such as Glc-GlcA-O (Christensen 2009; Kim et al. 2015). Dammarane types of 

ginsenosides have a tetracyclic triterpene skeleton with sugars (Bernards et al. 2011), such as β-

D-glucopyranosyl, α-L-glucopyranosyl, α-L-arabinofuranosyl, α-L-rhamnopyranosyl or xylose 

(Kim et al. 2015), attached to the both side at C-3 (or C-6) and C-20 (Fig 1.1). Dammarane-type 

ginsenosides are divided into four types based on the position of the attached saccharides and 

hydroxylation pattern of the parent aglycone: 1) protopanaxadiol (PPD) with an hydroxyl (– OH) 

group at C-3 and 20, such as Rb1, Rb2, Rc, Rd, F2 and G-XVII (Yousef & Bernards 2006; 

Kochkin et al. 2012),  2) protopanaxatriol (PPT) with an – OH group at C-6 and 20, such as 

Rg1,Rg2, Re and Rf (Kim et al. 2015), 3) ocotillol (OT) with epoxy rings attached to C-20, such 
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as R2 and 4) notoginsenoside I (only found in P. notoginseng) such as notoginsenoside R1 (Kim 

et al. 2015). In total, more than 100 ginsenosides have been isolated from the roots of different 

ginseng species (Im & Nah 2013), but only six ginsenosides in P. ginseng, Rb1, Rb2, Rc, Rd, Re 

and Rg1, comprise over 80% of its total ginsenosides in the root (Noh et al. 2009). 

Ginsenosides are produced as side branches of cytosolic mevalonate pathway (MVA), by 

cyclization of 2, 3-oxidosqualene mainly mediated by dammarenediol synthase (DDS) or β-

amyrin synthase (β-AS) (Sawai & Saito 2011). The MVA pathway (Figure 1.2) begins with 

acetyl-CoA in presence of acetyl-CoA C-acetyltransfrase (AACT), which is then converted into 

isopentenyldiphosphate (IPP) and eventually 2, 3-oxidosqualene through a series of reactions. 

IPP can be also synthesized in the methylerythriol phosphate pathway (MEP) in plastid and 

transferred to the MVA pathway. 2, 3-oxidosqualene can be either converted directly into sterols 

or precursors of ginsenosides in organisms, such as ginseng. To produce ginsenosides, 2, 3-

oxidosqualene is converted into dammarenediol, which can be converted into PPD-type 

ginsenosides (Rb1, Rb2, Rc, Rg3, Rh2, Rd, F2) and PPT-type ginsenosides (Re, Rg1, Rg2, Rh1 

and Rf) (Fig 1.2). Alternatively, 2, 3-oxidosqualene can be converted into β-amyrin to eventually 

synthesize an oleanane-type ginsenoside (Ro) (Kim et al. 2015). 

In P. quinquefolius, there are over 25 different ginsenosides with Rb1, Rb2, Rc, Rd, F2 

and G-XVII, belonging to PPD types, and Rg1, Rf and Re belonging to PPT types being the most 

common species (Figure 1.1). Among those, Rb1, Rb2, Rc, Rd, Re, Rf and Rg1 are the major 

types of ginsenosides in P. quinquefolius (Wang et al. 2005), with Rb1, Rb2, Rc, Rd, Re, and 

Rg1 comprising about 85-90% of the total ginsenoside in P. quinquefolius root (Corbit et al. 

2005). All parts of P. quinquefolius including main and lateral roots contain ginsenosides but 

with unequal concentrations. The amount of total ginsenosides based on the dry weight of 
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different tissues of P. quinquefolius are about 3-8 % in the root (Court et al. 1996), ~ 7-8% of the 

leaves (wild American ginseng; Searels et al. 2013), ~ 10% in the fruit (Wang et al. 2006b) and ~ 

4% in the seeds (Ko et al. 2008) depending on the plant age. 

Ginsenosides in roots appear to be also secreted into the soil. Nicol et al. (2003) 

transplanted P. quinquefolius roots into coarse silica sand and grew the plants in pots for 3 

weeks. They reported that all the ginsenosides detected in the roots (F11, Rb1, Rc, Rd, Re and 

Rg1) were also recovered from daily washes of the sand by water using a root exudate trapping 

system. The amount was approimately 0.06% of the soil dry mass with an approximate secretion 

rate of 25 µg per plant per day (Nicol et al. 2003). Other species also appear to secrete 

ginsenosides. For example, P. notoginseng roots have over 65 mg g
-1

 of R1, Rg1, Re, Rb1, Rb3, 

Rg2 and Rd, while the same ginsenosides were recovered from three year cultivated soil at only 

5.87 µg g
-1

 (Yang et al. 2015). 

Ginsenosides have significant ecological roles (Yang et al. 2015). They are known as 

mild fungitoxic agents in comparison with aescin, a saponin mixture extracted from horse 

chestnut (Bernards et al. 2011); however, the stimulatory or inhibitory effects of ginseng 

ginsenosides on fungi are still unclear (Yousef & Bernards 2006). As a type of saponin, 

ginsenosides act against fungi by formation of pores in fungal membrane via formation of 

complexes with membrane sterols (Osbourn 1996). For instance, tomatine, a saponin produced in 

tomato, is likely capable of binding to 3-β-hydroxy sterols in fungal membranes (Martínez 

2012). Other triterpenoid saponins, such as avenacin produced in oat roots, exhibited antifungal 

activities on the growth and infection of Blumeria graminis f. sp. hordei, Bipolaris oryzae and 

Magnaporthe oryzae (Inagaki et al. 2013); however, fungi such as Gaeumannomyces  graminis 

var. avenae that are able to infect oat roots produce an enzyme to detoxify the saponins during 

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjU-qiisYfNAhWG8z4KHYU1CZkQFggbMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FGaeumannomyces_graminis_var._avenae&usg=AFQjCNGR7u3fhE9aISkoN9AdnEhmPVc9jw&bvm=bv.123325700,d.cWw
https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjU-qiisYfNAhWG8z4KHYU1CZkQFggbMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FGaeumannomyces_graminis_var._avenae&usg=AFQjCNGR7u3fhE9aISkoN9AdnEhmPVc9jw&bvm=bv.123325700,d.cWw
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infection of the plant (Osbourn 1996). Ginsenosides also showed inhibitory effects on the spore 

motility of Aphanomyces cochlioides (Ma et al. 1999), likely limiting the spread of the fungi.  

Genes related to ginsenoside biosynthesis including CYP450, encoding a cytochrome P450-

dependent monooxygenase is expressed upon the infection of P. ginseng root by pathogens 

including Cylindrocarpon destructans (Gao et al. 2016).  

In contrast, the ability of crude ginsenosides to stimulate the growth of Phytophthora 

cactorum in culture containing ginsenoside at 5 mg mL
-1

, and of Pythium irregulare growth at 

low concentrations of ginsenosides (0.1 mg mL
-1

) has been reported (Nicol et al. 2003). 

Ginsenosides could also stimulate the growth of C. destructans in V8 culture containing 0.04 mg 

mL
-1

 of total ginsenosides extracted from root of P. ginseng (Zhao et al. 2012a), while inhibiting 

the growth of non-pathogenic fungi such as Tricoderma hamatum at 1 mg mL
-1

 of crude 

ginsenoside concentration (Nicol et al. 2002; Yousef & Bernards 2006). Zhao et al. (2012a) also 

reported that the growth of five fungi including Cladosporium fulvum, Alternaria porri, 

Alternaria solani, Fusarium oxysporum and Aspergillus nidulans were promoted at 0.04 mg mL
-

1
 of total ginsenosides.  

  

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=7&cad=rja&uact=8&ved=0ahUKEwiY-d_QkdXMAhUKbz4KHR3oCVwQFggxMAY&url=http%3A%2F%2Fwww.plantphysiol.org%2Fcontent%2F77%2F3%2F642.full.pdf&usg=AFQjCNG1PW_oGy0ZuhM0ft8v0HZQS3v-Bg
https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0ahUKEwixyYSCktXMAhULVT4KHZ94CmcQFggbMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FAspergillus_nidulans&usg=AFQjCNFt-9ZxGnjPlll0q5erp8DQZhdi2A&bvm=bv.121658157,d.cWw
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Figure 1.1. Structures of common ginsenosides of Panax quinquefolius. (Adapted from Yousef 

& Bernards 2006). 
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Figure 1.2. Possible biosynthesis pathway for ginsenosides in Panax species. (Adapted from 

Kim et al. 2015). Pq, Panax quinquefolius; Pj, Panax japanicus; Pn, Panax notoginseng. 

Isopentenyldiphosphate (IPP) as triterpene structure can be formed from squalene though 

mevalonic acid (MVA) pathway, whereas the role of IPP from the 2-C-methyl-D-erytritol 4-

phosphate (MEP) pathway in contributing to ginsenoside biosynthesis is still unclear. Blue letters 

in pink box indicate common enzymes in other plants and red one in green box indicates unique 

enzymes in ginseng. Green dashed lines represent the unique diversified pathway for each Panax 

species indicated as Pg, Pq, Pj, and Pn mentioned above. Major ginsenosides of each of the four 

types are indicated in green: protopanaxadiol (PPD)-type, protopanaxatriol (PPT)-type, 

oleanane-type and ocotillol-type. ++Compound K (CK) and new compound 20S-O-β-(D-

glucosyl)- dammarenediol II (DMG) produced in vitro in the yeast system using the identified P. 

ginseng glycosyltransferas.. AACT, Acetyl-CoA C-acetyltransferase; HMGCoA, 3-hydroxy-3-

methylglutaryl-CoA; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3-

methylglutaryl-CoA reductase; MVK, mevalonate kinase; MVP, mevalonate phosphate; PMK, 

phosphomevalonate kinase; MVPP, diphosphomevalonate; MVD, mevalonate diphosphate 

decarboxylase; FPP, farsenyldiphosphate; DMAPP, dimethyl ally diphosphate; IDI, isopentenyl-

diphosphate delta-isomerase; DXP, 1- deoxy-D-xylulose-5-phosphate; MEP, methylerythritol 

phosphate; FPS, farnesyl diphosphate synthase; SS, squalene synthase; SE, squalene epoxidase; 

DDS, dammarenediol synthase; β-AS, β-amyrin synthase; CAS, cycloartenol synthase; LAS, 

lanosterol synthase; PPDS, protopanaxadiol synthase; PPTS, protopanaxatriol synthase; CYP, 

cytochrome P450; GT, glycosyltransferase; UGT, UDP-glycosyltransferase; Dotted line displays 

putative pathway.  
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1.6. Bioconversion of ginsenosides 

The strong pharmacological activities of ginsenosides (Yang et al. 2015) appear to be due 

to the bioactivity of minor ginsenosides (He et al. 2012) resulting from the deglycosylation of the 

major ginsenosides by microorganisms present in the human intestine (Jin et al. 2012) or ginseng 

soil (Qin et al 2007). Microbial enzymes, such as β-glucosidase (glucoside hydrolases) (Quan et 

al. 2012a, b), rhamnosidase (Yu et al. 2002), arabinosidase (Shin et al. 2003a, b), xylosidase 

(Shin et al. 2003b), glycoside oxidoreductase (Kim et al. 2012) can remove sugars from 

ginsenosides (Leung and Wong 2010). Other microbial enzymes, such as α-amylases, β-

amylases, emulsin, hesperidinases, cellulases and naringinases, have been also shown 

deglyosylating activity against PPD-type ginsenosides (Yang et al. 2015).  

 Some examples of genes for enzymes for deglycosylating ginsenosides include the 

recombinant bgp1 gene encoding a β-glucosidase from a Microbacterium esteraromaticum 

isolate obtained from P. ginseng soil, which converted Rb1 to Rg3 likely by hydrolyzing two 

glucose moieties from the C20 position (Quan et al 2012). Another example is the BgpA gene 

encoding a β-glucosidase from an isolate of Terrabacter ginsenosidimutans found in ginseng soil 

that hydrolyzed 2 glucoses at position C3 and one glucose at position C20 to convert Rb1 to 

gypenosides XVII and LXXV (An et al. 2010). In other cases, the genes were not identified but 

purified enzyme was used, such as purified α-L-arabinopyranosidase and α-L-

arabinofuranosidase from Biofidobacterium berve K-110 isolates from human intestinal 

microflora that hydrolyzed an arabinose from the C20 position converting Rb2 and Rc into Rd 

(Shin et al. 2003). Another example is the purified β-glucosidase (G-I) from Cladosporium 

fulvum that hydrolyzed a glucose at the C20 position of Rb1 converting it to Rd (Gao et al. 

2010).  



 

 

14 

 

In many cases, the gene or enzyme has not been determined, but cultivation of a microbe 

with ginsenosides resulted in the formation of partially deglycosylated ginsenosides. Conversion 

of PPD-type ginsenosides Rb1 to F2 and Gypenoside XVII was found for the fungi 

Intrasporangium sp. GS603 (Qin et al. 2007).  Conversion of Rb1 to Compound K (CK) was 

found for the fungus Fusarium sacchari (Han et al. 2010), and conversion of Rb1 to Rd was 

found for the fungus Aspergillus niger (Feng et al.2016).  For bacteria, conversion of Re and Rh1 

to Rh4 was found for Bacillus subtilis (Hong et al. 2006), Rb2 and Rb3 to Rd was found for  

Lactobacillus plantarum (Jung et al. 2019), Rb1 to Rd was found for  Burkholderia pyrrocinia, 

Bacillus megaterium and Sphingomonas echinoides (Kim et al. 2005), Rc to Rd was found for  

Caldicellulosiruptor saccharolyticus (Shin et al. 2013), and Rb1 to Rg3 was found for  

Pediococcus pentosaceu and Leuconostoc mensenteroides (Park et al. 2017).   

1.7. Other secondary metabolites of Panax spp. 

Another important secondary metabolites in ginseng are reactive oxygen species (ROS) 

(Gao et al. 2016), causing oxidative damage in plants (Apel & Hirt 2004). These molecules are 

mainly produced by superoxidase and hydrogen peroxidase in plants under adverse conditions 

including biotic stress like pathogenic attack or abiotic stress like high temperature, high light 

and drought (Apel & Hirt 2004). They also act as signaling molecules, such as for initiating 

defense mechanisms resulting in programmed cell death (Apel & Hirt 2004). Gao et al. (2016) 

reported that many ROS-related genes were expressed in P. ginseng upon infection by C. 

destructans (Gao et al. 2016). The expressions of ROS-related genes also cause up-regulation of 

genes related to scavenging ROSs to enhance resistance against oxidative stresses (Apel & Hirt 

2004). Sathiyaraj et al. (2011) reported increased expression of genes for superoxide dismutase, 
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glutathione peroxidise and glutathione synthase (PgSOD, PgGPX and PgGS, respectively) in P. 

ginseng by infections of pathogens including C. destructans. 

Alkaloids are another major group of secondary metabolites in Panax spp. They are low-

molecular weight, nitrogen-containing compounds that act as toxins against plant pests and 

pathogens (Facchini 2001). In P. ginseng, the alkaloids, Ns-formylharman, ethyl g-carboline-t-

carboxylate and perlolyrine, were found in dried roots (Han et al. 1986) and ginsenine from 

berries (Wang et al. 2006a). Genes for enzymes of alkaloid biosynthesis, such as aspartate 

transaminase, primary-amine oxidase, strictosidine synthase, polyneuridine-aldehyde esterase, 

histidinol-phosphate transaminase and polyphenol oxidase were expressed in roots, shoots and 

flowers of P. notoginseng (Liu et al. 2015). 

Phenolic compounds are an important type of secondary metabolites in Panax spp.  (Ali 

et al. 2006). Phenols possess aromatic rings with hydroxyl groups (Balasundram et al. 2006). 

They are involved in strengthening of plant structure and can be produced when plants are 

subjected to stresses, such as UV light, pathogen attack and low temperature (Dixon & Palva 

1995). They are produced via the shikimate/phenylpropanoid pathway or the polyketide 

acetate/malonate pathway (Cheynier et al. 2013). In P. ginseng, lignin content increased when 

the root of P. ginseng infected by C. destructans compared to the healthy roots (Ronglin 1989). 

Also, lignin accumulated in P. ginseng roots grown in culture containing Cu
2+

 (≥ 5 µM) causing 

oxidative injury (Ali et al. 2006).    

Plant hormones are also important secondary metabolites that have been studied in P. 

ginseng. They are important in regulating growth as well as plant stress responses, such as 

salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) (Wasternack & Hause 2013).  For 

instance,  C. destructans infection caused an increase expression in several functional categories 
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of genes related to ET binding, ET biosynthetic process, ET-activated signaling pathway, 

negative regulation of ET-activated signaling pathway, response to ET and ET-dependent 

systemic resistance, as well as  JA-mediated signaling pathway in P. ginseng (Gao et al. 2016).  

1.8. Panax spp. diseases 

  The major foliar fungal pathogens of ginseng are Phytophthora spp., Alternaria spp., and 

Botrytis spp. causing leaf/stem blights, spots, and blotches (Punja 1997). Foliar bacterial disease 

caused by Pseudomonas cichori in P. pseudoginseng was also reported with symptoms of small 

dark brown spots on central leaf veins and surrounding area causing witling and eventually plant 

death (Gvozdyak & Pendus 1988).   

 Some of the major ginseng root soil-borne bacteria such as Pseudomonas aeruginosa can 

also cause root rot in ginseng by forming water-soaked lesions with rapid development into the 

soft watery decayed mass on the roots (Gao et al. 2014). Other bacteria such as Erwinia 

carotovora subsp. carotovora, E. carotovora subsp. atroseptica, and Pseudomonas caryophylli 

also cause bacterial soft rot on ginseng roots (Ronglin 2002).  

Soil-borne oomycetes, such as Phytophthora spp. including P. cactorum, can spread in 

non-well drained soil and wet conditions, causing symptoms of rotting on the roots with a 

distinctive pinkish-brownish appearance with cheesy texture interior discharging a clear running 

fluid when wilted tissues squeezed. Cleaning of equipment, removing infected plants and debris 

or soil from the vicinity, and using preventive fungicides are methods to manage the disease 

(Randall & Cook 2013; OMFARA 2015). Pythium spp. such as P. irregulare mostly infect 

seeds, young seedlings, and occasionally older ginseng plants (OMFARA 2015).  Pythium spp. 

are among the most common microbes in Ontario causing soft root rot in ginseng by producing 

exudation hydrolytic enzymes dissolving the root cells. This can damage lateral roots and limit 
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water/nutrients uptake by the host plant. The infected roots produce swollen lateral roots to 

overcome the deficiency of water and nutrients. Similar to Phytophthora spp., the growth and 

infection of Pythium spp. are promoted by excessive water in the soil as well as movement of 

infected soil to non-infected soils. To manage Pythium, fungicides and cultural methods such 

water management and sanitation can be applied to the gardens (Randall & Cook 2013; 

OMFARA 2015).  

Soil borne fungi, such as Rhizoctonia spp., Fusarium spp., and Cylindrocarpon spp., can 

cause root rots in ginseng (Reeleder & Brammall 1994; Punja 1997). Rhizoctonia spp., including 

R. solani, produce hyphae to form an infection cushion on the host plant root surface and infect 

the plant tissue (OMFARA 2015). They only produce sexual spores under specific cultural 

conditions in the lab (Dhingra & Sinclair 1995), and the teleomorph is in the basidiomycete 

genera Thanatephorus (Tredway & Burpee 2001). They are also able to form searching hyphae 

(runner hyphae), and move from one host to another to establish new infections. Since 

Rhizoctonia  spp. require good aeration condition for its activities, they mostly grow near the 

surface of the soil mainly infesting young ginseng root crowns or emerging seedlings and rarely 

attack older roots. Infected ginseng root appears rusty or with darkened-discolored lesion with 

dry and corky rot but not deep into the cortical cells. However, because of its infection, other 

pathogens including weakly virulent Cylindrocarpon sp. or bacterial pathogens can easily infest 

the tissue (Randall & Cook 2013; OMFARA 2015). Fusarium spp., particularly, F. solani can 

infect either foliar or root of ginseng especially on weakened or wounded plants in warm and wet 

soil. Infected ginseng roots show water deficient symptoms such as wrinkling and bending 

(Punja 1997; OMFARA 2015). Ilyonectria mors-panacis, I. liriodendra, I. cyclaminicola, I. 

robusta and I. venezuelensis within the I. radicicola complex (anamorph: Cylindrocarpon 
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destructans) have been also reported to cause root rot in P. ginseng (Seo et al. 2015).  

Cylindrocarpon destructans also causes basal rot of bulbs (Domech 1980), and root rots of 

conifers (e.g., douglas fir), apple (Sewell 1981) and grapevine (Petit & Gubler 2005). It is also 

associated with ginseng replant failure (Reeleder et al. 2002; Rahman & Punja 2005) and is often 

observed in ginseng gardens (OMFARA 2015). It can infect the root tips of all ages of plants 

with upwards progression (Seifert & Axelrood 1998). Symptoms include dry odoriferous 

orange/reddish-dark brown root rots partially or entirely decaying the roots of ginseng with 

wilted reddish-brown foliar parts that eventually kill the plant (Reeleder & Brammall 1994; 

Matuo & Miyazawa 1969; Seifert & Axelrood 1998; Hausbeck 2011). In gardens, the infected 

area concentrically expands as patches of wilted or died plants (Hausbeck 2011). 

1.9. Cylindrocarpon taxonomy and genetics  

Cylindrocarpon and its teleomorphs, Ilyonectria, contain 195 species (142 and 53 species 

respectively), according to Index Fungorum 2016 (www.indexfungorum.org). The genus belongs 

to the phylum Ascomycota and the family Nectriaceae. Cylindrocarpon was initially divided into 

the four different groups based on the presence and absence of micro- and macro-conidia and 

mycelial chlamydospores (Booth 1966); however, this taxonomical grouping was claimed to be 

unnatural because related species were located in different groups.  Based on rDNA sequence 

data of Neonectaria species having Cylindrocarpon anamorphs, the genus was re-grouped into 

three clades (Mantiri et al. 2001). Later, Chaverri et al. (2011) reclassified Neonectaria/ 

Cylindrocarpon-like genus based on multilocus analysis into five genera: 1) Ilyonectria gen. nov. 

(anamorph: Cylindrocarpon-like), 2) Neonectria sensu stricto (anamorph: Cylindrocarpon sensu 

strict, 3) Rugonectria gen. nov. (anamorph: Cylindrocarpon-like), 4) Thelonectria (anamorph: 

Cylindrocarpon-like), 5) Campylocarpon (anamorph: Cylindrocarpon-like).  

http://www.indexfungorum.org/
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Based on morphology and DNA sequence analysis of β-tubulin, histone H3, translation 

elongation factor 1-α and nuclear ribosomal RNA-internal transcribed spacer (nrRNA-ITS), 

Cabral et al. (2012) recommended a new classification for the Ilyonectria radicicola species 

complex. They described 18 species out of 68 strains with 14 new species, I. anthuriicola, I. 

crassa, I. cyclaminicola, I. europaea, I. gamsii, I. liliigena, I.lusitanica, I. mors-panacis, I. 

panacis, I. pseudodestructans, I. robusta, I. rufa, I. venezuelensis, and I. vitis as well as 4 

previously described species, I. radicicola, I. liriodendri, I. macrodidyma and I. coprosmae. 

However, Lombard et al. (2014) moved I. anthuriicola, I. macrodidyma and I. vitis into a new 

genus, Dactylonectria, and Lombard et al. (2015) named C. destructans as Ilyonectria 

destructans,  based on phylogenetic analysis of multi-gene sequences consisting of the 28s large 

subunit (LSU) nrDNA, internal transcribed spacer and intervening 5.8 nrRNA gene (ITS), large 

subunit of the ATP citrate lyase (acl1), RNA polymerase II largest subunit (rpb1), RNA 

polymerase II second largest subunit (rpb2), α-actin (act), β-tubulin (tub2), calmodulin (cmdA), 

histone H3 (his3) and translation factor 1-α (tef1) genes. Lombard et al. (2015) used the name I. 

destructans instead of I. radicicola as used by Cabral et al. (2012) because the name C. 

destructans was generated in 1918 before the name C. radicicola was generated in 1924 

(Lombard, personal communication). Therefore, the I. radicicola complex contains 15 species 

consisting of, I. coprosmae, I. crassa, I. cyclaminicola, I. destructans, I. europaea, I. gamsii, I. 

liliigena, I. liriodendri, I. lusitanica, I. mors-panacis, I. panacis, I. pseudodestructans, I. robusta, 

I. rufa and I. venezuelensis. However, Lombard et al. (2015) only lists five species in the genus, 

I. capensis, I. coprosmae, I. destructans, I. leucospermi and I. liriodendri. In this study, the 

Cabral et al. (2012) and Lombard et al. (2014) classification systems will be considered. 
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Of these species, Cabral et al. (2012) listed I. mors-panacis, I. crassa, I. robusta and I. 

panacis as being isolated from Panax spp., and Cabral et al. (2012) also found that the histone 

H3 sequence could resolve the same number of species as the combined four genes. Using the 

histone H3 sequence, Seo et al. (2015) identified I. mors-panacis, I. liriodendra, I. 

cyclaminicola, I. robusta and I. venezuelensis as pathogens of ginseng roots based on multiple 

isolates obtained from P. ginseng roots in Korea.  

 Varietal and forma specialis classification systems have also been reported for C. 

destructans. Three varieties have been described: C. destructans var. destructans (Seifert & 

Axelrood 1998), characterized with faster growth and formation of micro-macroconida and 

chlamydospores, C. destructans var. crassum which also produce micro- macroconidia and 

chlamydospores with no distinct growth rate (Booth 1966), and C. destructans var. coprosmae,  

which has slower growth and does not form discrete chlamydospores (Samuels & Brayford 

1990). The forma specialis classification system divides C. destructans based on host. 

Cylindrocarpon destructans f. sp. panacis shows specificity to ginseng (Matuo & Miyazawa 

1969), and with its morphological traits and disease symptoms resembling C. destructans (Matuo 

& Miyazawa 1984).  Based on ITS and β-tubulin sequences, Seifert et al. (2003) showed that  

highly aggressive strains to ginseng clustered together with isolates of C. destructans f. sp. 

panacis, while other less aggressive strains clustered in another group closely related to different 

Cylindrocarpon species.  

1.10. Cylindrocarpon destructans (I. radicicola complex) disease cycle 

Cylindrocarpon spp. including C. destructans survive away from roots as a saprophyte in 

the soil (soil inhabitant) in organic debris. It mainly relies on mycelial growth spreading to the 

neighboring plants or substrates (Sutherland et al. 1999). Similar to Fusarium spp. (Brayford 
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1996), which is a closely related species (Guadet et al. 1989), the fungus long term survival 

likely depends upon resistance of chlamydospores which can survive for many years in the soil. 

As C. destructans can survive in a low oxygen concentration, it can occur not only in upper 

levels but in lower levels of the soil horizon (Sutherland et al. 1999).   

  If a susceptible plant grows nearby, the fungus will recognize the host signaling 

compounds, such as ginsenosides exuded from ginseng root (Zhuang et al. 2013). Similar to 

Fusarium spp. (Schmale et al. 2003), infection likely occurs when chlamydospores germinate in 

the soil or micro- and macroconidia germinate on the surface of the host plant producing 

mycelium. The fungal hyphae enter the host plant usually through the wounds and colonize the 

host root by growing hyphae (Domsch et al. 1980), usually begin from the root tips (Seifert & 

Axelrood 1998), but not root meristem (Buscot et al. 1992).  

Following infection, C. destructans can produce hydrolytic enzymes, such as pectin lyase 

(Sweetingham 1983), laccases, and proteases degrading the roots of the host plants (Pathrose 

2012). The fungal hyphae invade epidermal cells and colonize them, likely as a necrotroph. The 

fungal hyphae then infect root cortical cells. The cortical cells modify and produce polyphenolic 

materials along the tonoplast and around the nuclei, which exhibit dense chromatin likely due to 

antimitotic effects of C. destructans toxins (Buscot et al. 1992), such as necrolide (Evans et al. 

1967). The fungal hyphae grow inter- and intracellularly (Cruz et al. 2014), causing necrosis of 

the infected cells from the epidermis to the pith and penetrating into the host xylem which 

usually blocks it and producing microconidia and macroconidia (Whitelaw-Weckert et al. 2007). 

The fungal hyphae usually travel through the host xylem mostly upward to the stem interrupting 

the movement of the water toward the aerial parts of the host plant causing wilting and 

eventually causing death of the infected plant (Whitelaw-Weckert et al. 2007). Like Fusarium 
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spp., the fungal hyphae then invade all plant tissue and reach again to the plant surface and 

abundantly produce micro- and macroconidia which can form chlamydospores (Brayford 1996; 

Agrios 1997). The formation of chlamydospores by C. destructans from conidia and hyphae in 

culture has been reported (Kang et al. 2016). The infected host and its subsequent debris 

containing fungal hyphae and different types of spores are the source of possible new infections.  

Cylindrocarpon destructans can cause different symptoms in the host (Brayford 1992). 

For damping-off disease, it causes wilting/collapsing the shoot and rotting almost the entire root. 

For rusty root disease, it causes orange/brown to reddish lesions on the surface of the root with 

raised and corky appearance which can be easily sloughed off when severe (Rahman 2006). For 

root rot, which is the most common disease in older gardens, it causes restricted areas of root 

decay. In the aerial parts of the infected plant, root rot can result in symptoms ranging from 

hardly any noticeable symptoms, to reddish leaves, which can be confused with the symptoms of 

Phytophthora spp. and Fusarium spp., to wilting with stem vascular bundle discoloration and 

dark-brown lesion in base of the stem when the root are highly rotted (Randall & Cook 2013; 

OMFARA 2015). For disappearing root rot disease, it causes a high level of root rot resulting in 

highly blackened shriveled roots or darkened scaly roots. Secondary invasions can also occur in 

infected roots by C. destructans. For instance, a damaged root by C. destructans under wet 

conditions predisposes roots for infection by normally non-pathogenic fungi, such as Rhizopus 

(OMAFRA 2015).  

1.11. Cylindrocarpon virulence 

Although the molecular aspects of Cylindrocarpon spp. virulence has not been 

sufficiently investigated to identify the genes involved, there is considerable information about 

these aspects in Fusarium spp., which are closely related to Cylindrocarpon spp. (Guadet et al. 
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1989). Fusarium oxysporum f.sp. lycopersici causing Fusaium wilt disease in tomato contains 

the SIX6, (Secreted-In-Xylem) gene encoding a small effector exported into the xylem sap of the 

host plant contributing wilt symptoms and virulence (Gawehns et al. 2014). Taylor et al. (2015) 

reported that Fusarium oxysporum f. sp. cepae (FOC) causing crown rots, root rots and wilt in 

onions, have 7 SIX genes as well as genes for 2 other effector proteins (CRX1/CRX2) with 

RxLR motifs that are involved in effector translocation in Oomycetes (Govers & Gijzen 2006), 

and one C5 effector. Based on comparisons of different FOC isolates, those FOC strains 

containing these 10 genes were highly virulent, the strains lacked some of the SIX genes were 

mildly virulent and isolates with complete loss of these genes were weakly virulent (Taylor et al. 

2015). In addition, based on preliminary pathogenicity test of other Fusarium spp., F. 

proliferatum and F. avenaceum containing only CRX2 could also cause disease in onion bulbs, 

while F. redolens with complete lack of these genes was non-virulent (Taylor et al. 2015).   

Cylindrocarpon spp. also produce hydrolytic enzymes, endopolygalacturonases, such as 

pectin lyase and protease causing degradation and maceration on host plant root tissues to 

facilitate the entry of growing hyphae into the host and their subsequent infection (Sweetingham 

1983; Pathrose 2012). Different Cylindrocarpon spp. such as C. destructans, C. liriodendra and 

C. macrodidymum produce laccases as well, which degrade the highly lignified tissues of the 

host plant (Gavnholt & Larsen 2002; Pathrose 2012). Rahman and Punja (2005) also reported 

that C. destructans isolates with high pathogenicity produced higher amounts of pectinase and 

polyphenoloxidase than weakly virulent isolates (Rahman & Punja 2005). Secreted enzymes 

involving in degradation of the plant cuticle, cellulose, lignin, lipids, starch and proteins have 

been also identified in Fusarium graminearum (Brown et al. 2012). Moreover, 63 secreted 

proteins (secrotome) have been identified in F. graminearum including proteases, carbohydrate 
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hydrolases, lipases and ligninases as well as those with unknown functions (Ji et al. 2012). These 

proteins could act to degrade the host cell wall structures and modifying cell functions disabling 

the plant defense mechanisms (Greenbaum et al. 2001).  

Cylindrocarpon spp. also produce phytotoxins. For instance, C. destructans (syn: C. 

redicicola) produces necrolide, which is identical to brefeldin A, inhibiting growth of Eucalyptus 

pilularis at 6 μg/mL and causing blackened lesion on the seedling roots at 2-4 μg/mL (Evans et 

al. 1976). Cylindrocarpon didymium also produces brefeldin A (Barbetti 2005), damaging tap 

and lateral roots by inhibiting the mitosis in the root tip cells and interfering protein trafficking 

from endoplasmic reticulum (ER) to Golgi apparatus of host plants, such as Vicia faba (Betina & 

Murin 1964) and Trifolium subterraneum (Barbetti 2005). BrefeldinA is produced by a highly 

reducing polyketide synthase (HRPKSs), known as Bref-PKS, which synthizes the polyketide 

structural backbone chain of brefeldin A, in association with thiohydrolase Bref-TH which 

controls the chain length of brefeldin A.  Such HRPKS/ in trans-TH pairs are also found in 

several other fungal genomes, including Aspergillus nidulans (AN7084.2/7083.2), Botryotinia 

fuckeliana (BcDW1_1087/1086), Neofusicoccum parvum (UCNRP2-2180/2181), and 

Macrophomina phaeseolina (MPH_06436/06434) (Zabala et al. 2014).  

1.12. Morphological and molecular detection of Cylindrocarpon destructans 

 Cylindrocarpon destructans var. destructans is characterized by a powdery slimy texture 

and granule-like surface mycelium with light brown in the beginning and become dark reddish-

brown later with development of micro-conidiophores at the terminus of lateral branches with 

usually elongated stem and loose apex containing terminal phialides. Macroconidia are usually 

septate (mostly 3-septate) with straight cylindrical shape and slightly narrowed base with round 

ends. The fungi also produce golden-brown spherical chlamydospores abundantly in a single 
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chain or clumps at the end of the mycelium. Perithecia are smooth to scaly, broadly pyriform to 

subglobose, with reddish-brown color (Seifert & Axelrood 1998). Cylindrocarpon destructans 

var. crassum is characterized by white floccose aerial mycelium turning into felted yellow to 

brown later. Oval aseptate and slightly sparse microconidia are developed from cylindrical 

phialides formed on simple or branched conidiophores. Macroconidia are straight or curved 

cylindrical with rounded or slightly narrow end towards the apex. Terminous chlamydospores 

are globose smooth solitary or in chains. A perithetical stage is unknown (Booth 1966). 

Cylindrocarpon destructans var. coprosmae is characterized by floccose aerial mycelium sparse, 

initially white becoming beige to brown later. Microconidia are oblong to ellipsoidal or 

cylindrical. Septate macroconidia are cylindrical straight, with a flat, protuberant basal abscission 

scar (Samuels & Brayford 1990).  These are usually highly similarities between C. destructans 

strains. Thus, molecular approaches for identification can be used instead.  

  Several PCR assays have been developed for detection of Cylindrocarpon spp. strains 

isolated from grapevine black foot in Europe and Africa with identical morphology which were 

previously identified as C. destructans were re-identified as C. liriodendra by comparing 

sequence of 5.8 S rDNA/ITS and β-tubulin 2 genes (Halleen et al. 2006), and later classified as 

Ilyonectria liriodendra (Chaverri et al. 2011). Based on pathogenicity test and sequence of ITS 

and mtSSU genes of different C. destructans isolates from diseased P. ginseng roots with root rot 

symptoms, Song et al. (2014) reported that C. destructans can be divided into two groups of 

highly and weakly virulence where the high virulent group are highly homologous and weakly 

virulent strains are more genetically diverse (Song et al. 2014).  

 PCR detection of C. destructans was achieved with the species-specific primers, dest1 

and dest4, (400-bp PCR product) have been reported using ITS region of rDNA of these species 
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(Hamelin et al. 1996). Nascimento et al. (2001) reported that the specificity of the dest1 and 

dest4 primers is not precise since both C. destructans and C. obtusisporum isolated from 

grapevine black foot diseases were detected with the same amplicon size. These primers were 

not also capable of detection the C. destructans when potted grapevine artificially inoculated 

with the fungus. However, a nested PCR using the universal primer ITS4 and the fungus specific 

primer ITS1F in the first stage of amplifications followed by use of fungus specific primers, 

dest1 and dest4, in the second stage of amplification was able to specifically detect C. 

destructans (Nascimento et al. 2001). Seifert et al. (2003) characterized various strains of C. 

destructans based on their ITS regions and β-tubulin genes and found a group of highly similar 

isolates that were highly aggressive. They developed species-specific primers, CdU3 and CdL1b 

(~ 500 bp), complementary to intergenic spacer (IGS) sequence of the highly aggressive strains 

of C. destructans isolated from ginseng and other hosts such as conifers in Ontario (Canada), 

Korea, and Japan (Seifert et al. 2003). Cylindrocarpon destructans was also detected and 

quantified in the soil of ginseng garden by Kernaghan et al. (2006) using CdU3 and CdL1b 

primers as well as a designed forward primer, CdU1 for use in quantitative PCR (qPCR) 

(Kernaghan et al. 2006). Jang et al. (2010) also developed a nested PCR using ITS1 and ITS4 

primers followed by use of dest1 and dest4 primers that detected C. destructans isolated from 

soil of ginseng gardens (Jang et al. 2010). Fu et al. (2012) reported the specific detection of C. 

destructans isolated from infected ginseng roots and soil of ginseng garden by developing of 

species-specific primers, CD-F and CD-R, with PCR product of 450 bp based on the ITS 

sequence. These primers did not detect other fungal pathogens such as Fusarium spp, Alternaria 

spp, Pythium spp and Phytophthora spp. isolated from the same roots or soils (Fu et al. 2012). 

Among Ilyonectria mors-panacis, I. liriodendra, I. cyclaminicola, I. robusta and I. venezuelensis 
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found on ginseng roots, Seo et al. (2015) identified that the most highly virulent were isolates of 

I. mors-panacis, and they designed the species-specific primers CDH 1F/1R for it from the 

histone H3 rDNA sequence. Park et al. (2017) designed a new set of primers, destruc F2 and 

destruc R2, based on ITS region of the rRNA to detect I. radicicola, I. mors-panacis, and I. 

robusta from soil samples collected from non-infected and infected ginseng fields in New Jersey, 

U.S.A. and Korea (Park et al. 2017). Using histone H3 sequence of I. mors-panacis isolates, Farh 

et al. (2017) preformed quantitative PCR with a newly designed forward primer IMP along with 

the reverse primer CYLH3R previously designed by Cabral et al. (2012). Their PCR assay could 

quantify I. mors-panacis in artificially and naturally infected soils.  

1.13. Ginseng genes involved in fungal resistance  

Gao et al. (2016) analyzed P. ginseng gene expression after infection with C. destructans 

between 0.25 dpi (days post inoculation) to 12 dpi using RNA-seq with the Illumina/Solexa 

high-throughput sequencing platform. They found JA-responsive genes are involved in defense 

response and rapidly up-regulated at 0.5 dpi after the fungal infection. Response to ET stimulus 

genes were also up-regulated at 0.5 dpi and were involved in ethylene binding, biosynthetic 

processes, ethylene-activated signaling pathway, negative regulation of ET-activated signaling 

pathway, ET-dependent systemic resistance and response to ET.  Defense-response genes 

encoding for resistance of P. ginseng against C. destructans showed rapid up-regulation at 0.25 

dpi with the majority of the genes at 0.5 dpi, and then again later at 4 dpi or 7 dpi after a decrease 

in transcripts. Reactive oxygen species-related genes were up-regulated at 0.5 and 12 dpi 

depending on the gene and ginsenoside biosynthetic pathway related genes were up-regulated at 

0.25, 0.5, 7 and 12 dpi depending on the gene were up-regulated during C. destructans infection. 

They may be involved in protecting P. ginseng against C. destructans invasion. The authors 
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proposed that C. destructans infection activated cytoplasmically localized R proteins causing the 

effector-triggered immunity (ETI) inducing JA, ET, ROS, ginsenoside biosynthesis as well as 

inducing many defense related transcriptional factors (Gao et al. 2016).   

Other defense genes have been shown to be up-regulated by disease in ginseng with 

fungal infection. In P. ginseng, transcription of PgPGIP encoding a polygalacturonase inhibiting 

protein (PGIP) was significantly up-regulated upon infection by C. destructans (the highest 

expression level), Fusarium oxysporum, Rhizoctonia solani, Phythium ultimum, Colletotrichum 

gloeosporioides, and Botrytis cinerea (Sathiyaraj et al. 2010).  The genes for pathogenicity-

related (PR) proteins of P. ginseng are also expressed under pathogen infection (Lee et al. 2011). 

PgChi-1, a chitinase gene in the PR 3 family, which can digest fungal cell walls, had high 

transcription in the roots of P. ginseng upon infection by Botrytis cinerea and a nematode 

(Meloidogyne sp.) (Pulla et al. 2011). A thaumatin-like protein gene in the PR 5 family, PgPR5, 

which causes membrane permeabilization (Vigers et al. 1991), is also up-regulated in P. ginseng 

leaves in response to infection by B. cinerea, C. gloeosporioides, R. solani (the highest at early 

stage of infection), and P. ultimum (Kim et al. 2009). A protease inhibitor gene in the PR 6 

family, PgPR6, and a cysteine protease inhibitor gene, PgCPI, were drastically up-regulated in 

P. ginseng with infection by B. cinerea and nematode (Meloidogyne sp.) in the roots (Jung et al. 

2010). Also, the expression of a ribonuclease gene in the PR10 family, PgPR10-2, was increased 

in leaves of P. ginseng upon infection of C. gloeosporioides, Phytophthora capsici (the highest 

at 24 h after infection) and Alternaria solani (Pulla et al. 2010). Kim et al. (2014) also reported 

that another ribonuclease gene in the PR10 family, PgPR10-4, was up-regulated in leaves of P. 

ginseng by infection of B. cinerea, C. gloeosporioides, R. solani, and P. ultimum (Kim et al. 

2014).  
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1.14. Replant disease in ginseng production 

Replant disease is known as unsuccessful cultivation of ginseng in the same field that was 

previously used for ginseng production. The phenomenon is a worldwide concern and can 

severely damage the yield of ginseng (Reeleder et al. 2002). Replant failure has been proposed to 

be caused by different types of issues, such as low organic matter, soil compaction, unbalanced 

nutrients and elevated pathogenic populations causing a complexity of plant diseases (Li 1995). 

Similar to apple replant diseases (Sewell 1981; Jaffee et al. 1982; Braun 1991; Van Schoor et al. 

2008), many different types of plant pathogens, causing yield reduction, such as Cylindrocarpon 

sp, Pythium sp, Phytophthora sp, and Fusarium sp. are likely associated with ginseng replant 

failure (Li 1995). Among all soil-borne fungal pathogens, C. destructans is the major contributor 

(Reeleder & Brammall 1994), based on its high virulence level (e.g., compared to Fusarium 

spp.), persistence in the soil and prevalent occurrence in ginseng garden soils (Reeleder et al. 

2002). It is one of the most common pathogens causing diseases in seeds and young seedling 

roots as well as roots of older ginseng plants (Reeleder & Brammall 1994; Punja 1997; Reeleder 

et al. 2002; Reeleder 2003; Rahman & Punja 2005; Rahman 2006; Jang et al. 2010). For 

instance, C. destructans isolates showed seed rots (10-22%) and severe root rots (~100%) on 

ginseng compared to lower levels caused by Fusarium isolates (5-15% and 15-40%, 

respectively). The involvement of C. destructans root rot is accepted as one of the key elements 

associated with replant failure (Kernaghan et al. 2006). However, it is still unclear whether C. 

destructans is the primary cause of the replant failure, or if it is also influenced by other soil-

borne microorganisms or varying soil conditions.  

1.15. Ginseng replant disease and soil sickness 
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Soil sickness is a negative feedback of plant-soil interactions resulting in decrease or 

complete loss of quality or quantity of the yield in monoculture cropping system (Huang et al. 

2013). Examples of soil sickness occur in continuous cropping of rice, wheat and soybean 

(Jiangchun & Shujin 1996; Wu et al. 2007; Ma et al. 2014). However, the term soil sickness is 

not applied to ginseng replant disease, although there are many similarities. Several reasons are 

hypothesized for causes of soil sickness. These include allelochemicals exuded from plant roots 

causing autotoxicity, imbalances in soil microbial diversity with increases in microbial pathogen 

populations, soil physiochemical structural deterioration causing imbalance in soil nutrients, 

imbalances in plant hormones affecting growth, build-up of ROS in cells damaging membranes, 

and agrochemical accumulation resulting in compounds like herbicides inhibiting beneficial soil 

microorganisms (Kumar et al. 2017). Autotoxicity caused by allelochemicals, such as diisobutyl 

phthalate (DiBP), benzoic acid, palmatic acid, p-hydroxybenzoic acid and cinnamic acid (Dong 

et al. 2018), is considered a crucial direct factor for soil sickness or replanting diseases (Kumar et 

al.2017). An indication of allelochemicals is water soluble exudates collected from leftover 

residues of the first year rice that were applied to soil resulting in about 25% yield reduction in 

the second year cultivation (Ma et al. 2014). Also, an aqueous extracts of wheat roots was also 

reported to cause 15-30% inhibition in wheat seed germination and radicle growth when the 

seeds were watered with the extracts in petri dishes (Wu et al. 2007). Allelochemicals can also be 

produced by microbes. Penicilium purpurogenum isolates from soybean soil produced toxins in 

culture that inhibited stem growth when applied to soybeans (Jiangchun & Shujin 1996).  

Evidence for ginseng replant that could be a form of soil sickness include diisobutyl 

phthalate (DiBP) found in rhizospheric soil in a replant garden of  P. ginseng, which caused 

higher death rate in P. ginseng seedlings (Dong et al. 2018). Also, phenolic acids extracted from 
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rhizospheric soil of ginseng roots, including gallic, salicylic, benzoic acids, at 0.5 mmol/L as 

well as 3-phenylpropionic and cinnamic acids at 0.05 mmol/L could significantly increase the 

spore germination, mycelial growth of C. destructans and elevate root rot disease severity by the 

fungi in ginseng (Li et al. 2016). Other examples of phenolic acids are gallic acid (0.053 

mmol/L), salicylic acid (0.519 mmol/L), benzoic acid (0.173 mmol/L) and 3-phenylpropionic 

(0.061 mmol/L) found in rhizospheric soil that could alter the soil microbial diversity and 

enhance the population of Ilyonectria spp. in the soil and root rot severity on P. ginseng in the 

field (Li et al. 2018). Accumulation of P. ginseng root exudates due to cultivation decreased 

bacterial diversity and increased fungal diversity resulting in an imbalance of the soil microbial 

community that was proposed to be a key factor for failure in continuous cultivation of P. 

ginseng (Xiao et al. 2016). 

1.16. Influence of ginsenosides and biotic factors on ginseng replant disease  

Based on the findings of previous studies, factors such as soil microbes or soil chemical 

contents including root exudates such as ginsenosides may influence the growth of fungal 

pathogens associated with ginseng gardens and the growth of ginseng plants.  Nicol et al. (2002) 

reported that the growth of C. destructans increased when culture media was amended with 1 mg 

mL
-1

 crude ginsenosides extract. Yang et al. (2015) also indicated that 0.001 mg mL
-1

   

ginsenosides (R1, Rg1, Rg2, Re, and Rd at concentration of 0.001 mg mL
-1

) in the soil can cause 

an auto-toxic activity that negatively affects the growth of P. notoginseng and significantly 

decreased the seedling emergence and survival. In addition, Nicol et al. (2003) found that the 

colony weight of Pythiaceous fungi, such as Phytophthora cactorum and P. irregulare, 

associated with ginseng diseases (Randall & Cook 2013), is greater in media containing 5 mg 

mL
-1

 of crude ginsenosides than in the control. They also reported that the positive response of P. 
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irregulare was greater than P. cactorum since the growth of the former fungi was even 

stimulated at low concentrations (0.3 and 0.6 mg mL
-1

) of crude ginsenosides (Nicol et al. 2003).  

These authors have previously shown that the growth of other ginseng pathogens including 

Fusarium solani and Fusarium oxysporum were unaffected at 1 mg mL
-1

 of crude ginsenosides 

in culture, while the growth of Alternaria panax and Trichoderma sp. including T. harzianum 

and T. hamatum, non-pathogenic fungi which are antagonistic to C. destructans (Qian et al. 

1998), were significantly inhibited (Nicol et al. 2002). Stimulatory effects of ginsenosides on the 

growth of C. destructans cultured on V8 media containing 0.04 mg mL
-1

 of total ginsenosides or 

0.02 mg mL
-1

 PPD-type ginsenoside fraction containing Rb1, Rb2, Rc and Rd extracted from 

root of P. ginseng was also reported by Zhao et al. (2012a). The stimulatory effects of PPD-type 

ginsenosides can likely be due to the ability of C. destructans to degrade 20(S)-protopanaxadiol 

ginsenosides by an extracellular glycosidase hydrolyzing the terminal monosaccharide units from 

the sugar chains attached at C-3 and C-20 of ginsenosides Rb1, Rb2, Rc and Rd to yield products 

including gypenoside XVII (G-XVII), and ginsenoside F2 (Zhao et al. 2012b). Zhao et al. 

(2012a) also reported inhibition of C. destructans growth by a PPT-type ginsenoside fraction, 

containing Re and Rg1. Growth of P. irregulare was significantly promoted in the culture 

containing the purified (>90%) 1 mg mL
-1 

PPD-type ginsenosides mixture containing Rb1, Rb2, 

Rc, and Rd, extracted from 3-year-old P. quinquefolius roots, while it inhibited the growth of 

Trichoderma hamatum (Yousef & Bernards 2006). In contrast, Ivanov et al. (2015) found that 

hyphal growth of P. irregulare was inhibited by pure ginsenoside F2 in vitro, while pure 

ginsenoside Rb1 enhanced hyphal growth. Also, ginseng root treated with 10 mg mL
-1

 purified 

ginsenoside F2 delayed infection by P. irregulare. Thus, the interactions between ginseng root 



 

 

33 

 

exudates and different C. destructans strains could be either stimulating or inhibiting C. 

destructans strains to become more or less aggressive. 

 Soil-borne pathogens are affected by other soil microbes affecting their ability to cause 

disease (Toussoun et al. 1970). For ginseng, Bacillus subtilis (I4) and B. amyloliquefaciens 

(yD16), isolated from forest soil inhibited C. destructans growth by 65.8% and 69.8%  

respectively when they were co-cultured for 14 days (Jang et al. 2011). The growth of C. 

destructans in paired cultures was also inhibited by the ectomycorrhizal fungus, Paxillus 

involutus, while C. destructans had inhibitory effects on the growth of another species of 

ectomycorrhizal fungus, Laccaria laccata (Buscot et al. 1992). Inoculation of Picea abies 

seedling roots with either of these mycorrhizas increased disease resistance (with greater induced 

resistance with P. involutus) against C. destructans (Buscot et al. 1992). Ethyl acetate extracts 

from cultures of Tricharina ochroleuca, Trichoderma polysporum (with 100% inhibition of 

mycelial growth), Lachnum virgineum, Phoma spp. and Alternaria longissimi inhibited growth in 

culture of the P. ginseng pathogens, Alternaria  panax, B. cinerea, Pythium spp., R. solani and C. 

destructans (Park et al. 2017). The T. polysporum extract was most effective with 100% 

inhibition of mycelial growth. Thus, another possibility is that non-pathogenic soil fungi and 

bacteria in virgin (non-replant) and replant soils have antagonistic or protagonistic effects 

affecting the virulence of C. destructans.  

1.17. Control of ginseng replant disease  

  Fumigation is the most common technique used to try to control ginseng replant disease. 

Normally, growers do not use the replant gardens unless they apply fumigation before seedling; 

however, pathogens such as C. destructans are able to survive in the root residue even in 

fumigated soils and cause new infections (Weiland et al. 2010). Since the fumigant, Telone C-17, 
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which was the industry standard prior to 2011, is no longer used in ginseng gardens in Canada 

due to the loss of industrial standard, the alternative fumigants, metam-sodium (e.g., Busan 

1236) and chloropicrin (Pic-Plus), are recommended to be applied as pre-plant fumigants in 

ginseng fields (OMFARA 2016). These fumigants are used in ginseng gardens in Ontario for 

both replant and non-replant soils (Amy Fang Shi, personal communication). The application of 

Busan 1236 (tarped and untarped) and Pic-Plus (tarped) to replant soils have been observed to 

result in higher number and weight of ginseng undamaged seedling roots compared to non-

treated replant soils (Westerveld & Fang Shi 2015). Other fumigants which also appear to 

improve stands in ginseng replant soils are Basamid and Cylone (Ahn et al. 1982). Based on this, 

it can be speculated that fumigants are effective in the soil against pathogens involved in replant 

disease in ginseng gardens, thus reducing ginseng root rot in replant soil; however, they may not 

be sufficient enough to protect ginseng plants until the time of the harvest. 

Fungicides have been also used to try to control ginseng replant disease.  Li (1994) 

reported high emergence rates and low mortality of P. quinquefolius when Basamid was applied 

into the ginseng replant soil. They believed that seedling mortality was caused by soil pathogens 

present in soil that may have been eliminated by Basamid (Li 1994).  In Ontario, fludioxonil and 

captan are registered for suppression of Cynlindrocarpon spp., while other fungicides are 

registered and used routinely in ginseng production for control of other ginseng root pathogens, 

Pythium spp., Rhizoctonia spp. and Phytophthora spp. (OMFARA 2014). 

Biocontrol agents have also been used to try to control ginseng replant disease. 

Application of B8, a strain of Entrobacter aerogenes, from Agriculture and Agri-Food Canada 

(Summerland), was introduced into the ginseng replant soil at 1.1X10
8
 cfu/mL and reduced the 

mortality of ginseng seedlings by ~55% (Li 1994). They believed that this may have been due to 
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antagonistic effects of this strain with soil pathogens. Bacillus cereus (GB10) isolated from a 

commercial ginseng garden and applied at 3.4X10
10

 cfu/mL could also significantly reduce root 

rot symptoms in P. quinquefolius inoculated by Phytophthora cactorum when applied at1.54X10
5 

cfu/mL in a field experiment at ginseng garden (Li et al. 1997). In culture, B. subtilis (I4) and B. 

amyloliquefaciens (yD16), isolated from forest soils in various mountain areas in Korea, 

exhibited antagonistic effects on the growth of C. destructans, depending on nutrient 

concentration, temperature and bacterial inoculum concentrations. Also, these strains at 1X10
6
 

cfu/mL significantly reduced root rot on four-year old P. ginseng roots by 71.5% and 64.2%, 

respectively, in a pot experiment following C. destructans inoculation (Jang et al. 2011). Bacillus 

pumilus strains Bl141 and Paenibacillus lentimobus strain Bl146 were isolated from surface 

sterilized of various plant roots (Bae et al. 2004). Pre-inoculation of P. ginseng seeds at 1X10
8 

cfu/mL and 1-year-old seedlings at 1X10
8 

cfu/mL with B. pumilus strains Bl141 and 

Paenibacillus lentimobus strain Bl146 increased the number of seedling stands and healthy roots 

grown in heavily infested soil with C. destructans; however, only the latter bacterial strain 

showed an antifungal activity against the growth of C. destructans in culture (Bae et al. 2004). 

None of these bacteria have been tested in the field in replant soil. 

These biocontrol are not listed as control measures in the OMAFRA production 

recommendations for ginseng. However, the biofungicides Serenade MAX (Bacillus subtillis 

strain QST 713) for white mould control, and RootSheild WP (Trichoderma harzianum strain 

KRL-AG2) and Serenade SOIL (Bacillus subtillis strain QST 713) for Pythium, Rhizoctonia and 

Fusarium control are registered in Ontario for ginseng production (OMFARA 2014). 

Organic amendments have been used to control ginseng replant disease and C. 

destructans. Willow leaves and sewage compost mixed with ginseng replant soil improved 
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seedling emergence and reduced seedling mortality rate (Li 1994).  A mixture of soil from the 

root zone of established trees in commercial apple (GC) orchards with Brassica juncea seed meal 

particles had a limited inhibition on initial growth of C. destructans due to the effects of allyl 

isothiocyanate (AITC), with full recovery of the fungal growth when the fungi were removed 

from AITC (Mazzola  & Zhao 2010).   

Soil heating has been also used to try to control ginseng replant disease and C. 

destructans. Pasteurised ginseng replant soil that was heated to 80 °C for 20 min by a microwave 

oven showed low seedling mortality of ginseng compared to the non-pasteurised replant soil (Li 

1994). Soil solarisation (covered soil with transparent polyethylene film for 2 month in summer 

and left fallow in winter) also significantly reduced the number of propagules of Cylindrocarpon 

spp. in strawberry field soil (Pinkerton et al. 2002). Solarisation of infected ginseng soil in 

greenhouse plots in summer after applying sudan grass and calcium cyanamide inhibited the 

growth of C. destructans when heated to ≥ 40 °C after 15 h at soil depth of 5 to 20 cm of soil 

depth (Lee et al. 2016).  Other methods such as hot water treatment could also inhibit the 

conidial germination (44 and 45 °C for 30 min) and mycelia growth (48 and 49 °C for 30 min) of 

C. macrodidymum and C.  liriodendri respectively in vitro (Gramaje et al. 2010).   

1.18. Conclusions 

Replant disease of P. quinquefolius results in unsuccessful cultivation in a field 

previously used for ginseng cultivation (OMFARA 2015) even after 40 or 50 years (OMFARA 

2016). Cylindrocarpon destructans is believed to be a key element in ginseng replant plant 

disease (Kernaghan et al. 2006); however, it is not clear which factors are responsible for causing 

the severe root rot in replant soil versus the milder root rot in virgin soils (OMFARA 2015). Two 

possible factors could be ginseng root exudates (e.g. ginsenosides) and/or non-pathogenic soil 
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bacteria/fungi. Ginsenosides are autotoxic to ginseng (Yang et al. 2015) and non-pathogenic soil 

bacteria/fungi can affect the level of root rot caused by C. destructans such as by inducing 

disease resistance (Buscot et al. 1992). These could be affecting expression of ginseng defence 

genes resulting in greater susceptibility of the plants to root rot in replant soils. In addition, 

ginsenosides can also be affecting the growth of soil fungi. Ginsenosides have stimulatory effects 

on C. destructans and Pythiaceae fungi associated with ginseng diseases (Randall & Cook 

2013), but they inhibit Alternaria spp. and non-pathogenic fungi, like Trichoderma sp. which are 

known biocontrol agents (Nicol et al. 2002, 2003). Thus, ginsenosides may also contribute in 

replant disease by stimulation of C. destructans or inhibition of other microbes that help protect 

ginseng from root rot. Similarly, non-pathogenic soil bacteria/fungi can also affect the growth of 

soil fungi. A Bacillus sp. (Jang et al. 2011) and Paxillus involutus (Buscot et al. 1992) have 

antagonistic activities against C. destructans growth, and it can be speculated that other non-

pathogenic microorganisms may stimulate C. destructans growth.  These could be affecting C. 

destructans growth and virulence resulting in greater root rot in replant soils. It is also possible 

that root rot is more severe in replant soils because only certain types of strains of C. destructans 

are causing infections. It is known that strains of C. destructans have various levels of 

aggressiveness, with the highest for isolates in the f. sp. panacis which have less genetic 

variation than other isolates (Seifert et al. 2003). Thus, proper identification and differentiation 

between related particular virulence genes in the C. destructans genome will be useful to develop 

a PCR assay(s) to determine if one can differentiate strains of C. destructans associated with 

replant failure. 

 In summary, the mechanisms and factors influencing ginseng replant disease remains 

unknown, but characterizing the effect on C. destructans root rot due to chemical factors, 
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particularly ginsenosides, and microbial factors, particularly non-pathogens, found in replant soil 

will help address this issue. Coupled with this, it is important to know the relationship between 

genomic differences among C. destructans strains with differing levels of virulence and their 

ability to cause root rot in virgin and replant soils.  

 

1.19. Hypotheses  

The level of virulence of Ilyonectria isolates to ginseng roots may be affected by whether 

an isolate originated from infected plants in replant or non-replant soil, and analysis of their 

genomes can reveal factors determining their virulence. Root rot caused by Ilyonectria isolates 

may be affected by compounds found in replant soil that are absent in ginseng roots and non-

replant soil, and those compounds may be able to suppress the innate immune system of ginseng 

roots. Such compounds may be formed in replant soil from ginseng root compounds through the 

activity of microorganisms found in ginseng soil.  

 

1.20. Objectives 

1. Compare a collection of I. robusta and I. mors-panacis isolates primarily from infected roots 

of P. quinquefolius for their virulence, cultural characteristics and genomes. 

2. Examine if extracts from ginseng replant soil can decrease root rot resistance of P. 

quinquefolius to I. mors-panacis. 

3. Isolate and characterize a soil bacterium for its ability to convert compounds in ginseng root 

extract into compounds that affect root rot development on ginseng root.  
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Chapter 2: Comparative study of Ilyonectria robusta and Ilyonectria mors-panacis isolates 

from American ginseng (Panax quinquefolius) roots in Canada  

2.1. Introduction 

Ilyonectria spp. belong to the family Nectriaceae (Lombard et al. 2015).  Ilyonectria spp. 

are soil-borne fungi causing root rot in apple (Sewell 1981), grapevine (Petit & Gubler 2005), 

ginseng (Seifert & Axelrod 1998) and other plants (Cabral et al. 2012). They cause red to dark 

brown lesions on roots, wilting with reddish aerial parts, and plant death (Matuo & Miyazawa 

1969; Reeleder & Brammall 1994). Cabral et al. (2012) proposed 18 species of Ilyonectria spp. 

under the Ilyonectria radicicola complex based on sequences of the β-tubulin, histone H3, 

translation elongation factor 1-α and nuclear ribosomal RNA-internal transcribed spacer 

(nrRNA-ITS). Previously, these species had been placed in the anamorphic genera 

Cylindrocarpon and Ramularia, and the teleomorphic genus Neonectria. Among these species, I. 

mors-panacis, I. crassa, I. panacis and I. robusta were described from ginseng roots. Cabral et 

al. (2012) created Ilyonectria mors-panacis, which was formerly classified as C. destructans f. 

sp. panacis (Matuo & Miyazawa 1984). 

Ilyonectria isolates from ginseng are reported to vary in virulence, morphology, enzyme 

production and DNA sequences used for taxonomic purposes (Seifert et al. 2003, Rahman and 

Punja 2005, Seo et al. 2015, Farh et al. 2017). Rahman and Punja (2005) divided isolates of C. 

destructans from P. quinquefolius into highly virulent isolates with brown to dark brown 

mycelium that were able to infect unwounded roots of P. quinquefolius, and the remaining 

isolates as weakly virulent with beige to light brown mycelium that could only infect wounded 

roots. They related the virulence to extracellular enzyme production where the weakly virulent 
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isolates either could not produce pectinase or produced 3 to 5 times less, and 2 to 3 times less 

polyphenol oxidase compared to highly virulent isolates.  

Seifert et al. (2003) found that C. destructans from either ginseng, Douglas fir, flowering 

dogwood, pear, apricot, sour cherry or grape varied in virulence based on final stand count of 

ginseng seedlings in infested soil inoculated with the fungal isolates. Among these, 57% of the 

isolates were weakly virulent and the remaining were highly virulent (Seifert et al., 2003). They 

reported that highly virulent isolates had identical ITS and β-tubulin sequences and identified 

them as C. destructans f. sp. panacis, as they clustered with previously classified as C. 

destructans f. sp. panacis in a monophyletic group, while weakly virulent isolates clustered in 

another group more related to other Cylindrocarpon isolates from angiosperms and conifers. 

Song et al. (2014a) also divided the isolates of C. destructans from P. ginseng into weakly 

virulent pathogenicity group I (PGI) and highly virulent pathogenicity group II (PGII) based on 

percentage of P. ginseng seedling emergence in soil with inoculated roots and lesion size in 

wounded inoculated roots of P. ginseng. Phylogenetic analysis of the isolates based on ITS and 

mt SSU rDNA showed that the highly virulence isolates were highly homologous and clustered 

in a single group, while weakly isolates were more diverse and clustered in several groups (Song 

et al. 2014). Seo et al. (2015) classified the highly virulent isolates from P. ginseng roots as I. 

mors-panacis, and classified the weakly virulent isolates as I. liriodendra, I. cyclaminicola, I. 

robusta and I. venezuelensis. 

It is believed I. mors-panacis isolates are the most common soil fungi associated with 

ginseng replant failure (Reeleder et al 2002), causing relatively high levels of complete rot of the 

root cortex with only the dead epidermis remaining, often called disappearing root rot, resulting  

in death of ginseng plants growing in replant soil which previously had ginseng planted (Li et al. 
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1995) compared to causing relatively low levels of discrete black-brown root rot in non-replant 

soil in which ginseng was never planted (Kernaghan et al. 2007). One hypothesis is that the I. 

mors-panacis in the first crop is selected for high virulence as they reproduce more on the host, 

and thus it is mostly highly virulent isolates that cause disease in the replant crop (OMAFRA 

2016). Although previous studies reported the virulence of different Ilyonectria isolates from 

diseased ginseng roots, none of these reports reported whether the isolates were from roots 

grown in replant or non-replant soil (Rahman and Punja 2005; Seo et al. 2015; Song et al. 

2014a), and most studies were only focused on a limited number of genes to study the genetic 

variations among the isolates (Seifert, et al 2003; Cabral et al. 2012; Song et al. 2014a). 

More recent methods of comparing fungal plant pathogen isolates for the genetic 

variation use complete genomes instead of a single or a few genes. Particular interest has been 

focused on studying the proteins of the secretomes of fungal plant pathogens because they can 

act as specialized proteins manipulating host cell physiology to obtain nutrients, suppress plant 

defense and ultimately promote infection (Rafiqi et al. 2012). Some of the components of the 

secretome proteins are cell wall degrading enzymes, small secreted proteins (SSPs), 

carbohydrate active enzymes (CAZYMEs), and lipases and proteases (Plissonneau et al. 2017: 

Grunwald et al. 2016). For example, by sequencing of 15 Heterobasidion parviporum isolates 

causing root and butt rot disease of Norway spruce, Zeng et al. (2018) found that one third of the 

secreted proteins such as cytochrome P450 and acid protease may contribute to virulence based 

on partial deletions in the least weakly virulent isolate compared to the most highly virulent 

isolate. Another example is the analyses of secreted effectors in 5 subspecies of Blumeria 

graminis, causing powdery mildew of grasses, showing that gene duplication and losses caused 

diversity of effectors that contributed to host specificity (Menardo et al. 2017). Analyses of 9 

http://www.frontiersin.org/people/u/387932
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isolates of F. fujikuri causing foolish seedling disease in rice showed that only one isolate 

causing stunting and early withering of infected rice seedlings differed from other isolates by 

lack of genes producing GAs and had polyketide synthase (PKS) genes producing compounds 

such as fusarubins and fusaric acid (Niehaus et al. 2017).  

There is a paucity of information about Ilyonectria spp. from ginseng roots, particularly 

for isolates of I. mors-panacis and I. robusta that are often found on ginseng roots in Canada, for 

how they vary in virulence, cultural characteristics and genome sequences, including whether 

any variation would be related to the source (i.e., roots from replant or non-replant gardens).  

The purpose of this study was to examine a set of isolates mostly from infected roots of P. 

quinquefolius grown in replant or non-replant gardens in ON and BC in Canada for their identity 

using histone H3 sequence, virulence using water, root and replant soil extracts, cultural 

characteristics using growth on culture media and genomic comparisons using their sequenced 

assembled genomes. Ilyonectria europaea, which has been isolated from Populus deltoides and 

not been reported as a pathogen to ginseng (Cabral et al. 2012), was included for comparison as a 

non-pathogen of ginseng.   

 

2.2. Materials and methods  

2.2.1. Source of isolates  

Nine isolates of Ilyonectria spp. were collected from diseased roots of American ginseng 

grown in replant or non-replant soil in Ontario, mostly in the Norfolk County area. Four isolates 

were received from Summerland Research and Development Centre of Agriculture and Agri-

Food Canada, three of which were from P. quinquefolius grown in non-replant soil, and one of 

them, IMP.K112, was collected by Dr. Zamir Punja, Simon Fraser University, Burnaby, BC, 



 

 

43 

 

Canada, in 2006 from P. quinquefolius from an unknown soil. Three isolates (IR.DAOM139398, 

IMP.DAOM226727 and IMP.DAOM226729) were directly received from Canadian Collection 

of Fungal Cultures, Ottawa (CCFC), which the first isolate was from Prunus cerasus in cherry 

orchard and the last two isolates were from P. quinquefolius from an unknown soil (Table 2.1). 

The isolates were grown on the PDA for 4 weeks in dark at 22 °C, and conidia were stored in 

10% sterile glycerol (Fisher Scientific, Mississauga, ON, Canada) at -70 °C. 

2.2.2. Isolate identification 

  Each isolate was cultured on a sterilized cellophane sheet on PDA for a week. The 

mycelium (100 mg) was then harvested and DNA extracted using Edward's method (Edward et 

al., 1991). Briefly, the harvested mycelia were homogenized in a 1.5 mL microfuge tube with a 

micropestle with 400 µL of DNA extraction buffer (1M Tris-HCL, 5M NaCl, 0.5M EDTA and 

10% SDS in 100 mL) and incubated for 2h at 22 °C. The mixture was then centrifuged at 12000 

xg for 10 min. The supernatant was transferred into a new microfuge tube and mixed with the 

same volume of cold isopropanol alcohol with finger vortexing and kept at -18 °C for 15-20 min. 

The solution was then centrifuged at 12000 xg for 10 min, and the pellet was washed with 500 

µL of 70% ethanol. The pellet was air-dried and dissolved in 50 µL sterile dsH2O (Millipore, 

Etobicoke, ON, Canada). The DNA was then separated on 1.5% TAE agarose gel containing 

0.006% ethidium bromide and the bands were visualized using an UV transilluminator and 

imaged using a CCTV camera. The gel image was then printed using Mitsubishi P67U video 

printer (Mitsubishi Electronics, Tokyo, Japan) and scanned using Toshiba e-Studio3505AC 

(Toshiba, Markham, ON, Canada) scanner. The digital image was then analyzed using ImageJ 

software (https://imagej.nih.gov/ij/), and the intensity of the DNA band was calculated relative to 

https://imagej.nih.gov/ij/
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the intensity of the DNA ladder (Bio Basic, Markham, ON, Canada) using  the DNA 

concentration of the DNA ladder specified by the manufacturer.  

PCR for species identification was done with the species-specific histone H3 primers, F: 

AGGTCCACTGGTGGCAAG and R: AGCTGGATGTCCTTGGACTG (Cabral et al. 2012). 

The PCR consisted of 2.5 µL 1X Tsg buffer, 1.87 µL 1.5 mM MgSO4, 0.08 µl 32 μM dNTP, 0.6 

µL 10 ng/mL each H3 primer, 0.2 µL 5 u/µL Tsg polymerase (Bio Basic) and 1 µL DNA (10-30 

ng/µL) of each isolates in final volume of 25 µL. Amplification conditions were 1 cycle at 94 °C 

for 5 min followed by 40 cycles of 94 °C for 30 s, 52 °C for 30 s and 72 °C for 80 s with a final 

cycle of 72 °C for 10 min. An Eppendorf AG 22331 Thermocycler (Eppendorf, Hamburg, 

Germany) was used. PCR products were sequenced by the University of Guelph Laboratory 

Services, Guelph, ON, Canada. To identify the isolates, the sequence of each isolate was 

individually searched using BLASTN against nr/nt database at NCBI website. The highest hit 

with 100% query coverage and over 97% identity was used for identification. 

2.2.3 Isolate growth rate and appearance in culture 

Isolates were transferred onto PDA and incubated in the dark at 22 °C. Growth rate was 

determined with 8 replicates with three plates per replication by measuring the diameter (cm) of 

each culture at day 12 divided by 12 days. Hyphal color and media color was also determined for 

the cultures at day 12.  

2.2.4. Root and soil extraction 

Methanol extracts were made using a modified method of Dai and Orsat (2010). For 

extractions, 200g of 3-year-old P. quinquefolius roots collected near Simcoe, Ontario was ground 

with a mortar and pestle, and 200 g of 1-year-old replant soil collected near Simcoe, Ontario was 

air-dried. To each were added  600 mL of 80% MeOH, and the solution was shaken overnight at 
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20 °C at 175 rpm on a gyratory shaker (G2, New Brunswick, Edison, NJ, USA). The mixture 

was vacuum filtered using No. 4 qualitative filter paper (Whatman), and the filtrate was 

evaporated under reduced pressure at 40 °C. The remaining residue was weighed and then 

dissolved in 1mL dsH2O and adjusted to 20 mg/mL. This solution was filtered using 0.22 μm 

membrane filters (Whatman) and stored at -20 until used. Extractions were done for three 

samples of roots and three samples of soil.  

2.2.5. Detached root assay 

Fungal isolates were cultured on V8 agar for 4 weeks in the dark. Macroconidia were 

harvested and suspended in dsH2O to 1 x 10
6
 spores/mL. Panax quinquefolius roots collected 

from ginseng gardens near the Simcoe area were surface sterilized with 75% ethanol for 10 min 

followed by 5% bleach for 5 min. The roots were then thoroughly washed with dsH2O, and holes 

(approx. 1.5 mm and wide 9 mm deep) were created on the roots by a sterilized needle. The roots 

were treated by adding 15 µL of water or extract into the holes for 2 h followed by inoculation of 

the roots with 15 µL of spore suspension. The roots were incubated in sterile Petri dishes at 22 

°C. Control roots (negative control) were wounded and inoculated with only dsH2O. Lesion areas 

were determined in one experiment with 5 replicates for water and 3 replicates for root and 

replant soil extracts with one lesion measured per replication at 12 dpi (days post-inoculation) by 

tracing the lesion area on acetate sheets, and the areas were quantified using ImageJ software. 

Data were compared by the analysis of variance (ANOVA) using Minitab version 16 and means 

comparison were performed using Fisher’s LSD Test with a level of significance at P=0.05. 

2.2.6. Genome sequencing, assembly and gene prediction  

DNA was extracted from 600 mg of mycelium of each isolate cultured on sterilized 

cellophane sheet on PDA using the Edwards et al. (1991) method as mentioned above. The DNA 
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sample was sent to Génome Québec and McGill University Innovation Centre 

(http://www.genomequebec.com) for genome sequencing using 150 bp paired-end sequencing 

with the Illumina HiSeq X Ten (Illumina, San Diego, CA, USA).  The raw sequenced reads were 

assembled into contigs and scaffolds using Velvet (https://www.ebi.ac.uk/~zerbino/velvet), 

SOAPdenovo (http://soapdenovo2.sourceforge.net), and Abyss 

(http://www.bcgsc.ca/platform/bioinfo/software/abyss) assemblers with odd value k-mers 

ranging from 19 to 101. The assembly with the highest N50 value from among the three 

programs was selected. The N50 is the weighted median average scaffold length, which means 

that a scaffold of this length had 50% of all the sequenced bases in shorter scaffolds and 50% in 

larger scaffolds. The gene sets for each genome were predicted using AUGUSTUS 3.3.1 

(https://github.com/Gaius-Augustus/Augustus) (Stanke et al. 2003) using Fusarium 

graminearum as the model organism. Reciprocal comparisons of the genomes were made using a 

standalone BLASTN, using the BLAST v2.6.0+ suite (Camacho et al. 2009), with an e-value 

cutoff of 1E-03 and the output format set to tabular format.  

2.2.7 Phylogeny  

Predicted histone H3 genes from the genomes was obtained by a BLASTN search using a 

histone H3 gene of I. mors-panacis (JF735547.1) as query against all the genomes of Ilyonectria 

isolates. AUGUSTUS 3.3.1 was used to predict genes and they were then aligned by MUSCLE 

3.8.31.  An unrooted maximum likelihood dendrogram was created using RAxML (Stamatakis 

2014), and viewed in MEGA6 (Tamura et al. 2013) with 1000 bootstrap replications shown as 

percentages on the branches. In addition, the percent identity of the total predicted genes for each 

genome was determined by obtaining the BLASTN (https://www.ncbi.nlm.nih.gov/) best 

reciprocal hit (RBH) results with the AUGUSTUS (Stanke et al. 2018) predicted gene sets to 

http://www.genomequebec.com/
https://www.ebi.ac.uk/~zerbino/velvet/
http://soapdenovo2.sourceforge.net/
http://www.bcgsc.ca/platform/bioinfo/software/abyss
https://github.com/Gaius-Augustus/Augustus
https://www.ncbi.nlm.nih.gov/
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obtain the closest homolog for each predicted gene among the isolates, and then summing the 

nucleotide identity (nident) between each query and subject genome and dividing by the summed 

alignment lengths in the self-hit query genome. A phylogram was constructed using the R 

package "ape" (Analyses of Phylogenetics and Evolution) using the Neighbour-Joining (NJ) 

algorithm (Paradis & Schliep 2018). 

2.2.8. Secretome protein analysis 

Secreted proteins were predicted by using SignalP 4.1F, using default cut-off, for 

presence of the signal peptide (classical secretion) and SecretomeP 1.0H, with the minimum cut-

off of NN-score ≥ 0.50, for non-classical secreted proteins. Small secreted proteins (SSPs) were 

predicted based on being secreted with a sequence lengths of ≤ 300 aa and not having a 

significant match to a longer protein through reciprocal BLASTP. Isoelectric points (pI) and 

cysteine residues were predicted using Pepstats from EMBOSS 6.6.0 package (Rice et al. 2000). 

SSPs were then categorized into or non-cysteine rich (SSNPs, cysteine < 4) or cysteine-rich 

(SSCPs, cysteine ≥ 4) that were further divided into as shorter [S] if 10-150 aa, or longer [L] if 

150-300 aa, and acidic [A] if pI ≤ 7, or basic [B] if pI > 7. Secreted CAZyme proteins were 

predicted based on domain searches using the HMMer profile (release 7.0) obtained from 

dbCAN (http://www.cazy.org/) with the script provided by dbCAN. Secreted peptidase and 

peptidase inhibitor proteins were predicted using BLASTP against the protein database from 

MEROPS release 12.0 (https://www.ebi.ac.uk/merops/). Secreted lipase proteins were predicted 

using the HMMER profiles obtained from the Lipase Engineering Database release 3.0 (LED; 

http://www.led.uni-stuttgart.de/). A reciprocal BLASTP was used among the genes in each 

category after which a distance matrix was generated, and a neighbour-joining tree was 

produced. 

http://www.cazy.org/
https://www.ebi.ac.uk/merops/
http://www.led.uni-stuttgart.de/
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Among the SSNPs, sequences were found matching the cone-rod homeobox effector 

(CRX1) (ALQ80856.1), which was correlated with virulence of F. oxysporum to onions (Taylor 

et al. 2016), and among the SSCPs, sequences were found in some isolates matching the secreted 

in xylem 6 effector (SIX6) (ACY39286.1), which is essential for F. oxysporum f. sp. lycopersici 

virulence to tomato (Lievens et al. 2009). Cladograms were created for the homologs of each of 

these effectors in the genomes (cut-off e-value of 1e-5 in BLASTP with either ALQ80856.1 or 

ACY39286.1 ) using RAxML and viewed by MEGA6.  

2.2.9 Selected non-secretome protein analysis  

For mating proteins regulating sexual compatibility of ascomycetes, the MAT-1-1-1 

(AAG42809.1), MAT-1-1-2 (AAG42811.1), MAT-1-1-3 (AAG42812.1) and MAT-1-2-1 

(AAG42810.1) sequences from Fusarium oxysporum were obtained (Yun et al. 2000). The 

sequence of the biosynthesis protein, L-ornithine N
5
-oxygenase (SidA) from A. fumigatus 

(AAX40989.1) for the triacetylfusarinine C siderophore, which is a virulence factor of 

Aspergillus fumigatus (Hissen et al. 2005) and a possible virulence factor of I. mors-panacis 

(Walsh et al. 2019), was obtained. For toxin synthesis proteins, the branched-chain amino acid 

aminotransferase, TOXF of Alternaria jesenskae (AGQ43605.1) necessary for HC-toxin 

production resulting in necrosis of maize leaves (Wight et al. 2013), and the nonribosomal 

peptide synthetase (AMT84997.1) of Alternaria alternata for production of tentoxin that inhibits 

the F1-ATPase activity of chloroplasts in Eupatorium adenophorum causing necrosis of leaves 

were obtained (Li et al. 2016). For saponin hydrolysis proteins, the sequences of the tomatinase 

TOM1 of Septoria lycopersici (AAB08446.1) degrading the defence compound α-tomatine by 

removal of terminal β,1-2-D-glucose from α-tomatine that is required for virulence to S. 

lycopersici  (Osbourn et al. 1995) and the avenacinase Sap1of Botrytis cinerea (CAB61489.1) 
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degrading the defence compounds avenacin  by removal of terminal β,1-2-D-glucose from 

avenacin A-1 that is required for virulence to bean leaves were obtained (Quidde et al. 1999).  

Each predicted protein was used as the query for a BLASTP search for the homologs in each 

isolate with a cut-off e-value of 1e-5. 

 

2.3. Results 

2.3.1. Identification and cultural characteristics of Ilyonectria isolates 

Based on histone H3 sequence, 12 isolates were classified as I. mors-panacis and 4 

isolates were classified as I. robusta (Table 2.1). Among isolates from Ontario, 11 were I. mors-

panacis and one was I. robusta, whereas all 3 isolates from British Columbia were I. robusta.  

Three of the isolates from British Columbia were from ginseng roots growing in non-replant soil, 

while one isolate was from cherry roots in a cherry orchard, which also was considered as non-

replant soil as ginseng had never been grown in it. Among I. mors-panacis isolates from Ontario, 

three isolates were from ginseng roots in replant soil and six isolates were from ginseng roots in 

non-replant soil. All were isolated from roots with typical ginseng root rot symptoms caused by 

Ilyonectria, except for the isolate from cherry roots and I. robusta IR.NR1BC16-1, I. robusta 

IR.NR2BC16-4 and I. mors-panacis IMP.RR3A14-1, where the roots showed both root rot 

lesions and rusty root symptoms. An examination of the histone H3 sequence of I. europaea 

confirmed its identity. 

Hyphal color ranged from medium brown to dark brown for I. robusta isolates and light 

brown to medium and dark brown for I. mors-panacis isolates (Fig 2.1). All I. mors-panacis 

isolates from roots in replant soil produced dark brown hyphae, as did half of the I. mors-panacis 
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isolates from roots in non-replant soil, while the other half of the isolates from roots in non-

replant soil ranged from light to medium brown (Table 2.2). 

Media discoloration ranged from none to light yellow to dark yellow/brown in the PDA 

around the mycelium (Fig 2.1). All I. rubosta isolates did not discolor the media, and two of the 

I. mors-panacis did not discolor the media (Table 2.2). All I. mors-panacis isolates from roots in 

replant soil discolored the media, except for isolated IMP.RD3U14-8, which slightly discolored 

the media. Half of I. mors-panacis isolates from roots in non-replant soil also discolored the 

media, and the other half slightly discolored the media. None of the I. robusta isolates discolored 

the media. For I. mors-panacis isolates with dark brown hyphae, 6 of them also discolored or 

slightly discolored the media, whereas for I. mors-panacis isolates with light brown hyphae, 3 of 

them did not or slightly discolored the media. Thus, medium to dark brown hyphae with no 

media discoloration was universal for the I. robusta isolates, but I. mors-panacis isolates varied 

in those characters, where there was a general relationship between darker hyphal color and 

greater media discoloration. However, there was no relationship between hyphal color and soil 

type. 

The growth rate of I. robusta isolates ranged from 0.52 to 0.63 cm/day, whereas the 

growth rate of I. mors-panacis isolates had a much wider range from 0.25 to 0.53 cm/day (Table 

2.2). The average growth rate of the 4 I. robusta isolates (0.59 cm/day) was significantly higher 

than the average for the 12 I. mors-panacis isolates (0.29 cm/day). However, I. mors-panacis 

isolate IMP.K112 grew as fast as the I. robusta isolates. The average growth rate of I. mors-

panacis isolates obtained from roots in replant soil (0.26 cm/day) was not significantly higher 

than those obtained from roots in non-replant soil (0.32 cm/day).  For I. mors-panacis isolates 

with light brown hyphae, the average growth rate (0.46 cm/day) was significantly (P=0.006) 
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greater than those isolates with dark brown hyphae (0.29 cm/day). For I. mors-panacis isolates 

that did not discolor the media, the average growth rate (0.48 cm/day) was not significantly 

(P=0.06) greater than those isolates that discolored the media (0.27 cm/day). Thus, hyphal color 

but not media discoloration for I. mors-panacis was significantly related to growth rate with 

faster growth linked with lighter brown hyphae with no media discoloration.  

2.3.2. Virulence of Ilyonectria isolates 

The lesion sizes produced by the 4 I. robusta isolates ranged from 0.13 to 0.16 cm
2 

in 

water-treated roots, 0.12 to 0.21cm
2
 in ginseng-root extract treated roots and 0.13 to 0.25 cm

2 
in 

replant-soil extract treated roots, whereas the lesion sizes for the 12 isolates of I. mors-panacis 

varied more, ranging from 0.12 to 0.30 cm
2
 in water-treated roots, 0.07 to 0.23 cm

2 
in ginseng-

root extract treated roots and  0.12 to 0.29 cm
2 

 in replant-soil extract treated roots (Table 2.3). 

The average lesion size produced by the I. robusta isolates was 0.157 cm
2
 in water-treated roots, 

0.155 cm
2
 in ginseng-root extract treated roots and 0.162 cm

2
 in replant-soil extract treated roots 

which were not significantly different from that produced by I. mors-panacis isolates with 0.17 

cm
2
 in water-treated roots, 0.14 cm

2
 in ginseng-root extract treated roots and 0.14 cm

2
 in replant-

soil extract treated roots. No significant correlation was observed between lesion sizes in roots 

treated with water, root extract or replant extract and growth rate on PDA (Fig 2.2). 

Comparing lesion sizes of different root treatments for each I. robusta isolate showed that 

the only significant differences was a higher lesion size with water than root or replant soil 

extract treatment for IR.NR1BC16-1 and a lower lesion size in water than replant soil extract 

treatment for IR.DAOM139398 (Table 2.3). For I. mors-panacis isolates, no isolates showed a 

significantly lower lesion size with water treated compared to root extract treated roots, but there 

was a significantly lower lesion size with water treated compared replant soil extract treatment 
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for IMP.ND3P14-1A and both root and replant soil extract treatment for IMP.ND3P14-3, 

IMP.ND3Z15, IMP.RD3U14-8 and IMP.DAOM226727. Significantly higher lesion size with 

water treatment was found compared to root extract treatment for IMP.ND3P14-1A and 

IMP.ND3A16-1, but there was no significant difference in lesion size for any isolate between 

water and replant soil extract treatment.  Significantly higher lesion size with water treatment 

was found compared to both root and replant soil treatment for IMP.ND3A16-2, IMP.RR3A14-1 

and IMP.K112. Thus, the most common difference in lesion size was with water treatment being 

lower than both root and replant soil extract treatments (4 isolates) and water treatment being 

higher than both root and replant soil extract treatments (3 isolates). 

For soil type, average lesion size produced by I. mors-panacis isolates collected from 

roots in non-replant soil (0.20 cm
2
 in water-treated roots, 0.15 cm

2
 in ginseng-root extract treated 

roots and 0.21 cm
2
 in replant-soil extract treated roots) was not significantly different from that 

produced by I. mors-panacis isolates collected from roots in replant soil (0.16 cm
2
 in water-

treated roots, 0.12 cm
2
 in ginseng-root extract treated roots and 0.15 cm

2
 in replant-soil extract 

treated roots). Thus, the effect of soil type of the isolates was not significantly related to the 

virulence of the isolates.   

For hyphal color, average lesion size produced by I. mors-panacis isolates with dark 

brown hyphae (0.19 cm
2
 in water-treated roots, 0.15 cm

2
 in ginseng-root extract treated roots and 

0.19  cm
2
 in replant-soil extract treated roots) was significantly higher I roots treated with water 

and replant soil extract compared to that produced by I. mors-panacis isolates with light brown 

hyphae (0.12 cm
2
 in water-treated roots, 0.11 cm

2
 in ginseng-root extract treated roots and 0.13 

cm
2
 in replant-soil extract treated roots). Thus, isolates with dark brown hyphae were 
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significantly more virulent than those with light brown hyphae in roots treated with water and 

replant soil extract.   

For media discoloration, average lesion size produced by I. mors-panacis isolates that 

discolored media (0.22 cm
2
 in water-treated roots, 0.14 cm

2
 in ginseng-root extract treated roots 

and 0.19 cm
2
 in replant-soil extract treated roots) was significantly higher in roots treated with 

water or replant soil extract compared to that produced by I. mors-panacis isolates that did not 

discolor the media (0.13 cm
2
 in water-treated roots, 0.11 cm

2
 in ginseng-root extract treated roots 

and 0.12 cm
2
 in replant-soil extract treated roots). Thus, isolates that discolored the media were 

significantly more virulent than those that did not discolour the media in roots treated with water 

and replant soil extract.   

2.3.3. Genomics of the Ilyonectria isolates 

Assembly of the sequenced genomes showed genome sizes of I. robusta isolates ranging 

from 56.1 Mb to 63.9 Mb with an average of 59.2 Mb, while the genome sizes of the I. mors-

panacis isolates were more similar ranging from 64.8 Mb to 65.3 Mb with an average of 65.0 Mb 

(Table 2.4). The average genome size of the I. robusta isolates was significantly smaller than that 

of the I. mors-panacis isolates (P<0.05). However, the number of predicted genes of the I. 

robusta isolates (17,603) was not significantly lower than that of the I. mors-panacis isolates 

(18,261) (P>0.05), indicating that the difference in size may be due to a greater amount of non-

coding regions in the I. mors-panacis isolates. The GC contents of the I. robusta isolates ranged 

from 50.04% to 50.27% with an average of 50%, which was significantly lower than the GC 

contents of the I. mors-panacis isolates that ranged from 48.93% to 49.02% with an average of 

49% (P<0.05) (Table 2.4).   
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The average number of both the total predicted non-secreted proteins and secreted 

proteins per isolate was not significantly different between the I. robusta and I. mors-panacis 

isolates (P=0.14) (Table 2.5). Among the major elements of the secretome of the I. robusta 

isolates, SSNPs comprised 14.5%, SSCPs comprised 7.7%, CAZymes comprised 7.6%, 

proteases comprised 6.7%, lipases comprised 4.7%, oxidoreductases comprised 8.1%, and 

transferases comprised 1.6%. Among the major elements of the secretome of the I. mors-panacis 

isolates, SSNPs comprised 14.9%, SSCPs comprised 7.9%, CAZymes comprised 7.2% proteases 

comprised 6.4%, lipases comprised 4.4%, oxidoreductases comprised 8.1%, and transferases 

comprised 2.7%. The only significant differences in any of those categories was a higher number 

of SSNPs and SSCPs in I. mors-panacis than I. robusta isolates (P=0.008 and P=0.033, 

respectively).  

2.3.4. Phylogenetic relationship of the Ilyonectria isolates 

The relatedness of the Ilyonectria isolates based on the genomic histone H3 nt sequences 

showed that the 4 isolates of I. robusta clustered together but with isolate IR.DAOM139398 

being more different than the others (Fig 2.3). The 12 isolates of I. mors-panacis clustered 

together in a single clade (100% bootstrap support) showing no differences between each other. 

The I. robusta isolates were more closely related to I. europaea isolate than the I. mors-panacis 

isolates. 

The relatedness of the Ilyonectria isolates based on the nt sequences of all predicted 

genes in the genomes showed two distinct clades comprising a cluster of all I. mors-panacis 

isolates (100% bootstrap support) and another cluster of all I. robusta isolates (73% bootstrap 

support), which were closely related to the I. europaea isolate (Fig 2.4). Among I. robusta 

isolates, isolate IR.ND1BC16-2 was the most closely related to I. europaea. Unlike the tree 
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based on the histone H3 nt sequence (Fig 2.3), the tree based on total predicted nt sequences of 

the genes (Fig 2.4) showed that I. mors-panacis isolates were divided into two distinct groups. 

One group was designated type 1, containing I. mors-panacis isolates IMP.ND3A16-1, 

IMP.ND3A16-2, IMP.ND3P14-1 and IMP.ND3P14-1A from roots from non-replant soil, 

IMP.RD3U14-8 from roots from replant soil, IMP.DAOM226729 and IMP.DAOM226727 from 

roots from unknown soil. The other group was designated type 2, containing I. mors-panacis 

isolates IMP.ND3P14-3 and IMP.ND4Z15 from roots in non-replant soil, IMP.RD3U14-5 and 

IMP.RR3A14-1 from roots in replant soil and IMP.K112 from root with unknown soil. The 

topology of both trees was relatively well supported by bootstrap values, ranging from 44% to 

99%. 

The type 1 isolates of I. mors-panacis were from Delhi, St. Williams, Lynedoch and 

Scotland, Ontario, whereas type 2 isolates were from some of the same areas, Kamloops, British 

Columbia, and Delhi, Scotland, Simcoe and Lynedoch, Ontario (Table 2.1). For hyphal color, 

71.4%, 14.3% and 14.3% of type 1 versus 40%, 20% and 40% of type 2 isolates produced dark 

brown, medium brown and light brown hyphae, respectively (Table 2.2). For media 

discoloration, 28.6%, 57.1% and 14.3% of type 1 versus 60%, 20% and 20% of type 2 isolates 

caused discolored, slightly discolored or not discolored media, respectively (Table 2.2). No 

significant differences in average growth rate or lesion size in roots treated with dsH2O, root 

extract or replant soil extract was observed between type 1 and 2 isolates (Table 2.6). Thus, the 

only measured culture characters related to type 1 and 2 of I. mors-panacis was hyphal color and 

media discoloration. While the differences were not absolute, type 1 isolates were more likely to 

produce dark brown hyphae and slightly discoloured media, whereas type 2 isolates were more 

likely to produce light brown hyphae and discolored media. 
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2.3.5. Relatedness of the secretome proteins of the Ilyonectria isolates 

The relatedness of the Ilyonectria isolates based on the complete predicted secreted aa 

sequences of the genomes showed two distinct clades comprising a cluster of all I. mors-panacis 

isolates (100% bootstrap support) and the other cluster of I. robusta isolates (93% bootstrap 

support), which were closely related to I. europaea isolate (Fig 2.5). The I. mors-panacis isolates 

could be divided into two groups matching the division observed with the predicted nt sequences 

of all genes in each genome. Thus, the separation of type 1 and 2 was virtually the same whether 

using total predicted coding nt sequences or predicted secretome aa sequences. 

For the predicted SSNP aa sequences, clustering matched well that of the total secretome 

aa sequences for the species and the type 1 and 2 I. mors-panacis isolates, except for 

IR.NDBC16-2 for I. robusta, which was now more related to IR.DAOM139398 (Fig 2.6). For 

the predicted SSCP aa sequences, the clustering of the I. robusta isolates was the same as the 

total secretome aa sequences, while the clustering of the I. mors-panacis isolates differed in that 

the type 1 and type 2 isolates were divided but the division was not as distinct (Fig 2.7). For the 

predicted secreted CAZyme aa sequences, clustering for the I. robusta isolates was similar to the 

complete secretome sequences, except for IR.NDBC16-2 being more similar to IR.NRBC16-1 

and IR.NRBC16-4 and being more different from IR.DAOM139398, while clustering of the I. 

mors-panacis isolates were intermixed and no longer divided into type 1 and 2 (Fig 2.8). For the 

predicted secreted protease aa sequences, clustering for I. robusta isolates similar to the total 

secretome, while clustering less well matched for I. mors-panacis isolates where the type 1 and 2 

isolates clustered but there less obvious of a separation between the two types like the SSCPs 

(Fig 2.9). For the predicted secreted lipase aa sequences, clustering matched well that of the total 

secretome for I. robusta isolates, except that IR.NDBC16-2 was more similar to IR.NRBC16-1 
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and IR.NRBC16-4 and IR.DAOM139398 was more different. The clustering of I. mors-panacis 

into type 1 and 2 was also less obvious (Fig 2.10).  

In general, bootstrap support was always strong for the branch between the species 

(100%), but the bootstrap support for the branch between type 1 and 2 of I. mors-panacis was 

highest for trees of SSCPs (99%), lipases (98%) and total secreted proteins (96%), intermediate 

for trees of SSNPs (91%) and lowest for trees of proteases (77%). The branch lengths also varied 

between the secretome sequences that separated type 1 and 2 with 0.48, 0.35, 0.33, 0.29 and 

0.036 for the SSCPs, total secretome, SSNPs, proteases and lipases, respectively. Thus, the 

clearest separation of the types was for the SSCPs with a branch length of 0.48 with 99% 

bootstrap support, and the weakest was for CAZymes with no single branch between the two 

types.     

Among the SSNPs, there were homologs of the known effector CRX1, and a tree of the 

CRX1 homologs showed I. robusta isolates contained one copy, except for IR.ND1BC16-2 that 

lacked a copy, while each I. mors-panacis genome contained two copies, with only I. mors-

panacis sequences in cluster 1 and both I. robusta and I. mors-panacis sequences in cluster 2 

(Fig 2.11). Within cluster 1, all the aa sequence of I. mors-panacis isolates were identical, while 

within cluster 2, the 3 I. robusta sequences were identical, and 3 and 9 isolates of I. mors-

panacis had identical aa sequences. No significant relationship between I. mors-panacis type 1 

and type 2 based on this protein was observed. 

Among the SSCPs were homologs of the known effector SIX6, and a tree of the SIX6 

homologs showed all isolates of I. robusta contained one copy of the protein, while all isolates of 

I. mors-panacis lacked a copy. The proteins from I. robusta isolates created a single cluster with 

identical sequences that was different from that of I. europaea (Fig. 2.12). 
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2.3.6. Relatedness of selected elements of the non-secretomes of the Ilyonectria isolates 

A tree based on the aa sequences of the complete predicted non-secreted proteins of the 

genomes also showed a cluster with all the I. robusta isolates more related to the I. europaea 

isolate and two subclusters of I. mors-panacis isolates (Fig 2.13). Although the branching for the 

sequences of the I. mors-panacis isolates was very similar to that of the total secreted proteins, 

branching less well matched the separation of the type 1 and 2 (Fig. 2.5). This was reflected in 

the shorter branch length (0.12) and lower bootstrap value (77 %) for the branch separating type 

1 and 2 I. mors-panacis for total non-secreted proteins compared to total secreted proteins (0.33 

branch length and 96% bootstrap value).  

For the MAT1-2-1 mating type protein, there were three copies of the predicted aa 

sequences in the genomes of the I. europaea, I. robusta and I. mors-panacis isolates that were 

separated into three clusters, labelled 1, 2 and 3 (Fig. 2.14).  In clusters 1 and 3, all aa sequences 

of I. robusta isolates were identical and closely related to I. europaea, while the aa sequences 

were all identical for I. mors-panacis isolates but different from the other sequences. In cluster 2, 

similar results were obtained, except for IR.DAOM139398.g14298 that was in a separate branch 

from the other I. robusta proteins. For the other mating type protein, MAT1-1-3, there were two 

copies of the predicted aa sequences in almost all the genomes of the I. europaea,  I. robusta and 

I. mors-panacis isolates that were separated into two clusters, labelled 1 and 2 (Fig 2.15). In 

cluster 1, all aa sequences of I. robusta isolates were identical, except for IR.DAOM139398 that 

lacked a copy, while all the aa sequences for I. mors-panacis isolates were identical and distinct 

from the others.  Cluster 2 was similar to cluster 1, except that IR.DAOM139398 had a sequence 

in that cluster, which was in a separate branch more closely related to the proteins in cluster 2.  

All the MAT1-2-1 and MAT1-1-3 aa sequences of I. mors-panacis isolates were identical in 
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each cluster, and thus no correlation to the division between type1 and type 2 of I. mors-panacis 

was observed. 

For the triacetylfusarinine C siderophore biosynthesis protein, one copy of the L-

ornithine N
5
-oxygenase  predicted aa sequence was found in the genome of the I. europaea, I. 

mors-panacis and I. robusta isolates with all aa sequences of I. robusta being identical and 

closely related to aa sequence of the I. europaea isolate (Fig. 2.16). All I. mors-panacis isolates 

had identical L- ornithine N
5
-oxygenase aa sequences that were distinct from those of the I. 

robusta isolates. Since all aa sequences of I. mors-panacis isolates were identical in the cluster, 

there was no correlation to the division between type1 and type 2 of I. mors-panacis observed. 

For a possible toxin synthesis enzyme, there was one aa sequence matching the nonribosomal 

peptide synthetase involved in tentoxin synthesis in the genome of each I. europaea and I. 

robusta isolate, labelled cluster 1, while there were 2 in each I. mors-panacis isolate, labelled 

clusters 2 and 3 (Fig 2.18). The sequences from I. robusta isolates were identical to each other 

and related to the I. europaea. The 2 copies in the I. mors-panacis isolates were in separate 

clusters with all the sequences being identical in each cluster. Since all aa sequences of I. mors-

panacis isolates were identical in each cluster, and there was no correlation to the division 

between type1 and type 2 of I. mors-panacis.  

For the predicted aa sequence of the other possible toxin synthesis enzyme, a homolog of 

the HC-toxin branched-chain amino acid aminotransferase, TOXF, was found with one copy in 

the genomes of the I. europaea and I. robusta isolates and 3 copies in the genomes of the I. 

mors-panacis isolates (Fig 2.17). The cluster labelled 1 only contained the proteins from I. 

robusta, which were closely related to I. europaea, while the 3 aa sequences in each I. mors-

panacis genome were in the clusters labelled 2 and 3. No aa sequence difference for each species 
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was observed in each cluster, and so no relationship between I. mors-panacis type 1 and type 2 

based on this protein was observed.  

For saponin degradation, homologs matching the TOM1 tomatinase aa sequence were 

found as 5 copies in the I. europaea genome, 4 copies of in the I. robusta genomes, except for 

IR.ND1BC-1 with 5 copies, and 5 copies in the genomes of I. mors-panacis (Fig 2.19). 

Clustering of the sequences showed that all of the I. europaea and I. robusta sequences were in 

the clusters labelled 1, 4, 5 and 6, while the I. mors-panacis sequences were in the clusters 

labelled 2, 3, 4, 5 and 6. Cluster 1 contained only I. robusta and I. europaea sequences with all 

the I. robusta sequences being identical and closely related to the aa sequence of the I. europaea 

isolate. Clusters 2 and 3 each contained only I. mors-panacis sequences that were identical 

within each cluster. Cluster 4 contained 4 I. robusta sequences with one being similar to I. 

europaea, whereas all the I. mors-panacis sequences were in a single cluster with identical aa 

sequences. Cluster 5 contained 4 I. robusta and 1 I. europaea sequences that were identical, and 

all the I. mors-panacis sequences that also had identical aa sequences with each other. Cluster 6 

contained 2 I. europaea sequences, one of which was closely related to the 4 identical I. robusta 

sequences, and 2 I. mors-panacis sequences with 3 isolates having 1 sequence and 9 having the 

other. While there was variation within clusters for I. robusta sequences, only cluster 6 showed 

variation within sequences from I. mors-panacis isolates, but this was not related to the 

separation between I. mors-panacis type 1 and type 2 based on the total genome nt sequences.  

For the avenacinase protein, Sap1, 3 copies were found in the I. europaea genome, 2 

copies were found in each genome of the I. robusta isolates, and 3 copies were found in each 

genome of the I. mors-panacis isolates (Fig 2.20). Clusters 1 and 3 only contained I. mors-

panacis aa sequences with no differences within a cluster. Clusters 1 and 3 matched clusters 4 
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and 3, respectively, of the Tom1 homologs (Fig. 2.19). These were clusters 4 and 6, respectively, 

in the tree of the combined Tom1 and Sap1 sequences (Appendix 1). Cluster 2 contained 2 

copies from the I. europaea isolate and one copy from each I. robusta isolate that were identical 

to each other. Cluster 2 also contained one copy from each I. mors-panacis isolate that were 

identical to each other, and matched cluster 6 of the Tom1 homologs (Fig. 2.19). This was cluster 

7 in the tree of the combined Tom1 and Sap1 sequences (Appendix 1). Cluster 4 only contained 

aa sequences of I. robusta isolates with IR.NR1BC16-1.g1553 and IR.NR1BC16-4.g14060 that 

were identical to each other, and matched cluster 4 of the Tom1 homologs (Fig. 2.19). This was 

cluster 5 in the tree of the combined Tom1 and Sap1 sequences (Appendix 1). Thus, there were 

no additional homologs identified using Sap1 than when using  TOM1 as a query, whereas 

TOM1 was able to identify 2 additional copies in each genome of the Ilyonectria isolates, which 

were clusters 2 and 3 in tree in Appendix 1.  As there was no differences between I. mors-

panacis sequences within each cluster, there was no relationship between I. mors-panacis type 1 

and type 2. 

2.3.7. Relationship of copy number to growth rate of Ilyonectria isolates  

The copy number of the genes for total small secreted non-cysteine rich proteins (SSNP) 

in each genome was significantly negatively related to the growth rate of the isolates on PDA 

(P<0.05) (Fig 2.21A). However, dividing the total SSNPs into acidic and basic SSNPs based on 

pI showed no significant relationship (Fig 2.21B and C). The SSNPs were further divided based 

on 25 aa intervals of sequence length (Appendices 2 and 3). For acidic SSNP sequences, a 

significant relationship to growth rate was observed for those with position 151-175, 176-200, 

201-225, 251-275 and 276-300 aa sequences (Appendix 2 G, H, I, K and L). The strongest 

negative correlation between the two factors was for the acidic SSNPs of 201-225 aa (R
2
=0.55; 
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P=0.003) (Appendix 2 I). For basic SSNPs, a significant relationship to growth rate was 

observed for those with 126-150, 176-200, 201-225 and 251-275 aa (Appendix 3 F, H, I and J). 

The strongest negative correlation was for the basic SSNPs of 126-150 aa (R
2
=0.53, P=0.002) 

(Appendix 3 F). For SSNPs, the relationship between growth rate and copy number was always 

related to the interspecific difference in copy number between the isolates of I. mors-panacis and 

I. robusta with the I. robusta isolates having faster growth rates. There were no clear differences 

in copy number among I. mors-panacis isolates, and no clear separation in copy number between 

the type 1 and type of I. mors-panacis.  

The copy number of the total small secreted cysteine-rich proteins (SSCP) was 

significantly negatively related to the growth rate of the isolates on PDA (P<0.05) (Fig. 2.22A). 

Dividing the total SSCPs into acidic and basic SSCPs based on pI showed no significant 

relationship (Fig 2.22B and C). The growth rate was also compared to SSCPs that were further 

divided based on 25 aa intervals of sequence length (Appendices 4 and 5). For acidic SSCPs, a 

significant relationship of copy number to growth rate was observed for those with position 51-

75, 101-125, 126-150, 176-200, 201-225, 251-275 and 276-300 aa sequences (Appendix 4 C, E, 

F, H, I, K and L, respectively). The strongest negative correlation between the two factors was 

for the acidic SSCPs of 251-275 aa sequences (R
2
=0.69; P=0.0007) (Appendix 4 K). For basic 

SSCPs, a significant relationship to growth rate was observed for those with position 51-75, 76-

100, 126-150, 176-200, 251-275 and 276-300 aa sequences (Appendix 5 C, D,  F, H, K and L, 

respectively). The strongest positive correlation was for the basic SSCPs of 126-150 aa 

sequences (R
2
=0.74, P=0.009) (Appendix 5 F). For SSCPs, the relationship between growth rate 

and gene copy number for the SSCPs was always due to the interspecific differences in growth 

rate and copy number between the isolates of I. mors-panacis and I. robusta. There were no clear 
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differences in copy number among I. mors-panacis isolates, and no clear separation in copy 

number between the type 1 and type of I. mors-panacis.  

The total copy number of the genes for secreted CAZymes in each genome was not 

significantly related to the growth rate of isolates on PDA (P>0.05) (Fig 2.23A). Among the 6 

families of  CAZymes (glycoside hydrolase, glycosyl transferase, polysaccharide lyase, 

carbohydate esterase, carbohydrate-binding module and auxiliary activity), all showed a 

difference of 3 or more copy number between the secretome proteins of the I. mors-panacis and 

I. robusta isolates (Figs. 2.23B to G). There was a significant positive correlation for the secreted 

glycosyl transferases and polysaccharide lyases with the strongest correlation for the 

polysaccharide lyases (R
2
=0.62, P=0.009) (Fig 2.23C and D). However, among the subfamilies 

within the CAZyme families with at least a difference of 3 in copy number among the genomes, 

there was a positive significant correlation for secreted glycoside hydrolases 2, 3, 16, 18, 64 and 

109 and carbohydrate-binding modules 50 and 67 with the strongest correlation for glycoside 

hydrolase 3 (R
2
=0.73, P=0.03) (Appendix 10A, B, C, D, E, G, L and M). However, the 

significant correlations were always due to the faster growing I. robusta isolates having a 

different gene copy number for secreted CAZymes than the I. mors-panacis isolates. No 

difference was observed between type 1 and 2 of I. mors-panacis. 

The total copy number of secreted protease genes per genome was not significantly 

related to the growth rate of the isolates on PDA (Fig 2.24A). Among the 9 protease catalytic 

types, the secreted proteases with a 3 or more copy number difference between the genomes of I. 

mors-panacis and I. robusta isolates belonged to the aspartic acid, cysteine, protease inhibitor, 

metallo, serine, threonine, unknown, glutamic and mixed catalytic types (Figs 2.24 B to J). 

However, only members of the cysteine protease and protease inhibitor catalytic types showed a 
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significant relationship between copy number and growth rate, which were negative and positive 

relationships, respectively (Fig 2.24 C and D). The strongest was the positive correlation 

between the two factors for protease inhibitor (R
2
=0.66, P=0.0003). The growth rate was also 

compared to protease families within each catalytic type with a least 3 copy number difference 

between the genomes of the isolates, and there was a significant negative correlation between 

growth rate to copy number of aspartic acid 2 and serine 33 proteases, and a significant positive 

correlation to serine 8 protease (Appendix 12A, D and F). The strongest correlation between the 

two factors was for the serine 8 (R
2
=0.83, P=0.003). The significant correlations were always the 

result of the I. robusta isolates having a faster growth rate and different gene copy number of 

secreted protease in their genomes than the I. mors-panacis isolates. No differences were 

observed between type 1 and 2 of I. mors-panacis. 

The copy number of total secreted lipases in each genome was significantly correlated to 

the growth rate of the isolates on PDA (Fig 2.25A). Among the 38 lipase superfamilies, 31 

secreted lipase superfamilies had a 3 or more copy number difference between the genomes of I. 

mors-panacis and I. robusta isolates. For those, members of 11 superfamilies showed a 

significant positive correlation between copy number and growth rate (Yarrowia lipolytica lipase 

like (abH02), Candida rugosa lipase like (abH03), abH11 (carboxylesterases), Burkholderia 

lipases (abH15), Streptomyces lipases (abH16), Bacillus lipases (abH18), Pseudomonas lipases 

(abH24), Moraxella lipase 1 like (abH25), dienlactone hydrolases (abH31), xylanase esterases 

(abH32), antigen 85 (abH33)) (Fig 2.29 C, D, I, M, N, O, U, V, AA, AB and AC). Also for 

those, 11 showed a significant negative correlation with growth rate (Moraxella lipase 2 like 

(abH04), Moraxella lipase 3 like (abH07), cytosolic hydrolases (abH08)   hydroxynitrile lyases 

(abH12), bacterial esterases (abH13), bacterial esterases (abH21), lysophospholipase (abH22), 
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filamentous fungi lipases (abH23), dipeptidyl peptidase IV like (abH27), cutinases (abH36) and 

Candida antartica lipase A like (abH38)) (Fig 2.25 E, F, G, J, K, R, S,T, X, AE and AF). The 

strongest positive correlation between the two factors was dienlactone hydrolases (abH31) 

(R
2
=0.78, P=0.0007) (Fig 2.25AA), and the strongest negative correlation was for bacterial 

esterases (abH13), lysophospholipase (abH22) and dipeptidyl peptidase IV like (abH27) 

(R
2
=0.76, P=0.001, P=0.0005 and P=0.0005, respectively) (Fig 2.25 K, S and X). Members of 

lipase families within the lipase superfamilies with a least a difference of 3 in copy number in 

genomes between the isolates showing a significant positive correlation to growth rate were 

acetlycholinesterases (abH1.04), Bacillus sphaericus lipase like (abH4.04), dienlactone 

hydrolase (abH31.01) and dienlactone hydrolase (abH31.02) (Appendix 14A, D, G and H), and 

showing a significant positive correlation to growth rate were Moraxella lipase 2 like (abH4.01), 

Moraxella lipase 2 like (abH4.02) and soluble mammalian epoxide hydrolases (abH8.03) 

(Appendix 14B, C and E). The strongest positive correlation between the two factors was for the 

Bacillus sphaericus lipase like (R
2
=0.82, P=0.0004) (Appendix 14D), and the strongest negative 

correlation between the two factors was for the Moraxella lipase 2 like (abH4.02) (R
2
=0.62, 

P=0.002) (Appendix 14C). As was the case for the other categories, the significant correlations 

in secreted lipase copy number per genome were always related to I. robusta isolates having a 

different copy number per genome along with a faster growth rate than the I. mors-panacis 

isolates. No difference was observed between type 1 and 2 of I. mors-panacis. 

2.3.8. Relationship of copy number to lesion size caused by Ilyonectria isolates  

The copy number of total SSNP genes per genome was not significantly correlated with 

lesion sizes produced by the isolates on roots of P. quinquefolius (Fig 2.26A). There also was no 

significant correlation between copy number and growth rate if the SSNPs were divided into 
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acidic and basic SSNPs (Fig. 2.26B and C). Further dividing the acidic and basic SSNPs based 

on 25 aa intervals of sequence length also showed no significant correlation between copy 

number and lesion size (Appendices 6 and 7).  

Copy number of total SSCP genes in each genome was not significantly correlated to 

lesion size produced by the isolates on roots of P. quinquefolius (Fig 2.27A). Dividing the SSCPs 

into acidic and basic SSCPs based on pI also showed no significant correlation between copy 

number and lesion size for the isolates (Fig 2.27A and 2.24B). Further dividing the acidic and 

basic SSNPs based on 25 aa intervals of sequence length never showed significant correlation 

between copy number and lesion size (Appendices 8 and 9).  

Copy number of total secreted CAZyme genes per genome was not significantly 

correlated to lesion size (Fig 2.28A). Secreted CAZyme members in CAZyme families with a 3 

or more copy number difference between the genomes of I. mors-panacis and I. robusta isolates 

showed a significant positive correlation between copy number and lesion size for only glycoside 

hydrolases (R
2
=0.25, P=0.05) (Fig 2.28B). For secreted CAZyme members in CAZymes 

subfamilies with a least a 3 gene copy number difference between the genomes of the isolates, a 

significant positive correlation between copy number and lesion size was observed for glycoside 

hydrolases 18 and 78 (Appendix 11D and F, respectively). The significant correlation for 

glycoside hydrolases subfamilies 18 and 78 was not due to an interspecific difference between 

the isolates of I. mors-panacis and I. robusta, but due to differences regardless of species. 

However, there was no clear separation in copy number between the type 1 and 2 of I. mors-

panacis isolates.  

The copy number of total secreted protease genes for each genome was not significantly 

correlated to lesion size (Fig 2.29A). Copy number of secreted protease genes per genome 
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divided into catalytic types and families within catalytic types with a least 3 copy number 

difference between the genomes were never significantly correlated to lesion size produced by 

the isolates (Fig 2.28 B-J and Appendix 13).  

The copy number of genes per genome of total secreted lipases was not significantly 

correlated to lesion size (Fig 2.30A). Dividing the secreted lipases into lipase superfamilies and 

lipase families that had 3 or more copy number difference between the genomes of I. mors-

panacis and I. robusta isolates showed no significant correlation between copy number and 

lesion size on roots for the isolates (Fig 2.30 B-AF and Appendix 15).  

 

2.4. Discussion  

In the classification of the genus Ilyonectria, Cabral et al. (2012) used the sequences of β-

tubulin, histone H3, translation elongation factor 1-α and nuclear ribosomal RNA-internal 

transcribed spacer (nrRNA-ITS), but suggested that histone H3 alone was sufficient for 

Ilyonectria species identification. Based on the histone H3 sequence of the 16 isolates in this 

study, 12 isolates were identified as I. mors-panacis and 4 were identified as I. robusta.  

The 2 species differed with some overlap in their cultural characteristics. Ilyonectria 

robusta isolates all had medium to dark brown hyphae, while I. mors-panacis isolates ranged 

from light to dark brown hyphae. All the I. robusta isolates and 2 isolates of I. mors-panacis did 

not discolor the media, while 10 I. mors-panacis isolates discolored the media to some extent. 

The I. robusta isolates grew significantly faster than I. mors-panacis. However, the range of 

growth rates for isolates of I. robusta was 0.52 to 0.61 cm/day, and I. mors-panacis isolate 

IMP.K112 had a growth rate of 0.53 cm/day, which was within that range. Thus, none of these 
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morphological or cultural characteristics are reliable for differentiating these two species, 

although it does show that there are differences generally related to species.  

It has been reported that I. mors-panacis is the most virulent species to ginseng. The 

disease severity index value of 6 isolates of I. mors-panacis from P. ginseng roots were 

significantly higher than that of 5 isolates of I. robusta and 3 isolates of I. leucospermi from P. 

ginseng roots based on a rot severity scale on P. ginseng roots grown in infested soil (Farh et al. 

2017). Farh et al. (2017) also reported that variation in virulence within the isolates was the least 

for I. robusta, followed by I. mors-panacis and the greatest for I. leucospermi. Seifert et al. 

(2003) also reported that 4 isolates of C. destructans f. sp. panacis (i.e., I. mors-panacis), were 

more virulent compared to three other C. destructans isolates, which were likely one of the other 

Ilyonectria species pathogenic to ginseng (I. robusta, I. liriodendra, I. cyclaminicola, I. robusta 

or I. venezuelensis; Seo et al. 2015) based on disease rating and stand counts of P. quinquefolius 

seedlings in pots using inoculated soil. In this study, the average lesion size created by the I. 

robusta and I. mors-panacis isolates were not significantly different from each other in detached 

P. quinquefolius roots inoculated with conidia in dsH2O. In fact, the range of virulence for I. 

mors-panacis was greater than that of I. robusta. The largest lesion size was produced by I. 

mors-panacis IMP.ND3A16-1 and smallest was produced by I. mors-panacis IMP.RD U14-8 

and IMP.ND3P14-3. Thus, I. mors-panacis was not more virulent to ginseng than all other 

Ilyonectria species unlike the reports of Seifert et al. (2003) and Farh et al. (2017).  

Rahaman and Punja (2005) reported that C. destructans isolates with medium to dark 

brown hyphae were more virulent when mycelial plugs were placed on unwounded roots of P. 

quinquefolius compared to isolates with beige to light brown hyphae. In this study, the 4 isolates 

of I. robusta and 9 isolates of I. mors-panacis with medium to dark brown hyphae produced 
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lesion sizes ranging from 0.13 to 0.30 cm
2
 (mean = 0.18 cm

2
) compared to 0.09 to 0.14 cm

2
 

(mean = 0.12 cm
2
), for the 3 isolates with light brown hyphae, which were all I. mors-panacis, 

and this difference was significant (P= 0.007). Perhaps this is related to a role for melanin, which 

is normally responsible for brown coloration in fungi, in providing biomechanical strength 

during invasive growth, as has been reported for the human pathogenic fungus, Wangiella 

dermatitidis (Brush & Money 1999). While these results support a relationship between hyphal 

color and virulence, the limited number of isolates with light brown hyphae in this study makes 

this conclusion tentative.  

The 16 Ilyonectria isolates whose genomes had been sequenced were also examined for 

cultural characteristics and virulence to detached ginseng roots. Zhu et al. (2019) using the 

Illumina HiSeq2500 to sequence an isolate of I. mors-panacis from P. notoginseng and  

estimated the genome size to be 61 Mbp. Guan et al. (2020) used the Illumina HiSeq3000 to 

sequence an isolate of of I. robusta from P. ginseng roots with rusty root symptom, and 

estimated the genome size to be 58 Mbp. The genome sizes of the isolates in this study ranged 

from 56.1 to 65.3 Mbp, and were consistent with the previous findings. The average genome size 

of I. mors-panacis at 65.02 Mbp was significantly larger (P=0.019) compared to I. robusta at 

59.55 Mbp for the isolates in this study. Genome enlargement has been reported to be due to 

repeat driven expansions, such as a proliferation of transposable elements (Raffaele & Kamoun 

2012; Sapnu et al. 2010). For example, a dysfunctional repeat-induced mutation pathway in 

certain powdery mildews was believed to contribute to genome expansion (Sapnu et al. 2010). It 

has been proposed that fungal plant pathogens with larger genomes can possibly adapt faster by 

producing virulent types able to combat the host's innate immune system (Raffaele & Kamoun 
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2012). Thus, the larger genome size of I. mors-panacis may indicate a greater potential for 

overcoming host resistance than I. robusta.   

The number of predicted genes per genome ranged from 17,256 to 19,307 in this study. 

This range would fit well with the 18,321 predicted genes per genome of I. mors-panacis G3B 

(Zhu et al. 2019) and 17,752 predicted genes per genome of I. robusta CD-56 (Guan et al. 2020). 

Although not significantly different, the average number of predicted genes was lower in the I. 

robusta isolates at 17,604 than in the I. mors-panacis isolates at 18,261. Although I. mors-

panacis isolates had a larger genome, there was not a good correlation between genome size and 

number of predicted genes within the two species. This indicates that the differences may be due 

to variation in non-coding regions which are commonly found in fungal genomes, such as 

intergenic DNA (Noble & Andrianopoulos 2013), microsattelitesspelling (Vogelgsang et al. 

2008) and pseudogenes (Van der burgt et al. 2014; Lafontaine & Dujon 2010). 

The GC content in the genomes in this study ranged from 48.93% to 50.27%. This range 

overlaps with the previous reports of 48.7% GC in I. mors-panacis G3B and 49.3% GC in I. 

robusta CD-56 (Zhu et al. 2019; Guan et al. 2020). The average GC content was significantly 

higher (P=0.01) in I. robusta (50.11%) than in I. mors-panacis (48.96%) in this study. 

Differences in GC content among isolates of fungi reflected microsatellite density with lower GC 

content indicating higher microsatellite density dominated by A/T-rich motifs (Lim et al. 2004). 

Regions with AT-rich motifs can be produced by repeat-induced point mutation, which only 

occurs in fungi, acting as a defense mechanism against transposon propagation (Testa et al. 

2016). Thus, perhaps I. robusta has experienced greater repeat-induced point mutations than I. 

mors-panacis partially depleting the GC content by increasing the amount of AT-rich repeats, 

but this does not match well with its smaller genome size for I. robusta previously discussed. 
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Further sequence analysis of the genomes of the I. robusta and I. mors-panacis isolates in this 

study for microsattelites and transposable elements would show if they differ in their proportion 

of the genomes of the 2 species. 

While clear genetic differences were expected between I. mors-panacis and I. robusta, a 

surprising result was the division of the I. mors-panacis isolates into 2 types, which was most 

clearly observed based on nt sequence differences of the approximately 18,000 gene sets, as well 

as for the predicted proteins for the approximately 9000 genes of the secretomes along with the 

approximately 1400 genes of the SSCPs and the approximately 400 genes of the secreted lipases. 

There are no previous reports of a division within I. mors-panacis.  In contrast, C. destructans f. 

sp. panacis (i.e., I. mors-panacis) isolates from Ontario, Korea and Japan were considered a 

monophyletic clade based on identical ITS and β-tubulin sequences (Seifert et al. 2003). Thus, 

one would have expected little variation among the genomes of the I. mors-panacis isolates. A 

comparison of the I. mors-panacis type 1 and 2 isolates showed no clear relationship with media 

discoloration, hyphal color, growth rates, virulence or geographical source of the isolates. It was 

also not apparently related to mating type as the fungus appears to be homothallic. The stronger 

relationship between I. mors-panacis type to the predicted secretome versus the non-secretome 

may be significant. The secretomes of plant pathogenic fungi are often studied because they are 

believed to be related to virulence with secreted enzymes, like plant cell-wall degrading 

enzymes, proteases, and saponin detoxifying enzymes (Plissonneau et al. 2017; Grunwald et al. 

2016; Zeng et al. 2018), as well as secreted immunosuppressing effectors (Rafiqi et al. 2012; 

Menardo et al. 2017). Although differences in the secretome gene expression between type 1 and 

2 isolates could occur during infection, this was not ultimately reflected in differences in the 

lesion size produced.  

http://www.frontiersin.org/people/u/387932
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The SSCPs and secreted lipases of I. mors-panacis type 1 and 2 could have roles in 

virulence. For example, the SSCP of the necrotroph Stagonospora nodorum, SnToX1, induces 

programmed cell death (hypersensitive response) in wheat epidermal cell providing nutrients 

from the dead cells for invasive growth (Liu et al. 2012). This is similar to Botrytis cinerea that 

induces the hypersensitive response in Arabidopsis facilitating colonization likely by supplying 

nutrients from the dead cells for necrotrophic growth (Gorvin and Leivine 2000). Another 

example of a SSCP involved in virulence is SsSSVP1 of the necrotroph Sclerotinia 

sclerotiorum which binds to a subunit of the cytochrome b-c1 complex in the host's 

mitochondrial respiratory chain altering its subcellular localization that likely eliminates its 

function resulting in cell death (Lyu et al. 2016). Fungal secreted lipases can degrade plant cell 

wall membrane providing nutrients for the pathogen growth and allowing invasion of the host 

(Kikot et al. 2009). Disruption of the F. graminearum FGL1 gene encoding a secreted lipase 

slowed the growth of the fungus during invasion of wheat spikes allowing time for the plant to 

form a lignified barrier zone preventing further invasion (Voigt et al. 2005). Since I. mors-

panacis is a necrotroph invading root tissues, inducing host cell death and breaking down host 

lipids would likely be similarly important, and so differences in SSCPs and secreted lipases 

between type 1 and 2 isolates could be important. However, SSPs could be related to saprophytic 

growth as fungal SSPs have functions such as helping depolymerise cellulose into glucose and 

inducing enzyme production like those in the ligninolytic system (Saloheimo et al. 2002; 

Feldman et al. 2017), and secreted lipases could be involved in degrading recalcitrant lipid 

polymers of plant debris during saprophytic growth (Martins et al. 2014). Therefore, it cannot be 

assumed that the differences are necessarily related to virulence to ginseng roots. 
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The poorest agreement for the division between I. mors-panacis type 1 and 2 was for 

CAZymes. CAZymes could be involved in host invasion by acting as plant cell degrading 

enzymes, such as pectinases, arabinases and cellulases (Pereira et al. 2007).  However, they 

could also be involved in saprophytic growth by degrading the major carbohydrate polymers in 

dead plant material like cellulose and pectin (Gupta et al. 2016). Rahman and Punja (2005) stated 

that cell wall degrading enzymes were important for I. mors-panacis virulence based upon higher 

production of pectinases in highly virulent isolates than weakly virulent isolates when grown in 

culture with pectin as a substrate. However, this study examined CAZyme sequence differences 

between isolates rather than expression. Future work should examine if CAZyme gene 

expression levels differ between type 1 and 2 I. mors-panacis or between highly and weakly 

virulent isolates.  

One possibility is that separation of type 1 and 2 I. mors-panacis is related to mating 

type. Mating type genes (MAT) encode transcription factors related to mating and sexual 

development with heterothallic fungi having the two different mating type loci in different 

individuals and homothallic fungi having the two mating type loci within each isolate (Klix et al. 

2010; Martin et al. 2011). In F. graminearum, MAT 1-1-3 and MAT 1-2-1 contain an alpha-box 

domain and an HMG box domain, respectively, and both have DNA-binding capabilities being 

required for sexual development (Kim et al. 2012; Zheng et al. 2013). A search of two mating 

type proteins in this study revealed that the aa sequences of MAT 1-1-3 and MAT 1-2-1 were in 

all isolates with distinct sequences between the I. robusta and I. mors-panacis isolates and 

identical sequences within each species. As all isolates of I. robusta and I. mors-panacis had 

copies of MAT 1-1-3 and MAT 1-2-1 in each genome, it appears that both species are 
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homothallic containing the two MAT idiomorphs (Turgeon & Yoder 2000). Thus, this does not 

support that the two types of I. mors-panacis are related to different mating types. 

Siderophores are low molecular weight iron-chelating ligands produced in fungi as 

hydroxamates functioning mainly as iron transport compounds that can enhance pathogenicity 

and suppress growth of other microorganisms (Haas et al. 2008). It was claimed that production 

of the siderophore, N,N′,N″-triacetylfusarinine C, was related to virulence to ginseng based on its 

production by three isolates of I. mors-panacis with similar levels of virulence to ginseng, but no 

production in two isolates of I. rufa and an isolate of Cylindrocarpon obtusisporum that had low 

or no virulence to ginseng roots (Walsh et al. 2019). A homolog of the siderophore biosynthesis 

protein (L-ornithine N
5
-oxygenase) from Aspergillus fumigatus (Hissen et al. 2005) may be 

responsible for its production, and differences in the genomes showed that there were two types, 

one in I. robusta and the other in I. mors-panacis with identical protein sequences in the isolates 

of each species. Thus there is no evidence that there are any differences related to type 1 and 2 or 

high or low virulent isolates of I. mors-panacis based on predicted aa sequences. However, 

levels of expression of the gene was not examined, and so the relationship between levels of the 

protein to type 1 versus 2 or virulence was not examined.  

Another set of protein sequences examined to determine if their sequences differed 

between type 1 and 2 I. mors-panacis were related to genes involved in fungal cyclic peptide 

toxin production. Homologs were found in the genomes of I. robusta and I. mors-panacis of the 

non-ribosomal peptide synthetase for the cyclic tetrapeptide tentoxin produced by A. alternata 

that binds to ATP synthase blocking ATP hydrolysis (Meiss et al. 2008). This indicates a 

possible cyclic tetrapeptide toxin produced by I. mors-panacis. However, the sequence was 

identical between all isolates of I. mors-panacis, including type 1 and 2 as well as high and low 
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virulence, and thus no relationship was observed related to those characteristics based on this 

protein sequence but it could still be related to the levels of expression of the genes during 

infection or saprophytic growth. 

Synthesis of cyclic tetrapeptides, such as for the production of HC toxin by Cochliobolus 

carbonum, requires genes in addition to a non-ribosomal peptide synthetase (Wight et al. 2013). 

One of those is the branched-chain amino acid aminotransferase gene TOXF that acts in the 

biosynthesis of the unusual amino acid 2-amino-9,10-epoxi-8-oxodecanoic acid in HC toxin, 

which disrupts the activity of maize histone deacetylase (Brosch et al. 1995; Wight et al. 2013). 

TOXF is required for virulence and is unrelated to house-keeping versions of branched-chain 

amino acid aminotransferases (Wight et al. 2013). Three homologs of TOXF were found in 

genomes of the isolates of I. robusta and I. mors-panacis. Along with the discovery of the 

homolog of the tentoxin nonribosomal peptide synthetase, this supports a possible cyclic peptide 

toxin produced by I. robusta and I. mors-panacis. However, there was also no aa sequence 

difference in the TOXF homologs between isolates of I. mors-panacis, including type 1 and 2 as 

well as highly and weakly virulent isolates, indicating that sequences differences may not be 

related to those factors but expression levels may be. 

Ginsenoside levels are relatively high in healthy ginseng roots (Searels et al. 2013), and 

they are also induced in P. ginseng roots during infection by I. robusta and suppressed by I. 

mors-panacis (Farh et al. 2020). As ginsenosides are saponins, which can have anti-fungal 

activity (Bernards et al. 2011), it was expected that I. robusta and I. mors-panacis isolates may 

have mechanisms to detoxify ginsenosides. Five homologs per genome of each I. robusta and I. 

mors-panacis isolate were found matching the β-glucosidase tomatinase, TOM1, of S. 

lycopersici which is a family 3 β-glycosyl hydrolase, cleaving glucose from tomatine (Osbourne 
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et al. 1995). Several, but not all, of those were also found to be homologs of the β-glucosidase 

avenacinase, Sap1, of B. cinerea which also belongs to the family 3 β-glycosyl hydrolases, 

removing glucose from avenacin (Quidde et al. 1999). However, no additional homologs of 

genes for possible saponin detoxifying enzymes were found with Sap1. There were no cases 

where sequence difference from either one of those genes were related to the type 1 versus type 2 

or highly versus weakly virulent isolates of I. mors-panacis.  

Copy number of genes in genomes can be related to gene expression because expression 

from multiple genes in a gene family can be much higher than from a single gene (Cheng et al. 

2012).  An examination of 132 isolates of Saccharomyces cerevisiae for genome-wide levels of 

copy number revealed that approximately 4% of the genome per isolate differed in copy number 

with as few as 2 copies per genome up to 57 copies per genome, such as for the S-

adenosylmethionine-dependent lysine methyltransferase (YGR001C) gene (Steenwyk & Rokas 

2017). In general, the greatest variation in copy number were for genes associated with 

fermentation-related processes, such as copper resistance, flocculation, and glucose metabolism. 

This may be because they are expressed before or during the diauxic shift, when glucose 

becomes limiting and the yeast needs to be able to switch to other substrates, usually from 

glucose to ethanol and acetate (Turcotte et al. 2010). Steenwyk and Rokas (2017) suggested that 

isolates with higher copy number of genes related to the diauxic shift were able to increase 

production of proteins needed at that time for processes like environmental stress responses. 

Examination of 71 isolates of Aspergillus fumigatus based on the variation in the predicted copy 

number of the genomes showed that approximately 10% of the genome were composed of gene 

families with variable copy number, and variation in copy number was associated with functions, 

such as cell surface transporters, kinases and hydrolases, possibly allowing for differences in 

https://www.yeastgenome.org/locus/S000003233


 

 

77 

 

sensing and responding to changes in the environment (Zhao & Gibbons 2018). Therefore, copy 

number differences in the secretomes of the I. robusta and I. mors-panacis isolates could impact 

their biology. Differences in copy number for genes related to SSNPs, SSCPs, secreted 

CAZymes, secreted proteases and secreted lipases were examined because of their potential roles 

in plant pathogenicity, such as SSPs inducing programmed cell death (Liu et al. 2012), secreted 

CAZymes degrading sugar polymers in the plant cell wall (Pereira et al. 2007; Gupta et al. 

2016), secreted proteases degrading host defence proteins in the apoplast (Olivieri et al. 2002) 

and secreted lipases degrading plant cell wall membranes during fungal invasion (Kikot et al. 

2009).  

Significant correlations between growth rate on PDA and gene copy number was found 

for total SSNPs, all acidic SSNPs between 151-300 aa, and most basic SSNPs between 126 and 

300 aa. The highest correlation was with copy number of 201-225 aa acidic and 126-150 aa basic 

SSNPs. Significant correlations were also found for copy number of total SSCPs as well as most 

acidic SSCPs between 51 and 300 aa and most basic SSCPs between 51 and 300 aa. The highest 

positive correlations were with copy number of 251-275 aa acidic and 126-150 aa basic SSCPs. 

As fungal SSPs help depolymerise cellulose and induce degradative enzymes (Saloheimo et al. 

2002; Feldman et al. 2017), they could be helping to degrade sugar polymers and regulating 

enzyme production as the fungus grows on the potato extract in PDA. While total CAZyme copy 

number was not related to growth rate, the copy number of two families, glycosyl transferase and 

polysaccharide lyase, were both positively correlated with growth rate as were eight subfamilies 

of CAZymes. The highest positive correlations were with copy number of polysaccharide lyases, 

which includes enzymes, such as alginate lyases, gellan lyases and pectin lyases (Sutherland 

1995), possibly degrading polymers, like pectin, extracted from the boiled potatoes in PDA 

https://link.springer.com/article/10.1023/A:1013920929965#auth-1
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(Ramasamy 2014). While total secreted proteases did not correlate with growth on PDA, copy 

number of two secreted catalytic types, cysteine protease and protease inhibitors negatively and 

positively correlated with growth rate, respectively. The highest correlation was with copy 

number of protease inhibitors that could act to regulate the activity of proteases secreted to 

degrade proteins in the potato extract of PDA (Sabotič & Kos 2012). Copy number of total 

secreted lipases positively correlated with growth rate, as well as copy number of 22 

superfamilies of secreted lipases and 11 groups within the secreted lipase superfamiles. The 

highest positive correlation was with the dienlactone hydrolase group, which can catalyze the 

degradation of catechol (Bruckmann et al. 1998). Catechol is present in potatoes (Gerdemann et 

al. 2002), and thus it could be in the potato extract in PDA. Since catechol is an antimicrobial 

compound associated with disease resistance (Link & Walker 1933), dienlactone hydrolases may 

be degrading catechol in PDA to eliminate its inhibitory effects in PDA resulting in faster 

growth.  The presence of naturally occurring antimicrobial substances in PDA has not been 

studied. However, in every case, the correlation in the copy number of elements of the secretome 

to growth rate was related to the difference between the two Ilyonectria species with higher copy 

number and faster growth rates for the I. robusta isolates compared to the I. mors-panacis 

isolates, rather than within one Ilyonectria species. 

Total SSNPs, SSCPs, secreted CAZymes, secreted proteases and secreted lipases were 

not significantly related to the lesion size produced by each isolate, nor were SSNPs and SSCPs 

divided by pI and aa sequence length, secreted CAZymes divided by family and subfamily, 

secreted proteases divided by catalytic type and family, and secreted lipases divided by 

superfamily and family. When examining those groups of the secretome that were variable (i.e., 

at least 3 copy number difference between genomes of isolates), the only significant relationship 
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of copy number with lesion size was found for secreted CAZymes in the glycoside hydrolase 

family and then within that family for glycoside hydrolase subfamilies 18 and 78. Subfamily 18 

members are catalytically active chitinases and endo-β-N-acetylglucosaminidases as well as non-

catalytic proteins that have carbohydrate binding like lectins and xylanase inhibitors (Funkhouser 

and Aronson 2007). A possible role for them during infection could be for chitinases and endo-β-

N-acetylglucosaminidases to catalyze the degradation of glycoproteins with N-glycans which act 

as signaling molecules in plants (Kimura et al. 1998). Fungal lectins that can be involved in 

molecular recognition processes by specifically binding to host carbohydrates and also involved 

in fungal defense mechanisms as some lectins have antifungal activity (Varrot et al. 2013). 

Xylanase inhibitors can regulate the activity of fungal xylanases (Gusakov 2010), and xylanase 

can be an important virulence factors of plant pathogenic fungi (Yu et al. 2018). Subfamily 78 

members are α-L-rhamnosidases that cleave L-rhamnose from flavonoid glycosides, such as 

naringenin, rutin and hesperidin, that are antifungal compounds (Oliveira et al. 2016), and 

polysaccharides such as arabinogalactan proteins (Mutter et al. 1994; Ichinose et al. 2013) that 

can be involved in programmed cell death and signalling in plants (Showalter 2001). An α-L-

rhamnosidase of the plant pathogen Stagonospora avenae is a saponin hydrolysing enzyme 

(Hughes et al. 2004), and α-l-rhamnosidase can hydrolyze ginsenosides (Park et al. 2010). Thus, 

α-L-rhamnosidases could be degrading a variety of antimicrobial compounds as well as releasing 

rhamnose as a nutrient. In this case, the relationship between copy number and virulence was 

observed across both Ilyonectria species with the lowest virulent being I. mors-panacis type 1 

isolate IMP.RD3U14-8, with 21 copies of GH18 and 6 copies of GH78 genes, and the highest 

virulent being I. mors-panacis type 1 isolate IMP.ND3A16-1 with 28 copies of GH18 and 14 

copies of GH78 genes.    
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In conclusion, the I. mors-panacis and I. robusta isolates examined showed variation in a 

variety of features, indicating differences in the biology of the isolates. Unlike Farh et al. (2017) 

and Seifert et al. (2003), isolates of I. mors-panacis were not found to be more virulent than 

other Ilyonectria species, specifically I. robusta. Nor was there any evidence that isolates from 

roots in replant soil were more virulent than those from roots in non-replant soil. However, like 

Rahman and Punja (2005), darker hyphae in culture was related to higher virulence, perhaps due 

to greater mechanical strength of melanin during invasive growth (Brush & Money 1999). While 

differences between the genomes of I. mors-panacis and I. robusta were expected, surprisingly, 

I. mors-panacis could be divided into 2 types based on the nt sequences of the exons in the full 

genomes, primarily related to differences in sequences of the secretome, particularly SSCPs and 

secreted lipases, which could impact how the isolates interact with the environment in soil and 

plant tissues. However, further work is needed to determine the significance of the type 1 and 2 

division of I. mors-panacis isolates. The relationship of higher copy number to faster saprophytic 

growth rate on PDA was related to greater copy number of elements of the secretome in the I. 

robusta isolates compared to the I. mors-panacis isolates, indicating a possible species 

difference. However, differences in copy number and virulence were not species related, and 

indicated that members of glycoside hydrolase families 18 and 78, such as endo-β-N-

acetylglucosaminidases, lectins, xylanase inhibitors and α-L-rhamnosidases, may be potential 

virulence factors. Whole genome comparison of the isolates revealed a number of features of I. 

mors-panacis and I. robusta possibly involved in saprophytic growth and virulence that requires 

further investigation of their biological significance.  
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Table 2.1. Ilyonectria mors-panacis (IMP) and I. robusta (IR) isolate identification and 

description. All isolates were obtained from infected roots of P. quinquefolius, except of 

IR.DAOM139398 from Prunus cerasus cv. Montmorency and Isp. v1.0 from Populus deltoides. 

Species identification was based on the histone H3 sequence.  

a  
The genome of I. europaea Isp.v1.0 was obtained from https://genome.jgi.doe.gov/Ilysp1/Ilysp1.home.html.  

b  
R= Replant soil, N= Non-replant, ND = Not determined. 

c  
Jesse Macdonald, Agriculture & Agri-Food Canada; Amy Fang Shi, Ontario Ginseng Growers Association; S.J. 

Hughes, Agriculture & Agri-Food Canada; Zamir Punja, Simon Fraser University and Richard D. Reeleder, 

Agriculture & Agri-Food Canada  
d DAOM226729 is described by Canadian Collection of Fungal Cultures as isolate CBS 308.35, which was 

identified as I. robusta by Cabral et al. (2102) based on the histone H3 sequence, but it was identified as I. mors-

panacis based on the histone H3 sequence of this work. Thus, DAOM226729 is possibly CBS306.35 or CBS307.35, 

which were also isolated A.A. Hildebrand. Both of those isolates were identified as I. mors-panacis by Cabral et al. 

(2012) based on the histone H3 sequence.  
  

Isolate code  Field 

type 
b
 

Symptoms Location Year 

isolated 

Source 
c
 

IR.NR1BC16-1 N Rusty root Summerland, BC 2016 J. Macdonald 

IR.ND1BC16-2 N Black-brown lesion Summerland, BC 2016 J. Macdonald 

IR.NR2BC16-4 N Rusty root Summerland, BC 2016 J. Macdonald 

IR.DAOM139398 Cherry 

orchard 

ND Georgian Bay, 

ON 

- S.J. Hughes  

IMP.ND3P14-1A N Black-brown lesion St. Williams, ON 2016 B. Behdarvandi 

IMP.ND3P14-3 N Black-brown lesion Lynedoch, ON 2014 A. Fang Shi  

IMP.ND3A16-1 N Black-brown lesion Delhi, ON 2016 A. Fang Shi 

IMP.ND4Z15 N Black-brown lesion Simcoe, ON 2015 A. Fang Shi 

IMP.ND3A16-2 N Black-brown lesion Delhi, ON 2016 A. Fang Shi 

IMP.ND3P14-1 N Black-brown lesion Lynedoch, ON 2014 A. Fang Shi 

IMP.RD3U14-8 R Black-brown lesion Scotland, ON 2014 A. Fang Shi 

IMP.RR3A14-1 R Black-brown lesion 

& Rusty root  

Delhi, ON 2014 A. Fang Shi 

IMP.RD3U14-5 R Black-brown lesion Scotland, ON 2014 A. Fang Shi 

IMP.K112 ND ND Kamloops, BC 2006 Z. Punja 

IMP.DAOM226727 ND ND Delhi, ON 1996 R.D. Reeleder 

IMP.DAOM226729 
d
 ND ND Delhi, ON 1935 A.A. Hildebrand 

I. europaea Isp.v1.0 
a
 Poplar 

forest 

ND ND - - 

https://genome.jgi.doe.gov/Ilysp1/Ilysp1.home.html
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Figure 2.1. Comparison of Ilyonectria isolates (Table 2.1) in culture. Images were taken from 

isolates grown on PDA in the dark for 12 days at 22 °C. Panels 1-4 are I. robusta IR.NR1BC16-

1, IR.ND1BC16-2, IR.NR2BC16-4 and IR.DAOM139398, respectively. Panels 5-16 are I. mors-

panacis IMP.ND3P14-1A, IMP.ND3P14-3, IMP.ND3A16-1, IMP.ND4Z15, IMP.ND3A16-2, 

IMP.ND3P14-1, IMP.RD3U14-8, IMP.RR3A14-1, IMP.RD3U14_5, IMP.K112, 

IMP.DAOM226727 and IMP.DAOM226729.  
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Table 2.2. Cultural characteristics and growth rates of I. mors-panacis (IMP) and I. robusta (IR) 

isolates (Table 2.1). Isolates were grown on PDA for 12 days in dark at 22 °C. 

 

a  
Data are means of 8 replicates with 3 plates per replication and compared by the analysis of variance 

(ANOVA) and means comparison Fisher’s LSD Test with a level of significance at P=0.05.   

Isolate  Media color  Hyphal color  Growth rate (cm/day)
a
  

IR.NR1BC16-1 Not discolored Medium brown 0.63 A 

IR.ND1BC16-2 Not discolored Medium brown 0.61 A 

IR.NR2BC16-4 Not discolored Dark brown 0.58 AB 

IR.DAOM139398 Not discolored Dark brown 0.52 C 

IMP.ND3P14-1A Slightly discolored Dark brown 0.41 E 

IMP.ND3P14-3 Slightly discolored Light brown 0.43 DE 

IMP.ND3A16-1 Discolored Dark brown 0.25 H 

IMP.ND4Z15 Discolored Medium brown 0.30 FG 

IMP.ND3A16-2 Discolored Dark brown 0.25 H 

IMP.ND3P14-1 Slightly discolored Medium  brown 0.48 CD 

IMP.RD3U14-8 Slightly Discolored Dark brown 0.27 GH 

IMP.RR3A14-1 Discolored Dark brown 0.27 GH 

IMP.RD3U14-5 Discolored Dark brown 0.26 GH 

IMP.K112 Not discolored Light brown  0.53 BC 

IMP.DAOM226727 Slightly discolored Dark brown 0.34 F 

IMP.DAOM226729 Not discolored Light Brown 0.43 DE 
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Table 2.3. Lesion size produced by I. mors-panacis (IMP) and I. robusta (IR) isolates (Table 

2.1) in ginseng roots previously treated with water, root or replant extracts. Wounded roots were 

treated with water, root or replant soil extracts (20 mg/mL) for 2 h and then inoculated with 

spore suspension (10
6
 in dsH2O) from 4 week-old cultures grown on V8 media at 22 °C in the 

dark. Lesion size was measured at 12 dpi (day post inoculation).  

Isolate  

Lesion size (cm
2
) 

Water 
a

 
Root extract 

 (20 mg/mL)
 a

 

Replant-soil extract 

(20 mg/mL)
 a

 

IR.NR1BC16-1 0.18 aD 0.16 bBC 0.14 bC 

IR.ND1BC16-2 0.14 aEF 0.12 aCD 0.13 aC 

IR.NR2BC16-4 0.13 aEF 0.13 aCD 0.13 aC 

IR.DAOM139398 0.18 bD 0.21 abA 0.25 aA 

IMP.ND3P14-1A 0.23 bB 0.20 bAB 0.29 aA 

IMP.ND3P14-3 0.09 bG 0.13 aCD 0.15 aBC 

IMP.ND3A16-1 0.30 aA 0.15 bBC 0.25 aA 

IMP.ND3Z15 0.20 cCD 0.23 bA 0.28 aA 

IMP.ND3A16-2 0.22 aB 0.11 bCDE 0.12 bC 

IMP.ND3P14-1 0.18 aD 0.10 bDE 0.19 aB 

IMP.RD3U14-8 0.09 bG 0.14 aCD 0.14 aC 

IMP.RR3A14-1 0.17 aD 0.07 cE 0.13 bC 

IMP.RD3U14-5 0.21 aBC 0.16 aBC 0.19 aB 

IMP.K112 0.14 aE 0.11 bCDE 0.12 bC 

IMP.DAOM226727 0.14 bEF 0.20 aAB 0.19 aB 

IMP.DAOM226729 0.12 aF 0.10 aDE 0.12 aC 

   a  
Data are the means of one experiment with 5 replicates for water and 3 replicates for root and replant soil 

extracts. Means followed by a different letter are significantly different according to Fisher’s protected LSD 

test (P ≤ 0.05). Lowercase letters are mean comparison between water, root and replant soil extracts for an 

individual isolate, and uppercase letters are mean comparison between the isolates for water, root and replant 

soil extracts. 
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Figure 2.2. Relationship of Ilyonectria isolates (Table 2.1) between growth rate on PDA for 12 

days at 22 °C in the dark to lesion size on roots treated with water (A), root extract (B) or replant 

soil extract (C) and then inoculated with an Ilyonectria isolate. Red crosses and blue circles 

indicate I. robusta and I. mors-panacis isolates, respectively.  
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Table 2.4. Genome assembly characteristics of I. mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1).  

Isolate Genome size (Mbp) GC content Number of scaffolds N50 (bp) Assembler (Kmer) Predicted genes 

IR.NR2BC16-1 58.3 50.05% 2652 1,630,377 SOAPdenovo (81) 17,256 

IR.NR1BC16-2 63.9 50.27% 10371 899,178 SOAPdenovo (85) 19,070 

IR.NR2BC16-4 58.6 50.04% 1549 1,566,478 ABySS (93) 17,391 

IR.DAOM139398 56.1 50.08% 1690 1,976,210 SOAPdenovo (85) 16,697 

IMP.ND3P14-1A 65.3 48.93% 8384 270,784 SOAPdenovo (85) 18,251 

IMP.ND3P14-3 65.0 48.97% 4472 303,308 ABySS (101) 18,288 

IMP.ND3A16-1 64.9 48.94% 7456 371,676 SOAPdenovo (85) 18,149 

IMP.ND4Z15 65.0 48.99% 4256 179,452 ABySS (67) 18,440 

IMP.ND3A16-2 65.0 48.93% 8029 285,004 SOAPdenovo (81) 18,160 

IMP.ND3P14-1 65.3 48.93% 8662 291,290 SOAPdenovo (85) 18,248 

IMP.K112 65.0 48.97% 4268 278,127 ABySS (101) 18,263 

IMP.RD3U14-8 64.9 48.95% 7651 334,621 SOAPdenovo (81) 18,173 

IMP.RR3A14-1 64.9 49.02% 3907 178,193 ABySS (71) 18,409 

IMP.RD3U14-5 65.2 48.99% 3372 178,475 ABySS (75) 18,451 

IMP.DAOM226727 64.8 48.98% 8002 284,075 SOAPdenovo (85) 18,153 

IMP.DAOM226729 65.0 48.94% 7910 353,126 SOAPdenovo (85) 18,150 

I. europaea Isp.v1.0 63.2 51.13% 325 2,888,782 Falcon 19,307 

I. robusta average 59.55 50.11% 4065.5 1518060.5  17603.5 

I. mors-panacis average 65.02 48.96% 6364.08 257677.58  18261.25 

T-test a 0.019 0.01 0.181 0.005  0.144 

    a T-test of the difference between averages for the  I. robusta and I. mors-panacis isolates (P=0.05).
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Table 2.5. Number of total non-secreted and secreted predicted proteins and categories of predicted secreted proteins of I. mors-

panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1).  

    a  
T-test of the difference between averages for the  I. robusta and I. mors-panacis isolates (P=0.05).

Isolate 

Non-

secreted 

proteins 

Secreted 

proteins 

Secreted 

SSNPs 

Secreted 

SSCPs 

Secreted 

CAZYMEs 

Secreted 

proteases 

Secreted 

lipases 

Secreted 

hypothetical and 

unknown proteins 

Secreted 

oxido-

reductase 

Secreted 

transferases 

Other 

Secreted 

Proteins 

IR.NR2BC16-1 8716 8541 1264 674 663 573 412 2161 931 80 2331 

IR.NR1BC16-2 9440 9631 1324 702 697 628 428 2700 1006 320 2396 

IR.NR2BC16-4 8838 8554 1263 666 671 576 421 2110 441 16 2946 

IR.DAOM139398 8481 8217 1223 666 659 562 395 698 463 139 981 

IMP.ND3P14-1A 8973 9276 1371 697 670 595 409 2685 880 306 2210 

IMP.ND3P14-3 9012 9277 1372 695 669 601 411 2658 889 312 2218 

IMP.ND3A16-1 8933 9217 1371 699 667 597 408 2634 884 302 2200 

IMP.ND4Z15 9060 9381 1381 714 672 605 408 2697 906 315 2225 

IMP.ND3A16-2 8922 9239 1364 698 670 595 408 2556 888 305 2301 

IMP.ND3P14-1 8977 9275 1377 700 671 599 409 2673 883 302 2208 

IMP.RD3U14-8 8948 9226 1367 695 669 589 408 870 425 137 1011 

IMP.RR3A14-1 9969 8441 1372 702 619 550 375 1408 638 215 1526 

IMP.RD3U14-5 8842 9610 1382 706 699 622 444 1590 702 244 1763 

IMP.K112 9020 9244 1355 706 669 599 411 2627 887 312 2222 

IMP.DAOM226727 8916 9238 1368 702 667 597 413 874 433 141 982 

IMP.DAOM226729 8943 9208 1373 695 668 596 408 843 425 137 994 

I. europaea Isp.v1.0 9474 9834 2386 1159 782 654 504 1613 941 225 1911 

I. robusta average 8869 8736 1269 677 672.5 584.7 414 1917.2 710.2 138.7 2163.5 

I. mors-panacis 
average 

9042 9219 1371 700 667 595 409 2064 746 256 1849 

T-test a 0.237 0.108 0.008 0.033 0.317 0.266 0.299 0.429 0.439 0.090 0.244 
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Figure 2.3. Relatedness of the genomic histone H3 nt sequences of I. mors-panacis (IMP), I. 

robusta (IR) and I. europaea isolates (Table 2.1). An unrooted maximum likelihood dendrogram 

was created using RAxML and viewed in MEGA6 based on a similarity matrix of the percent 

identity obtained from the reciprocal best hit BLASTN results between the AUGUSTUS 

predicted genes with a 1000 bootstrap replications shown as a percent. Scale bar indicates the 

distance of the isolates from one another based on the average expected differences in the gene 

sequences per site.  
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Figure 2.4. Relatedness of the complete genome predicted nt sequences of I. mors-panacis 

(IMP), I. robusta (IR) and I. europaea isolates (Table 2.1) and identification of type 1 I. mors-

panacis isolates (IMP.ND3A16-1, IMP.DAOM226729, IMP.DAOM226727, IMP.RD3U14-8, 

IMP.ND3A16-2, IMP.ND3P14-1 and IMP.ND3P14-1A) and type 2 I. mors-panacis isolates 

(IMP.K112, IMP.ND3P14-3, IMP.ND4Z15, IMP.RR3A14-1 and IMP.RD3U14-5). An unrooted 

Neighbour Joining dendrogram was created using MEGA6 based on a similarity matrix of the 

percent identity obtained from the reciprocal best hit BLASTN results between the AUGUSTUS 

predicted nt with a 1000 bootstrap replications shown as a percent. Scale bar indicates the 

distance based on the average expected differences in the sequences. Numbers 1 and 2 refer to I. 

mors-panacis types 1 and 2. 
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Table 2.6. Average growth rate on PDA at 12 dpi in the dark for 12 days at 22 °C and average 

lesion size on P. quinquefolius at 12 dpi caused by I. mors-panacis type 1 and type 2 isolates 

(Figure 2.4). 

 
 Lesion size (cm

2

) 

Type 
Growth rate 

(cm/day) 
Water 

Root extract 

(20 mg/mL) 
Replant-soil extract 

(20 mg/mL) 

1 0.35 b 0.18 a 0.14 a 0.18 a 

2 0.32 b 0.16 a 0.14 a 0.19 a 

 a  
Data are means of 7 type 1 and 5 type 2 isolates of I. mors-panacis compared by the analysis of variance 

(ANOVA) and mean comparison Fisher’s LSD Test with a level of significance at P ≤ 0.05. 
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Figure 2.5. Relatedness of the aa sequences of total predicted secreted proteins in each genome 

of the I. mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). An unrooted 

Neighbour Joining dendrogram was created using R based on a similarity matrix of the percent 

identity obtained from reciprocal best hit BLASTP between the AUGUSTUS predicted proteins 

in each genome and viewed in MEGA6. Bootstrap values, based on 1000 replicates are shown as 

a percent. Scale bar is based on percent identity of the reciprocal matches. Numbers 1 and 2 refer 

to I. mors-panacis types 1 and 2 (Figure 2.4). 
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Figure 2.6. Relatedness of the aa sequences of predicted SSNPs in each genome of I. mors-

panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). An unrooted Neighbour 

Joining dendrogram was created using MEGA6 based on a similarity matrix of the percent 

identity obtained from reciprocal best hit BLASTP between the AUGUSTUS predicted proteins 

in each genome. Bootstrap values, based on 1000 replicates are shown as a percent. Scale bar is 

based on percent identity of the reciprocal matches. Numbers 1 and 2 refer to I. mors-panacis 

types 1 and 2 (Figure 2.4). 
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Figure 2.7. Relatedness of the aa sequences of predicted SSCPs in each genome of I. mors-

panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). An unrooted Neighbour 

Joining dendrogram was created using MEGA6 based on a similarity matrix of the percent 

identity obtained from reciprocal best hit BLASTP between the AUGUSTUS predicted proteins 

in each genome. Bootstrap values, based on 1000 replicates are shown as a percent. Scale bar is 

based on percent identity of the reciprocal matches. Numbers 1 and 2 refer to I. mors-panacis 

types 1 and 2 (Figure 2.4). 
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Figure 2.8. Relatedness of the aa sequences of predicted secreted CAZymes in each genome of I. 

mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). An unrooted Neighbour 

Joining dendrogram was created using MEGA6 based on a similarity matrix of the percent 

identity obtained from reciprocal best hit BLASTP between the AUGUSTUS predicted proteins 

in each genome. Bootstrap values, based on 1000 replicates are shown as a percent. Scale bar is 

based on percent identity of the reciprocal matches. Numbers 1 and 2 refer to I. mors-panacis 

types 1 and 2 (Figure 2.4). 
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Figure 2.9. Relatedness of the aa sequences of predicted secreted proteases in each genome of I. 

mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). An unrooted Neighbour 

Joining dendrogram was created using MEGA6 based on a similarity matrix of the percent 

identity obtained from reciprocal best hit BLASTP between the AUGUSTUS predicted proteins 

in each genome. Bootstrap values, based on 1000 replicates are shown as a percent. Scale bar is 

based on percent identity of the reciprocal matches. Numbers 1 and 2 refer to I. mors-panacis 

types 1 and 2 (Figure 2.4). 
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Figure 2.10. Relatedness of the aa sequences of secreted lipases in each genome of I. mors-

panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). An unrooted Neighbour 

Joining dendrogram was created using MEGA6 based on a similarity matrix of the percent 

identity obtained from reciprocal best hit BLASTP between the AUGUSTUS predicted proteins 

in each genome. Bootstrap values, based on 1000 replicates are shown as a percent Scale bar is 

based on percent identity of the reciprocal matches. Numbers 1 and 2 refer to I. mors-panacis 

types 1 and 2 (Figure 2.4). 
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Figure 2.11. Relatedness of the aa sequences of the cone-rod homeobox effector, CRX1, in I. 

mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). The cladogram was 

created using RAxML and viewed by MEGA6. Bootstrap values, based on 1000 replicates are 

shown as a percent. Scale bar is based on the difference in aa sequences per site. Clusters marked 

as 1 and 2 refer to copies 1 and 2 of the predicted genes found in one or more of the genomes.  
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Figure 2.12. Relatedness of the aa sequences of the secreted in xylem 6 effector, SIX6, of I. 

mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). The cladogram was 

created using RAxML and viewed by MEGA6. Scale bar indicates the distance of the isolates 

from one another based on the average expected differences in the gene sequences per site. None 

of the I. mors-panacis isolates contained SIX6 proteins. Scale bar is based on the difference in aa 

sequences per site.  
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Figure 2.13. Relatedness of I. mors-panacis (IMP), I. robusta (IR) and I. europaea isolates 

based on the aa sequences of non-secreted predicted proteins in each genome (Table 2.1). An 

unrooted Neighbour Joining dendrogram was created using MEGA6 based on a similarity matrix 

of the percent identity obtained from reciprocal best hit BLASTP between the AUGUSTUS 

predicted proteins in each genome. Bootstrap values, based on 1000 replicates are shown as a 

percent Scale bar is based on percent identity of the reciprocal matches. Number 1 and 2 refer to 

I. mors-panacis types 1 and 2 (Figure 2.4). 
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Figure 2.14. Relatedness of the aa sequences of the mating type1-2-1 (MAT1-2-1) protein of I. 

mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). MAT1-2-1 proteins 

were identified based on BLASTP of the total predicted proteins of each genome using the 

mating-type- 1-2-1 protein sequence of F. graminearum (AAG42810.1) as a query. The 

cladogram was created using RAxML and viewed by MEGA6. Bootstrap values, based on 1000 

replicates are shown as a percent. Scale bar is based on the difference in aa sequences per site. 

Clusters marked as 1, 2 and 3 refer to copies 1, 2 and 3 of the predicted genes found in one or 

more of the genomes.  
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Figure 2.15. Relatedness of the aa sequences of the mating type 1-1-3 (MAT1-1-3) proteins of I. 

mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). MAT1-1-3 proteins 

were identified based on BLASTP of the total predicted proteins of each genome using the 

mating-type 1-1-3 protein sequence of F. graminearum (AAG42812.1) as a query. The 

cladogram was created using RAxML and viewed by MEGA6. Bootstrap values, based on 1000 

replicates are shown as a percent Scale bar is based on the difference in aa sequences per site. 

Clusters marked as 1 and 2 refer to copies 1 and 2 of the predicted genes found in one or more of 

the genomes. 
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Figure 2.16. Relatedness of the aa sequences of the triacetylfusarinine C siderophore 

biosynthesis protein, L-ornithine N
5
-oxygenase, of I. mors-panacis (IMP), I. robusta (IR) and I. 

europaea isolates (Table 2.1). Triacetylfusarinine C siderophore biosynthesis proteins were 

identified based on BLASTP of the total predicted proteins of each genome using the protein 

sequence of Aspergillus fumigatus SidA (AAX40989.1) as a query. The cladogram was created 

using RAxML and viewed by MEGA6. Bootstrap values, based on 1000 replicates are shown as 

a percent. Scale bar is based on the difference in aa sequences per site.  
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Figure 2.17. Relatedness of the aa sequences of the HC-toxin branched-chain amino acid 

aminotransferase, TOXF, protein of I. mors-panacis (IMP), I. robusta (IR) and I. europaea 

isolates (Table 2.1). HC-toxin branched-chain amino acid aminotransferase were identified based 

on BLASTP of the total predicted proteins of each genome using TOXF homology protein 

sequence of Alternaria jesenskae (AGQ43605.1) as a query. The cladogram was created using 

RAxML and viewed by MEGA6. Bootstrap values, based on 1000 replicates are shown as a 

percent. Scale bar is based on the difference in aa sequences per site. Clusters marked as 1, 2, 3 

and 4 refer to copies 1, 2, 3 and 4 of the predicted genes found in one or more of the genomes.  
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Figure 2.18. Relatedness of the aa sequences of the nonribosomal peptide synthetase protein of 

I. mors-panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). Non-ribosomal 

peptide synthetase proteins were identified based on BLASTP of the total predicted proteins of 

each genome using nonribosomal peptide synthetase homology protein sequence of A. alternaria 

(AMT84997.1) as a query. The cladogram was created using RAxML and viewed by MEGA6. 

Bootstrap values, based on 1000 replicates are shown as a percent. Scale bar is based on the 

difference in aa sequences per site. Clusters marked as 1, 2 and 3 refer to copies 1, 2 and 3 of the 

predicted genes found in one or more of the genomes. 
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Figure 2.19. Relatedness of the aa sequences of the tomatinase, TOM1, protein of I. mors-

panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). Tomatinase proteins were 

identified based on BLASTP of the total predicted proteins of each genome using TOM1 

homology protein sequence of Septoria lycopersici (AAB08446.1) as a query. The cladogram 

was created using RAxML and viewed by MEGA6. Bootstrap values, based on 1000 replicates 

are shown as a percent Scale bar is based on the difference in aa sequences per site. Clusters 

marked as 1, 2, 3, 4, 5 and 6 refer to copies 1, 2, 3, 4, 5 and 6 of the predicted genes found in one 

or more of the genomes.  
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Figure 2.20. Relatedness of the aa sequences of the avenacinase, Sap1, protein of I. mors-

panacis (IMP), I. robusta (IR) and I. europaea isolates (Table 2.1). The avenacinase proteins 

were identified based on BLASTP of the total predicted proteins of each genome using Sap1 

homology protein sequence of Botrytis cinerea (CAB61489.1) as a query. The cladogram was 

created using RAxML and viewed by MEGA6. Bootstrap values, based on 1000 replicates are 

shown as a percent Scale bar is based on the difference in aa sequences per site. Clusters marked 

as 1, 2, 3 and 4 refer to copies 1, 2, 3 and 4 of the predicted genes found in one or more of the 

genomes.  
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Figure 2.21. Relationship between growth rate on PDA over 12 days at 22 °C and gene copy 

number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted 

proteins of total small secreted non-cysteine rich proteins (SSNPs) (A), acidic SSNPs (B) and 

basic SSNPs (C). Red crosses, blue triangles and yellow circles indicate I. robusta, and I. mors-

panacis type 1 and 2 isolates, respectively. 
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Figure 2.22. Relationship between growth rate on PDA over 12 days at 22 °C and gene copy 

number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted 

proteins of total small secreted cysteine rich proteins (SSCPs) (A), acidic SSCPs (B) and basic 

SSCPs (C). Red crosses, blue triangles and yellow circles indicate I. robusta, and I. mors-

panacis type 1 and 2 isolates, respectively. 
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Figure 2.23. Relationship between growth rate on PDA over 12 days at 22 °C and gene copy 

number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted 

proteins of total secreted CAZymes (A) and secreted CAZyme families with a 3 or more copy 

number difference (glycoside hydrolases (B), glycosyl transferases (C), polysaccharide lyases 

(D), carbohydate esterases (E), carbohydrate-binding modules (F) and auxiliary activities (G)). 

Red crosses, blue triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 

2 isolates, respectively.  
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Figure 2.24. Relationship between growth rate on PDA over 12 days at 22 °C and gene copy 

number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted 

proteins of total proteases (A) and protease catalytic types with a 3 or more copy number 

difference (aspartic acid (B), cysteine (C), protease inhibitors (D), metallo (E), serine (F), 

threonine (G), unknown (H), glutamic (I) and mixed (J)). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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Figure 2.25. Relationship between growth rate on PDA over 12 days at 22 °C and gene copy 

number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted 

proteins of total lipases (A) and lipase superfamilies with a 3 or more copy number difference 

(abH01 (carboxyesterases) (B),  abH02 (Yarrowia lipolytica lipase like) (C), abH03 (Candida 

rugosa lipase like) (D), abH04 (Moraxella lipase 2 like) (E),  abH07 (Moraxella lipase 3 like) 

(F),  abH08 (cytosolic hydrolases) (G), abH09 (microsomal hydrolases) (H),  abH11 

(carboxylesterases) (I),  abH12 (hydroxynitrile lyases) (J), abH13 (bacterial esterases) (K),  

abH14 (gastric lipases) (L),  abH15 (Burkholderia lipases) (M), abH16 (Streptomyces lipases) 

(N), abH18 (Bacillus lipases) (O) , abH19 (thioesterases) (P), abH20 (lipoprotein lipases) (Q), 

abH21 (bacterial esterases) (R), abH22 (lysophospholipase) (S), abH23 (filamentous fungi 

lipases) (T), abH24 (Pseudomonas lipases) (U), abH25 (Moraxella lipase 1 like) (V), abH26 

(deacetylases) (W), abH27 (dipeptidyl peptidase IV like) (X), abH28 (prolyl endopeptidases) 

(Y), abH30 (cocaine esterases) (Z), abH31 (dienlactone hydrolases) (AA), abH32 (xylanase 

esterases) (AB), abH33 (antigen 85) (AC), abH34 (lysosomal protective protein like) (AD), 

abH36 (cutinases) (AE), abH38 (Candida antartica lipase A like) (AF)). Red crosses, blue 

triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, 

respectively. 
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Figure 2.26. Relationship between lesion size on P. quinquefolius roots and gene copy number 

in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1)  for predicted proteins 

of total small secreted non-cysteine rich proteins (SSNPs) (A) and acidic SSNPs (B) and basic 

SSNPs (C) from genomes of I. mors-panacis and I. robusta. Red crosses, blue triangles and 

yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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Figure 2.27. Relationship between lesion size on P. quinquefolius roots and gene copy number 

in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted proteins 

of total predicted small secreted cysteine rich proteins (SSCPs) (A), acidic SSCPs (B) and basic 

SSCPs (C)  from genomes of I. mors-panacis and I. robusta. Red crosses, blue triangles and 

yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively. 
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Figure 2.28. Relationship between lesion size on P. quinquefolius roots and gene copy number 

in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted proteins 

of total CAZyme (A) and members of CAZyme families with a 3 or more copy number 

difference (glycoside hydrolases (B), glycosyl transferases (C), polysaccharide lyases (D), 

carbohydate esterases (E), carbohydrate-binding modules (F) and auxiliary activities (G)). Red 

crosses, blue triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 

isolates, respectively.  
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Figure 2.29. Relationship between lesion size on P. quinquefolius roots and gene copy number 

in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) for predicted proteins 

of total proteases (A) and members of protease catalytic types with a 3 or more copy number 

(aspartic acid (B), cysteine (C), protease inhibitors (D), metallo (E), serine (F), threonine (G), 

unknown (H), glutamic (I) and mixed (J)). Red crosses, blue triangles and yellow circles indicate 

I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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 Figure 2.30. Relationship between lesion size on P. quinquefolius roots and gene copy number 

in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1)  for predicted proteins 

of total lipases (A) and members of lipase superfamilies with a 3 or more copy number 

difference (abH01 (carboxyesterases) (B),  abH02 (Yarrowia lipolytica lipase like) (C),  abH03 

(Candida rugosa lipase like) (D), abH04 (Moraxella lipase 2 like) (E),  abH07 (Moraxella lipase 

3 like) (F),  abH08 (cytosolic hydrolases) (G), abH09 (microsomal hydrolases) (H),  abH11 

(carboxylesterases) (I),  abH12 (hydroxynitrile lyases) (J), abH13 (bacterial esterases) (K),  

abH14 (gastric lipases) (L),  abH15 (Burkholderia lipases) (M), abH16 (Streptomyces lipases) 

(N), abH18 (Bacillus lipases) (O) , abH19 (thioesterases) (P), abH20 (lipoprotein lipases) (Q), 

abH21 (bacterial esterases) (R), abH22 (lysophospholipase) (S), abH23 (filamentous fungi 

lipases) (T), abH24 (Pseudomonas lipases) (U), abH25 (Moraxella lipase 1 like) (V), abH26 

(deacetylases) (W), abH27 (dipeptidyl peptidase IV like) (X), abH28 (prolyl endopeptidases) 

(Y), abH30 (cocaine esterases) (Z), abH31 (dienlactone hydrolases) (AA), abH32 (xylanase 

esterases) (AB),  abH33 (antigen 85) (AC), abH34 (lysosomal protective protein like) (AD), 

abH36 (cutinases) (AE), abH38 (Candida antartica lipase A like) (AF)).  Red crosses, blue 

triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, 

respectively. 
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Chapter 3: Effect of soil and root extracts on root rot of American ginseng (Panax 

quinquefolius) caused by Ilyonectria mors-panacis 

3.1. Introduction 

Cultivation of ginseng plants in a field previously used for ginseng gardens is usually 

associated with partial reduction or complete loss of the crop known as replant disorder or 

replant disease (Reeleder et al. 2002). It is primarily due to root rot, which is more commonly 

associated with Cylindrocarpon destructans or C. destructans f. sp. panacis compared to 

Fusarium spp. and Rhizoctonia solani (Reeleder and Brammall 1994; Reeleder et al. 2002; 

Seifert et al. 2003). Based on sequences of six genes commonly used for fungal taxonomy, C.  

destructans was reclassified into I. radicicola complex containing 18 species, and  C. destructans 

f. sp. panics was reclassified as Ilyonectria mors-panacis (Cabral et al. 2012).  

In non-replant soil, infection of I. mors-panacis can cause reddish to dark brown lesions 

with a clear edge on the root, which is more severe in replant soil causing disappearing root rot 

where the entire root centre including the vascular tissues is rotted and darkened with only the 

peridermal shell remaining. Foliar symptoms are reddish wilted stems and leaves eventually 

resulting in plant death (Reeleder & Brammall 1994; Hausbeck 2011). 

It is unknown why the same pathogen causes more severe symptoms in the replant than  

non-replant soils. Isolates of C. destructans f. sp. panacis (I. mors-panacis) are more virulent to 

roots of P. quinquefolius and P. ginseng  than other C. destructans f. sp. and other Ilyonecteria 

species, including I. robusta, I. liriodendra, and I. venezuelensis (Seifert et al. 2003; Seo et al. 

2015). It has been proposed that isolates of I. mors-panacis from roots grown in replant soil may 

be more virulent than those from roots in non-replant soil as infections of the first ginseng crop 

in non-replant soil may select for more aggressive genotypes (OMAFRA 2015), but there is yet 
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no evidence for this. Thus, one hypothesis for replant disease is that I. mors-panacis is highly 

virulent and there was selection for higher virulence resulting in greater disease in the replant 

crop.  However, in Chapter 2, the results showed that the average virulence of I. mors-panacis 

isolates was not significantly higher than I. robusta, and virulence of isolates from roots in 

replant soil was not significantly higher than those from non-replant soil. Thus, some other factor 

may be responsible. 

Another hypothesis for replant disease is that young plants in the replant soil are affected 

by chemicals released into the soil by roots of the first crop, such as phenols and ginsenosides 

(Bi et al. 2011; Zhang et al. 2011; Yang et al. 2015). Bi et al. (2011) found nine phenolic 

compounds in P. quinquefolius soil such as vanillin, syringic acid and coumaric acid that 

inhibited radicle and shoot growth of seedlings. Yang et al. (2015) reported that ginsenosides, 

extracted from ginseng root and ginseng cultivated soil significantly inhibited seedling 

emergence and growth of P. ginseng. Ginsenosides extracted from P. ginseng roots also inhibited 

growth of P. quinquefolius seedlings at a high concentration (100 mg/L) (Zhang et al. 2011). 

Thus, it appears that secreted ginsenosides and other compounds are biological active molecules 

that have negative effects on ginseng roots. However, this hypothesis does not account for the 

common association of disappearing root rot caused by I. mors-panacis with replant disease. 

Another hypothesis for replant disease is that ginseng roots growing in replant soil are 

less resistant to I. mors-panacis than roots in non-replant soil. In plants, resistance responses to 

pathogens can be due to pathogen-associated molecular pattern (PAMP) triggered immunity 

(PTI) or effector triggered immunity (ETI) (Robert-Seilaniantz et al. 2011). PTI and ETI 

responses are regulated by plant defense hormones, such as jasmonic acid (JA) and ethylene 

(ET) related to response to necrtrophs and salicylic acid (SA) related to responses to biotrophs 
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(Pieterse et al. 2012). Resistance to root rot diseases are mostly linked to JA and ET with plants 

lacking JA response showing decreased resistance, whereas SA has not been linked to resistance 

to root rots (Okubara & Paulitz 2005). Expression of certain genes, such as basic PR protein 

genes, are used as markers for JA responses. For example, basic chitinase gene (PgChi) 

expression in P. ginseng significantly increased when P. ginseng roots were treated with JA 

(Pulla et al. 2011), and exogenous JA also stimulated ginsenoside accumulation in P. ginseng 

roots (Yu et al. 2000). The response to root rot in P. ginseng, is JA-related as infection with C. 

destructans increased expression of seven genes related to JA signaling (Gao et al. 2016). 

However, the more aggressive I. mors-panacis may avoid this response as it did not trigger JA 

response and ginsenoside biosynthesis in roots but triggered SA response, unlike the less 

aggressive I. robusta which triggered JA response and increased ginsenoside levels without 

triggering a SA response (Farh et al. 2019). This could be because the more aggressive I. mors-

panacis has effectors that suppress PTI and thus the JA response. Thus far, research on the 

response of ginseng roots to I. mors-panacis has only been done in non-replant soil, and it is not 

known if those responses are the same with roots in replant soil. 

Since ginsenosides are biological active molecules that negatively affect ginseng roots, it 

is possible that ginsenosides may also affect defense responses against I. mors-panacis. Thus, the 

goal of this chapter was to examine if extracts from ginseng replant soil can affect resistance of 

P. quinquefolius roots to I. mors-panacis. To do this, ginseng root, replant soil and non-replant 

soil extracts were applied to P. quinquefolius roots followed by inoculation with I. mors-panacis, 

and subsequent root rot development was assessed. In addition, the expression of several defence 

genes was examined before and after I. mors-panacis infection to determine if defence responses 

were suppressed. The genes examined here had previously been shown to be induced in P. 
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ginseng after infection by either Botrytis cinerea, Colletotrichum gloeosporioides or 

Phytophthora capsici, or induced by salt stress, and some of these genes are commonly 

associated with JA, ET or SA regulated responses (Kim et al. 2009; Jung et al. 2010; Pulla et al. 

2010; Pulla et al. 2011; Parvin et al. 2010). 

 

3.2. Materials and Methods 

3.2.1. Biological materials 

Ilyonectria mors-panacis isolate IMP.ND4Z15, originally isolated from infected roots of 

P. quinquefolius grown in a commercial garden in non-replant soil near Simcoe, Ontario, was 

kindly provided by Amy Fang Shi, Ontario Ginseng Growers Association, Simcoe, ON. The 

isolate was grown on the PDA for 4 weeks in the dark at 22 °C, and stored by suspending 

conidia into 10% sterile glycerol (Fisher Scientific, Mississauga, ON, Canada) and placed at -80 

°C. Three-year-old P. quinquefolius roots, obtained from commercial ginseng gardens in non-

replant soil near Simcoe, were rinsed with tap water and stored in dark plastic bags at 4 °C until 

used. Replant soil was collected from a one-year post harvest ginseng field, and non-replant soil 

was collected from a hop-yard at the University of Guelph, Research Station, Simcoe, ON.  

3.2.2. Root and soil extraction  

Root and soil ginsenosides were extracted as per Dai and Orsat (2010). Homogenized soil 

(200 g) was air-dried and then mixed with 600 mL of 80% methanol (MeOH), and shaken at 175 

rpm on a gyratory shaker (G2, New Brunswick Co., Edison, New Jersey, USA) overnight at 

room temperature. The mixture was vacuum filtered using No. 4 qualitative filter paper 

(Whatman), and the methanol in the filtrate was evaporated under vacuum at 40 °C. The dry 

residue was weighed, and a 0.1 mg/mL solution in 80% methanol was prepared for LC-MS 
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analysis or 0.1 mg/mL in dsH2O for root lesion assay. The solution was then centrifuged 

(Microfuge
®
 16, Beckman Coulter, High Wycombe, UK) at 10000 rpm for 5 min and filtered 

using a 0.22 μm membrane (Whatman). Methanol extraction of P. quinquefolius roots was 

performed as described above, except using washed air-dried roots that were ground in a mortar 

and pestle.  

3.2.3. Detached root assay  

Panax quinquefolius roots were surface sterilized with 75% ethanol for 10 min followed 

by 5% bleach for 5 min. The roots were then thoroughly washed with dsH2O, and holes 

approximately 1.5 mm wide and 9 mm deep were created on the roots with a sterilized needle. 15 

µL dsH2O, root extract, replant soil extract or non-replant soil extract were placed into the holes. 

After 2 h, 15 µL of a suspension of 1 x 10
6
 spores/mL in sdH2O was added into each hole and the 

roots were kept in sterile Petri dishes at 22 ± 2 °C.  Spores were obtained from I. mors-panacis 

isolate IMP.ND4Z15 cultured on PDA for 4 weeks in the dark. Control roots (negative control) 

were prepared as above but inoculated with only dsH2O. Roots were collected at day 0 (pre-

inoculation), 1, 6 and 12 dpi (days post-inoculation) by cutting a disk-like section ~ 0.3 cm from 

each side of the wound/lesion on the root. The samples were immediately trimmed and then 

frozen in liquid nitrogen and kept at -80 °C. Lesion areas were determined from 3 replications 

with six lesions measured per replication at 12 dpi by tracing the lesion area on acetate sheets, 

and the areas were quantified using ImageJ software (https://imagej.net). Data were compared by 

the analysis of variance (ANOVA) using Minitab version 16 and means comparison were 

performed using Fisher’s LSD Test with a level of significance at P=0.05.  

3.2.4. RNA extraction  
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Total RNA was extracted with 3 replicates for each time point from ~ 0.5 g of the frozen 

roots by homogenizing in chilled mortar and pestle, and adding 1 mL One Step-RNA Reagent 

(BioBasic) and following the protocol of the manufacturer. Briefly, the homogenate solution was 

centrifuged at 12500 rpm at 4 °C for 12 min and the supernatant was mixed by chloroform 

finger-vortex and centrifuged at 12000 rpm at 4 °C for 15 min. The upper clear layer of the 

mixture was then mixed with isopropanol, NaCl (1.2M) in DEPC H2O and sodium citrate (0.8 

M) in DEPC H2O and gently mixed at 22 °C for 15 min and then centrifuged at 12000 rpm at 4 

°C for 15 min. The pellet was collected and washed with 1 mL of 70% ethanol, allowed to air 

dry, and then the pellet was dissolved in 50 μL of DEPC H2O, and 5 μL was separated on a 0.1% 

agarose-TBE gel to examine if bands for the 28S and 18S subunit rRNA bands were present. The 

concentration of the RNA was determined using a NanoDrop
TM

 Lite Spectrophotometer 

(ThermoFisher, Mississauga, ON, CA), and then adjusted to 500 ng/μL in DEPC H2O. RNA was 

converted into cDNA using a Quanta Biosciences qScript
TM

 cDNA SuperMix (Quantabio, 

Beverly, MA, USA) following the manufacturer’s instructions.  

3.2.5. Primer design used in relative RT-PCR 

The genes of P. quinquefolius chosen for examination of gene expression were based on 

P. ginseng genes previously shown to have altered expression related to disease resistance or 

defense hormones. These were PqChi-1, a homolog of a basic chitinase 1 gene (FJ790420) that 

had a 90-fold increase in expression in P. ginseng infected by B. cinerea (Pulla et al., 2011), 

PqPR5, a homolog of a vacuolar neutral PR5 gene (GQ452234) that had 2.5, 4, 4.5 and 4-fold 

increases in expression in P. ginseng infected by Botrytis cinerea, Colletotrichum 

gloeosporioides, Pythium ultimum, or Rhizoctonia solani, respectively, and also showed 3.8, 5.9, 

3.6 and 8-fold increases with salt, heavy metal, UV, and chilling stresses, respectively (Kim et 

https://www.google.com/search?q=C.+gloeosporioides&spell=1&sa=X&ved=2ahUKEwiIpLiX6_XnAhUuhOAKHdnxC2wQkeECKAB6BAgNECY
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al., 2009), PqCPI, a homolog of a cysteine protease inhibitor gene (GU001147) that had a 73-

fold increase in expression in P. ginseng infected by B. cinerea (Jung et al. 2010), PqPR10-2, a 

homolog of a PR10-2 (GU086324) that had 17, 23 and 10-fold increases in expression in P. 

ginseng infected by Colletotrichum gloeosporioides, Phytophthora capsici, or Alternaria solani 

respectively (Sathiyaraj et al. 2010), PqGlu-1, a homolog of an acidic β-1,3-glucanase gene 

(DQ015705) that had a 10-fold increase in expression in rolC-transformed P. ginseng cells by 

SA (Kiselev et al. 2006), and PqSPD, a homolog of a spermidine synthase gene (GQ229380) that 

had 41.5, 39, 20, 6 and 15-fold increases in expression in P. ginseng by salt stress, chilling, 

ABA, mannitol and JA, respectively (Parvin et al. 2010). The constitutive control gene was 

PqIF3G1, a homolog of the eukaryotic translation initiation factor, IF3G1 gene of P. ginseng 

(KU215663.1) that had been shown to be one of the most stable constitutive control gene in real-

time quantitative RT-PCR among several constitutive candidate genes in 5-year-old P. ginseng 

across different tissues (roots, stems, leaves, and flowers and embryogenic calli) (Wang & Lu 

2016). The nt sequences of the P. ginseng genes of interest and constitutive gene described 

above were obtained from the NCBI GenBank NR database (http://www.ncbi.nlm.nih.gov/).  

A BLASTN search of the GenBank NR database was performed for each gene to collect 

the two to five most closely matching nt sequences, and the sequences were aligned using 

MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/). A non-target sequence for each gene was 

chosen by selecting the closest matches to the query gene.  Primer sequences were chosen based 

on 100% nt match to the target gene and 71-98% nt match to the non-target gene among the 

sequences of each alignment. The Oligo Analyzer program (https://www.idtdna.com) was used 

to test for any possible self-dimers, hairpin loops and hetero-dimers as well as to determine the 

GC content and melting temperature. To check the specificity of the designed primers, a BLAST 

https://www.google.com/search?q=C.+gloeosporioides&spell=1&sa=X&ved=2ahUKEwiIpLiX6_XnAhUuhOAKHdnxC2wQkeECKAB6BAgNECY
http://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/msa/muscle/
https://www.idtdna.com/
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search of the primer sequences was done against the GenBank NR database, and the primers that 

had 100% nt identity with the sequence of the gene of interest and 90-95% identity to non-target 

sequences were selected (Table 3.1).  

A second set of primers for PqIF3G1 was designed using the first set of primers designed 

as described in RT-PCR (described below) with P. quinquefolius cDNA from 0 dpi. The PCR 

product was sequenced at the University of Guelph Laboratory Services, and the sequence was 

included in the previous alignment of IF3G1 genes from the GenBank NR database 

(http://www.ncbi.nlm.nih.gov/). A new set of primers was then designed from the PCR product 

sequence using the criteria previously described (Table 3.1).  

3.2.6. Relative RT-PCR 

Semi-quantitative RT-PCR reactions consisted of 0.4 µl of cDNA, 0.35 µl 5u/µl Tsg 

polymerase (Bio Basic, Markham, Ontario, Canada), 10X Tsg buffer, 10 mM Mg
2+

, 20 mM 

dNTPs, 25 µM forward and reverse primers for the gene of interest and 25 µM forward and 

reverse primers for PqIF3G1 in a total volume of 15 µl (Dean et al., 2002). Amplification 

conditions were 1 cycle at 94 °C for 3 min followed by 27 cycles of 94 °C for 30 s, 55 °C for 1 

min and 72 °C for 1min, and finally 1 cycle of 72 °C for 10 min. An Eppendorf AG 22331 

Thermocycler (Eppendorf, Hamburg, Germany), was used to carry out the reactions. The PCR 

products were then run on 1.5% TAE agarose gel containing 0.006% ethidium bromide, and the 

bands were visualized using an UV transilluminator and imaged using a CCTV camera. The 

number of pixels in the band for the gene of interest and PqIF3G1 in each lane was quantified 

from a PDF file of the gel image using ImageJ software (https://imagej.nih.gov/ij/), and the ratio 

of the number of pixels of the gene of interest and the constitutive gene were calculated to 

determine relative gene expression. The assay was repeated 3 times for each gene.  

http://www.ncbi.nlm.nih.gov/
https://imagej.nih.gov/ij/
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3.2.7. HPLC-MS analysis 

High-performance liquid chromatography (HPLC) was used to determine the 

ginsenosides in the extracts as per Ivanov (2015), with 3 replicates. Dried extracts (0.1 g) were 

dissolved in 1 mL 80% methanol and then filtered using a 0.22 μm membrane (Whatman). The 

filtered centrifuged extracts (10 μl) were injected onto a ZORBOX Eclipse Plus C8 column (2.1 

X 50 mm, 1.μm, Agilent Technologies, Santa Clara, California, USA), and eluted with a gradient 

of solvent B (90% acetonitrile containing 0.1% formic acid and 1 mg/L sodium acetate) and 

solvent A (0.1% formic acid and 1 mg/L sodium acetate) starting with 25% solvent B/75% 

solvent A, held for 1 min, followed by a linear gradient to 35% solvent B over 2 min, then 95% 

solvent B over 6 min, and maintained at 95% solvent B for 1 min before returning to 25% 

solvent B/75% solvent A. The flow rate was 0.4 mL/min, and the eluent was monitored at 203nm 

before infusion into an Agilent 6320 TOF mass spectrometer through a Dual Spray electrospray 

ionization (ESI) source with a gas temperature of 325 °C flowing at 12 L/min, and a nebulizer 

pressure of 45 psi. The fragmentor voltage was 120V with a Vcap of 4,500V. Automated internal 

calibration was done using reference ions 121.0508 and 922.0096. The column was conditioned 

at 25% solvent B/75% solvent A for 9 min between samples and maintained at 40 °C. 

Ginsenosides were detected as their Na
+
 adducts in positive ion mode (M+Na

+
H].  

 

3.3. Results 

3.3.1. Effects of the extracts on root rot disease 

Lesion size caused by I. mors-panacis isolate IMP.ND4Z15 was affected by replant soil 

extract (Fig 3.1). Lesion size was not significantly different between the control (0 mg/mL) and 

any of the concentrations of root and non-replant soil extract, but was significantly higher with 
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20 and 100 mg/mL replant soil extract. At 2 mg/mL extract, lesion size for roots treated with 

replant soil extract treatment was not significantly higher compared to non-replant soil extract 

but was significantly higher compared to root extract. At 20 and 100 mg/mL extract, lesion size 

was significantly higher with replant soil extract compared to both non-replant soil and root 

extract. Lesion size was 0.49 cm
2 

with 100 mg/mL replant soil extract compared to 0.20 cm
2 

with 

both 100 mg/ml root extract and non-replant soil extract. In general, root rot development caused 

by I. mors-panacis was not affected by either root or non-replant soil extract, but it was 

significantly increased by replant extract in a concentration dependent manner. No lesions were 

observed when the roots were treated with dsH20 as a negative control. 

3.3.2 Composition of extracts 

No ginsenosides were detected in water or hop-yard (non-replant) soil extract. The lack 

of ginsenosides in hop-yard soil confirmed that no ginseng crop was grown previously in that 

soil. The concentration of all ginsenosides was only 0.09% in replant extract relative root extract 

with root extract containing seven PPDs and three PPTs, and replant soil extract containing four 

PPDs and two PPTs (Table 3.2). The reduced number of ginsenoside types was due to replant 

soil extract with undetectable levels of the PPDs, Rb1, Rc and Rb2, and the PPT, R1. There was 

a relative shift in the abundance of ginsenosides found in both root and replant soil extracts 

where the most abundant PPD was Re in root extract but Rd in replant extract, whereas the most 

abundant PPT was Rf in both root and replant soil extract. All ginsenoside types were 

significantly lower in replant soil than in roots, except for GXVII. However, there were no 

ginsenoside types found in replant soil extract that were not also found in the root extract.  

3.3.3. Effects of extracts on gene expression  
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Roots treated with water showed a significant increase in expression of the basic 

chitinase I gene, PqChi-1, from 0 to 1 dpi and 1 to 6 dpi but no significant change from 6 to 12 

dpi (Fig. 3.2). With root extracts, expression significantly increased from 0 to 1 dpi but was not 

significantly different from 1 to 6 and 6 to 12 dpi. With replant soil extracts, expression was not 

significantly different from 0 to 1 dpi, significantly increased from 1 to 6 dpi and was not 

significantly different from 6 to 12 dpi. At 1, 6 and 12 dpi, expression was not significantly 

different between water and root extract treatments, whereas expression was significantly higher 

with water and root extract by 3.3-fold at 1 dpi, 2.8 to 2.2-fold at 6 dpi and 2.7 to 3.1-fold at 12 

dpi compared to replant soil extracts. The major difference between the treatments was that 

while expression was similar over time with water and root extract, expression was much lower 

with replant soil extract treatment after inoculation. 

Water treatment resulted in expression of the neutral pathogenesis-related protein 5 gene, 

PqnPR5, that was significantly increased from 0 to 1 dpi, not significantly changed between 1 

and 6 dpi, and significantly decreased from 6 to 12 dpi approaching pre-infection levels (Fig. 

3.3). With root extract treatment, expression significantly increased from 0 to 1 dpi, not 

significantly changed from 1 to 6 dpi, and significantly decreased from 6 to 12 dpi. With replant 

soil extract treatment, expression significantly increased from 0 to 1 dpi, not significantly 

changed from 1 to 6 dpi and then significantly reduced from 6 to 12 dpi. At 1, 6 and 12 dpi, 

expression was not significantly different between water and root extract treatment. Expression 

was also not significantly different from those treatments and replant soil extract treatment at 1 

and 12 dpi, except for significantly higher expression with water by 1.5-fold than replant soil 

extract at 1 dpi. However, at 6 dpi, expression with water and root extract treatment were both 

significantly higher than with replant soil treatment by 2.05 and 1.8-fold, respectively. The major 
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difference between treatments was a lower level of induction with replant extract compared to 

water and root extract at 1 and 6 dpi.  

Expression of the cysteine protease inhibitor gene, PqCPI, was not significantly changed 

following inoculation for water treated roots (Fig. 3.4). With root and replant soil extract, 

expression significantly decreased from 0 to 1 dpi and then returned to near pre-infection level at 

6 dpi, which was not significant with root extract but was significant with replant soil extract, 

and then there was no significant change from 6 to 12 dpi. At 1 dpi, expression was significantly 

lower with replant soil extract compared to water and root extracts by 2.3 and 1.6-fold, 

respectively, and root extract was significantly lower than with water by 1.5-fold. At 6 and 12 

dpi, expression was not significantly different between the treatments. The major difference 

between treatments was at 1 dpi with the largest down-regulation with root extract and less 

down-regulation with replant soil extract.   

Expression of the pathogenesis-related protein 10 gene, PqPR10-2, significantly 

increased from 0 to 1 dpi but did not significantly from 1 to 6 dpi and 6 to 12 dpi with water 

treatment (Fig. 3.5). With root extract treatment, expression significantly increased from 0 to 1 

dpi and 1 to 6 dpi but not from 6 to 12 dpi. With replant soil extract treatment, expression did not 

significantly change from 0 to 1 dpi, significantly increased from 1 to 6 dpi and did not 

significantly change from 6 to 12 dpi.  At 1 dpi, expression with either water or root extract 

treatment were not significantly different, but both were significantly higher than with replant 

soil extract by 2.1-fold. At 6 dpi, expression was highest with root extract treatment which was 

significantly higher than with water and replant soil extract treatments, which were not 

significantly different from each other. At 12 dpi, no significant differences were observed with 
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treatments. The major difference between treatments was that gene expression was not induced 

with replant soil extract at 1 dpi, and remained lower than other treatments until 12 dpi. 

With water treatment, expression of an acidic glucanase (PqGlu-1) significantly 

increased from 0 to 1 dpi but was not significantly changed from 1 to 6 dpi and then significantly 

increased from 6 to 12 dpi, which was similar to the response to root extract, except there was 

also a significant increased from 1 to 6 dpi (Fig. 3.6). With replant soil extract, expression 

significantly increased from 0 to 1 dpi and 1 to 6 dpi but was not significantly changed from 6 to 

12 dpi. At 1 dpi, expression was not significantly different between water and replant soil extract 

treatment; however, both were significantly higher than with root extract treatment by 1.7 and 2-

fold, respectively. At 6 dpi, expression was significantly higher with replant soil extract by 2.3 

and 1.6-fold compared to water and root extract, respectively, and root extract treatment resulted 

in significantly higher expression than water by ~3-fold. At 12 dpi, expression was significantly 

higher with replant soil extract compared to water and root extract treatments, which were not 

significantly different from each other. The major difference between treatments was that the 

much greater induction with replant soil extract treatment at 6 and 12 dpi compared to water and 

root extract. 

Water treatment showed significantly increased expression of spermidine synthase, 

PqSPD, from 0 to 1dpi, no significantly change from 1 to 6 dpi and then a significant decrease 

from 6 to 12 dpi returning to pre-infection level (Fig. 3.7). With root extract treatment, 

expression also significantly increased from 0 to 1 dpi and not significantly change from 1 to 6 

dpi, but did not significantly change from 6 to 12 dpi. With replant soil extract treatment, 

expression significantly decreased from 0 to 1 dpi followed by a significant increase from 1 to 6 

dpi returning to pre-infection level and then was not significantly changed from 6 to 12 dpi. At 1 
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and 6 dpi, expression of the gene was not significantly different between water and root extract 

treatments, but both were significantly higher than with replant soil extract by 2.1 and 1.8-fold, 

respectively at 1 dpi and 1.4-fold at 6 dpi. At 12 dpi, expression was significantly higher with 

root extract compared to water but not replant soil extract treatment. The major difference 

between treatments was that expression was down-regulated with replant soil extract at 1 dpi 

compared to up-regulated by water and root extract and then remained lower until 12 dpi when 

expression with water treatment declined. 

 

3.4. Discussion 

At 20 and 100 mg/mL replant soil extract, I. mors-panacis was able to grow faster in the 

root creating a larger lesion than in roots treated with water, root extract or non-replant soil 

extract. As the replant soil extract concentration increased, the level of the root rot increased, 

indicating a direct dose response from some compound(s) in the replant soil extract causing this 

response, and that those compound(s) were absent in non-replant soil and root extracts.  

One possibility is that ginsenosides in the soil were responsible. Root extract contained 

seven PPDs and three PPTs matching the types commonly found in the roots in P. quinquefolius 

(Wang et al. 2005). However, replant soil extract contained much less ginsenoside and was 

missing four of those ginsenosides. Thus, replant soil extract ginsenosides were similar but not 

identical to those of root extract. One reason could be that certain ginsenosides are not secreted 

from the roots. However, Nicol et al. (2003) reported that extracted ginsenosides in daily water 

washes of 2-year-old P. quinquefolius plants growing in pots with coarse silica sand contained 

the same ginsenosides found in roots, indicating that all ginsenoside types can be secreted by 

roots. A second possibility is that some ginsenosides secreted by roots are converted to other 
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types in soil, and thus the original types are no longer detectable in soil. Nicol et al. (2003) used 

coarse silica sand rather than field soil, and thus would lack the typical microbial activity, 

organic matter, clay and silt that can be found in soil. Also, the silica sand was washed daily, and 

thus ginsenosides in the pots would have a limited time to interact with any microbes in the silica 

sand. In this study, ginsenosides were examined in 1-year post-harvest field soil, allowing for a 

considerable period of time for ginsenosides to interact with biological and chemical factors in 

the soil. The fact that any ginsenosides were detectable one year after harvesting shows their 

persistence in soil. 

  One way that ginsenosides can be affected by soil is through removal of sugars by 

deglycosylation. Many ginseng soil bacteria can deglycosylate ginsenosides (Cheng et al. 2006; 

Cheng et al. 2007; Wang et al. 2011; Kim et al. 2012). For example, Caulobacter leidyia from P. 

ginseng soil converted Rb1 into F2, and Intrasporangium sp. GS603 isolated from P. ginseng 

soil converted Rb1 into F2 and GXVII (Cheng et al. 2006; Cheng et al. 2007). While not 

reported for a soil bacterium, conversion of Rc and Rb2 into F2 was found for a Bifidobacterium 

sp. from faeces of healthy humans (Chi et al. 2005). These activities could explain the lack of 

Rb1, Rb2 and Rc in the replant soil as they may have become converted into F2 and GXVII. 

Loss of R1 could be due to microbial conversion to Rg1, F1 or 20(S)-protopanaxatriol (Qing-

ruan et al. 2010). Microbial conversion in soil could also explain why Rf was the most abundant 

ginsenoside in the replant soil being about five times more than Re in the replant soil, whereas it 

was slightly less (about 75%) than the amount of Re in root extract. Rf would have the fewest 

sugars among the ginsenosides detected in this study. Rf is a PPT type ginsenoside that only 

contains two glucose at C6 positions (Sanada et al. 1974). In contrast, the PPD type ginsenoside 

Rd and PPT type ginsenoside Re found in replant extract in this study would have the most 
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sugars with 2 at the C6 and 1 at the C20 positions. Despite the evidence for deglycosylation, 

there were no detectable ginsenoside in replant extract not found in root extract, and thus no 

obvious targets for bio-activity during I. mors-panacis infection.  

 The loss of 99.9% of ginsenosides in replant soil could be due to complete mineralization 

in the soil, but could also be due to insufficient extraction with the shaking in 80% methanol 

method. Previous studies have used shaking soil in 80% methanol for extraction of ginsenosides 

from wash water from coarse silica sand with P. quinquefolius and consecutively cultivated soil 

for 1-3 years with P. ginseng (Nicol et al. 2003; Yang et al. 2015). Thus, it appears that the 

method can extract ginsenosides from soil, but the efficiency of the method is unknown as there 

have not been comparisons of ginsenoside extraction methods from soil. Thus, there may be 

some ginsenoside types found replant soil extract, but not root extract, that are in sufficient 

amounts to affect the infection of roots by I. mors-panacis but not in sufficient amounts to be 

extracted and detected by HPLC. Compounds that affect the innate immune system of plants can 

be effective at very low concentrations. For example, nanomolar concentrations of chitin 

oligosaccharides were able to trigger immune responses in suspension-cultured plant cells (Felix 

et al. 1993), and gram-negative plant pathogenic bacteria are able to secrete sufficient amounts of 

effectors to suppress the immune system of plants only using the type III secretion system 

(Büttner
 
& He 2009). 

 Another reason for not detecting compounds in replant soil extract absent in root extract 

is that the compound in replant soil extract is not a ginsenoside. Other compounds, such as 

phenolic compounds like vanillin, syringic acid and coumaric acid, inhibit the growth of radicles 

and shoots of P. ginseng seedlings (Bi et al. 2011). This indicates that phenolic compounds 

inhibit ginseng cell physiological process, such as cell division. Thus, it could also be one of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=B%26%23x000fc%3Bttner%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19458111
https://www.ncbi.nlm.nih.gov/pubmed/?term=He%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=19458111
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those compound(s) that is affecting the level of root rot by I. mors-panacis. Such compounds 

may not naturally be found in non-ginseng soil since non-replant soil extract did not show that 

activity. Further work is needed to identify the compounds extracted from replant soil that are 

involved.  

 To determine how replant soil extract resulted in increase lesion size, the expression of 

six genes that have been related to disease resistance of the ginseng or defence hormones in 

ginseng were examined to determine if they were affected differently by treatment with water, 

root extract or replant soil extract. For the water treatment, five genes, PqChi-1, PqPR5, 

PqPR10-2, PqGlu-1 and PqSPD, showed significant induction due to the infection, indicating 

that they are disease responsive genes. Expression of PqChi-1 showed induction up to 6 dpi in 

water treated roots. It encodes a class I basic chitinase, and chitinases can degrade the cell wall 

of phytopathogenic fungi (Broglie & Broglie 1993) and bacteria (Kasprzewska 2003). Basic PR 

proteins are generally reported to be located in the vacuole, up-regulated by necrotrophic 

pathogens and regulated by JA and ET (Laluk & Mengiste 2010). In P. ginseng, PgChi-1 showed 

a large increase in expression at 1 to 4 dpi of plantlets by the necrotrophic fungus, B. cinerea 

(Pulla et al. 2011). Expression of PgChi-1 was higher in the ginseng roots than leaves or stems, 

and it was up-regulated by various stresses as well as SA and JA.  

Expression of PqPR5 showed a very similar response to PqChi-1 in water-treated roots 

following inoculation. PqPR5 encodes a neutral PR5 protein that belong to the thaumatin-like 

proteins, which can be antifungal by attacking the cell wall of fungi (Liu et al. 2010). Thaumatin-

like proteins have been reported to be regulated by ET in plants (Datta & Muthukrishnan 1999).  

In P. ginseng, PgPR5 expression was induced in leaves by 2 to 5 dpi due to the infection by the 

necrotrophs, P. ultimum, B. cinerea  and Rhizoctonia, and the hemibiotroph, C. gloeosporoides 



 

 

146 

 

(Kim et al. 2009). PgPR5 expression was induced in leaves by applying SA or JA, but JA 

showed higher induction by 4 h, whereas SA high induction occurred by 48 h (Zhang et al. 

2010).  

PqPR10-2 expression was induced but not significantly in water treated roots by 

infection. Pathogenesis-related protein 10 (PR10) is an acidic small intracellular pathogenesis-

related proteins which are widely present in monocots and dicots with ribonuclease function (van 

Loon et al. 2006; Lee et al. 2011). Pulla et al. (2010) reported that PgPR10-2 expression was 

high in P. ginseng roots and was induced by infection of leaves by C. gloeosporoides, P. capsici 

and A. solani as well as induced by infection of roots by B. cinerea. It was also rapid induced in 

whole plantlets with MeJA, reaching its highest expression level by 4 h after application 

compared to 12 h with SA. 

The pattern of PqGlu-1 expression was similar to that of PqChi-1 and PgPR5 in water 

treated roots following inoculation. Acidic β-1,3-glucanase is a PR2 protein involved in limiting 

the pathogen activities and rapidly accumulates by pathogen attack (Lee et al. 2011). It has been 

reported that PgGlu-1 is a SA related gene and was induced in transformed P. ginseng cells 

(Kiselev et al. 2006).  

PqSPD expression was also similar to PqChi-1 and PgPR5 in water treated roots 

following inoculation. Spermidine synthase (SPD) which is polyamine (Pas) that are aliphatic 

amines commonly found in all living cells involving in many physiological processes in plant 

such as development of flowers and fruits, senescence, promotion of growth, cell division, DNA 

replication and cell differentiation (Evans et al. 1989). PgSPD expression in adventitious roots of 

P. ginseng was significantly induced by abiotic factors such as salt stress and JA (Parvin et al. 

2010).  
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The only gene that did not show induction by infection by I. mors-panacis of water 

treated roots was PqCPI.  Cysteine protease inhibitor is involved in process such as the response 

to environmental stimuli, programmed cell death and the degradation of proteins (Soloman et al. 

1999). Botella et al. (1996) reported that three cysteine protease inhibitors (pL1, pR1 and pN2) 

were induced by wounding and MeJA in soybean. Expression of PgCPI in P. ginseng roots was 

induced with infection by B. cinerea along with several abiotic factors including MeJA in roots, 

stems and leaves (Jung et al. 2010).  

For root extract treated roots, expression of PqChi-1 and PqPR5 was never significantly 

different from water treated roots. For the other genes, expression differed between root extract 

and water treatment for only one time point examined after inoculation. For PqCPI, a significant 

difference was only observed at 1 dpi with higher expression in water than root treatment. For 

PqPR10-2 and PqGlu-1, a significant difference was only found at 6 dpi with higher expression 

with root extract than water treatment. For PqSPD, expression was only significantly different at 

12 dpi with root extract treatment resulting in higher expression than water treatment. This 

indicates that there was little effect due to root extract treatment as it had a similar effect as water 

treatment for 2 to 3 of the time points examined post infection, and when it did have an effect, 

root extract sometimes caused higher and other times lower expression relative to water 

treatment.  

For replant soil extract treated roots, expression of PqChi-1 was significantly lower from 

water and root extract treatments at all time points, expression of PqPR5 gene was significantly 

lower at 6 dpi than root extract and water, and significantly lower than water treatment at 1 dpi, 

expression of PqCPI was significant lower at 1 dpi than root extract and water treatment, 

expression of PqPR10-2 was significantly lower at 6 dpi than root extract and water treatment 
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and significantly lower at 1 dpi than with root extract, and expression of PqSPD was 

significantly lower at 1 and 6 dpi compared to root extract and water treatments. Thus, all the 

significant differences for those five genes were related to lower expression at one or more time 

points post infection with replant soil extract treatment compared to either water or root extract 

treatment. This indicates that there was likely a suppressive effect due to replant soil extract 

treatment on defense gene expression. 

Considering the effects of replant soil extract on gene expressions, compound(s) in it 

appear to be suppressing defenses dependent upon the JA and ET pathways, which was observed 

for five of the six genes tested in this study. Defense gene expression is typically co-regulated by 

JA and ET or else regulated by SA (Van Verk et al. 2009), and triggered defenses against 

necrotrophic pathogens primarily JA/ET-regulated (Zhang et al. 2017). Ilyonectria mors-panacis 

has been described as a necrotroph producing symptoms of brownish rotting with a delimited 

margin in roots from virgin soil and the entire rotting of the root cortex in roots from replant soil 

(Reeleder & Brammall 1994; Hausbeck 2011; Farh et al. 2020) Thus, suppression of PqChi-1 

expression by replant soil extract would be expected as the homolog in P. ginseng was up-

regulated in roots treated with JA and plantlets infected by the necrotroph, B. cinerea (Pulla et al. 

2011). Suppression of PqPR5 expression would be also expected as the homolog in P. ginseng 

showed more rapid up-regulation in leaves and roots treated with JA than SA and up-regulation 

occurred in seedlings inoculated with the necrotrophs, B. cinerea, P. ultimum and R. solani, and 

the hemibiotroph, C. gloeosporioides (Kim et al. 2009; Zhang et al. 2010). Suppression of 

PqPR10-2 expression would be expected as well as the homolog in P. ginseng showed more 

rapid up-regulation in leaves and roots treated with JA than with SA and up-regulation in leaves 

occurred in plants infected by the necrotrophs, P. capsici and A. solani  and hemibiotroph, C. 

https://www.google.com/search?q=C.+gloeosporioides&spell=1&sa=X&ved=2ahUKEwiIpLiX6_XnAhUuhOAKHdnxC2wQkeECKAB6BAgNECY
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gloeosporioides (Pulla et al. 2010).  Suppression of PqCPI expression would also be expected as 

the homolog in P. ginseng showed an increase in expression in roots infected by the necrotroph 

B. cinerea (Jung et al. 2010), and suppression of PqSPD expression was not surprising as the 

homolog in P. ginseng was induced following application to adventitious roots by MeJA (Parvin 

et al. 2010).  All of this information indicates that these five genes are regulated by JA or 

necrotrophic infection, implicating JA.     

The exception to this suppressive effect of replant soil extract was the expression of 

PqGlu-1, where expression was significantly higher at 1 dpi with replant extract compared to 

root extract and 6 and 12 dpi compared to root extract and water treatments. It is known that SA 

and JA/ET are antagonistic to each other, and the responses of the root to necrotrophic pathogens 

is JA related (Kunkel & Brooks 2002). Some necrotrophic pathogens, such as Botrytis cinerea 

induce the SA to suppress JA responses genes in tomato by producing exopolysaccharides (El 

Oiridi et al. 2011). Thus, induction of PqGlu-1 expression by replant soil extract would be 

expected as the homolog of that in P. ginseng showed increased expression when SA was 

applied to transformed P. ginseng tissue culture cells (Kiselev et al., 2006). This indicates up-

regulation of genes by SA corresponding to a down-regulation of genes controlled by the JA 

pathway.  

In conclusion the results of this study showed that there must be compound(s) in the 

replant soil extract which is not present in root or non-replant soil extract which can limit 

ginseng disease resistance. Since most genes likely responded to JA signaling pathway in this 

study, it can be hypothesized that the greater root rot lesion size could be related to weaker JA 

defence mechanism of ginseng plant. It appears that I. mors-panacis can effectively take 

advantage of this, perhaps eventually resulting in the development of disappearing root rot, 

https://www.google.com/search?q=C.+gloeosporioides&spell=1&sa=X&ved=2ahUKEwiIpLiX6_XnAhUuhOAKHdnxC2wQkeECKAB6BAgNECY


 

 

150 

 

which is common symptom associated with replant disease (Reeleder & Brammall 1994), rather 

than limited root rot. If these compound(s) are conclusively found to be responsible for replant 

diseases, then ginseng replant disease can be considered as an acquired plant immunodeficiency 

due to extrinsic factors affecting the host's immunity (Chinen & Shearer 2010).  

  



 

 

151 

 

Table 3.1. Designed primers used for the amplification of P. quinquefolius genes used in this 

study. Co-amplification was performed using target gene and PqIF3G1 F2/R2 primers. 

Target 

gene 

Primer name Forward (F) and Reverse (R) primer 

sequences, 5'-3' 

Product 

size  

PqCHI-1 PQChi-F1  

PQChi-R1  

CACTAATTGCCAAAGCCAGTG 

GGGTTGTTTATTAGGTCCACTCC 

493 bp 

 

PqGLU 

 

PQgluc-F1 

PQgluc-R1  

 

TCCTCCATCACTTGGTTCCTT 

TCATCAAACATAGCAAACAGATAAGT    

 

438 bp 

 

PqCPI 

 

PQCPI-F1 

PQCPI-R2 

 

TCAGAACAGTGCCGAGATTG 

AGTTGGACCTCTGTTGGATGG 

 

383 bp 

 

PqSPD 

 

PQSPD-F1 

PQSPD-R1 

 

GCCGGGAGAAGCACACTC 

GCTCTTGTGCTGGACCTATGG 

 

470 bp 

 

PqPR10-2 

 

PQPR10-2-F1 

PQPR10-2-R1 

 

TCCAAAAGACCGAAACCCAGG 

GATGCCACCGATAAGTCAATCC 

 

417 bp 

 

PqPR5 

 

PQPR5-F1  

PQPR5-R1         

 

TAGCCGAATACGCCCTAAACC 

GGGCAAGTAAATGTGCTGGTT 

 

 

329 bp 

PqIF3G1 PQIF3G1-F1   

PQIF3G1-R1           

GGTGCTGTTCTCATGGTATGC 

GGGTATGACAATTTAATCCTTCGTGT 

 

451 bp 

PqIF3G1 PQIF3G1-F2   

PQIF3G1-R2           

CCAAGCATGAGAGCAGGTG 

AAGGAAGATGCAGAGAGAGCC 

237 bp 
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Figure 3.1. Lesion size of Ilyonectria mors-panacis isolate IMP.ND4Z15 on P. quinquefolius 

roots after treatment with water (0 mg/mL), 2, 20 or 100 mg/ml root, replant soil or non-replant 

soil extract, or 200 mg/ml root extract. Surface sterilized wounded roots of P. quinquefolius were 

treated with 15 µl onto the wound roots for ~2 h followed by 15 µl 10
6
 spores/mL I. mors-

panacis in water and kept for 12 days. Roots inoculated with spores suspended in water were 

used as a control treatment. Roots incubated for 12 dpi at 22 °C in the dark. The lesion sizes 

were measured by tracing lesions on acetate sheets followed by quantifying using ImageJ 

software. The means were compared using Fisher’s LSD method at the significant of P=0.05. 

Each data point represents the mean of three replications with six lesions measured per 

replication.  
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Table 3.2. Detected ginsenosides in P. quinquefolius root and replant soil. The ginsenosides 

were extracted using 80% methanol and analyzed using HPLC with mass spectrometery (MS) on 

positive mode The means of 3 replications for each ginsenoside were compared between root, 

non-replant and replant extracts using Fisher's LSD method at significance of P=0.05. Upper 

case letters indicate the significant differences.   

a
 AU = arbitrary unit.  

b
 PPD = protopanaxadiol.  

c  
PPT = protopanaxatriol.  

d 
ND = not detected. 

  

Ginsenoside    Type Root Extract (AU
a
) Replant Soil (AU) Non-replant soil (AU) 

R1   PDD 
b
 6.62E+06 ND

d
 ND 

Rb1 PDD 1.55E+07 ND ND 

Rc+Rb2 PDD 3.48E+06 ND ND 

Rd PDD 8.16E+06 A 2.69E+04 B ND 

GXVII PDD 4.55E+06 A 1.78E+04 A ND 

F2 PDD 2.04E+06 A 5.04E+03  B ND 

Total PDD 4.04E+07 A 4.97E+04 B ND 

Rg1   PTT 
c
 1.11E+07 A 3.28E+03 B ND 

Re PTT 4.75E+07 A 1.18E+04 B ND 

Rf PTT 3.28E+07 A 5.08E+04 B ND 

Total PTT 9.14E+07 A 6.59E+04 B ND 

Total PDD + 

PTT 

1.32E+08 A 1.16E+05 B ND 

https://en.wikipedia.org/wiki/Protopanaxadiol


 

 

154 

 

Figure 3.2. Effect of water, root and replant soil extract treatments on expression of the P. 

quinquefolius basic chitinase 1 gene (PqChi-1) in roots following infection by Ilyonectria mors-

panacis. Relative RT-PCR of PqChi1 expression in roots of P. quinquefolius treated with water, 

root or replant soil extracts (100 mg/mL) followed 2 h later by inoculation of Ilyonectria mors-

panacis isolate IMP.ND4Z15 on the wounded roots. Semi-quantitative RT-PCR was performed 

with co-amplification of PqChi-1 and a constitutive control, PqIF3G1. Each data point 

represents the mean of three replications with error bars showing standard deviations.  
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Figure 3.3. Effect of water, root and replant soil extract treatments on expression of the P. 

quinquefolius neutral pathogenesis-related protein 5 gene (PqPR5) in roots following infection 

by Ilyonectria mors-panacis. Relative RT-PCR of PqPR5 expression in roots of P. quinquefolius 

treated with water, root or replant soil extracts (100 mg/mL) followed 2 h later by inoculation of 

Ilyonectria mors-panacis isolate IMP.ND4Z15 on the wounded roots. Semi-quantitative RT-

PCR was performed with co-amplification of PqPR5and a constitutive control, PqIF3G1. Each 

data point represents the mean of three replications with error bars showing standard deviations.  
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 Figure 3.4. Effect of water, root and replant soil extract treatments on expression of the P. 

quinquefolius cysteine protease inhibitor gene (PqCPI) in roots following infection by 

Ilyonectria mors-panacis. Relative RT-PCR of PqCPI expression in roots of P. quinquefolius 

treated with water, root or replant soil extracts (100 mg/mL) followed 2 h later by inoculation of 

Ilyonectria mors-panacis isolate IMP.ND4Z15 on the wounded roots. Semi-quantitative RT-

PCR was performed with co-amplification of PqCPI and a constitutive control, PqIF3G1. Each 

data point represents the mean of three replications with error bars showing standard deviations.  
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Figure 3.5. Effect of water, root and replant soil extract treatments on expression of the P. 

quinquefolius pathogenesis-related protein 10-2 gene (PqPR10-2) in roots following infection by 

Ilyonectria mors-panacis. Relative RT-PCR of PqPR10-2 expression in roots of P. quinquefolius 

treated with water, root or replant soil extracts (100 mg/mL) followed 2 h later by inoculation of 

Ilyonectria mors-panacis isolate IMP.ND4Z15 on the wounded roots. Semi-quantitative RT-

PCR was performed with co-amplification of PqPR10-2 and a constitutive control, PqIF3G1. 

Each data point represents the mean of three replications with error bars showing standard 

deviations.  
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Figure 3.6. Effect of water, root and replant soil extract treatments on expression of the P. 

quinquefolius acidic β-1-3- glucanase gene (PqGlu) in roots following infection by Ilyonectria 

mors-panacis. Relative RT-PCR of PqGlu expression in roots of P. quinquefolius treated with 

water, root or replant soil extracts (100 mg/mL) followed 2 h later by inoculation of Ilyonectria 

mors-panacis isolate IMP.ND4Z15 on the wounded roots. Semi-quantitative RT-PCR was 

performed with co-amplification of PqGlu and a constitutive control, PqIF3G1. Each data point 

represents the mean of three replications with error bars showing standard deviations.  
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Figure 3.7. Effect of water, root and replant soil extract treatments on expression of the P. 

quinquefolius spermidine synthase gene (PqSPD) in roots following infection by Ilyonectria 

mors-panacis. Relative RT-PCR of PqSPD expression in roots of P. quinquefolius treated with 

water, root or replant soil extracts (100 mg/mL) followed 2 h later by inoculation of Ilyonectria 

mors-panacis isolate IMP.ND4Z15 on the wounded roots. Semi-quantitative RT-PCR was 

performed with co-amplification of PqSPD and a constitutive control, PqIF3G1. Each data point 

represents the mean of three replications with error bars showing standard deviations.  
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Chapter 4: Effects of Pseudomonas plecoglossicida media extracts on root rot development 

in American ginseng (Panax quinquefolius) caused by Ilyonectria mors-panacis 

4.1. Introduction 

Panax ginseng is grown either wild under forest conditions for up to 30 years or 

cultivation in artificially shaded gardens for typically 3 to 4 years (Proctor 1996; Anderson et al. 

2002). Ginseng cultivation appears to modify soil bacterial populations (Xiao et al. 2016; 

Nguyen et al. 2016; Dong et al. 2018). Using 16S rRNA denaturing gradient gel 

electrophoresis (DGGE), Xiao et al. (2016) reported that bacterial diversity significantly 

decreased with P. ginseng cultivation over six years, with Proteobacteria dominating at all soil 

ages. Using 16S rRNA Next Generation Sequencing (NGS), Nguyen et al. (2016) also showed 

that P. ginseng cultivation generally decreased soil bacterial diversity over six years, but not for 

all bacterial phyla. The relative abundance of Gammaproteobacteria decreased, while the 

relative abundance of Acidiobacteria and Solibateres increased. Also using 16s rRNA NGS, 

Dong et al. (2018) showed that P. ginseng cultivation decreased bacterial diversity over four 

year, but not for all phyla where relative abundance of some members of the Proteobacteria and 

Acidiobacteria decreased, while some members of the Actinobacteria and Proteobacteria 

increased. These studies show that while bacterial diversity in the soil of P. ginseng generally 

decreased over years, the relative abundance of some bacteria decreased while others increased, 

indicating that ginseng roots may produce a selective effect on the soil microbiome. 

A key factor that determines the soil microbiome around plants is the rhizosphere effect, 

which is the growth enhancement of soil microorganisms due to release of nutrients, such as 

from root exudates and root debris, into the soil (Bakker et al. 2012). Ginseng root exudates can 

include organic acids, such as gallic acid and succinic acid, resulting in a decrease in soil pH 
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(Hinsinger et al. 2003; Badri & Vivanco 2009). In P. ginseng, Xiao et al. (2016) reported that 

soil pH decreased over six years of cultivation likely due to root exudates, and decreased soil pH 

over years of cultivation was related to decreased bacterial diversity in P. ginseng soil. Panax 

ginseng root exudates can also contain phenolic compounds, such as salicylic acid (SA), 3-

phenylpropionic acid (3-PA), benzoic acid (BA) and cinnamic acid (CA) (Li et al. 2018), as well 

as diisobutyl phthalate (DiBP) (Dong et al. 2018). Most phenolic acids, except CA, in P. ginseng 

soil increased the relative abundance of soil fungi, such as Mortierella and Nectriaceae, 

compared to other fungi found in forest soil, although some genera, like Humicola, showed a 

relative decrease in abundance (Li et al. 2018). Diisobutyl phthalate (DiBP) accumulation in P. 

ginseng soil was related to decreased diversity and decreased relative abundance of certain 

bacterial genera, such as Arthrobacter, Burkholderia, Rhodanobacter and Sphingobacterium 

(Dong et al. 2018).  

In addition, ginseng root exudates can contain ginsenosides, which have been reported to 

be secreted from roots of P. quinquefolius at rate of 25µg/day with the ginsenoside types in the 

exudate being the same as those in the roots (Nicol et al. 2003).  Ginsenosides can also be 

released into soil from root debris, such as dead root cap cells, since all parts of a P. ginseng 

plant contains ginsenosides (Taira et al. 2010). Ginsenosides may be affecting bacterial diversity 

in ginseng soil. Ginsenosides have sugars attached which can be removed by deglycosylation 

releasing nutrients that can be used as a source of energy by soil microorganisms. Yousef & 

Bernards (2006) stated that the oomycete, Pythium irregulare, was able to use the sugars 

hydrolyzed from ginsenosides as carbon source. Many soil bacteria are able to hydrolyze sugars 

from ginsenosides. For instance, 77 bacteria isolated from P. ginseng soil in Korea produced β-

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salicylic-acid
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/benzoic-acid
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phthalates
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phthalates
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/sphingobacterium
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glucosidase, and among them, 12 could remove glucose from the ginsenoside Rb1 converting it 

to Rd (Kim et al. 2005).  

Deglycosylation of ginsenoside by bacteria involves the enzymatic removal of sugars at 

the C3 (or C6) and C20 positions (Yang et al. 2015; Eom et al. 2018). In humans and animals, 

deglycosylation by intestinal bacteria can convert ginsenosides into more biological active types, 

such as Rg1 and compound K (CK), that are better able to enter the circulatory system and better 

permeate through cell membranes due to their smaller size (Xu et al. 2003; Yang et al. 2015). In 

addition to intestinal bacteria, a wide range of ginseng root and soil bacteria have enzymes for 

ginsenoside deglycosylation. For example, Fu et al. (2017) isolated a β-glucosidase-producing 

endophytic bacterium, Burkholderia sp., from P. ginseng roots that could convert ginsenoside 

Rb1 into Rd by removing the first glucose and then Rd into Rg3 by removing the second glucose 

at C20 position. A β-glucosidase-producing bacterium, Sphingomonas sp. isolate ZY-3, isolated 

from P. ginseng soil could also hydrolyze Rb1 into CK by removing the outer glucose from C20 

producing Rd and then removing the outer and inner glucoses from Rd at C3 producing F2 and 

CK, respectively (Wang et al. 2011). A glycoside oxidoreductase-producing Rhizobium sp. 

isolate GIN611 from P. ginseng soil deglycosylated CK by oxidization to remove the second 

glucose at C20 to create the completely deglycosylated (S)-protopanaxadiol PPD (S) (Kim et al. 

2012). Since deglycosylation by intestinal bacteria creates ginsenosides that are biologically 

active in humans, then bacteria in ginseng soil converting ginsenosides in soil could also be 

creating more biological active forms that might be able to enter and affect ginseng roots.  

As shown in Chapter 3, treating ginseng roots with extracts of ginseng replant soil 

increased root rot development caused by I. mors-panacis in P. quinquefolius, while non-replant 

and ginseng root extracts did not. Based on expression of basic PR genes, the extract suppressed 
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expression of several JA-regulated genes in P. quinquefolius roots which are known to play a 

significant role in plant immune responses against necrotrophic fungi (Robert-Seilaniantz et al. 

2011; Papadopoulou et al. 2018). One possibility is that the compounds found in replant soil 

were released from ginseng roots, but the original ginseng root compounds do not have activity 

against the ginseng innate immune system until they are then converted by soil bacteria into a 

form that is immunosuppressive in ginseng roots. Thus, such compounds, possibly 

deglycosylated ginsenosides, would be found in replant soil but not in root extracts, even if the 

ginsenosides originated in the roots.  

The purpose of this work was to investigate if soil bacteria are able to convert compounds 

in ginseng root extract into compounds that may affect root rot development on ginseng root. In 

this chapter, bacteria isolated from replant soil of P. quinquefolius were incubated with P. 

quinquefolius root extract. The extract was then added to roots, and root rot development caused 

by I. mors-panacis was assessed to see if it was increased like that caused by replant soil extract. 

One bacterial isolate that was able to increase the disease was identified, the changes in 

ginsenosides were monitored while the bacteria grew in media with P. quinquefolius root extract, 

and the genome of the bacterium was sequenced to determine possible genes involved in 

ginsenoside transformation.  

 

4.2. Materials and Methods 

4.2.1. Biological materials  

Ilyonectria mors-panacis isolate IMP.ND4Z15, originally isolated from infected roots of 

P. qiunquefolius grown in non-replant soil from Norfolk County, Ontario, was kindly provided 

by Amy Fang Shi, Ontario Ginseng Growers Association, Simcoe, ON. The isolate was grown 
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on PDA for 4 weeks in the dark at 22 °C and stored by suspending conidia into 10% sterile 

glycerol (Fisher Scientific, Mississauga, ON, Canada) and placing at -80 °C. Three-year-old P. 

qiunquefolius roots, obtained from commercial ginseng gardens in non-replant soil Norfolk 

County, were rinsed with tap water and stored in dark plastic bags at 4 °C.  

4.2.2. Root extraction  

Dried methanol extract was obtained from 3-year-old P. quinquefolius roots using a 

method modified from Dai and Orsat (2010). Washed P. quinquefolius roots (20 g) were 

macerated with a mortar and pestle, transferred to a 200 ml flask, and then 60 ml 80% methanol 

was added. The solution was shaken overnight at 175 rpm on a gyratory shaker (G2, New 

Brunswick Co., Edison, New Jersey, USA). The mixture was vacuum filtered through No. 4 

qualitative filter paper (Whatman, Maidstone, UK), and the solution was evaporated under 

vacuum at 40 °C. The dried residue was weighed and stored at 4 °C, and then 200 mg was 

dissolved in 1 ml of dsH2O and then filtered through a 0.22 μm membrane (Whatman). 

4.2.3. Isolation and identification of bacteria from soil 

Soil (100-200 g) was collected from 7 former ginseng gardens in the Simcoe area (0.08, 

1, 3, 5, 10 and 25-year-old post-harvest replant soil) in September and October 2017, and stored 

at 4 °C. One g of each soil sample was mixed with 100 mL dsH2O and placed on a rotary shaker 

for 72 h at 175 rpm. Serial dilutions of 1:10, 1:100 and 1:1000 were prepared from the samples, 

and 100 μL of each dilution was spread onto LB agar. After 48 h, the number of colonies and 

colony types were assessed. A single colony of each colony type was then transferred to LB agar 

and grown for 48 h. For storage, bacterial cells were suspended in sterile 10% glycerol (Fisher 

Scientific) and placed at -80 °C. 



 

 

165 

 

DNA of selected bacteria from a single colony was cultured on LB agar for 24 h was 

extracted using isoamyl alcohol (Barba et al. 2005). A single colony of the bacterial culture was 

suspended in 100 μL of dsH2O and then 100 μL of 24:1chloroform/isoamyl alcohol (Sigma-

Aldrich, Oakville, ON, Canada) was added to the suspension. The suspension was gently mixed 

by inversion and then centrifuged at 16000 rpm for 5 min at 4 °C. The upper phase of the 

solution (~10 μL) was removed for PCR. PCR for the 16S rRNA (Bianciotto et al. 1996) was 

done in 20 μL reactions containing 1.7 μL 10 mM buffer (BioBasic, Markham, ON, Canada), 2 

μL 10 mM Mg
+2

, 0.34 μL 25 mM dNTP (BioBasic), 1 μL each of primers 27f (5’-

GAGAGTTTGATCCTGGCTCAG-3’) and 1495r (5’-CTACGGCTACCTTGTTACGA-3’), 0.25 

μL 5 U Tsg polymerase (Bio Basic) and 8 μl of bacterial DNA extract. PCR conditions were 94 

°C for 3 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 1 min and 72 °C for 1 min and 

then one cycle at 72 °C for 10 min. The PCR product was then sent to the University of Guelph 

Laboratory Services for sequencing using the forward primer. The sequence (Appendix 16) was 

used as a query in BLASTN against the nr/nt database at NCBI (https://www.ncbi.nlm.nih.gov). 

The matches with 100% query coverage and over 98.65% nt identity were used for species 

identification (Kim et al. 2014). 

4.2.4. Bacterial growth and ginsenoside transformation 

Single colony isolates of soil bacteria were grown on LB agar for 24 h, and the bacterial 

colonies were suspended in lysogeny liquid  (LL) broth (1g/L yeast extract, 0.5 g/L NH4Cl, 1g/L 

K2HPO4, 0.5 g/L KH2PO4, 0.25 g/L MgSO4, pH 8) (Cui et al. 2016) and adjusted to 0.20 to 0.22 

OD600. Then, 15 µL of the bacterial suspension was added to 15 mL LL broth or LLG broth (LL 

broth plus 48 mg/mL ginseng root extract prepared as previously described in section 4.2.2). The 

broths were incubated for 20 days at 30 °C shaking at 175 rpm. Bacterial growth was measured 



 

 

166 

 

at OD600 using a spectrophotometer (SmartSpec
TM

 Plus, Bio-Rad, Hercules, California, USA) at 

0, 1, 2, 3, 4, 5, 8, 10, 14, 15, 17, 19 and 20 dpi (days post inoculation). A standard curve of 

OD600 versus CFU/ml was created using serial dilution (10
5
 to 10

9
), measuring OD600 and 

counting number of colonies from serial dilutions on LB agar. The formula generated was: 

logCFU/ml = 9e+10
9
 (OD600) + (3e+10

8
).  

To identify ginsenosides in the broth, bacteria were grown as above, and LL or LLG 

broth was harvested at 0 (just prior to inoculation), 5, 10, 15 and 20 dpi. The media was 

centrifuged at 10000 rpm, and the supernatant was passed through a 0.22 μm membrane filter 

(Whatman), and the filtrate was mixed with an equal volume of 80% methanol (Fisher 

Scientific). Following evaporation under vacuum at 40 °C, dry residue was dissolved in 1 ml of 

dsH2O and filtered using 0.22 µm membrane filter (Whatman).  

High-performance liquid chromatography (HPLC) was used to determine the ginsenoside 

compositions of the extracts (Ivanov 2015). The centrifuged extracts (10 μl) were injected onto  

ZORBOX Eclipse Plus C8 column (2.1 X 50 mm, 1 μm, Agilent Technologies, Santa Clara, 

California, USA), and eluted with a gradient of solvent B (90% acetonitrile, 0.1% formic acid 

and 1 mg/L sodium acetate) in solvent A (0.1% formic acid and 1 mg/L sodium acetate). Starting 

conditions were 25% solvent B in 75% solvent A for 1 min, followed by a linear gradient to 35% 

solvent B over 2 min, then 95% solvent B over 6 min, and then maintained at 95% solvent B for 

1 min before returning to the starting conditions. The flow rate was 0.4 ml/min, and the eluent 

monitored at 203 nm before infusion into an Agilent 6320 TOF mass spectrometer through a 

dual spray electrospray ionization (ESI) source with gas temperature of 325 °C flowing at 12 

L/min, and a nebulizer pressure of 45 psi. The fragmentor voltage was set to 120V with a Vcap 

of 4,500V. Automated internal calibration was done using reference ions 121.0508 and 

https://www.google.com/search?q=Santa+Clara,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxYMT80oSFZxzEosSdRScE3My0_KL8jITd7AyAgD8YEBlYAAAAA&sa=X&ved=2ahUKEwiM152I4ODnAhVVYjUKHbT5DB8QmxMoATAeegQIDRAD
https://www.google.com/search?q=Santa+Clara,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxYMT80oSFZxzEosSdRScE3My0_KL8jITd7AyAgD8YEBlYAAAAA&sa=X&ved=2ahUKEwiM152I4ODnAhVVYjUKHbT5DB8QmxMoATAeegQIDRAD
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922.0096. The column was conditioned at 25% solvent B for 9 min between samples and 

maintained at 40 °C. Ginsenosides were detected as their Na
+
 adducts in positive ion mode 

(M+Na
+
H). 

4.2.5. Detached root assay  

Ilyonectria mors-panacis isolate IMP.ND4Z15 was cultured on V8 agar (Halleen et al. 

2004) for 4 weeks in the dark at 22 °C. Macroconidia were harvested by adding 5 ml sdH2O to 

the plates and the spore solution was adjusted to 1 x 10
6
 spores/ml based on hemocytometer 

counts. Roots of P. qiunquefolius were surface sterilized with 75% ethanol for 10 min followed 

by 5% bleach for 5 min, and then thoroughly washed with sdH2O. Holes (approximately 1.5 mm 

wide 9 mm deep) were created on the roots with a sterilized needle. 15 µL of either water 

(control), LL broth extract or LLG broth extract were placed into the holes. After 2 h, 15 µL 

spore suspension was added into each hole, and the roots were incubated on sterile filter paper 

saturated with sdH2O in sterile Petri dishes at 22 ± 2 °C. Control roots (negative control) were 

wounded inoculated with only dsH2O. Lesion areas reported in table 4.1 are from one experiment 

with 3 to 5 lesions per isolate and the control. Lesion areas reported in table 4.3 are from 3 

replications with 6 lesions per replication for each media and bacterial combination.  Lesions 

were recorded at 12 dpi by tracing the lesion area on acetate sheets, scanning the sheets to make 

a pdf file, and then the traced areas in the pdf files were quantified using ImageJ software 

(https://imagej.net). Data were compared by the analysis of variance (ANOVA) using Minitab 

version 16, and means comparison were performed using Fisher’s LSD Test with a level of 

significance at P=0.05. 

4.2.6. Genome sequencing and assembly of Pseudomonas plecoglossicida  
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Pseudomonas plecoglossicida isolate GS2018 was cultured on LB agar for 24 h at 30 °C, 

and the cells were then harvested and DNA extracted according to Clarke et al. (2003) with 

modifications. The bacterial cells were washed from the agar with 2 mL phosphate-buffered 

saline (PBS). The suspension was centrifuged at 12000 rpm for 5 min. The pellet was re-

suspended in 200 μL PBS and then 25 μL of (20 mg/mL) proteinase K (Sigma-Aldrich) was 

added to the suspension and vortexed for 15 s..The mixture was then incubated at 70 °C for 10 

min and gently mixed with same volume of phenol:chloroform and centrifuged at 12000 rpm for 

10 min at 4°C. The supernatant was then mixed with the same volume of isoamyl alcohol and 

centrifuged at 12000 rpm for 10 min at 4°C. The supernatant was removed and 1:10 volume 

sodium acetate (3 M, pH 5.2) and 3 volumes ethanol (95%) were added. After incubation 

overnight at -20 °C, a pellet was obtained by centrifugation at 12000 rpm for 10 min. The pellet 

was then washed with 1 mL of 70% ethanol and dried pellet was dissolved in 100 μL of PCR 

H2O. DNA quality and quantity was determined by a NanoDrop
TM

 Lite Spectrophotometer 

(ThermoFisher, Mississauga, Ontario, Canada), The DNA sample was sent to Québec Genome 

Centre (http://www.genomequebec.com) for genome sequencing using 150 bp paired-end 

sequencing with the Illumina HiSeq X Ten. The raw sequenced reads were assembled into 

contigs and scaffolds using Velvet (https://www.ebi.ac.uk/~zerbino/velvet), SOAPdenovo 

(http://soapdenovo2.sourceforge.net), and Abyss 

(http://www.bcgsc.ca/platform/bioinfo/software/abyss) assemblers with odd value k-mers 

ranging from 19 to 101. The best assembled genome was selected based on the highest N50 

values from among the three programs. The N50 is the weighted median average scaffold length, 

which means that a scaffold of this length had 50% of all the sequenced bases in shorter 

scaffolds and 50% in larger scaffolds. 

http://www.genomequebec.com/
https://www.ebi.ac.uk/~zerbino/velvet/
http://soapdenovo2.sourceforge.net/
http://www.bcgsc.ca/platform/bioinfo/software/abyss
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For comparison, 14 genomes of P. plecoglossicida and a genome of P. entomophila as an 

out-group (Wu et al. 2010) were obtained from NCBI database (Table 4.2). From genome 

assemblies, genes were predicted using AUGUSTUS 3.3.1. Reciprocal comparisons of the 

genomes were made using Standalone BLASTN (BLAST v2.6.0+, Camacho et al. 2009), with 

an e-value cutoff of 1E-03 and the output format set to tabular format.  

4.2.7. Phylogeny of Pseudomonas plecoglossicida 

A phylogram between the isolates was created based on the partial 16S rRNA sequence, 

(AM905851.1), rpoB (HE577797.1), rpoD (HE577793.1) and gyrB (HE577791.1) sequences 

previously used to show taxonomic analysis among 26 isolates by Mulet et al. (2012). The 

sequences were used as queries in a BLASTN search of each bacterial genome (Appendix 17). 

The closest match for each gene from each genome was collected and aligned using MUSCLE 

(Maderia et al. 2019), and the alignments were concatenated, and used to produce a maximum-

likelihood phylogram using RAxML version 8.0.0 (Stamatakis 2006). The resulting phylograms 

were viewed using MEGA 6 (Tamura 2013). 

A phylogram based on nt sequence for the predicted genes per genome between the 

isolates was created by obtaining the reciprocal best hit (RBH) using BLASTN between each 

genome and taking the sum of the matching nucleotide identities (nident) between the query and 

subject genomes and then dividing it by the summed lengths of the aligned total predicted 

sequences from a self-match of the query genome. The resulting percent identity matrix was used 

to construct a Neighbour-Joining (NJ) phylogram using the R package APE (Analyses of 

Phylogenetics and Evolution) (Paradis & Schliep 2018). 

4.2.8. Selected gene predictions from the genomes of Pseudomonas plecoglossicida  
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Protein sequences predicted to be involved in altering ginsenosides were obtained from 

the NCBI databases (https://www.ncbi.nlm.nih.gov). The search terms were 'ginsenoside 

transformation', 'metabolism of ginsenoside' and 'transform ginsenoside' to obtain putative 

glycoside hydrolase protein sequences (Table 4.4). The search terms were 'ginsenoside 

hydrolyzing' to obtain a β-D-xylosidase protein sequence, '(pseudomonas [Organism]) AND 

rhamnosidase)’ to obtain a rhamnosidase protein sequence, and ‘(pseudomonas[Organism]) 

AND α-L-arabinofuranosidase ' to obtain an arabinofuranosidase protein sequence (Table 4.9), 

and the search terms were 'ginsenoside aglycons' to obtain outer membrane protein sequences 

(Table 4.10), and 'deglycosylation of ginsenosides' to obtain glycoside oxidoreductase and TAT-

pathway signal protein sequences (Table 4.14).  

The protein sequences from the NCBI protein database were used as BLASTP queries 

against the predicted proteins from each genome (Table 4.2). For putative glycoside hydrolase 

and glycoside oxidoreductase proteins, the sequences were submitted to the CAZyme database 

dbCAN (http://www.cazy.org/) to identify the family of CAZyme and InterPro 

(https://www.ebi.ac.uk/interpro/) to identify functional domains. Secretion of the proteins was 

predicted using the program SignalP version 4.1g for classically secreted proteins which have a 

signal peptide. To predict if secretion might occur through a non-classical secretion system (i.e. 

lacking a signal peptide), the predicted proteins were examined using SecretomeP 1.0h with a 

minimum 50% Neural Network (NN) score cutoff. 

Protein sequences predicted to be involved in synthesizing SA, isochorismate synthase 

PchA (CAA57969.1) and salicylate synthase PchB (CAA57968.1) of Pseudomonas aeruginosa 

PAO1 were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov), and a BLASTP of 

https://www.ncbi.nlm.nih.gov/protein
http://www.cazy.org/
https://www.ebi.ac.uk/interpro/
https://www.ncbi.nlm.nih.gov/protein
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the genome of P. plecogloccisida 17-08R using Standalone BLASTN (BLAST v2.6.0+, 

Camacho et al. 2009), with an e-value cutoff of 1E-05.  

 

4.3. Results 

4.3.1. Identification and phylogenetic relationships of Pseudomonas plecoglossicida isolates  

Thirteen different bacterial colony types based on size after 48 h growth on LB agar at 30 

°C and colony color were isolated from P. quinquefolius replant soil (Table 4.1). Among these 

morphotypes, only roots treated with cell free extracts of LLG broth incubated with isolates 17-

8R and 17-16R, which were similar in color but differed in size, showed significantly increased  

lesion size produced by I. mors-panacis isolate IMP.ND4Z15 compared to the non-inoculated 

control LLG broth. Isolate 17-08R from 3-year-old post-harvest soil was then selected, because 

the cell extract from its culture resulted in the largest root rot lesion. Amplification and 

sequencing of the 16S rRNA (Appendix 16) showed that the highest matching sequences with 

Pseudomonas plecoglossicida isolate XSDHY-P (CP031146.1), P.  plecoglossicida isolate 

XSDHY-P (CP010359.1) and Pseudomonas monteillii isolate SB 3067 (GU191931.1), with e-

values of 0.0, and nt identity of 100%, 99.93% and 99.93%, respectively. Isolate 17-08R was 

classified as P. plecoglossicida.  

The genome sequences of 14 isolates of P. plecoglossicida were collected using the 

sequence of the 16S rRNA of isolate 17-08R (Appendix 16) as a query in a BLASTN search of 

NCBI (Table 4.2). The genome sequence of isolate 17-08R was obtained from 11,961,314 raw 

read sequences which were assembled with SOAP assembler with N50 value of 247 kb, and 261 

contigs with a predicted genome size of 5 Mb. A phylogram based on the concatenated nt 

sequences of 16S rRNA, rpoB, rpoD and gyrB from each isolate showed that the four isolates 

https://www.ncbi.nlm.nih.gov/nucleotide/CP031146.1?report=genbank&log$=nuclalign&blast_rank=1&RID=UEG6MCWR01N
https://www.ncbi.nlm.nih.gov/nucleotide/CP010359.1?report=genbank&log$=nucltop&blast_rank=8&RID=UEG6MCWR01N
https://www.ncbi.nlm.nih.gov/nucleotide/GU191931.1?report=genbank&log$=nucltop&blast_rank=9&RID=UEG6MCWR01N
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from fish tissues were distinct from the eleven isolates from soil (Fig 4.1A). The eleven isolates 

from soil showed one subcluster containing isolates TND35 and NyZ12, which were a nicotine-

degrading bacterium and cyclohexylamine-degrading bacterium from India and China, 

respectively, and another subcluster containing isolates MR69, MR70, MR134 and MR135 from 

polluted wetland soil from Nigeria, and a third subcluster containing isolates MR83 and MR170 

also from polluted wetland soil from Nigeria.  

A phylogenetic tree for the same isolates using all AUGUSTUS predicted nt sequences 

from the genomes showed a highly similar to phylogenetic tree compared to that using the 

concatenated 16S rRNA, rpoB, rpoD and gyrB nt sequences (Fig 4.1B). The four fish isolates 

were in a distinct cluster from the soil isolates. Once again, subclusters among the soil isolates 

were observed for isolates TND35 and NyZ12, isolates MR69, MR70, MR134 and MR135, and 

a third subcluster for isolates MR83 and MR170. This indicates that the relationship of P. 

plecoglossicida isolates based on 4 concatenated nt sequences matched well with their 

relationship based on total AUGUSTUS predicted nt sequences. Both trees show that isolate 17-

08R from ginseng soil from Ontario, Canada, grouped clearly with isolates obtained from soil 

with 100% bootstrap support.  

4.3.2. Pseudomonas plecoglossicida growth with ginseng root extract   

The growth of P. plecoglossicida 17-08R showed a rapid increase in both LL and LLG 

broth by 1 dpi and then a decrease and/or plateau over time (Fig 4.2). In LL media, CFUs were 

significantly increased from 0 to 1 dpi and then significantly decreased by 5 dpi after which there 

were no significant changes between 5 and 20 dpi. In LLG media, CFUs were significantly 

increased from 0 to 1 dpi and then not significantly changed between 2 and 20 dpi. The CFUs of 

the bacteria was significantly higher in LLG media than LL media at 1 and 2 dpi and from 5 to 
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20 dpi. It appears that P. plecoglossicida was able to maintain higher populations in the presence 

of P. quinquefolius root extract. 

4.3.3. Changes in ginsenosides during P. plecoglossicida growth with ginseng root extract 

For total PPD ginsenosides, incubation of P. quinquefolius crude root extract with P. 

plecoglossicida 17-08R showed a significant reduction from 1.49e+07 AU at 0 dpi to 5.91e+06 

AU at 20 dpi, which was a 60.4% reduction (Fig 4.3). Five individual PPDs were detected. Rb1 

ginsenoside, which was 33.3% of total PPDs at 0 dpi, significantly decreased from 0 to10 dpi but 

did not significantly change from 10 to 20 dpi. At 20 dpi, it was 35.9 % of total PPDs, which was 

slightly higher that of 0 dpi. At 0 dpi, GXVII ginsenoside was 23.8% of total PPDs, and had a 

significant decrease between 0 to10 dpi and then showed a smaller but significant decrease from 

10 to 20 dpi. It was 26.6% of the PPDs at 20 dpi, which was slightly higher than 0 dpi. Rc and 

Rb2 ginsenosides, which could not be distinguished as the peaks were overlapping, were 23.1% 

of total PPDs at 0 dpi. They significantly decreased from 0 to 10 dpi, but were unchanged from 

10 to 20 dpi comprising 20.7% of total PPDs at 20 dpi, which were slightly lower than that of 0 

dpi. At 0 dpi, Rd ginsenoside was 15.8% of the total PPDs and significantly decreased from 0 to 

10 dpi, but was not significantly changed from 10 to 20 dpi. It was 13.3% of total PPDs at 20 

dpi, which was slightly lower compared to 0 dpi. F2 ginsenoside, which was 3.7% of total PPDs 

at 0 dpi, significantly decreased from 0 to 10 dpi and was not significantly changed from 10 to 

20 dpi. It was 3.3% of total PPDs at 20 dpi, which was similar to 0 dpi. While there was 60.4% 

reduction in total PPDs, there were relatively small changes in the proportion of each 

ginsenoside out of the total PPDs detected.  

For total PPT ginsenosides, incubation of P. quinquefolius crude root extract with P. 

plecoglossicida 17-08R showed a non-significant reduction from 1.27e+07 AU at 0 dpi to 
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4.43e+06 AU at 20 dpi, which was a 67.1% reduction (Fig 4.4). Three individual PPTs were 

detected. Re ginsenoside, which was 69.5% of total PPTs at 0 dpi, significantly decreased from 0 

to 5 dpi but did not significantly change from 5 to 20 dpi. It was 71.8% of total PPTs at 20 dpi, 

which was slightly higher compared to 0 dpi. Rf ginsenoside, which was 26.1% of total PPTs at 

0 dpi, decreased significantly from 0 to 5 dpi and then decreased significantly from 5 to 15 dpi, 

but then there was no significant change from 15 to 20 dpi.  It was 18.7% of total PPTs at 20 dpi, 

which was lower that of 0 dpi. At 0 dpi, Rg1 ginsenoside was 4.2% of total PPTs and 

significantly increased from 0 to 5 dpi and then significantly decreased from 5 to15 dpi and not 

significantly changed from 15 to 20 dpi. It was 9.4% of total PPTs at 20 dpi, which was about 

two times higher compared to 0 dpi. For the PPTs, unlike the PPDs, the highest reduction was 

between 0 to 5 dpi indicating that the reduction occurred faster than with PPDs, and the other 

difference was that there was a shift in relative proportion of individual PPTs over time with less 

Rf and more Rg1 at 20 dpi than 0 dpi. 

For total ginsenoside-like compounds, incubation of P. quinquefolius crude root extract 

with P. plecoglossicida 17-08R showed a non-significant reduction from 7.28e+06 AU at 0 dpi 

to 5.27e+06 at 20 dpi, which was a 27.6% reduction (Fig 4.5). Two compounds detected.  R4 

ginsenoside-like compound, which was 66.9% of the total ginsenoside-like compounds at 0 dpi, 

did not significantly change from 0 to 20 dpi. It was 69.4% at 20 dpi, which was slightly higher 

than 0 dpi. At 0 dpi, R1 ginsenoside like-compound was 33.09% of the total ginsenoside-like 

compounds and 30.5% at 20 dpi. The only significant difference was between the highest levels 

at 5 dpi and lowest levels at 20 dpi.   

4.3.4. Effect of ginseng root extract incubated with P. plecoglossicida on root rot disease 
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Lesion sizes of P. quinquefolius roots treated with cell free culture filtrate from non-

inoculated LL or LLG broth media were not significantly different from each other, indicating 

the inclusion of root extract did not affect the infection by I. mors-panacis isolate IMP.ND4Z15 

(Table 4.3). Roots treated with cell free extracts of LL broth from 20 dpi with P. plecoglossicida 

showed root rot lesion size that was not significantly different from non-inoculated LL and LLG 

broth. However, treatment of roots with cell free extracts of LLG broth from 20 dpi with P. 

plecoglossicida resulted in root rot lesion size that was significantly increased compared to the 

other treatments. It appears that only the combination of growth of P. plecoglossicida 17-08R in 

media with P. quinquefolius root extract significantly increased root rot lesion size.  

4.3.5. Genomic analysis of P. plecoglossicida isolates 

4.3.5.1. β-glucosidase  

Using the search terms “ginsenoside transformation”, “metabolism of ginsenoside” and 

“transform ginsenoside”as queries against the NCBI nt database, eight nt sequences were 

obtained from six isolates of Actinobacteria, one isolate of Proteobacteria and one isolate of 

Bacteroidetes, and the corresponding predicted protein sequences were downloaded (Table 4.4). 

Their described functions were either ginsenoside transformation activity or 

metabolizing/catalyzing/hydrolyzing Rb1 to a variety of ginsenosides. A BLASTP search using 

all those predicted protein sequences against the nr database of NCBI showed that they matched 

β-glucosidases with e-values of 0.0. A BLASTP search using those sequences against the 

predicted proteins of the genome of P. plecoglossicida 17-08R resulted in the highest matches to 

a predicted β-glucosidase protein sequence, 17-08R.g2203. The e-values ranged from 3.45E-22 

to 1.23E-142 and Pseudonocardia sp. had the highest match (AGA60129.1) (Table 4.5). 
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Searching the CAZy database showed that 17-08R.g2203 was a member of the glycoside 

hydrolase 3 family. The predicted protein 17-08R.g2203 was designated PpBGLU.  

Using the predicted PpBGLU protein sequence as a query, a single homolog per genome 

was identified for each isolate of P. plecoglossicida and P. entomophila L48 (Table 4.6). Some 

isolates of P. plecoglossicida had a longer predicted protein with a periplasmic domain after the 

glycosyl hydrolase domain, and other isolates had a shorter predicted protein lacking a 

periplasmic domain. The PpBGLU protein from isolate 17-08R and three other isolates from soil 

were the only ones of the longer type. The phylogram of PpBGLU predicted proteins showed 

that there was one cluster of PpBGLU predicted proteins from the four fish isolates separate 

from all soil isolates (Fig 4.6). Among the soil isolates, there were two clusters, each with three 

isolates from wetland soil, and the remaining isolates were in two clusters of soil isolates with 

the predicted PpBGLU protein of isolate 17-08R ginseng soil from Canada, clustering with the 

homologs of isolates from Greece and USA. SecretomeP analysis showed that PpBGLU was not 

predicted to be likely secreted through either classical or non-classical secretion pathway as they 

lack of signal peptides and have NN score lower than the cutoff (0.50).    

4.3.5.2. β-N-acetylhexosaminidase 

A BLASTP search using the eight sequences related to “ginsenoside transformation”, 

“metabolism of ginsenoside” and “transform ginsenoside” (Table 4.4) against the predicted 

proteins of the genome of P. plecoglossicida 17-08R also resulted in a lower match to predicted 

protein 17-8R.g1485 with e-values ranging from 5.89E-5 to 8.66E-23 with the best match to a 

different isolate of Pseudonocardia sp. (AGA60123.1) (Table 4.7). A BLASTP search using the 

protein sequence with the NCBI nr database showed that the protein matched  β-N-

acetylhexosaminidase. A search of the CAZy database showed that the predicted protein was 
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also a member of family glycoside hydrolase 3. The predicted protein 17-08R.g1485 was 

designated PpBHEX. 

Using predicted protein of PpBHEX, a BLASTP search of the genomes of the collected 

P. plecoglossicida isolates and P. entomophila L48, showed that all isolates also had a single 

homolog per genome (Table 4.8). Among the P. plecoglossicida isolates, there were two types of 

the predicted proteins, longer types in fish isolates and shorter types in soil and wetland soil 

isolates. No periplasmic domain was observed in any these predicted proteins of the isolates. The 

relatedness of the sequences showed that among the PpBHEX homologs, 17-08R.g1485 was the 

most distant and found on a separate branch in the phylogram (Fig 4.7). The remaining PpBHEX 

homologs showed a cluster of four predicted proteins from fish isolates and a cluster of all 

predicted proteins of soil and wetland soil isolates with a sub-cluster of four soil isolates which 

were more closely related to 17-08.g1485 and a sub-cluster of wetland soil isolates. SecretomeP 

analysis showed that PpBHEX was not predicted to be likely secreted through either classical or 

non-classical secretion pathway as they lack of signal peptides and have NN score lower than the 

cutoff (0.50).   

 4.3.5.3. β-D-xylosidase, rhamnosidase and arabinosidase 

Using the term 'ginsenoside hydrolyzing' as a query against the databases of NCBI, a 

predicted protein was identified as β-D-xylosidase (ABX45137.1) from one isolate in the 

Actinobacteria (Bifidobacterium breve K-110) (Table 4.9). A BLASTP of this sequence against 

predicted proteins from the genomes of the P. plecoglossicida isolates and P. entomophila L48 

showed that there were no homologs (cut-off of e-value of 1e-5).   

Using the term '(pseudomonas [Organism]) AND rhamnosidase)' as a query against the  

databases of NCBI, a predicted protein was identified as alpha-L-rhamnosidase (RLR70801.1) 
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from one isolate of Proteobacteria (P. aeruginosa Pa1060). A BLASTP of this sequence against 

predicted proteins of the P. plecoglossicida isolates and P. entomophila L48 showed that there 

were no homologous proteins (cut-off of e-value of 1e-5) (Table 4.9). 

Using the term '(pseudomonas[Organism]) AND alpha-L-arabinofuranosidase' as a query 

against the databases of NCBI, a predicted protein was identified as alpha-L-arabinofuranosidase 

(PTT79144.1) from one isolate of Proteobacteria (Pseudomonas sp. HMWF010). A BLASTP of 

this sequence against predicted proteins of the P. plecoglossicida isolates and P. entomophila 

L48 showed that there were no homologs (cut-off of e-value of 1e-5) (Table 4.9). 

4.3.5.4. Outer membrane protein 

 Using 'ginsenoside aglycons'  as a query against databases of NCBI, two nt sequences 

with predicted proteins were identified, which were outer membrane protein A (OmpA)/MotB 

family protein (AGP51342.1) and TonB-dependent receptor (AGP51343.1), both from one 

isolate in the Bacteroidetes (Sphingobacterium  multivorum GIN723) (Table 4.10). A BLASTP 

search using the predicted protein sequences of (OmpA)/MotB and TonB-dependent receptor 

against the predicted proteins of the genome of P. plecoglossicida 17-08R resulted in matches 

with 17-08R.g1530 (e-value of 3.00E-30) and 17-08R.g586 (e-value of 4.00E-5), respectively 

(Table 4.11). In addition, there was 11 other sequences with lower matches with (OmpA)/MotB 

(e-values from 5e-29 to 1e-6), but there were no other matches for TonB-dependent receptor (e-

value of1e-5 cut-off). An InterPro search result showed that the predicted proteins had domains 

for ligand binding site, signal peptide H region and non-cytoplasmic domain, but no glycoside 

hydrolase domain. The predicted proteins were designated PpOmpA/MotB and PpTon-B. 

Using the sequence of PpOmpA/MotB predicted protein, a BLASTP search identified a 

sequence with high homology in each genome of the P. plecoglossicida isolates and P. 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2056847
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entomophila L48 (Table 4.12). The predicted protein lengths were highly similar except for 17-

08R.g1530, which was slightly longer with 386 aa, and ZKA3.g2619, which slightly shorter with 

322 aa. The sequence from P. entomophila L48.g670 was notably shorter at 239 aa. No sequence 

had additional or missing domains. Among the P. plecoglossicida isolates, the predicted proteins 

of the four fish isolates were in a cluster that was separate from the predicted proteins of soil and 

wetland soil isolates (Fig. 4.8). Most isolates from soil and wetland soil clustered together except 

for ZKA3.g2619, which was more distinct predicted protein located in a single branch.. 

Using the sequence of PpTon-B predicted protein, a BLASTP search identified a 

sequence with high homology in each genome of the P. plecoglossicida isolates and P. 

entomophila L48 (Table 4.13). The predicted proteins of P. plecoglossicida isolates from soil 

isolates were ~ 1000 to 1100 aa, except for KCJK7865, which was shorter, whereas the predicted 

proteins from fish isolates were shorter at 918 to 935 aa. The length of the P. entomophila 

L48.g323 predicted protein was notably shorter than any of the P. plecoglossicida isolates. No 

sequence had additional or missing domains. Among the PpTonB homologs of the P. 

plecoglossicida isolates, the ones from the four fish isolates were in a cluster distinctive from 

those of soil and wetland soil isolates matching to the length of the predicted proteins of fish 

isolates, which were unique in their length (Fig. 4.9). Most isolates from soil and wetland soil 

clustered together with a sub-cluster containing17-08R-g586 from Canada and KCJK7865.g347 

from the USA. The predicted gene of ZKA3g2510 was the most different predicted proteins 

among the soil and wetland soil isolates separated in a single branch. 

4.3.5.5. Glycoside oxidoreductase 

Using 'deglycosylation of ginsenosides' as a query against the databases of NCBI, two nt 

sequences with predicted proteins were identified as glycoside oxidoreductase (AEX01166.1) 
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and  TAT-pathway signal protein (AEX01167.1) from one isolate in the Proteobacteria 

(Rhizobium sp. GIN611) (Table 4.14). A BLASTP was conducted using JN683624 as a query 

against the genome of P. plecoglossicida 17-08R showed that the highest match was 17-

08R.g245 followed by 17-08R.g729 and 17-08R.g3070, which were designated glycoside 

oxidoreductase 1 (PpGO-1), glycoside oxidoreductase 2 (PpGO-2) and glycoside oxidoreductase 

3, (PpGO-3), respectively (Table 4.15). However, a BLASTP search using AEX01167.1 against 

the genome of P. plecoglossida 17-08R showed no homologs (e-value of 1e-5 cut-off).   

A BLASTP search of the other genomes using the sequence of PpGO-1 (17-08R.g245) 

showed that there was one homolog of this protein in each genome (Table 4.16). Among the P. 

plecoglossicida isolates, the predicted protein could be divided into four types based on length 

with wetland isolates having 3104 or 3108 aa, some soil isolates with 722 aa, other soil isolates 

with 849 aa and all fish isolates with 683 aa. The predicted protein of P. entomophila L48 was a 

similar length as that of some soil isolates. An examination of the relatedness of PpGO-1 

homologs showed one cluster of ZKA3.g1529 and 17-08R.g245 that were both soil isolates (Fig 

4.10). Another cluster of predicted proteins contained all the fish isolates. A third cluster 

contained a homolog proteins of three soil isolates (KCJK7865.g3108, TND35.g2064 and 

NyZ12.g576) and predicted proteins of all wetland soil isolates, which were in a separate sub-

cluster.  

A BLASTP search of the other genomes using the sequences of PpGO-2 (17-08R.g729) 

showed that soil and wetland soil isolates contained one homolog, but there were none in fish 

isolates or P. entomophila L48 (Table 4.17). The lengths of PpGO-2 predicted proteins from soil 

and wetland soil isolates were similar except ZAK3.g1841, which was much longer at 824 aa. 

An examination of the relatedness of PpGO-2 homologs showed that ZKA3.1841was the most 
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different, whereas the other sequences from soil and wetland soil were highly similar (Fig. 4.11).  

Because no sequence of P. entomophila L48 matched to this protein, PpGO-1 (17-08R.g245) was 

used as an outgroup, which was different from any of the predicted PpGO-2 proteins. 

A BLASTP search of the other genomes using the sequence of the predicted PpGO-3 

protein (17-08R.g3070) showed that all isolates contained a homolog of this protein (Table 4.18). 

Among P. plecoglossicida isolates, all PpGO-3 homologs could be divided into two types based 

on length with one type for soil isolates at 565 aa and another type with fish isolates at 563 aa. 

An examination of the relatedness of PpGO-3 homologs showed that all the PpGO-3 homologs, 

including the one from P. entomophila L48 was highly different from PpGO-1 (17-08R.g245), 

which was used as an out group. The predicted PpGO-3 homologs from ZA3.g164, 

KCJK7865.g1116 and 17-08R.g3070from soil isolates were in a separate cluster from those from 

fish isolates, which were in a separate cluster (Fig 4.12). Predicted proteins of wetland isolates 

also were in a separate cluster.  

The results of SecretomeP analysis showed that among the three proteins, PpGO-1 (17-

08R.g245) and PpGO-3 (17-08R.g3070) were not predicted to be likely secreted through either 

classical or non-classical secretion pathway as they lacked signal peptides and have NN score 

lower than the cutoff (0.50). However, PpGO-2 (17-08R.g729), which also had no signal peptide, 

was predicted to be likely secreted through non-classical pathway since NN score was higher 

than the cutoff (0.50). 

4.3.5.6. Salicyilic acid synthesis enzymes 

A BLASTP search with a query of the isochorismate synthase PchA aa sequence of P. 

aeruginosa PAO1 showed that the genome of P. plecoglossicida 17-08R contained two 

homologs, 17-08.g551 and 17-08.g559, with e-values of 2e-20 and 2e-23, respectively. However, 
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there was limited matches in an alignment between the sequences (Fig 4.13 and 4.14). A 

BLASTP search of the NCBI nr database using the full length predicted aa sequences of 17-

08.g551 showed it was identical to an aminodeoxychorismate synthase of P. putida, while that of 

17-08.g559 was identical to an ABC transporter permease of P. putida.  

A BLASTP search with a query of the salicylate synthase PchB aa sequence of P. 

aeruginosa PAO1 revealed no homologes of PchB protein in the genome of P. plecoglossicida 

17-08R (e-value cut-off of 1e-5).  The only homolog to PchB among P. plecogloccisida isolates 

at the NCBI nr/nt database was with the genome of P. plecogloccisida NyZ12 with an e-value of 

0.089, but the full length predicted aa sequences of the protein showed it was a sorbosone 

dehydrogenase of Pseudomonas monteilii with an e-value of 6e-19.  

 

4.4. Discussion 

There have been a wide diversity of bacteria identified in ginseng soil. Kim et al. (2005) 

cultured 77 β-glucosidase-producing bacterial strains from P. ginseng soil and identified each 

using16S rRNA. Among the 4 phyla detected, the most common were 17 species of 

Proteobacteria with Sphingomonas being the most common genus followed by 13 species of 

Firmutes with Paenibacillus being the most common genus and 13 species of Actinobacteria 

with Streptomyces being the most common genus. From forest-grown P. ginseng, Pastucha et al. 

(2005) also isolated the highest number of colonies for Firmicutes, mostly Bacillus species, and 

from Proteobacteria, mostly Pseudomonas species. Sequencing cloned 16S rRNA PCR product 

from total soil DNA from 3-year-old P. ginseng revealed that Firmicutes, Acidobacteria and 

Proteobacteria were the dominant phyla in rhizospheric soil, while Protobacteria was the unique 

dominant phylum in non-rhizospheric soil, showing the effect of the rhizosphere (Ying et al. 
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2012). With high-throughput 16S rRNA sequencing, Proteobacteria, Acidobacteria, and 

Chloroflexi were the most common phyla in cultivated year 1-6 P. ginseng soil with the most 

common genus being Pseudomonas in the Proteobacteria, no genus reported for the 

Acidobacteria, and Nitrolancea the only genus in the Chloroflexi (Nguyen et al. 2016). Also 

using high-throughput 16S rRNA sequencing, Tan et al. (2017) reported that in P. notoginseng 

soil, Proteobacteria (primarily Pseudomonas and Rhodoplanes), Actinobacteria (primarily 

Streptomyces), and Acidobacteria (primarily Candidatus Solibacter) were the most dominant 

phyla in rhizospheric soil. Another example using high-throughput 16S rRNA sequencing by 

Zhao et al. (2017) found that Proteobacteria (primarily Pseudomonas and Acinetobacter), 

Bacteroidetes (primarily Flavisolibacter), Actinobacteria (primarily Terracoccus), and 

Chloroflexi (primarily Anaerolinea), were the most dominant phyla in the soil of first crop P. 

ginseng. Thus, regardless of ginseng species and soil type, several studies reported similar 

bacteria that were common with Proteobacteria being one the most dominant phyla with 

Pseudomonas being the major or one of the major genera within that phylum in ginseng soil.  

This study is the first report of P. plecoglossicida which belongs to the Proteobacteria 

being present in ginseng replant soil. However, P. plecoglossicida was initially classified as P. 

putida but later separated from P. putida biovar A as a distinct species based on differences in four 

carbon utilization traits as a sole substrate, and separated from P. putida biovar B based on six carbon 

utilization traits as a sole substrate and inability to grow at 4 °C, as well as DNA-DNA 

hybridization levels that were less than 50% between P. plecoglossicida and P. putida 

(Nishimori et al. 2000).  Thus, previous reports of P. putida in ginseng soil could be P. 

plecoglossicida. Based on 16S r RNA sequencing, the species are hard to distinguish as P. 

plecoglossicida is 98.6% to 99.6% similar to P. putida (Nishimori et al. 2000), which would not meet 
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species separation criteria based on the accepted threshold for bacterial species differentiation of 

98.6% nt identity (Kim et al 2014).  However, a reclassification of the P. putida group by Mulet et 

al. (2012) was based on four genes, 16S rRNA, gyrB, rpoB and rpoD, and it divided the P. 

putida group into P. cremoricolorata, P. fulva, P. mosselii, P. monteilii, P. parafulva, P. 

plecoglossicida and P. putida. Thus, it could be that P. putida isolated from roots of wild P. 

ginseng in Moo-Ju area of Korea was actually P. plecoglossicida (Sin et al. 2002), and this could 

also be true for P. putida strain KNUK9 isolated from rhizospheric soil of a cultivated P. ginseng 

farm near Chuncheon City, Korea (Hussein & Joo 2015). However, since previous reports were 

all associated with P. ginseng in Korea, this would clearly be the first report of P. 

plecoglossicida in P. quinquefolius soil in North America.  

Pseudomonas plecoglossicida previously has been isolated from fish, including spleen 

nodules of Larimichthys crocea (Mao et al. 2013; Huang et al. 2018; Tao et al. 2018) and  

Plecoglossus altivelis (Kyrpides et al. 2014), and soil, including cyclohexylamine and nicotine 

contaminated soil (Li et al. 2015; Raman et al. 2015), peat marsh soil with lignin and cellulose 

degrading activity (Hatzinikolaou et al. 2017), sewage contaminated wetland soil (Adelowo et al, 

2018), and non-specified soil (Jeong 2018). Pseudomonas plecoglossicida appears to be 

ubiquitous, with reports from China, Greece, India, Japan, Nigeria and USA (Mao et al. 2013; 

Kyrpides et al. 2014; Li et al. 2015; Raman et al. 2015; Hatzinikolaou et al. 2017; Adelowo et al. 

2018; Huang et al. 2018; Jeong 2018; Tao et al. 2018). Thus, finding P. plecoglossicida in 

ginseng soil in Canada was not surprising. 

Comparing the strains using either concatenated 16S rRNA, gyrB, rpoB and rpoD genes 

based on Mulet et al. (2012), or using total gene sequences for predicted proteins of P. 

plecoglossicida showed that P. plecoglossicida 17-08R was similar to other soil isolates, which 
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were distinct from isolates from fish tissues which clustered together. Adelowo et al. (2018) 

made a phylogenetic tree using 520 single copy core gene sequences per strains, and showed that 

P. plecoglossicida isolates from fish tissues also were highly distinct from soil isolates, while P. 

entomophila L48 did not cluster with any of the P. plecoglossicida isolates. This is highly similar 

to our results. Considering the results of Adelowo et al. (2018) and these results, it can be 

proposed that P. plecoglossicida isolates from fish tissues and P. plecoglossicida isolates from 

soil are non-overlapping and possibly different sub-species. They would not be different species 

because they have 99% to 100% nt identity in 16S rRNA genes. 

Pseudomonas plecoglossicida 17-08R had higher populations in LLG broth than LL 

broth. This indicates that the bacteria may be able to use elements of the root extract as nutrients. 

One possibility is that the 80% methanol soluble from roots contains glucose, amino acids, 

proteins, fats, fibers, carbohydrates and ions, which would act as nutrients. Such compounds 

have been described from ginseng roots (Sun et al. 2016). Ginsenosides would also be in the 

80% methanol extract with glucose, arabinose, xylose and rhamnose attached to the core 

dammarane structure (Quan et al. 2012a; Quan et al. 2012b). Thus, a second possibility is that 

those sugars are cleaved and used by the bacteria as nutrients. Although the use of sugars cleaved 

from ginsenosides as nutrients by bacteria has not been reported yet, Pythium irregulare has 

been suggested likely to use monosaccharides from P. quinquefolius as a nutrient source (Yousef 

& Bernards 2006). Growth of bacteria with ginsenosides as the sole carbon source provides 

indirect evidence for the use of sugars cleaved from ginsenosides as nutrients. Bacteria isolated 

from 30 undescribed soil samples could grow in minimal medium without a carbon source 

containing only salts mixed with Panax japanicus extract (Yosioka et al. 1966). A Rhizobium sp. 

isolated from P. ginseng soil could grow on M9 minimal media which contained only salts and 
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no carbon source other than red ginseng root extract (Kim et al. 2012). In this work, P. 

plecoglossicida 17-08R was cultured in minimal media that contained both salts and yeast 

extract, and thus there were additional carbon sources in the media.      

A third possibility for higher growth of the bacteria is that removing glucose from 

ginsenosides converts them into compounds with less antimicrobial activity thus increasing 

bacterial growth. Detoxification of saponins occurs by removing sugars, such as removal of the 

terminal D-glucose from the saponins, avenacin A-1 and tomatine, converting them to less toxic 

compounds (Osbourn 1996a). An example of this is fungal pathogens of oat, Gaeumannomyces 

graminis, and tomato, Septoria lycopersici and Verticillium albo-atrum, that cleaved a glucose 

likely at the C-3 position on avenacin and tomatine using the β-glucosidase, avenacinase and 

tomatinase, respectively, enabling the pathogen able to grow on their host plants (Osbourn 

1996b). Thus, it is possible that removal of glucose from ginsenosides during bacterial growth in 

LLG broth could reduce their antibacterial activity and thus allowing for greater growth of P. 

plecoglossicida. 

In addition to greater growth, P. plecoglossicida 17-08R growth in LLG broth resulted in 

the formation of a supernatant at 20 dpi that allowed I. mors-panacis to create larger lesions on 

roots compared to bacteria growing in LL broth without ginsenosides. Thus, there is the creation 

of some material in bacterial growth media containing ginsenosides responsible for increased 

level of root rot. 

Analysis of ginsenosides in cell free LLG broth supernatant showed that all the PPD 

ginsenosides decreased over time in a similar pattern during bacterial incubation with faster 

declines up to 10 dpi followed by slower declines between 10 and 20 dpi. Thus, there did not 

appear to be any specificity based on ginsenoside type. However, the pattern of decrease in PPT 
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ginsenosides was not similar as the Rf and Re ginsenosides declined fastest between 0 and 5 dpi, 

while Rg1 increased during that period. Rf contains only two glucose at C6, Re contains two 

glucose at C6 and one glucose at C20, and Rg1 contains one glucose at C6 and one glucose at 

C20. Therefore, the increase in Rg1 could be due to conversion of Re by removing a sugar from 

C6, but if the same occurred with Rf, then Rg2 would be created, which was not detected.   

Deglycosylation of ginsenosides should initially create partially deglycosylated forms of 

ginsenosides, perhaps eventually resulting in the appearance of aglycone PPD(S) or aglycone 

PPT(S). However, this was not observed in the HPLC analysis, and there was no evidence of 

highly deglycosylated forms of the ginsenosides, including PPD(S) and PPT(S). In HPLC 

analysis, a ZORBOX Eclipse Plus C8 column was used in a reversed phase separation with a 

stationary phase that is non-polar (hydrophobic) and a polar mobile phase (Gupta et al. 2012). 

The less polar deglycosylated forms of ginsenosides, including aglycone PPD(S) and PPT(S), 

should thus be retained in C8 column, and eluted using the solvent gradients described in this 

study, thus being detectable.  

One possibility is that a different column and detection system would allow for 

observation of the creation of more deglycosylated forms of ginsenosides over time in the broth. 

Zhou et al. (2014) developed an HPLC system using a ACQUITY HSS T3 column coupled with 

quadruple time-of-flight mass spectrometry to detect degradation through hydrolysis, 

dehydration and decarboxylation of ginsenosides with relatively higher polarity into ginsenosides 

with relatively less polarity. They reported that the conditions needed to be different for 

detecting polar and non-polar ginsenosides, such as the negative ion mode could be used for 

detection of more polar ginsenosides with higher sensitivity and abundance, while the positive 

ion mode could be used for the detection of aglycones, such as PPD(S), with higher sensitivity 
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and clearer mass spectra. Thus, such an HPLC system may have detected fewer polar 

ginsenosides in this study.  

A second possibility is that the core dammarane structure was partially or completely 

degraded by P. plecoglossicida, although no enzyme degrading the dammarane ring structure of 

ginsenosides has been reported. Ginsenosides do not persist indefinitely in soil, and thus some 

means of degradation must occur to mineralize the compound. A likely candidate in soil would 

be fungal produced peroxidases, such as those produced by wood-degrading white rot fungi 

(Vasina et al. 2017).  For example, ring cleavage of lignin occurs by lignin peroxidase from the 

fungus Phanerochaete chrysosporium (Umezawa et al. 1986). Complete degradation would 

convert the dammarane structure into water and CO2, and it is unlikely that those compounds 

would increase the susceptibility of ginseng roots to root rots. Thus, a partially degraded 

dammarane structure might have been produced that could have increased lesion sizes due to I. 

mors-panacis infection, and such compounds might not be detected using HPLC analysis with a 

ZORBOX Eclipse Plus C8 column.   

A third possibility is that ginsenosides are not involved in increasing lesion sizes, and that 

root compounds are responsible, such as the phenolics such as hydroxybenzoic acid, vanillin, 

syringic acid, vanillic acid, coumaric acid, ferulic acid, cinnamic acid, salicylic acid, or benzoic 

acid which have allelopathic effects on ginseng (Bi et al. 2010) are responsible for affecting root 

rot. Bi et al. (2010) found phenols in ginseng soil and showed a close relationship between the 

substitutions on the benzene ring of phenolic compounds and their ability to inhibit growth of P. 

quinquefolius. As the effect on root rot is specific to the growth of P. plecoglossicida with P. 

quinquefolius root extract over time, then the compound affecting root rot would need to be a 

microbial conversion product of a root compound rather than the root compound directly. 
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Perhaps such compounds were produced but were not detectable using the HPLC system in this 

study.  

 To gain insights into the possible root extract conversion products, the sequenced genome 

of P. plecoglossicida 17-08R was examined for the presence of predicted proteins that could be 

involved in ginsenoside breakdown based on other studies. It appears that P. plecoglossicida 17-

08R produced several proteins that could be involved in ginsenoside deglycosylation. The 

genome contains a gene for a β-glucosidase that is a member of the glycoside hydrolase family 3. 

Wang et al. (2011) proposed that a β-glucosidase is the most likely enzyme involved in removing 

glucose from C3 or C20 of ginsenosides, and so this might also be true for P. plecoglossicida 17-

08R. The β-glucosidase from P. plecoglossicida 17-08R has a periplasmic domain indicating that 

it is located in the periplasm of the bacterium. The periplasm is the area between the inner and 

outer membrane that can make up to 40% of the cell volume of gram-negative bacteria (Chróst 

1991). The periplasmic space contains a variety of enzymes, such as alkaline phosphatases, 

cyclic phosphodiesterases, acid phosphatases and 5’-nucleotidases (Beacham 1979). Also, a gene 

for a β-N-acetylhexosaminidase was identified in the genome of P. plecoglossicida 17-08R that 

is also a member of the glycoside hydrolase family 3. β-N-acetylhexosaminidase hydrolyzes the 

terminal non-reducing N-acetyl-D-hexosamine residues (Ichikawa et al. 2004), but ginsenosides 

have no N-acetyl-D-hexosamine. Thus, this protein is not likely involved in deglycosylation of 

ginsenosides. A search for other members of glycoside hydrolases that might be involved in 

deglycosylation of ginsenosides, β-D-xylosidase, rhamnosidase and arabinosidase, did not result 

in any significant matches in the genome of P. plecoglossicida 17-08R. Glycoside hydrolase 

family 3 is a group of 14 enzymes, including β-d-glucosidase, β-xylosidase and N-acetyl-β-d-

glucosaminidase, with activities involved in removing glycosidic residues from heterogeneous 
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molecules including saponins (Faure 2002). The absence of genes for extracellular β-

glucosidase, arabinosidase, rhamnosidase or xylosidase indicates that conversion of ginsenosides 

into deglycosylated forms directly in the broth is unlikely, but might occur in the periplasm. 

Genes for outer membrane OmpA/MotB and TonB-dependent receptor were also found 

in the genome of P. plecoglossicida 17-08R. Kim et al. (2013) reported that OmpA/MotB and 

TonB-dependent receptor from Sphingobacterium multivorum GIN723 isolated from bovine 

feces were involved in ginsenoside deglycosylation based on purification of the two proteins 

showing enzymatic activity for deglycosylation of compound K to PPD(S) and F1 to PPT(S). 

However, OmpA/MotB is an outer membrane channel protein associated with the type VI 

secretion system (Yun et al. 2017; Sarris et al. 2011), and TonB-dependent receptor is associated 

within protein complexes for transporting solutes and macromolecules (Martens et al. 2009). 

Thus, there is no evidence for either of those proteins having glycoside hydrolase enzymatic 

activity, and this is supported by the lack of a glycoside hydrolase domain when an InterPro 

search was done on the protein sequences. Thus, it is not clear how these proteins could be 

involved in ginsenoside deglycosylation. One possibility is that they are involved in allowing 

ginsenosides to enter into periplasm and then deglycosylation occurs by enzymes in the 

periplasm. Thus, they are required for ginsenoside deglycosylation, but prior to enzymatic 

degradation.  If this is the case for P. plecoglossicida 17-08R, then one possibility is that 

ginsenosides in LLG broth enter the periplasm from the media via the outer membrane 

OmpA/MotB and TonB-dependent receptor, and then the  β-glucosidase digests the glucoses at 

C6 and/or C20 in the periplasm. After that, the partially deglycosylated ginsenosides exit the 

periplasm by outer membrane OmpA/MotB and TonB-dependent receptor back into the media.   



 

 

191 

 

Other genes for that could be involved in ginsenoside breakdown found in the genome of 

P. plecoglossicida 17-08R are for production of glycoside oxidoreductase.  A glycoside 

oxidoreductase protein from Rhizobium sp. GIN611 isolated from P. ginseng soil was associated 

with cleavage of the glucose at the C-20 position of CK converting it into aglycone PPD(S) (Kim 

et al. 2012). The most closely matching protein in the genome of P. plecoglossicida 17-08R to 

that protein, PpGO-1, was in a clade with a homolog from the biomass-degrading P. 

plecoglossicida, but there was considerable difference from the PpGO-1 homologs in all the 

other isolates from soil, wetland soil and fish. It is possible that the protein sequences from the 

ginseng soil and biomass-degrading P. plecoglossicida are similar because of a similar structure 

to degrade a particular type of substrate. This could be related to degradation of saponins as they 

would not likely be widely present in soils and fish tissues, but there are many possibilities. The 

two other glycoside oxidoreductases,  PpGO-2 and  PpGO-3, were much more similar to 

homologs from all soil and wetland soil isolates, and the major difference was the lack of 

homologs in fish isolates for PpGO-2 versus a high similarity to homologs from fish isolates for 

PpGO-3.  This indicates that these proteins act on compounds commonly found in soils but not 

in fish or act on compounds commonly found in both soils and fish, respectively. Therefore, the 

most likely candidate protein is PpGO-1 for acting with ginsenoside or other saponins produced 

by plants that are less widespread in the environment, and thus less common among the genomes 

of the isolates examined. As PpGO-1 is not predicted to be secreted, then its activity would have 

to occur in the cytoplasm after uptake of its substrate from the LLG broth.  

Overall, from the predicted proteins of the genome of P. plecoglossicida 17-08R, it can 

be proposed that the isolate may have ability to convert ginsenosides. Ginsenosides in the media 

could enter the periplasm via outer membrane proteins, OmpA/MotB and TonB-dependent 
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receptor (Martens et al 2009; Yun et al. 2017), then in the periplasm, β-glucosidase could remove 

glucose from ginsenosides, such as Rb1, creating Rd and then further converting to CK or 20(S)-

Rg3, or creating gypenoside XVII and then further converting to CK or gypenoside LXXV (An 

et al. 2010; Jung et al. 2012; Quan et al. 2012a,b). If CK, 20 (S)-Rg3 or gypenoside LXXV are 

created, then they enter the cytoplasm, where glycoside oxidoreductase removes the last glucose 

at C20 from CK to create aglycone PPD(S) (Kim et al. 2012). Then, the various types of 

ginsenosides are finally released back into the media through the periplasm using the outer 

membrane protein OmpA/MotB and TonB-dependent receptor. However, another possibility is 

that ginsenosides build up in the cytoplasm and periplasm and are released into the media 

following bacterial cell death and lysis.  

In addition, the periplasmic β-glucosidase could theoretically convert the other PPDs in 

the broth (Rc into compound Mc-1, and Rb2 into compound O) when the outer glucose at C-3 is 

cleaved off leaving one glucose attached, but not affect the C-20 sugars because those outer 

sugars are arabinofuranosyl in Rc and arabinopyranosyl in Rb2. The periplasmic β-glucosidase 

theoretically could also convert the PPT ginsenoside Rf in the broth into Rh1 by cleavage of a 

glucose at the C-6 position, but could not convert Re because it has only one glucose at C-20 and 

a terminal rhamnopyranosyl at C-6 position and could not convert Rg1 because it has only one 

glucose at both the C-6 and C20 positions. As glycoside oxidoreductase has been reported to 

have broad range of specificity to sugar moieties, such as glucose, galactose, xylose and other 

sugars, it theoretically acts on both PPD and PPT types because it can even act on isoflavones 

and flavanoids (Kim et al. 2012). Theoretically, then glycoside oxidoreductase could also 

remove the remaining C-3 glucose from Rh2 converting it into PPD(S), remove the glucose from 

the C-3 position Rb2 creating compound O and removing the glucose from the C-3 position of 
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compound O creating compound Y and compound Mc followed by removing the C-20 α-L-

arabinofuranosyl from compound Y and the α-L-arabinopyranosyl from compound Mc finally 

converting them into PPD(S). It could also theoretically convert PPT ginsenosides by removing 

terminal C-20 glucose from Re converting it into Rg2 and then removing the C-6 α-L-

rhamnopyranosyl and the remaining two glucose from Rg2 converting it into PPT(S) and/or 

removing the terminal glucose at C-3 from Rg1 converting it into Rh1 or removing the C-6 

glucose from Rg1 converting into F1, and then removing the terminal glucose at C-6 from Rh1 

and C-20 from F1converting them into aglycone PPT(S). Thus, there are many possible 

ginsenosides that could be created with the genes for β-glucosidase and glycoside oxidoreductase 

in P. plecoglossicida 17-08R with the possible final products of deglycosylation being aglycone 

PPD(S) and PPT(S). 

From the analysis of the genome of P. plecoglossicida 17-08R, it appears the final 

products should be highly deglycosylated ginsenosides, even though they were not found in the 

broth. This is significant because highly deglycosylated ginsenosides, such as CK, PPD(S) and 

PPT(S), are more biologically active in humans. For example, CK induces the expression of 

CYP1A2 in humans, which is member of the cytochrome P450 enzymes (Hao et al. 2010), and 

glycone PPD(S) and PPT(S) inhibits the proliferation of human leukemia cells (THP-1) 

(Popovich & Kitts 2002). Thus, one suspects that highly deglycosylated ginsenosides would have 

the potential to be biologically active if taken up by roots of ginseng.   

One possible explanation for the changes in root gene expression with bacterial culture 

extracts is that P. plecogloccisida 17-08R was producing SA when grown with root extract in 

LLG broth but not when grown without it in LL broth. Thus, SA was added to the roots in the 

cell-free extract inducing expression of SA-regulated genes, which is known to suppress 
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expression of JA-regulated genes (Kunkel & Brooks 2002). This could reduce resistance to I. 

mors-panacis since JA-regulated gene expression is important for defenses against necrotrophic 

root fungal pathogens (Kunkel & Brooks 2002). Also, increased expression of an SA-regulated 

gene and decreased expression of five JA-regulated genes was proposed to be responsible for the 

immunosuppression of ginseng roots against I. mors-panacis by replant soil extract in Chapter 3. 

The genes involved in SA synthesis in P. aeruginosa are PchB encoding a salicylate synthase 

and PchA encoding an isochorismate synthase (Gaille et al. 2003).These genes have been found 

in other Pseudomonas spp., such as P. aeruginsa, P. cepacia and P. fluorescens, and the 

chorismate/isochorismate route is the unique SA synthetic pathway for those bacteria (Bakker et 

al. 2014). When the genome of P. plecoglossicida 17-08R was examined for those genes, no 

salicylate synthase homolog was found, but two homologs to isochorismate synthase were found. 

However, only one of those homologs encoding an aminodeoxychorismate synthase was a likely 

homolog. The presence of an aminodeoxychorismate synthase gene in the genome is not 

surprising as it part of the pathway for the synthesis of para-aminobenzoic acid, a precursor of 

folates needed for nucleic acid synthesis (Wegkamp et al. 2007). It appears that P. 

plecoglossicida 17-08R is not able to produce SA due to a lack of PchB, and thus the increase in 

lesion size of roots treated with LLG cell free extract of P. plecoglossicida 17-08R is not due to 

the production of SA causing suppression of JA regulated gene expression.  

 In conclusion, a bacterium isolated from replant ginseng soil was able to grow in broth 

with ginseng root extract creating some compound(s) in the media that affected P. quinquefolius 

roots so that the lesion size caused by I. mors-panacis was increased similar to the effect of 

replant extract in chapter three. However, no novel ginsenosides or significantly increased 

ginsenoside types were observed in the ginsenoside broth used to treat the roots. The genome of 
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the bacteria 17-08R revealed several predicted proteins related to ginsenoside breakdown. 

Limitations of this study are that is unknown if the inoculated LLG broth extract inhibits JA 

responses in roots like replant soil extract, and the nature of the immunosuppressing 

compound(s) in the broth are unknown or even if it is a ginsenoside, phenol or other type of 

compound.   
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Table 4.1. Description of P. quinquefolius soil bacteria.  Colony size, color and shape 

determined after 48 h growth on LB at 30 °C. Lesion size caused by I. mors-panacis isolate 

IMP.ND4Z15 on P. quinquefolius roots treated 2 h prior to inoculation with cell free extract of 

20-day-old cultures of each isolate grown in LLG.  Root lesion size measured at 12 dpi. Control 

was cell free extract of LLG not inoculated with bacteria. Means are an average one experiment 

with 3 to 5 lesions and compared using Fisher’s LSD test (P=0.05).  

Isolate    Soil year after 

harvest 

Colony size 
a
 Colony color 

b
 Lesion size (cm

2
) 

17-06R 3 very small creamy to colorless 0.15 E 

17-07R 3 small creamy 0.19 CDE 

17-08R 3 small creamy to yellow 0.27 A 

17-09R 3 small orange 0.16 CDE 

17-10R 25 large light brown to gray  0.21 BCD 

17-11R 25 very large whitish  0.22 ABC 

17-12R 5 large creamy 0.19 CDE 

17-13R 1 small white  0.18 CDE 

17-14R 0.08 very small white 0.16 DE 

17-15R 0.08 large white 0.16 E 

17-16R 1 large creamy 0.25 AB 

17-17R 10 large white-creamy centre  0.19 CDE 

17-18R 10 large orange 0.19 CDE 

Control - - - 0.18 CDE 
a
 Colony sizes defined as very small <1.0 mm, small ~ 1.0 mm, large between 1.0 and 3.0 mm, very large > 3.0 

mm diameter at 48 h on LB at 30 °C.   
b
 Color determined at 48 h on LB at 30 °C.   

 



 

 

197 

 

Table 4.2. Genomes of P. plecoglossicida collected from the NCBI nr database based on high nt 

matches using the 16S DNA sequence of isolate 17-08R as a query. Pseudomonas entomophila 

(L48) was included as an out-group as was previously used as an outgroup in a comparison to P. 

putida, which includes P. plecoglossicida (Wu et al. 2011).  

Organism Isolate 
Assembly 

accession 
Location Source Source description Reference 

P. plecoglossicida NZBD9 GCA_002814195.1 Ningde/China fish Larimichthys crocea 
Huang et al. 

2018 

P. plecoglossicida XSDHY-P GCA_003391255.1 Ningbo/China fish Larimichthys polyactis Tao et al. 2018 

P. plecoglossicida NB2011 GCA_000412715.1 east coast/China fish Larimichthys polyactis 
Mao et al. 

2013 

P. plecoglossicida NBRC10316 GCA_000730665.1 
Tokushima 

Pref./Japan 
fish Plecoglossus altivelis 

Kyrpides,2014, 

unpublished 

P. plecoglossicida NyZ12 GCA_000831585.1 Wuhan/China soil 
cyclohexylamine-

degrading bacterium 
Li et al. 2015 

P. plecoglossicida KCJK7865 GCA_003062165.1 Florida/USA soil pot determined 

Jeo

ng 2018 

,unpublished 

P. plecoglossicida ZKA3 GCA_003633555.1 Zakynthos/Greece soil 
piomass degrading 

bacterium 

Hatzinikolaou 

2017, 
unpublished 

P. plecoglossicida TND35 GCA_000764405.1 Tamilnadu/India soil 
picotine-degrading 

bacterium 
Raman et al. 

2015 

P. plecoglossicida MR69 GCA_002864775.1 Ibadan/Nigeria soil polluted wetlands 
Jochen, 

unpublished 

P. plecoglossicida MR135 GCA_002864795.1 Ibadan/Nigeria soil polluted wetlands 
Jochen, 

unpublished 

P. plecoglossicida MR170 GCA_002864845.1 Ibadan/Nigeria soil polluted wetlands 
Jochen, 

unpublished 

P. plecoglossicida MR83 GCA_002864865.1 Ibadan/Nigeria soil polluted wetlands 
Jochen, 

unpublished 

P. plecoglossicida MR134 GCA_002864885.1 Ibadan/Nigeria soil polluted wetlands 
Jochen, 

unpublished 

P. plecoglossicida MR70 GCA_002864905.1 Ibadan/Nigeria Soil polluted wetlands 
Jochen, 

unpublished 

P. plecoglossicida 17-08R Not determined Simcoe-Canada soil 
3-year post-harvest 

ginseng soil 
The study 

P. entomophila L48 GCA_000026105.1 
western 

Guadeloupe 
fruit fly not determined 

Vodovar et al. 
2006 
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Figure 4.1. Relatedness of Pseudomonas plecoglossicida isolates listed in Table 4.2. Rooted 

maximum likelihood dendrogram (A) based on the concatenated nt sequence of 16S rRNA, 

rpoB, rpoD and gyrB genes previously used to show the relationship of Pseudomonas putida 

group by Mulet et al. (2012) and (B) based on a similarity matrix of all AUGUSTUS predicted 

genes. 16S rRNA, rpoB, rpoD and gyrB sequences were aligned using MUSCLE, and all 

AUGUSTUS predicted genes were compared based on a similarity matrix using a reciprocal best 

hit BLASTN. The dendrogram was created using RAxML with 1000 bootstrap replications and 

viewed using MEGA6. Scale bar indicates the distance of the isolates from one another based on 

the average expected differences in the gene sequences per site. Pseudomonas entomophila 

(L48) included as the out-group (Wu et al. 2011). 
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Figure 4.2. Growth of Pseudomonas plecoglossicida 17-08R in LL broth (Cui et al. 2016) 

(dashed line) or LLG (LL broth + 48 mg/ml P. quinquefolius root extract) (solid line). Panax 

quinquefolius root extract was prepared according to Yang et al. (2015). Bacterial growth was 

measured at OD600, and a standard curve of OD600 versus CFU/ml was created to convert 

OD600 into CFU/ml. Values are an average of 3 replications with standard deviation bars shown. 
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Figure 4.3. The effects of incubation of Panax quinquefolius root extract with Pseudomonas 

plecoglossicida 17-08R on protopanaxadiol ginsenoside (PPDs) levels over time of incubation. 

Pseudomonas plecoglossicida 17-08R was incubated for 5, 10 and 15 days in LLG broth. The 

media was extracted at each time point using methanol extraction method and the final residue 

was dissolved in 1 ml of 80% MeOH. The extracts were analyzed using HPLC. The means of 

AU (arbitrary unit) for each ginsenoside was compared using Fisher's LSD method at 

significance of P=0.05.  
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Figure 4.4. The effects of incubation of Panax quinquefolius root extract with Pseudomonas 

plecoglossicida 17-08R on protopanaxatriol ginsenoside (PPTs) levels over time of incubation. 

Pseudomonas plecoglossicida 17-08R was incubated for 5, 10 and 15 days in LLG broth.  The 

media was extracted at each time point using methanol extraction method and the final residue 

was dissolved in 1 ml of 80% MeOH. The extracts were analyzed using HPLC. The means of 

AU (arbitrary unit) for each was compared using Fisher's LSD method at significance of P=0.05. 
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Figure 4.5. The effects of incubation of Panax quinquefolius root extract with Pseudomonas 

plecoglossicida 17-08R on changes of R4 and R1-like ginsenoside levels over time of 

incubation. Pseudomonas plecoglossicida 17-08R was incubated for 5, 10 and 15 days in LLG 

broth.  The media was extracted at each time point using methanol extraction method and the 

final residue was dissolved in 1 ml of 80% MeOH. The extracts were analyzed using HPLC. The 

means of AU (arbitrary unit) for each was compared using Fisher's LSD method at significance 

of P=0.05. 
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Table 4.3.  Effect of cell free broth extracts of LL or LLG inoculated or not-inoculated with P. 

plecoglossicida 17-08R on lesion size caused by I. mors-panacis. For P. plecoglossicida 17-08R, 

bacteria were grown in broth for 20 days at 30°C. Broths were evaporated to dryness under 

vacuum at 40 °C and dissolved in 1 ml of dsH2O. 15 μL of the extract was added to wounded 

surface sterilized roots of P. quinquefolius 2 h before application of 15 μL of 10^6 spores/mL of 

I. mors-panacis isolate IMP.ND4Z15. After 12 days at 22°C, lesion size was quantified with 

ImageJ software. Means are from three replications with six lesions measured per replication and 

compared using Fisher’s LSD test (P=0.05). 

 

Media P.  plecoglossicida 17-08R Lesion size (cm
2
) 

LL broth - 0.16B 

LLG broth - 0.18B 

LL broth + 0.17B 

LLG broth + 0.23A 
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Table 4.4. Bacterial protein sequences obtained using the terms “ginsenoside transformation”, “metabolism of ginsenoside” and 

“transform ginsenoside” as a query of the NCBI databases. 

   

Organism Isolate Classification Protein ID Function Reference 

Bifidobacterium 

longum 
H-1 Actinobacteria ADY62498 metabolizing Rb1 to CK Jung et al. 2012 

Burkholderia sp. QM04 Proteobacteria AGA60123.1 ginsenoside transformation activity Cui, Unpublished 

Chryseobacterium 

caeni 
KCTC12506 Bacteroidetes 

AGA60128.1 

 
ginsenoside transformation activity Cui, Unpublished 

Microbacterium 

esteraromaticum 
GS514 Actinobacteria AEX88467.1 catalyzing conversion of Rb1 to Rd and CK Quan et al. 2012 

M. esteraromaticum KACC16318 Actinobacteria AEX88466.1 hydrolyzing Rb1 to Rd and 20(S)-Rg3 Quan et al. 2012 

Pseudonocardia sp. Gsoil1536 Actinobacteria AGA60129.1 ginsenoside transformation activity Cui, Unpublished 

Pseudonocardia sp. Gsoil1536 Actinobacteria AGA60134.1 ginsenoside transformation activity Cui, Unpublished 

Terrabacter 

ginsenosidimutans 
Gsoil 3082 Actinobacteria ACZ66247.3 

catalyzing conversion of Rb1 to gypenoside XVII, 

gypenoside LXXV and CK 
An et al. 2010 
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Table 4.5. Identification of PpBGLU predicted protein of P. plecoglossicida 17-08R based on 

highest match in the genome when queried with the protein sequences (Table 4.4) using 

BLASTP.  Predicted protein ID 17-08R.g2203 was designated as PpBGLU. 

 

Query organism Query ID 
17-08R predicted 

protein ID 
% identity e-value 

Pseudonocardia sp. AGA60129.1 17-08R.g2203 37.394 1.23E-142 

Bifidobacterium longum WP_118294108.1 17-08R.g2203 34.615 1.44E-118 

Microbacterium esteraromaticum AEX88467.1 17-08R.g2203 30.466 4.79E-68 

Pseudonocardia sp. AGA60134.1 17-08R.g2203 29.477 1.54E-64 

Microbacterium esteraromaticum AEX88466.1 17-08R.g2203 28.093 1.28E-59 

Pseudonocardia sp. AGA60123.1 17-08R.g2203 31.97 5.01E-28 

Chryseobacterium caeni AGA60128.1 17-08R.g2203 24.074 7.17E-25 

Terrabacter ginsenosidimutans ACZ66247.3 17-08R.g2203 27.479 3.45E-22 
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Table 4.6.  Description of PpBGLU predicted protein homologs in P. plecoglossicida isolates. 

Predicted protein IDs for each genome were obtained from a BLASTP search using PpBGLU 

protein (17-08R.g2203) against each P. plecoglossicida isolate. Isolate information described in 

Table 4.2. 

 

 

Isolate Predicted protein ID Source Length 
Periplasmic domain 

sequence location 

NyZ12 NyZ12.g173 Soil 2737 880-964 

KCJK786

5 
KCJK7865.g2727 Soil 2274 870-954 

17-08R 17-08R.g2203 Soil 1780 880-964 

ZKA3 ZKA3.g2962 Soil 1758 872-956 

TND35 TND35.g2491 Soil 1369 893-977 

MR134 MR134.g1932 Wetland soil 753 0 

MR135 MR135.g1088 Wetland soil 753 0 

MR170 MR170.g3043 Wetland soil 753 0 

MR69 MR69.g1869 Wetland soil 753 0 

MR70 MR70.g1196 Wetland soil 753 0 

MR83 MR83.g3184 Wetland soil 753 0 

NB2011 NB2011.g2837 Fish 753 0 

NBRC NBRC.g1193 Fish 753 0 

NZBD9 NZBD9.g759 Fish 753 0 

XSDHY-P XSDHY-P.g1228 Fish 753 0 

L48 L48.g2405 Fruit fly 1011 0 
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Figure 4.6. Relatedness of predicted PpGLU protein homologs in the genomes of P. 

plecoglossicida isolates.  Rooted maximum likelihood dendrogram of the isolates was created 

based on a copy of GH3-1 predicted proteins. Isolate information described in Table 4.2. The 

sequences were aligned using MUSCLE and dendrograms were created using RAxML and 

viewed by MEGA6. Scale bar indicates the distance of the isolates from one another based on 

the average expected differences in the protein sequences per site.  Isolates with predicted 

proteins containing periplasmic domain marked with (*). Pseudomonas entomophila (L48) (Wu 

et al. 2011) used as an outgroup.  
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Table 4.7. Identification of PpBHEX based on second highest match of the predicted proteins of 

P. plecoglossicida 17-08R based on highest match in the genome when queried with the protein 

sequences (Table 4.4) using BLASTP.  Predicted protein ID 17-08R.g1485 was designated as 

PpBHEX.  

 

Query organism Query ID 
17-08R predicted protein 

ID 
% identity e-value 

Pseudonocardia sp. AGA60129.1 17-08R.g1485 34.194 6.62E-09 

Bifidobacterium longum WP_118294108.1 17-08R.g1485 27.568 3.24E-08 

Microbacterium 

esteraromaticum 
AEX88467.1 17-08R.g1485 27.907 5.89E-05 

Pseudonocardia sp. AGA60134.1 17-08R.g1485 29.48 1.56E-08 

Microbacterium 

esteraromaticum 
AEX88466.1 17-08R.g1485 28.902 1.79E-07 

Pseudonocardia sp. AGA60123.1 17-08R.g1485 29.067 8.66E-23 

Chryseobacterium caeni AGA60128.1 17-08R.g1485 24.898 8.05E-08 

Terrabacter ginsenosidimutans ACZ66247.3 17-08R.g1485 29.762 5.16E-09 
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Table 4.8.  Description of PpBHEX predicted protein homologs in P. plecoglossicida isolates. 

Predicted protein IDs for each genome were obtained from a BLASTP search using PpBHEX 

protein (17-08R.g1485) against each P. plecoglossicida isolate. Isolate information described in 

Table 4.2.  

Isolate Protein ID Source Protein length 
Periplasmic domain 

sequence length 

NyZ12 NyZ12.g1912 Soil 336 0 

KCJK7865 KCJK7865.g1879 Soil 336 0 

17-08R 17-08R.g1485 Soil 327 0 

ZKA3 ZKA3.g2583 Soil 336 0 

TND35 TND35.g900 Soil 336 0 

MR134 MR134.g1834 Wetland soil 336 0 

MR135 MR135.g771 Wetland soil 336 0 

MR170 MR170.g2688 Wetland soil 336 0 

MR69 MR69.g1597 Wetland soil 336 0 

MR70 MR70.g1777 Wetland soil 336 0 

MR83 MR83.g2368 Wetland soil 336 0 

NB2011 NB2011.g142 Fish 501 0 

NBRC NBRC.g1773 Fish 501 0 

NZBD9 NZBD9.g1676 Fish 501 0 

XSDHY-P XSDHY-P.g877 Fish 501 0 

L48 L48.g2047 Fruit fly 336 0 
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Figure 4.7. Relatedness of predicted PpGLU protein homologs in the genomes of P. 

plecoglossicida isolates. Rooted maximum likelihood dendrogram of the isolates was created 

based on a copy of PpBHEX predicted proteins. Isolate information described in Table 4.2. The 

sequences were aligned using MUSCLE and dendrograms were created using RAxML and 

viewed by MEGA6. Scale bar indicates the distance of the isolates from one another based on 

the average expected differences in the protein sequences per site. Pseudomonas entomophila 

(L48) (Wu et al. 2011) used as an outgroup.   
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Table 4.9.  Bacterial protein sequences obtained for xylosidase using the term 'ginsenoside hydrolyzing', rhamnosidase using the term 

'(pseudomonas [Organism]) AND rhamnosidase)’ and α-L-arabinofuranosidase using the term ‘(pseudomonas[Organism]) AND α-L-

arabinofuranosidase ' as a query in a search of the NCBI databases.   

Organism Isolate Classification Protein ID Gene annotation Function 
homologs of 

17-08R  
Reference 

Bifidobacterium breve K-110 Actinobacteria ABX45137.1 β-D-xylosidase Hydrolyzing Ra1 0 Hyun et al. 2012 

Pseudomonas aeruginosa Pa1060 Proteobacteria RLR70801.1 rhamnosidase - 0 
Gba 

Unpublished 

Pseudomonas spp. HMWF010 Proteobacteria PTT79144.1 α-L-arabinofuranosidase - 0 
Muscarella 

Unpublished 

 

 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2056847
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Table 4.10.  Bacterial protein sequences obtained using the term 'ginsenoside aglycons' as a query in a search of the NCBI databases. 

Organism Isolate Classification Protein ID Gene annotation Function Reference 

Sphingobacterium  multivorum GIN723 Bacteroidetes AGP51342.1 Similar to OmpA/MotB Ginsenoside hydrolysis Kim et al. 2013 

Sphingobacterium  multivorum GIN723 Bacteroidetes AGP51343.1 Similar to TonB-dependent receptor Ginsenoside hydrolysis Kim et al. 2013 



 

 

213 

 

Table 4.11. Identification of PpOmpA/MotB and PpTonB-dependent receptor based on highest 

match of the predicted proteins of P. plecoglossicida 17-08R based on highest match in the 

genome when queried with the protein sequences (Table 4.9) using BLASTP.  Predicted protein 

ID 17-08R.g1530 was designated as PpOmpA/MotB (17-08R.g1530) and 17-08R.g586 was 

designated as PpTonB-dependent receptor.  

  

Query organism Query ID 
17-08R predicted 

protein ID 
% identity e-value 

Sphingobacterium  multivorum AGP51342.1 17-08R.g1530 34 3.00E-30 

Sphingobacterium  multivorum AGP51343.1 17-08R.g586 29 4.00E-05 

  



 

 

214 

 

Table 4.12.  Description of outer membrane PpOmpA/MotB predicted protein homologs in P. 

plecoglossicida isolates. The highest matching predicted protein was obtained from a BLASTP 

search using for PpOmp/MotB protein of 17-08R against the predicted proteins of the each 

genome of the other P. plecoglossicida isolates. Isolate information described in Table 4.2.  

Isolate Protein ID Source Protein length 

NyZ12 NyZ12.g1955 Soil 345 

KCJK7865 KCJK7865.g2410 Soil 345 

17-08R 17-08R.g1530 Soil 386 

ZKA3 ZKA3.g2619 Soil 322 

TND35 TND35.g856 Soil 345 

MR134 MR134.g2167 Wetland soil 345 

MR135 MR135.g814 Wetland soil 345 

MR170 MR170.g2648 Wetland soil 345 

MR69 MR69.g669 Wetland soil 345 

MR70 MR70.g762 Wetland soil 345 

MR83 MR83.g2326 Wetland soil 345 

NB2011 NB2011.g1233 Fish 345 

NBRC NBRC.g2449 Fish 345 

NZBD9 NZBD9.g936 Fish 345 

XSDHY-P XSDHY-P.g1299 Fish 345 

L48 L48.g670 Fruit fly 239 
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Figure 4.8. Relatedness of predicted PpOmpA/MotB protein homologs in the genomes of P. 

plecoglossicida isolates. Rooted maximum likelihood dendrogram of the isolates was created. 

Isolate information described in Table 4.2. The sequences were obtained from the genome of 

each bacterial isolate and aligned using MUSCLE and dendrograms were created using RAxML 

and viewed by MEGA6. Scale bar indicates the distance of the isolates from one another based 

on the average expected differences in the protein sequences per site. Pseudomonas entomophila 

(L48) used as an out-group (Wu et al. 2011). 
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Table 4.13.  Description of PpTonB-dependent receptor predicted protein homologs in P. 

plecoglossicida isolates. The highest match of TonB-dependent receptor predicted protein was 

obtained from a BLASTP search for outer membrane protein of 17-08R isolate against the other 

P. plecoglossicida isolates. Isolate information described in Table 4.2.  

Isolate Protein ID Source Protein length 

NyZ12 NyZ12.g1855 Soil 1118 

KCJK7865 KCJK7865.g347 Soil 745 

17-08R 17-08R.g586 Soil 1018 

ZKA3 ZKA3.g2510 Soil 1148 

TND35 TND35.g984 Soil 1118 

MR134 MR134.g2325 Wetland soil 1118 

MR135 MR135.g1995 Wetland soil 1118 

MR170 MR170.g2354 Wetland soil 1118 

MR69 MR69.g2823 Wetland soil 1105 

MR70 MR70.g2324 Wetland soil 1118 

MR83 MR83.g1532 Wetland soil 1105 

NB2011 NB2011.g2142 Fish 918 

NBRC NBRC.g1569 Fish 935 

NZBD9 NZBD9.g1244 Fish 918 

XSDHY-P XSDHY-P.g802 Fish 918 

L48 L48.g323 Fruit fly 625 
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Figure 4.9. Relatedness of predicted PpTonB-dependent receptor protein homologs in the 

genomes of P. plecoglossicida isolates. Rooted maximum likelihood dendrogram of the isolates 

was created. Isolate information described in Table 4.1. The sequences were obtained from the 

genome of the bacterial isolates and aligned using MUSCLE and dendrograms were created 

using MEGA6. Scale bar indicates the distance of the isolates from one another based on the 

average expected differences in the protein sequences per site. Pseudomonas entomophila (L48) 

used as an out-group (Wu et al. 2011).  
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Table 4.14.  Bacterial protein sequences obtained using the term 'deglycosylation of 

ginsenosides' as a query in a search of the NCBI databases.   

 

Organism Isolate Classification Protein ID Gene annotation Function 
Refer

ence 

Rhizobium sp. GIN611 Proteobacteria AEX01166.1 
Glycoside 

Oxidoreductase 

Ginsenoside 

deglycosylation 

Kim et 

al. 

2012 

Rhizobium sp. GIN611 Proteobacteria AEX01167.1 
TAT-pathway 

signal protein 

Ginsenoside 

deglycosylation 

Kim et 

al. 

2012 
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Table 4.15. Identification of PpGO-1, PpGO-2, PpGO-3 and TAT-pathway signal proteins of P. 

plecoglossicida 17-08R based on highest match in the genome when queried with the protein 

sequences (table 4.13) using BLASTP. Predicted protein ID 17-08R.g245 was designated as 

PpGO-1, 17-08R.g729 was designated as PpGO-2, and 17-08R.g3070 was designated as PpGO-

3. No significant matches to the TAT-pathway signal protein were observed (cut-off of e-value of 

1e-5).   

 

Query organism Query ID 17-08R predicted protein ID % identity e-value 

Rhizobium sp. AEX01166.1 17-08R.g245 27.531 1.18E-44 

Rhizobium sp. AEX01166.1 17-08R.g729 25.421 1.63E-27 

Rhizobium sp. AEX01166.1 17-08R.g3070 28.387 3.07E-06 

Rhizobium sp. AEX01167.1 - 0.0 >1e-5 
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Table 4.16.  Description of glycoside oxidoreductase 1 (PpGO-1) predicted protein homologs in 

P. plecoglossicida isolates. Protein ID's were for the highest match obtained from a BLASTP 

search using the PpGO-1 predicted protein of 17-08R against the genome of each P. 

plecoglossicida isolate. Isolate information described in Table 4.2.  

Isolate Protein ID Source Protein length 

17-08R ppGS2018.g245 Soil 849 

ZKA3 ppZKA3.g1529 Soil 849 

NyZ12 NyZ12.g576 Soil 722 

KCJK7865 KCJK7865.g3108 Soil 722 

TND35 TND35.g2064 Soil 722 

MR69 MR69.g330 Wetland soil 3108 

MR70 MR70.g42 Wetland soil 3108 

MR83 MR83.g1833 Wetland soil 3104 

MR134 MR134.g344 Wetland soil 3108 

MR135 MR135.g2483 Wetland soil 3108 

MR170 MR170.g1165 Wetland soil 3104 

NB2011 NB2011.g1292 Fish 683 

NBRC NBRC.g2230 Fish 683 

NZBD9 NZBD9.g1156 Fish 683 

XSDHY-P XSDHY-P.g2821 Fish 683 

L48 peL48.g1961 Fruit fly 722 
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Figure 4.10. Relatedness of predicted glycoside oxidoreductase 1 (PpGO-1) protein homologs in 

the genomes of P. plecoglossicida isolates. Rooted maximum likelihood dendrogram of the 

isolates was created. Isolate information described in Table 4.2. The sequences were obtained 

from the genome of the bacterial isolates and aligned using MUSCLE and dendrograms were 

created using MEGA6. Scale bar indicates the distance of the isolates from one another based on 

the average expected differences in the protein sequences per site. Pseudomonas entomophila 

(L48) used as an out-group (Wu et al. 2011). 
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Table 4.17.  Description of glycoside oxidoreductase 2 (PpGO-2) predicted protein homologs in 

P. plecoglossicida isolates. Protein ID's were for the highest match obtained from a BLASTP 

search using the PpGO-2 predicted protein of 17-08R against the genome of each P. 

plecoglossicida isolate. Isolate information described in Table 4.2.  

Isolate Protein ID Source Protein length 

17-08R 17-08R.g729 Soil 590 

ZKA3 ZKA3.g1841 Soil 829 

NyZ12 NyZ12.g1073 Soil 565 

KCJK7865 KCJK7865.g498 Soil 590 

TND35 TND35.g1655 Soil 590 

MR69 MR69.g2464 Wetland soil 590 

MR70 MR70.g3015 Wetland soil 590 

MR83 MR83.g2243 Wetland soil 590 

MR134 MR134.g666 Wetland soil 590 

MR135 MR135.g3112 Wetland soil 590 

MR170 MR170.g2341 Wetland soil 590 
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Figure 4.11. Relatedness of predicted glycoside oxidoreductase 2 (PpGO-2) protein homologs in 

the genomes of P. plecoglossicida isolates. Rooted maximum likelihood dendrogram of the 

isolates was created. Isolate information described in Table 4.2. The sequences were obtained 

from the genome of the bacterial isolates and aligned using MUSCLE and dendrograms were 

created using MEGA6. Scale bar indicates the distance of the isolates from one another based on 

the average expected differences in the protein sequences per site. Pseudomonas entomophila 

(L48) used as an out-group (Wu et al. 2011). 

 

 

 17-08R.g245

 ZKA3.g1841

 KCJK7865.g498

 17-08R.g729

 NyZ12.g1073

 TND35.g1655

 MR170.g2341

 MR83.g2243

 MR69.g2464

 MR135.g3112

 MR134.g666

 MR70.g3015

72

91

38

59

0.02



 

 

224 

 

Table 4.18.  Description of glycoside oxidoreductase 3 (PpGO-3) predicted protein homologs in 

P. plecoglossicida isolates. Protein ID's were for the highest match obtained from a BLASTP 

search using the PpGO-3 predicted protein of 17-08R against the genome of each P. 

plecoglossicida isolate. Isolate information described in Table 4.2.  

Isolate Protein ID Source Protein length 

17-08R 17-08R.g3070 Soil 565 

ZKA3 ZKA3.g164 Soil 565 

NyZ12 NyZ12.g3187 Soil 565 

KCJK7865 KCJK7865.g1116 Soil 565 

TND35 TND35.g2898 Wetland soil 565 

MR69 MR69.g2312 Wetland soil 565 

MR70 MR70.g1920 Wetland soil 565 

MR83 MR83.g134 Wetland soil 565 

MR134 MR134.g1349 Wetland soil 565 

MR135 MR135.g123 Wetland soil 565 

MR170 MR170.g12 Wetland soil 565 

NB2011 NB2011.g2698 Fish 563 

NBRC NBRC.g380 Fish 563 

NZBD9 NZBD9.g1315 Fish 563 

XSDHYP XSDHYP.g1713 Fish 563 

L48 L48.g208 Fruit fly 490 
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Figure 4.12. Relatedness of predicted glycoside oxidoreductase 3 (PpGO-3) protein homologs in 

the genomes of P. plecoglossicida isolates. Rooted maximum likelihood dendrogram of the 

isolates was created. Isolate information described in Table 4.2. The sequences were obtained 

from the genome of the bacterial isolates and aligned using MUSCLE and dendrograms were 

created using MEGA6. Scale bar indicates the distance of the isolates from one another based on 

the average expected differences in the protein sequences per site. Pseudomonas entomophila 

(L48) used as an out-group (Wu et al. 2011). 

 

 

 

  

 17-08R.g245

 ZKA3.g164

 KCJK7865.g1116

 17-08R.g3070

 NB2011.g2698

 XSDHY-P.g1713

 NBRC.g380

 NZBD9.g1315

 L48.g208

 MR134.g1349

 MR170.g12

 MR83.g134

 MR70.g1920

 MR135.g123

 MR69.g2312

 TND35.g2898

 NyZ12.g3187

76

100

73

75

83

0.02



 

 

226 

 

Figure 4.13. Alginment using MUSCLE of aa sequence of isochorismate synthase PchA 

(CAA57969.1) of P. aeruginosa PAO1 with homolog 17-08.g551 from the genome of P. 

plecoglossicida 17-08R.  

CAA57969.1       ------------------------------------------------------------ 
17-08R.g551      MGINRRNADYVLKYNKRHLYPIVDDKIITKERALAAGIHVPEMYGIIETEKEIDKLDQII                                                                             
 
CAA57969.1       -------------------------------------------MSRLAPLSQCLHALRGT 
17-08R.g551      GGRSDFVIKPAQGAGGDGILVIADRFEDRYRTVSGKIISHEEIEHQISSILTGLYSLGGH 
                                                              .::.:   *::* *  
CAA57969.1       FERAIGQAQALDRPVLVAASFE-------------------------------------- 
17-08R.g551      RDRALIEYRVTPDQIFKSISYEGVPDIRIIVLMGYPVMAMLRLPTRQSGGKANLHQGAIG 
                  :**: : ..    :: : *:*                                       
CAA57969.1       --IDPLDPLQVFGAW---------------DDRQTPCLYWEQPELAFFAWGCALELQGHG 
17-08R.g551      VGVDLATGVTLRGTWLNNIISKHPDTTNAVDGVQLP--NWD--GFMKLAAGC-YELCGLG 
                   :*    : : *:*               *. * *   *:   :  :* **  ** * * 
CAA57969.1       -----------------------------------EQRFARIEENWQLLCADAVVEGPLA 
17-08R.g551      YIGVDMVLDQDKGPLILELNARPGLNIQIANDCGLTQRTHAIEAHLEALAKDGISEDAEQ 
                                                     **   ** : : *. *.: *..   
CAA57969.1       PRLCGGF------RFDPRGPRE----EHWQAFADASLMLAGITV---------------L 
17-08R.g551      RQPGGRFAAHSRHKAAPTGDRAILSTIALLAFTSPSTLMPTCTLHPLPYQPDPAAYFARL 
                  .  * *      .  * * *         **:..* ::.  *:               * 
CAA57969.1       REGE---------------RYRVLC----QHL-AKPGEDALALAAYHCSALLRLRQP--- 
17-08R.g551      RQAPGAILLDSARPGAERGRFDLLSAWPLQHLQAQPDEDGRTFLQRLRAGLAQLGHAQLP 
                 *:.                *: :*.    *** *:*.**. ::     :.* .* :.    
CAA57969.1       -------------------ARRRPSGPTAGAQ--GDASAQ-------------------- 
17-08R.g551      AGSELPFAGGLIGYLSYDFGRRLEHLPSQAVDDLGLPDAQLGLYAWALVTDHQCATSQLV 
                                    .**    *: ..:  * ..**                     
CAA57969.1       -------ERRQWEAKVSDAVSSVRQGRFGKVVLARTQARP---------------LGDI- 
17-08R.g551      FHPSLPGSERERLIALFEGVDNAERGSFQLLAPMAGDLQPEQYKAAFDRVQRYIQAGDCY 
                        . *:.   : :.*... .* *  :.    : .*                **   
CAA57969.1       --------------EPWQVIEHLRLQHADAQLFACRR--GNACFLGASPERLVRIRAGEA 
17-08R.g551      QINLTQRFRAPCQGDPWHAYQALR-KACPTPFSGYQQLADGSALLSFSPERFIRVSQRQV 
                               :**:. : ** : . : : . ..  ..:.:*. ****::*:   :. 
CAA57969.1       LTHALAGTIARGGDAQEDARLGQALLDSAKDRHEHQLVVEAIRTALEPFSEV--LEIPDA 
17-08R.g551      ETRPIKGTRPRASNPAEDMRNAEELLHSPKDRSENLMIVDLLRNDLGRTCEIGSVKVPEL 
                  *..: ** .*..:. ** * .: ** *.*** *: ::*: :*. *   .*:  :::*:  
CAA57969.1       PGLKRLARVQHLNTPIRARLADAGGILRLLQALHPTPAVGGYPRSAALDYIRQHEGMDRG 
17-08R.g551      FSLESYPNVHHLVSSITGQLASDKDALDLIGDSFPGGSITGAPKIRAMQIIDELEPARRA 
                  .*:  ..*:** :.* ..**.  . * *:   .*  :: * *.  *:: * : *   *. 
CAA57969.1       WYAAPLGWLDGEGNGDFLVALRSALLTPGRGYLFAGCGLVGDSEPAHEYRETCLKLSA-- 
17-08R.g551      LYCGSLLYVDVRGEMDSSIAIRSLLVKGGQVSCWGGGAVVADSEWQAEYEESIAKRHSQD 
                  *...* ::*  *: *  :*:** *:. *.   :.* .:*.***   ** *:  *  :   
CAA57969.1       --------------------------MREALSAIG--------GLDEV------------ 
17-08R.g551      GNRLMSQPFDVAALAATYANKSPQDILKLAFEHFGDDLWISFSGAEDVVLVDMAWKLNKQ 
                                           :. *:. :*        * ::*             
CAA57969.1       ------------------------------------------------------------ 
17-08R.g551      VKVFSLDTGRLHPETYRFIDQVREQYNLPIEILSPDRAKLDPFVKEKGLFSFYKDGHGEC 
                                                                              
CAA57969.1       -------PLQRGVA---------------------------------------------- 
17-08R.g551      CGIRKIEPLRRKLATVSAWATGQRRDQSPGTRSQVAAVEIDSAFSTPERTLYKFNPLAQM 
                        **.* :*                                               
CAA57969.1       ------------------------------------------------------------ 
17-08R.g551      SSEEVWGYIRMLELPYNSLHERGFISIGCEPCTRPVLPNQHEREGRWWWEESTQKECGLH 
                                                                              
CAA57969.1       -------- 
17-08R.g551      AGNLISKA 
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Figure 4.14. Alginment using MUSCLE of aa sequence of isochorismate synthase PchA 

(CAA57969.1) of P. aeruginosa PAO1 with homolog 17-08.g559 from the genome of P. 

plecoglossicida 17-08R.  

CAA57969.1       MSRLAPLSQ-CLHALRGTFERAIGQAQALDRPVLVAASFEIDPLDPLQVFGAWDDRQTPC 
17-08R.g559      ----MPLSRLCGLALRQLL-RDIRASEV--RVLFFALLVAVAASTAIGYFGA---RLNGA 
                      ***. *  ***  : * *  ::.  * ::.*  . : .  .:  ***   * . . 
CAA57969.1       LYWEQPELAFFAWGCALELQGHGEQRFARIE----------------------------- 
17-08R.g559      MQLRASEF----LGADLVLQGSAPARDQQIEAGKALGLRHAQVVEFTSVVGGDNGIQLSS 
                 :    .*:     *. * *** .  *  .**                              
CAA57969.1       ---------------------------------ENW---QLLCA------DAVVEGPLAP 
17-08R.g559      VKATDGAYPLRGQVRSAAAPYGAENPGGGPAPGEAWVEPRLLAALGLKVGDSIDVGMKTL 
                                                  * *   .**.*      *::  *  :  
CAA57969.1       RLCGGFRFDPRGPREEHWQAFADASLM----LAGITVLREGER--YRVL----CQHLAKP 
17-08R.g559      RMSRVLTYEP--DRANNFYSLTPRVMMNLADLHATGVIQPGSRVTYRDLWRGDAETLARY 
                 *:.  : ::*   * ::: :::   :*    * .  *:. *.*  ** *    .: **.  
CAA57969.1       GED---------------------------------------------ALALAA------ 
17-08R.g559      REALKKDLAANQRLRDTRDGNQQVGGALGKAERYLNMASLVAVLLAGVAVALSASRYAAR 
                  *                                              *:**:*       
CAA57969.1       -YHCSALLRLRQPARRRPSGPTAGAQG-----DASAQERRQWEAK--------------- 
17-08R.g559      RLDASALLRCLGLSRRQALGLYCLQLAMLGLVAALAGALLGWLAQLGLFRLLHGLLPSVV 
                    .*****    :**.. *  .   .      * *     * *:                
CAA57969.1       ----VSDAVSSVRQGRFGKVVLARTQARPLGDIEPWQVIEH------------------- 
17-08R.g559      PAGGIVPAMAGIATGLVALAGFALPPIAALGQVPPLRVLRRDLLPIPPSSWLVYGAALFA 
                     :  *::.:  * .. . :* .   .**:: * .*: .                    
CAA57969.1       -----LRLQHADAQLFACRRGN---ACFLGA----SPERLVRIRAGEALTHALA-GTIAR 
17-08R.g559      LGLIMWRLSLDLLLTFALLGGGLVAALLLGGLLLLGLRSLRQLLAGAPLTWRLGLGQLLR 
                       **.      **   *.   * :**.    .   * .: ** .**. *. * : * 
CAA57969.1       GGDAQED---------------ARLGQALLDS-----AKDRHEHQLVVEAIRTALEPFSE 
17-08R.g559      HPMAAAGQALAFGLILLAMALVALLRAELLDTWQAQLPKDAPNH-FALNILPDDREPFAR 
                    *  .               * *   ***:     .**  :* :.:: :    ***:  
CAA57969.1       VLE---------IPDAPGLKRLARVQHLNTPIR------------------ARLAD---- 
17-08R.g559      HLQQVNATSAPLYPVTPGRLVLINEQPVQQVVSKDSAGERAVQRDLSLTWAAELPEGNAL 
                  *:          * :**   * . * ::  :                   * *.:     
CAA57969.1       -AGGILRLLQALHPTPAV----------------------GGYPRSAALDYIR--QHEGM 
17-08R.g559      ASGNWWQALPAEDETPGVSVEAELASSLKLQLGDLLTFDIGGQQRQARVSSLRSVHWDSF 
                  :*.  . * *   **.*                      **  *.* :. :*  :.:.: 
CAA57969.1       DRGWY---------AAPLGWLD----GEGN-------------------GDFLVALRSAL 
17-08R.g559      QPNFYMIFQPGTLQGLPTTYLTSFYLAPGHDLDVVALSRAFPAVTILQVDALLDQLRSIL 
                 : .:*         . *  :*     . *:                   . :*  *** * 
CAA57969.1       --------------LTPGRGYLFAGC--------------------------------GL 
17-08R.g559      AQVTLAVEYVLLFVLAAGLAVLFAGLQATLDERIRQGALLRALGAARPLLVKARRIEFGL 
                               *:.* . ****                                 ** 
CAA57969.1       VGDSEP-------------------AHEYRETCLKLSAMREALSAIGGLDEVPLQRGVA- 
17-08R.g559      LGAASGLLAAVGCELITLVLYRYAFDLQWSPHVWLLVLPLAGALLVGGAGVLGTRRALNA 
                 :* :.                      ::      *     .   :** . :  .*.:   
CAA57969.1       --------- 
17-08R.g559      SPLSVLRES 
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Chapter 5: General discussion 

The cause of ginseng replant failure is not clearly understood. None of the main 

hypothesis of soil physiochemical changes, phenol and ginsenoside autotoxicity (Zhang et al. 

2011; Yang et al. 2015), root exudates altering the soil microbiome to reduce beneficial and 

increase pathogenic microbes (Nicol et al. 2003; Li et al 2019; Li et al. 2020) and selection for 

more virulent I. mors-panacis isolates in the first crop (Seifert et al. 2003; Seo et al. 2015; 

Anonymous 2015), appear to adequately address the cause of replant failure. The infection 

process in ginseng roots of the primary causal agent associated with replant disorder, I. mors-

panacis, has been investigated (Rahman and Punja 2005, Farh et al. 2017, Farh et al. 2018, Farh 

et al. 2020). Farh et al. (2020) showed that an important part of the interaction of ginseng and I. 

mors-panacis is the induction of defenses by the pathogen, which is likely through PTI that is 

primarily related to JA and ET responses to infection of roots by necrotrophic fungi (Okubara & 

Paulitz 2005), such as I. mors-panacis and I. robusta. However, there are no reports available for 

how and whether the infection process differs for roots growing in replant versus non-replant 

soil.  

One chapter of this thesis examined the hypothesis that more severe root rot usually 

occurs in the replant soil because there is selection in the first crop for more virulent isolates, 

both for selection for more virulent over less virulent isolates of I. mors-panacis or selection for 

I. mors-panacis over other less virulent Ilyonectria species to ginseng, such as I. robusta, I. 

liriodendra and I. venezuelensis (Seo et al. 2015). More virulent isolates should be better able to 

infect roots and thus reproduce more, developing higher populations over multiple cycles of root 

infection during the several years of growth of the first ginseng crop. Farh et al. (2017) stated 

that six I. mors-panacis isolates were more virulent to ginseng roots than isolates of other 



 

 

229 

 

Ilyonectria species, such as I. robusta and I. leucospermi. Siefert et al. (2003) also found that the 

virulence of four isolates in the monophyletic clade "a", identified as C. destructans f. sp. 

panacis (i.e., I. mors-panacis), had consistently higher virulence compared to other undesignated 

species of Cylindrocarpon (synonym Ilyonectria). In neither study, however, did the authors 

report if the most highly virulent isolates were associated with infected roots from replant or 

non-replant soil. This thesis examined 16 Ilyonectria isolates originally from roots from replant 

and non-replant gardens to determine if there was greater virulence for isolates from infected 

roots in replant soil compared to non-replant soil or greater virulence in isolates of I. mors-

panacis compared to I. robusta. However, the present study demonstrated that there were no 

significant differences between the virulence of I. mors-panacis and I. robusta isolates or 

between I. mors-panacis and I. robusta isolates from roots grown in replant or non-replant soil. 

However, a limited number of isolates was used, and more research is needed to examine larger 

number of isolates with wider range of virulence and compare the detached root assay to other 

tests for virulence, such as soil inoculated ginseng roots growing in pots (Farh et al. 2017). 

The genome sequences of the I. mors-panacis and I. robusta isolates showed that I. mors-

panacis isolates are clearly genetically different from I. robusta isolates as expected, but it was 

surprising that the isolates of I. mors-panacis were divided into two different types designated as 

type 1 and type 2 based on the nt sequences of the total exons of the genomes. Further 

examination of different elements of the genomes showed that the differentiation of type 1 and 

type 2 was more notable with secretome genes than with non-secretome genes, each of which 

comprised approximately half of the total predicted genes in each genome.  

The differences in the secretomes implied that these may be important in the biology of I. 

mors-panacis, as these fungi are exodigesters potentially degrading biopolymers both during 
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saprophytism and parasitism. They need to produce an arsenal of extracellular enzymes, like 

glycosyl hydrolases, proteases and lipases, adapting to diverse carbon and nitrogen sources 

surrounding them during saprophytic and parasitic growth (Girard et al. 2013; Escudero et al. 

2017). Another important part of the secretome of plant pathogenic fungi are small secreted 

effectors that manipulate and/or kill host cells during pathogenesis (Bozkurt et al. 2012). Among 

all the elements of the secretome examined for a relationship to type 1 and 2 I. mors-panacis, the 

best were observed with the SSCPs and secreted lipases. The significance of this could be that 

SSCPs could be inducing programmed cell death during infection (Liu et al. 2012; Lyu et al. 

2016) or depolymerising cellulose or inducing cell wall degrading enzymes during saprophytic 

growth (Saloheimo et al. 2002: Feldman et al. 2017) and secreted lipases could be degrading cell 

wall membrane for efficient hyphal cell growth during invasion (Voigt et al. 2005). Further work 

examining the transcriptome of type 1 and 2 of I. mors-panacis during infection and growth in 

culture would help determine if differences in expression of SSCP and secreted lipase genes are 

related to type 1 and 2 during saprophytic or necrotrophic growth.  

As it does not appear that the hypothesis of selection for more virulent isolates is related 

to replant disorder, another hypothesis was investigated, which is that some element of replant 

soil is affecting the interaction between I. mors-panacis and ginseng roots, specifically whether 

there is an altered defense hormone response of roots growing in replant soil compared to non-

replant soil. Methanol extracts from replant soil increased lesion sizes on P. quinquefolius roots 

when infected with I. mors-panacis. Ginseng root extract, which would contain ginsenosides, 

sugars and other soluble compounds, had an effect similar to non-replant soil extract.  Evidence 

for chemicals in the replant soil being responsible is that the effect is dose responsive indicating 

that the disease increases as more of the compound in the soil is added to the roots. Although the 
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difference in lesion sizes in roots treated with replant soil extract versus water, root extract or 

non-replant soil were not huge, even a relatively small difference is sufficient to result in higher 

levels of disappearing root rot over the several months of growth each year over the 3-4 years 

prior to harvest. Future work could examine this phenomenon in the field by isolating the active 

compounds in replant soil extract and adding them to non-replant soil to test if replant soil 

conditions could be created. 

If the compounds in replant soil extract are making roots more susceptible, then changes 

in defence gene expression should be observed compared to those of roots treated with water or 

ginseng root extract. This was observed with replant soil extract reducing the responses in 

expression of PqChi-1 that is regulated by JA, ET and necrotrophic pathogens (Laluk & 

Mengiste 2010), PqPR5 that is regulated by JA and ET (Datta and Muthukrishnan 1999; Zhang 

et al. 2010), PqPR10 that is regulated by JA and necrotrophic pathogens (Pulla et al. 2010), 

PqCPI that is regulated by JA (Parvin et al. 2010), and PqSPD that is regulated by JA (Jung et al. 

2010). Taken together, this indicates that JA and ET responses were somehow suppressed if 

roots were first treated with replant soil extract. As defense responses to I. mors-panacis are 

likely related to JA and ET considering that it is a necrotrophic fungus, such changes early in 

infection could allow reduced levels of triggered defense compounds, and formation of structures 

during PTI allowing the fungus to more rapidly invade resulting in larger lesion sizes. Major 

unanswered questions about these speculations include what are the compounds responsible in 

replant soil causing the reduced defence gene expression, how wide is their effect on gene 

expression, what is the mode of action of the compounds against the JA/ET response, whether 

that mode of action overlaps with those of the immunosuppressing effectors secreted by I. mors-
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panacis, what are the more exact time points after infection when this occurs to determine the 

initiation of the effect, and how the effects compare between intact plants and detached roots.    

Obvious candidates producing the difference between replant and non-replant soil would 

be ginseng compounds entering the soil from root exudates (Bi et al. 2011; Zhang et al. 2011; 

Yang et al. 2015), plant debris from senescent foliage each fall (Anonymous 2015), and crop 

debris after harvesting (Samur 2020). However, methanol extracts from ginseng roots showed 

similar effects as water treatment of ginseng roots on lesion size and defence gene expression, 

indicating that the immunosuppressing compounds are not found in ginseng roots. Thus, another 

hypothesis examined was whether ginseng root material might be transformed into 

immunosuppressing compounds in the soil. To address this, root extracts were incubated with 

bacteria isolated from replant soil. Among those, the bacterium Pseudomonas. plecoglossicida 

was found that appeared to be able to grow with ginsenosides in root extracts and create 

compounds that could result in greater lesion sizes by I. mors-panacis when roots were treated 

the same as with replant soil extract. The higher populations of the bacteria during growth with 

the root extract compared to the medium alone indicated that the bacteria were using the root 

extract as a source of nutrients, which might also be occurring in the soil. It is known that many 

ginseng soil bacteria can remove sugars from ginsenosides, thus releasing readily available 

nutrients (Kim et al. 2005; Wang et al. 2011; Kim et al. 2012; Fu et al. 2017).  

The genome sequence of P. plecoglossicida showed that it could likely breakdown 

ginsenosides by removing glucose and other sugars due to the presence of a periplasmic β-

glucosidase and a cytoplasmic glycoside oxidoreductase. While partially deglosylated 

ginsenosides have been reported to be observed when ginseng root extracts are incubated in 

cultures of ginseng soil bacteria (Kim et al. 2005; Fu et al. 2017), reductions in ginsenosides 
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were only observed with growth of P. plecoglossicida in culture. However, initial results of 

Nuclear Magnetic Resonance (NMR) analysis of cell free extracts showed that there are 

compounds in the media containing root extract that are absent in media without root extract 

after growth of P. plecoglossicida for 20 days (Appendices 18 and 19). Comparing the peaks to 

general classes of compounds detectable by NMR indicates that some may have aromatic and/or 

phenolic components (Appendix 20). This indicates that one or more novel immunosuppressing 

compounds are being produced when P. plecoglocissida grows with root extract. Future work is 

needed to identify those immunosuppressing compounds, determine if they are converted from 

ginsenosides and whether any of them can affect lesion sizes created by I. mors-panacis in 

ginseng roots. In addition, more research is needed to determine whether the immunosuppressing 

compounds in extracts free of bacterial cells are the same as those detected in replant soil, 

whether the immunosuppressing compounds also affect roots through limiting the JA/ET 

response, whether the formation of the immunosuppressing compounds by bacteria  occurs 

naturally in the soil, whether other ginseng soil bacteria and fungi are also able to create 

immunosuppressing compounds, and whether the levels of the immunosuppressing compounds 

in soil are sufficient to increase lesion sizes in soil.   

Combined together, a hypothesis can be made from this research that ginseng replant 

disorder is a multi-step process with the following steps: (1) ginsenosides and/or other ginseng 

compounds entering soil from growing and decaying ginseng tissues, (2) elements of the soil 

microbiome acting on those compounds to obtain nutrients thus converting the compounds into 

other forms, (3) uptake of those converted ginseng compounds into roots of ginseng planted into  

previously used ginseng soil, (4) entry of the converted compounds into roots cells acting to 

reduce JA/ET defense response during infection by I. mors-panacis, (5)  creation of larger 
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lesions sizes resulting in higher levels of disappearing root rot, and (6) occurrence of high levels 

of plant death that is ultimately described as ginseng replant disorder.     
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Appendix 1. Relatedness of the combined aa sequences of the tomatinase, TOM1, and 

avenacinase, Sap1, proteins of I. mors-panacis (IMP), I. robusta (IR) and I. europaea isolates 

(Table 2.1). Tomatinase and avenacinase proteins were identified based on BLASTP of the total 

predicted proteins of each genome using TOM1 homology protein sequence of Septoria 

lycopersici (AAB08446.1) and Sap1 homology protein sequence of Botrytis cinerea 

(CAB61489.1)as a query. The cladogram was created using RAxML and viewed by MEGA6. 

Bootstrap values based on 1000 replicates are shown as a percent Scale bar is based on the 

difference in aa sequences per site. 
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Appendix 2. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted acidic SSNPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C), 76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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P = 0.015 P = 0.028 
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Appendix 3. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted basic SSNPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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Appendix 4. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted acidic SSCPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively. 
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 Appendix 5. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted basic SSCPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively. 
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Appendix 6. Relationship between lesion size on P. quinquefolius roots produced by each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted acidic SSNPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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Appendix 7. Relationship between lesion size on P. quinquefolius roots produced by each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted basic SSNPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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P = 0.86 



 

 

277 

 

                   

                   

                    

P = 0.70 P = 0.75 
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Appendix 8. Relationship between lesion size on P. quinquefolius roots produced by each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted acidic SSCPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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P = 0.54 P = 0.75 
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Appendix 9. Relationship between lesion size on P. quinquefolius roots produced by each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted basic SSCPs classified by aa length. Classes are 10-25 aa (A), 26-50 aa (B), 51-75 

aa (C),  76-100 aa (D), 101-125 aa (E), 126-150 aa (F), 151-175 aa (G), 176-200 aa (H), 201-225 

aa (I), 226-250 aa (J), 251-275 aa (K) and 276-300 aa (L). Red crosses, blue triangles and yellow 

circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively. 
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P = 0.52 P = 0.65 

L 



 

 

281 
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Appendix 10. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted proteins of CAZyme subfamilies with a 3 or more copy number difference (GH2 

(glycoside hydrolase 2) (A), GH3 (glycoside hydrolase 3) (B), GH16 (glycoside hydrolase 16) 

(C), GH18 (glycoside hydrolase 18) (D), GH64 (glycoside hydrolase 64) (E),  GH78 (glycoside 

hydrolase 78) (F),  GH109 (glycoside hydrolase 109) (G),  GT1 (glycosyl transferase 1) (H), 

CE8 (carbohydate esterase 8) (I), CE10 (carbohydate esterase 10) (J), CBM18 (carbohydrate-

binding modules 18) (K), CBM50 (carbohydrate-binding modules 50) (L), CBM67 

(carbohydrate-binding modules 67) (M) and AA7 (auxiliary activities 7) (N)). Red crosses, blue 

triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, 

respectively. 
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Appendix 11. Relationship between lesion size on P. quinquefolius roots produced by each 

isolate and gene copy number in each genome of the I. mors-panacis and I. robusta isolates 

(Table 2.1) for predicted proteins of CAZyme subfamilies with a 3 or more copy number 

difference (GH2 (glycoside hydrolase 2) (A), GH3 (glycoside hydrolase 3) (B), GH16 (glycoside 

hydrolase 16) (C), GH18 (glycoside hydrolase 18) (D), GH64 (glycoside hydrolase 64) (E),  

GH78 (glycoside hydrolase 78) (F),  GH109 (glycoside hydrolase 109) (G),  GT1 (glycosyl 

transferase 1) (H), CE8 (carbohydate esterase 8) (I), CE10 (carbohydate esterase 10) (J), CBM18 

(carbohydrate-binding modules 18) (K), CBM50 (carbohydrate-binding modules 50) (L), 

CBM67 (carbohydrate-binding modules 67) (M) and AA7 (auxiliary activities 7) (N)). Red 

crosses, blue triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 

isolates, respectively. 
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Appendix 12. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted proteins of protease families with a 3 or more copy number difference (aspartic 

acid 2 (A), aspartic acid 11 (B), metallo 13 (C), serine 8 (D), serine 9 (E), serine 33 (F), 

threonine 3 (G) and unknown 69 (H)). Red crosses, blue triangles and yellow circles indicate I. 

robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  

                

                  

                

P = 0.0004 P = 0.21 
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Appendix 13. Relationship between lesion size on P. quinquefolius roots produced by each 

isolate and gene copy number in each genome of the I. mors-panacis and I. robusta isolates 

(Table 2.1) for predicted proteins of protease families with a 3 or more copy number difference 

(aspartic acid 2 (A), aspartic acid 11 (B), metallo 13 (C), serine 8 (D), serine 9 (E), serine 33 (F), 

threonine 3 (G) and unknown 69 (H)). Red crosses, blue triangles and yellow circles indicate I. 

robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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Appendix 14. Relationship between growth rate on PDA over 12 days at 22 °C for each isolate 

and gene copy number in each genome of the I. mors-panacis and I. robusta isolates (Table 2.1) 

for predicted proteins of lipase families with a 3 or more copy number difference (abH1.04 

(acetlycholinesterases) (A), abH4.01 (Moraxella lipase 2 like) (B), abH4.02 (Moraxella lipase 2 

like) (C), abH4.04 (Bacillus sphaericus lipase like) (D), abH8.03 (soluble mammalian epoxide 

hydrolases) (E), abH9.03 (proline iminopeptidases) (F), abH31.01 (dienlactone hydrolase) (G) 

and abH31.02 (dienlactone hydrolase) (H)). Red crosses, blue triangles and yellow circles 

indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, respectively.  
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Appendix 15. Relationship between lesion size on P. quinquefolius roots produced by each 

isolate and gene copy number in each genome of the I. mors-panacis and I. robusta isolates 

(Table 2.1) for predicted proteins of lipase subfamilies with a 3 or more copy number difference 

(abH1.04 (acetlycholinesterases) (A), abH4.01 (Moraxella lipase 2 like) (B), abH4.02 

(Moraxella lipase 2 like) (C), abH4.04 (Bacillus sphaericus lipase like) (D), abH8.03 (soluble 

mammalian epoxide hydrolases) (E), abH9.03 (proline iminopeptidases) (F), abH31.01 

(dienlactone hydrolase) (G) and abH31.02 (dienlactone hydrolase) (H)). Red crosses, blue 

triangles and yellow circles indicate I. robusta, and I. mors-panacis type 1 and 2 isolates, 

respectively.  
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Appendix 16. Sequence of PCR product on the 16S rRNA of strain 17-08R obtained from 

ginseng soil. 

  

> Pseudomonas plecoglossicida strain 17-08R partial 16S rRNA gene 

GCAGTCGAGCGNANGANGGGAGCTTGCTCCTTGATTCANCGGCGGACGGGTGAGTA

ATGCCTAGGAATCTGCCTGGTAGTGGGGGACAACGTTTCGAAAGGAACGCTAATAC

CGCATACGTCCTACGGGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGA

GCCTAGGTCGGATTAGCTAGTTGGTGGGGTAATGGCTCACCAAGGCGACGATCCGT

AACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCT

ACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATG

CCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGG

CAGTAAGCTAATACCTTGCTGTTTTGACGTTACCGACANAATAAGCACCGGCTAACT

CTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAATCGGAATTACTGGN

GTANAGCGCGCGTANGTGGTTCGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCT

GGGAACTGCATCCCAAACTGGCGAGCTAGANTACNGTAGAGGGTGGTGGAATTTCC

TGTGTAGCGGTGAAATGCGTANATATANGATGGAACACCAGTGGCGAAGGCGACCA

CCTGNACTGATACTGACACTGANGTGCGAAAGCGTGGGGGAGCAAACAGGATTAGA

TACCCTGNTAGNCCACGGCCGTAAACGNNGNCAACTAGNNNTTGGAANCCTTGAGA

TTTTANTGGCGCACCTAACGCATTANTTGNCCNCCNGGNNGAGTACNGCCNCNGGTT

AAAACTCANATGANTTGNNNNGNGCNCGCACAAGCCGNNGNAGCATGGTGNNTTN

ANTTCNAANNNANCGCNAAAAANNNACCNNGNCTTGATNNT 
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Appendix 17. Sequences of 16S rRNA obtained from GenBank nr database based on nt identity 

to the 16S rRNA of strain 17-08R. 

 

> Pseudomonas stutzeri isolate st103 partial 16S rRNA gene (AM905851.1) 

TCGAGCGGATGAGAGGAGCTTGCTCCTTGATTCAGCGGCGGACGGGTGAGTAATGC

CTAGGAATCTGCCTGGTAGTGGGGGACAACGTTTCGAAAGGAACGCTAATACCGCA

TACGTCCTACGGGAGAAAGCRGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCT

AGGTCGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCGTAACT

GGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGG

GAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGC

GTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGT

AAGCTAATACCTTGCTGTTTTGACGTTACCGACAGAATAAGCACCGGCTAACTTCGT

GCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTA

AAGCGCGCGTAGGTGGTTCGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGG

AACTGCATCCAAAACTGGCGAGCTAGAGTATGGCAGAGGGTGGTGGAATTTCCTGT

GTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCT

GGGCTAATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACC

CTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAG

TGGCGCAGCTAACGCATTAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAA

CTCAAATGAATTGACGGGGGCCCGCACAAGCGGGTGGAGCATGTGGTTTAATTCGA

AGCAACGCGAAGAACCTTACCAGGCCTTGACATGCAGAGAACTTTCCAGAGATGGA

TTGGTGCCTTCGGGAACTCTGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCG

TGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCAC

GTTAAGGTGGGCACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGAT

GACGTCAAGTCATCATGGCCCTTACGGCCTGGGCTACACACGTGCTACAATGGTCGG

TACAAAGGGTTGCCAAGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTC

CGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCGCTAGTAATCGTGAATC

AGAATGTCACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGG

GAGTGGGTTGCTCCAGAAGTAGCTAGTCTAACCTTCGGGGGGACGGTACCTCGGA 

 

> Pseudomonas taiwanensis type strain DSM 21245T partial rpoB gene (HE577797.1) 

GGCCTGATGCCCCAAGACCTGATCAACGCCAAGCCGGTAGCGGCGGCGGTGAAAGA

GTTCTTCGGTTCCAGCCAGCTGTCGCAGTTCATGGACCAGAACAACCCGCTCTCCGA

GATCACCCACAAGCGTCGTGTCTCTGCACTCGGCCCAGGCGGTCTGACCCGTGAGCG

CGCTGGCTTCGAAGTCCGTGACGTACACCCGACCCACTACGGCCGTGTGTGCCCGAT

CGAGACTCCTGAAGGTCCGAACATCGGTCTGATCAACTCCCTGGCAGCCTATGCCCG

CACCAACCAGTACGGTTTCCTGGAAAGCCCGTACCGCGTGGTGAAGGAAGGCGTGG

TCAGCGATGACATCGTGTTCCTGTCGGCGATCGAAGAAGCGGATCACGTCATTGCAC

AGGCTTCGGCCGCAATGAACGAGAAGAAGCAGCTGATCGACGAGCTTGTTGCGGTC

CGTCACCTGAACGAATTCMCCGTCAAGGCGCCGGAAGACGTCACCCTGATGGACGT

TTCGCCGAAGCAGGTTGTTTCCGTCGCTGCCTCGCTGATTCCGTTCCTCGAGCACGA

CGACGCCAACCGTGCACTGATGGGTTCGAACATGCAGCGTCAGGCTGTACCGACCC

TGCGTGCCGACAAGCCGCTGGTAGGTACCGGCATGGAGCGCAACGTCGCCCGTGAC

TCCGGTGTCTGCGTGGTAGCTCGCCGTGGTGGTGTGATCGACTCGGTCGACGCCAGC

CGTATCGTCGTTCGCGTAGCCGACGACGAAGTCGAAACCGGCGAAGCAGGTGTGGA
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TATCTACAACCTGACCAAATACACCCGTTCCAACCAGAACACCTGCATCAACCAGCG

TCCGCTGGTCAGCAAGGGTGATGTGGTTGCGCGTGGTGACATCATGGCCGAC 

 

>Pseudomonas vranovensis strain DSM 16006 partial rpoD gene (HE577793.1) 

CGTATCGAAGAAGGTATCCGTGAAGTCATGGGCGCTATCGCCCATTTCCCCGGTACC

GTCGAACACATTCTCTCCGAGTACGATCGCGTCACCACCGAAGGTGGCCGCCTGTCC

GACGTCCTGAGCGGTTATATCGACCCGGACGACGGTATTGCGCCACCTGCCGAAGT

GCCGCCGCCGATCGACCCGAAAGCCCCGGCCAAGGCCGATGCCGACGAGGATGAAG

ACGAGGAGAAAGAAGGCGCCGAGGAAGAGGAAGAGACCGAAAGCGGTCCCGATCC

TGAAGTCGCTCGTCAGCGCTTCGGTGCCGTTCAGGATCAACTGAACGCCACCCTCAA

ACTCTTGAAGAAGAACGGCCGCAGCCACAAGGACAGCATCAAGGCGATGCTCGACC

TGGCTGAGCTGTTCATGCCGATCAAGCTGGTGCCCAAGCAGTTCGAAGGCCTGGTGG

AGCGTGTTCGTAGCGCCCTGGACCGCTTGCGCCAGCAAGAGCGCGCGATCATGCAA

TTGTGCGTACGTGATGCACGTATGCCACGCGCCGATTTCCTGCGTCTGTTCCCGAGC

AACGAGATCGACCAGACCTGGGCCAGCGACCTGGCCAAGCGCAGCACCAAATGGGC

CGCCGCCCTGGGTGAGAAGAGCGACGCCATCGTGGCCTGCCAGCAAAAGCTGATCG

ACCTCGAAAGCGAAACCGGTCTGACCATCGCCGAGATC 

 

> Pseudomonas vranovensis partial type strain DSM 16006T gyrB gene (HE577791.1) 

GTGTCGGTGGTGAACGCCCTGTCCGAACAGTTGATCCTCACCGTTCGCCGCAGTGGC

AAGATCTGGGAACAGACCTATGTTCACGGTGTGCCTCAAGCCCCGATGAAAATCGT

AGGTGAGAGCGAAACCACTGGTACCCACATCCACTTCAAGCCGTCGTCTGAAACCTT

CAAGAACATCCACTTCAGCTGGGACATCCTGGCCAAGCGGATTCGTGAACTGTCCTT

CCTCAACTCTGGCGTTGGCATCCTGCTGAAGGATGAGCGCTCGGGCAAGGAAGAGC

ACTTCAAGTATGAAGGCGGTCTGCGTGCCTTCGTTGAGTACCTGAACACCAACAAGA

CTCCGGTCAACCAGGTGTTCCATTTCAGCGTTCAGCGTGAAGACGGTGTGGGCGTGG

AAATCGCCCTGCAGTGGAACGACAGCTTCAACGAGAACCTGTTGTGCTTCACCAAC

AACATTCCGCAGCGCGACGGTGGTACTCACCTGGTCGGCTTCCGCTCGGCGTTGACC

CGTAACCTGAACAACTACATCGAACAGGAAGGCCTGGCCAAGAAGAACAAGGTCTC

GACTACCGGTGACGATGCCCGTGAAGGCCTGACCGCGATCATTTCGGTGAAGGTCC

CGGATCCGAAGTTCAGCTCCCAGACCAAGGACAAGTTGGTCTCTTCGGAAGTGAAA

ACTGCCGTGGAACAGGAGATGGGCAAGTACTTCTCCGATTTCCTGCTGGAGAACCCG

AACGAAGCCAAGGCGGTTGTCGGCAAGATGATCGACGCCGCGCGTGCCCGTGAAGC

AGCGCGC 
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Appendix 18. Comparison of nuclear magnetic resonance spectra of media with and without P. 

quinquefolius root extract at 0 dpi. A) Red line is the spectrum of media without P. quinquefolius 

root extract, and blue line is the spectrum of media with P. quinquefolius root extract. B) Black 

line is the cancelation spectrum of the red and blue lines.  
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Appendix 19. Comparison of nuclear magnetic resonance spectra of media with and without P. 

quinquefolius root extract at 20 dpi with P. plecoglossicida. A) Red line is the spectrum of media 

without P. quinquefolius root extract and inoculated with P. plecoglossicida, and blue line is the 

spectrum of media with P. quinquefolius root extract and inoculated with P. plecoglossicida. B) 

Green line is the cancelation spectrum of the red and blue lines.  
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Appendix 20. Comparison of cancellations of nuclear magnetic resonance spectra at 0 and 20 

dpi. Black line is the cancelation spectrum of 0 dpi (media with P. quinquefolius root extract 

subtracting for media without P. quinquefolius root extract) as shown in Appendix 18. Green line 

is the cancelation spectrum of 20 dpi (media with P. quinquefolius root extract subtracting for 

media without P. quinquefolius root extract) as shown in Appendix 19. Red arrows indicates 

novel peaks at day 20, and black arrows indicates overlapping peaks between the day 0 and day 

20 cancelation spectra where the peak of the green line (day 20) is higher than that of the black 

line (day 0). PPM profiles of the compound types was modified from Yang et al. (2012). 

  

 

 

 

 


