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ABSTRACT 

 
BIOSTIMULANTS OF CREEPING BENTGRASS (Agrostis 

stolonifera) AND EFFECTS OF POST-HARVEST DEBRIS OF AMERICAN 
GINSENG (Panax quinquefolius) ON SOIL MICROBIOLOGY AND 

CHEMISTRY 
 

Iván Samur      Advisor:  Professor Paul H. Goodwin 
University of Guelph, 2020    Co-Advisor: Professor Tom Hsiang  

         
 

The efficacy of biostimulants on turfgrass creeping bentgrass (A. stolonifera) were tested in 

lab and greenhouse growth conditions. Biostimulants with initial efficacy improving greenness 

and/or biomass in lab trials mainly improved the physiology of the plant. The novelty of this 

study is the exogenous foliar application of phycocyanin on turfgrass as well the evaluation of 

GABA, GB, and R. intraradices on different creeping bentgrass cultivars under non-stress 

conditions. However, biostimulants affected different parameters of turfgrasses affected by 

cultivar. Ilyonectria mors-panacis causes low levels of root rot of American ginseng (Panax 

quinquefolius) in non-replant soil, but high levels when ginseng is grown in previously planted 

soil with ginseng, which results in replant disease (Farh et al, 2018). This study clearly shows 

that post-harvest debris decay of ginseng introduces considerable material into soil that has at 

least short-term effects, such as those observed with soil bacterial populations. 
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Chapter 1. Literature Review 

 Microbial and chemical biostimulants for turfgrasses 1.1.

1.1.1. Introduction  
Turfgrass used on landscapes, golf courses, and public places like parks or sport venues; 

have a positive environmental, economic and ecologic impact. These plants are facing various 
abiotic stresses that reduce their seed yield, functionality and quality. Low temperatures, salinity, 
drought and heat are examples of abiotic stresses that are affecting plant growth in different parts 
of the world (Huang et al., 2014). Turfgrass management will require a special attention due to 
the important role it plays in the ecosystem and the social value it represents. Healthy turfgrass 
reduces the force of flowing water, prevents soil erosion, sequesters carbon, regulates 
temperature, reduces noise and promotes safety (i.e. preventing a fire from spreading out of 
control) (Beard and Green, 1994). A possible solution to improving plant health and resistance to 
abiotic stress is the use of biostimulants, which are chemicals or microbes that do not act as a 
fertilizer, but positively affect the growth and development of plants when applied in small 
quantities (du Jardin, 2015). Benefits of their application include enhanced nutrient uptake, 
increased efficiency, improved plant health and abiotic stress tolerance. If this could be 
developed into a new cost-effective alternative in turfgrass management regime in Canada, 
turfgrass managers would be able to maintain the quality of the turfgrass given that the plants 
would be able to absorb water and nutrients due to their improved physiological change (i.e., 
shifting the root:shoot ratio) which would also improve the stress tolerance. 

1.1.2. Plants 
Turfgrasses are used on landscapes, golf courses, and public places like parks or sport 

venues. In addition, turfgrass have positive environmental, economic and ecologic impacts 
(Huang et al., 2014).  They are members of the grass family (Poaceae), which is one of the 
largest families of flowering plants composed of over 9,000 species (McGraw et al., 1995). 
Additionally, from hot to arid and cold to humid, grasses have the most extensive geographic 
distribution in environments (Huang et al., 2014). Turfgrasses provide a smooth surface for 
putting greens due to their aggressive lateral growth and ability to recover quickly and produce 
their best color during the summer (Huang et al., 2014). There are two different types of 
turfgrasses, cool-season and warm-season species. Based on adaptation to temperature and 
precipitation, they have distinctive photosynthetic pathways, referred to as C3 and C4, 
respectively.  For C3 turfgrass plants, the first carbon compound produced during photosynthesis 
contains three carbon atoms, and under exposure of light and high temperatures, oxygen 
molecules link to rubisco instead of carbon dioxide, thus reducing the photosynthetic efficiency 
and water use by the photorespiration mechanism (Turgeon, 1991).  

C3 photosynthesis is sensitive to temperatures above 30°C. C3 turfgrass are found in 
subarctic climates and are not adapted to resist extended periods of high temperatures and 
drought (Smiley et al., 2005). However, for C4 turfgrass plants, photosynthesis is maximized at 
higher temperatures (30–35°C) and higher light levels (Huang et al., 2014).  C4 plants bind 
carbon dioxide and produce a 4-carbon compound which transfers and accumulates carbon 
dioxide in cells around the Rubisco enzyme improving photosynthetic efficiency and water use 
(Turgeon, 1991). C4 plants are less resistant to prolonged cold temperatures and their optimal 
temperature for growth is (25-35°C) (Smiley et al., 2005). The most commonly used C4 turfgrass 
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species are Bermudagrass (Cynodon dactylon), Zoysiagrass (Zoysia japonica), St. 
Augustinegrass (Stenotaphrum secundatum) and Buffalograss (Bouteloua dactyloides). The most 
commonly used C3 turfgrass species are tall fescue (Festuca arundinacea), Kentucky bluegrass 
(Poa pratensis), perennial ryegrass (Lolium perenne), fine fescues (Festuca rubra and Festuca 
ovina), and creeping bentgrass (Agrostis stolonifera).  

Also, less common cool-season turfgrass species include annual ryegrass (Lolium 
multiflorum), rough bluegrass (Poa trivialis), and supine bluegrass (Poa supine) (Huang et al., 
2014). In the cool-season regions of the United States, turfgrass managers grow creeping 
bentgrass on putting greens, and Kentucky bluegrass, creeping bentgrass or perennial ryegrass 
for fairways due to their appropriate characteristics to low mowing heights. These perennial 
grasses are important species world-wide due to the important function and use in farms, 
improvement and conservation of water, habitat for animals and recreation (Lewandowski et al., 
2003). Turfgrasses have a positive impact on people’s health by providing aethestics in parks, 
sport fields, roadsides, edges of water ways, and reducing pollution as well as wind erosion 
(Turgeon, 1991). However, they require significant amounts of nitrogen fertilization, irrigation 
and pesticides (Beard, 1989). 

 
1.1.2.1. Turfgrass stresses 

Turfgrasses are challenged by different abiotic and biotic stresses. The major abiotic 
stresses are physical stresses such as deficiency and toxicity of nutrients, extreme temperatures, 
drought, roots of ornamentals and trees competing with turf, and soil compaction (Huang et al., 
2014). Additionally, mechanical stresses such as mower shredding or scalping of leaves and frost 
heaving or bruising of frozen plant tissues have been reported to cause problems on turfgrasses 
(Huang et al., 2014). The major biotic stresses are insects, diseases and weeds. Soil issues are 
one of the main limitations for growth and maintenance of turfgrasses (Carrow et al., 2001). The 
main physical problems related to soils are excessive amounts of silt and clay, the compaction of 
the soil on the surface and subsurface, and the presence of layers and salts which induce drought 
and reduce soil permeability, excess or lack of water, inappropriate drainage system, unstable 
and irregular ground surface, thatch as well as erosion caused by the wind (Carrow et al., 2001). 
The main soil chemical problems are related to soils with extreme pH acidic soils, alkaline or 
calcareous soils, deficiency and nutrient imbalance, total concentration of salts (saline, sodic, 
salic-sodic conditions), heavy metals, and toxic substances (Carrow et al., 2001). 

 
1.1.2.2. Drought stress 

Drought is a common stress for plant growth in grass species. Drought resistance in 
plants is the ability to survive and stand growth during periods of drought and it is genetically 
controlled in different turfgrass species (Levitt, 1980). Drought escape, avoidance and tolerance 
are three mayor strategies for this abiotic stress. Drought escape is the acceleration of the life 
cycle in order to complete reproduction before plants are exposed to abiotic stresses or start their 
dormancy in response to drought; leaves turn brown, but meristem crowns, stolons, or rhizomes 
remain alive (Huang et al., 2014). Drought avoidance is the maintenance of favorable water 
status in the plant by increasing the roots water uptake and reducing water loss from leaves by 
changes in stomatal, leaf area and leaf orientation (Levitt, 1980).  Drought tolerance is the ability 
of the plant under water deficit to maintain their growth and keeping active their metabolic 
activities by osmotic adjustment for cell turgor, maintenance of root liability and cell wall 
elasticity (Huang et al., 2014).   
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The roots control water uptake, while leaves and shoots control water consumption and 
retention (Huang et al., 2014). The size of the root system is related to shoot growth and is 
known as the root:shoot ratio (Huang et al., 2014). The root:shoot ratio for a plant is determined 
by genotype, growth and ontogenetic effect (Andrews et al., 1999). Drought resistance in 
turfgrass could be regulated by the shift in carbon allocation in favor of root growth to alter the 
root:shoot ratio (Huang et al., 2014). For turfgrasses, drought-tolerant tall fescue cultivars had 
higher carbon allocation in roots due to their longer root system compared to drought-sensitive 
cultivars (Huang and Gao, 2000a). According to the demand on water uptake during plant 
growth, turfgrasses with slow growth or dwarf-type have lower water use rates that turfgrass 
with elevated vertical shoot growth; therefore, slow-growing plants have the capacity to survive 
long drought periods by retaining water than faster-growing plants (Huang et al., 2014).  Water 
retention is controlled by stomatal apertures and regulation of the turgor pressure fluctuation; 
both mechanisms are the primary plant defense against water evaporation (Huang et al., 2014).  
The osmotic status of the guard cells around the stomatal pore determines this function.  

 During drought stress, a rapid closure of the stomata could protect plants from being 
desiccated (Huang et al., 2014). ABA plays an important role on the stomata regulation. ABA is 
produced in roots under drought stress and transported to the shoots where a signal transduction 
cascade is trigger, therefore, a decrease in water transpiration, a reduction in guard cell turgor 
and stomatal closure is regulated by this hormone (Wilkinson and Davies, 2002). Inactivation of 
ion channels in order to prevent movement of osmolytes (potassium and chloride ions) along 
with sugars (malate and sucrose) into guard cells by stomatal closure is provoked by ABA during 
drought stress (Huang et al., 2014).  However, cytokinins (CK) have contrary effects with ABA 
in response to drought stress and stomatal function affecting transpiration rates (Wilkinson and 
Davies, 2002).Osmotic adjustment (OA) is the active accumulation of solutes by the plant in 
response to drought stress, some plants have the ability to decrease the osmotic potential of the 
cell in order to maintain the turgor pressure by accumulating small molecular weight, non-toxic 
or compatible solutes (osmolytes) (Huang et al., 2014). OA is reported mainly in leaves, but it 
has been observed in annual crops roots helping to maintain root turgor and growth during 
drought (Huang et al., 2014). OA protects proteins, enzymes, cellular organelles, and membranes 
against desiccation, along with protection of oxidative damage in the plant (Hoekstra et al., 
2001). 

Carbohydrates are vital for energy, for the formation of carbon skeleton during plant growth 
and important for metabolic processes in the plants, for this reason, to maintain an active 
carbohydrate metabolism under drought condition is crucial for the plant (Huang et al., 2014). 
Photosynthesis, respiration, carbon allocation or partitioning are mechanisms that regulate 
carbohydrate accessibility (Huang et al., 2014). Photosynthesis is the main controlling plant 
growth mechanism and drought stress adaption (Nilsen and Orcutt, 1996). Inhibition of 
photosynthesis due to drought stress produced stomatal closure or inhibition of photochemical 
reactions, therefore, low CO2 obtainability (Lawlor and Cornic, 2002b).  Drought stress causes 
big impact in plants by metabolic limitations of photosynthesis. Ribulose-1, 5-bisphospate 
(RuBP) carboxylase (Rubisco) reduced its carboxylase efficiency as well as 
phosphoenolpyruvate carboxylase (PEPCase) (Lawlor and Cornic, 2002a).  

  
1.1.2.3. Heat Stress  

Summer time has become the principal issue for cold-season grass management due to 
high temperatures (Huang et al., 2014). Heat stress causes important damages to the physiology 
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and metabolism of the plants by reducing growth and yield production (Porter, 2005). For cold-
season turfgrass species, high air temperature does not affects roots growth as much as high soil 
temperatures due to root sensitivity to heat (Xu and Huang, 2000).  Creeping bentgrass exposed 
to high air temperatures, but low soil temperature ameliorated heat damage to shoots and roots;  
though, plants exposed to high soil temperature (35°C) while the air temperature was optimal 
(20°C) decreased photosynthesis and reduced root growth (Xu and Huang, 2001).   

Heat tolerance in turfgrass species vary among species and cultivars. For cold-season 
turfgrasses, tall fescue is the turfgrass specie with the highest heat tolerance, followed by 
Kentucky bluegrass (Wang and Huang, 2004). Plants have the capacity to fight against heat 
stress by two mechanisms: heat tolerance or/and heat avoidance (Lehman and Engelke, 1993). 
Heat avoidance helps the plants to maintain internal temperature under harmful levels of heat. 
This mechanism includes transpirational cooling, leaf orientation changes, extensive roots 
growth, and reflection of solar radiation (Huang et al., 2014). Kentucky bluegrass has been 
reported as the better turfgrass specie with summer stress performance. Heat tolerance is the 
capacity to survive high temperature in plant tissues (Bonos and Murphy, 1999).  

Carbon production is limited by heat stress during photosynthesis, as well as carbon 
utilization for energy production during respiration (Huang et al., 2014). This limitation in 
carbohydrate metabolism affects growth support, maintenance and metabolic activities of the 
plants (Huang et al., 1998). When plants are exposed to high temperatures, photosynthesis 
activity decreases while respiration activity increases. In three creeping bentgrass (Agrostis 
palustris) cultivars: Penncross, ISI-AP-89150, and SR 1020 exposed for 20 days to temperatures 
20, 24, 30, 34, and 38°C in sequence; root viability and root dry matter production decreased 
after exposure at 30°C, following the same parameter while the temperature increased (Huang 
and Gao, 2000b). The inequity between photosynthesis and respiration (carbon assimilation and 
consumption) resulted in limited carbohydrate availability, thus, plant starvation during extensive 
period of heat stress limits cool-season turfgrass growth (Huang and Gao, 2000b).  

1.1.3.  Biostimulants 
Biostimulants include a variety of compounds that when applied in small amounts on the 

foliage or directly to the soil, provide favorable effects in plants by increasing their growth under 
favorable conditions as well as increase their biotic and abiotic stress resistance/tolerance by 
adjusting the plants’ growth conditions (e.g. water, fertilizer regime, nutrient uptake, ion 
homeostasis) and providing the plants with plant-growth regulators. Biostimulants can increase 
crop production and plant health (Yakhin et al., 2017).  There have been many attempts to define 
biostimulants. For example, Herve (1994) suggested using the term biostimulant to products 
aimed at improving yield by different metabolic pathways, and that these compounds should be 
beneficial at low quantities, environmental-friendly and beneficial for agriculture (Yakhin et al., 
2017). Another definition from the industry stated that microorganisms or substance(s) contained 
in biostimulants enhance nutrient uptake, efficiency, plant quality and abiotic stress tolerance 
(Van Oosten et al., 2017).  

This definition was unclear because it did not identify the specific bioactive ingredient 
and their beneficial effects in plants. du Jardin (2012, 2015) categorized biostimulants based on 
their chemical and physiological effects including their mode of action and defined a 
biostimulant as a compound that when applied to plants in minimum quantities provides 
beneficial effects in the plant metabolic pathways regardless of its nutritional value and thus do 
not act as plant fertilizers. This definition was used in the development of biostimulant regulation 
and legislation in the European Union (Yakhin et al., 2017). (Yakhin et al., 2017) defined 
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biostimulants as a formulated product of biological origin that improves plant productivity as a 
consequence of the novel or emergent properties of the complex of constituents, and not as a sole 
consequence of the presence of known essential plant nutrients, plant growth regulators, or plant 
protective compounds. This definition focuses on the biological function, rather than the specific 
mode of action, which can be difficult to determine.  du Jardin (2015) created seven categories of 
plant biostimulants: humic/fulvic acid, protein hydrolysates/N-containing compounds, seaweed 
extracts/botanicals, chitosan/biopolymers, inorganic compounds, beneficial fungi, and beneficial 
bacteria, which is based on the source of the material they are formed from.  

 For convenience, biostimulants have been pooled into three categories for presentation 
and discussion: organic, inorganic and live. The organic category is decomposition-based 
compounds, such as humic and fulvic acids, autotrophic organism-based compounds, such as 
extracts from algae or land plants (i.e., botanical), and heterotrophic organism-based compounds, 
such as fungal chitosan and enzymatic hydrolysates of animal tissues. The inorganic category 
contains mineral-based compounds, like silicic acid and phosphites. The live category in 
comprised of microorganisms, such as mycorrhizal fungi, PGPRs (plant-growth-promoting 
rhizhobacteria) and PGPFs (plant-growth-promoting fungi). This classification is based on the 
sources of raw materials for the biostimulants, rather than their biochemistry (sugars, amino 
acids, phenols, alkaloids) or mode of action (hormones, osmoticants, nutrient use efficiency, and 
defense activators).  Table 1.1 summarizes some of the effects of biostimulants on physiological 
and biochemical performance on ornamentals and horticultural crops exposed to different abiotic 
stress conditions.  

 
1.1.3.1. Decomposition-based compounds  

Humic substances (HS) are natural constituents of the organic matter that result from the 
biological transformation of living organisms. HS are considered the most abundant naturally 
occurring organic molecules on earth, and they are the major components of lignites, soil and 
peat. In addition, mixtures of acids containing phenolate and carboxyl groups are the result of 
their degradation (Van Oosten et al., 2017). They have high molecular values over 1,000,000 Da. 
(Schulten and Schnitzer, 1993). (Simpson et al., 2002) used multi-dimensional nuclear magnetic 
resonance (NMR) to show that the principal components in HSs are aliphatic acids, ethers, esters 
and alcohols, aromatic lignin derived fragments, polysaccharides and polypeptides. HSs are 
classified by characteristics, such as functional groups, relative density, and solubility in 
different solvents. 

They are divided into humic acid, fulvic acid and humin (Pettit, 2004). Humic acid (HA) 
is soluble in aqueous alkali solutions with a molecular weight (MW)  range from 10,000 to 
100,000 and  phenolic and carboxylic functional group, while fulvic acid (FA) is soluble under 
both high and low pH conditions, smaller than HA (1,000 to 10,000 MW) and functional groups 
are carboxylic and aromatic organic acids.  Humin is not soluble in water, has high MW 
(100,000 to 10,000,000), and the functional groups are carboxyl and hydroxyl (Pettit, 2004). HSs 
in soil enhance nutrient use efficiency in plants, carbon and oxygen exchange (soil-atmosphere), 
as well as the transport and transformation of toxic chemicals (Varanini and Pinton, 2000; 
Piccolo and Spiteller, 2003). 

 
1.1.3.1.1. Humic acids (HA) 

HAs are defined as humus material (brown to black complex variable of carbon 
containing compounds) formed by a mixture of 65% weak aliphatic carbon chains and 35% 
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aromatic carbon rings (Pettit, 2004). HAs are soluble at a higher pH solution but insoluble at pH 
< 2 (Ishiwatari, 1992). HA has been associated with plant growth promotion through improving 
and changing the root architecture for root nutrition uptake by increasing the root size, root 
surface and density of root hair (Canellas and Olivares, 2014). However, results with HA have 
been variable due to their sources, which can be soil extracts, such as peat or volcanic soil, 
compost extracts and vermicompost, or mineral deposits, such as leonardite (du Jardin, 2012; 
Rose et al., 2014). Leonardite is mineraloid that is easily soluble in alkaline solutions. It is an 
oxidation product of lignite associated with near-surface mining and is a rich source of HA up to 
90% (Conselvan et al., 2017). Application of HS isolated from brown coal (leonardite, lignite) 
presents less physiological response in plants compared to HS isolated from peat, compost or 
vermicomposts (Canellas and Olivares, 2014).Two examples of leonardite are BorreGRO HA-1 
and BorreGRO CA from Borregaard LignoTech (Rothschild, WI, USA). They are advertised as 
foliar sprays for improved root growth of plants, such as corn, melons, sorghum, soybeans, 
potatoes, tomatoes, and wheat (http://www.lignotechagro.com).  

 
1.1.3.1.2. Fulvic acids (FA) 

FAs are organic acids extracted from humus and are a mixture of weak aliphatic and 
aromatic organic acids soluble in water regardless of pH (Pettit, 2004). Compared to HAs, FAs 
have linear structure, twice the carbon and oxygen content, greater total acidity and number of 
carboxylic groups, higher absorption and cation exchange capacity, and lower molecular weights 
(only a few hundred Daltons) (Calvo et al., 2014; du Jardin, 2015). A beneficial action of FA is 
the regulation of plant growth under different abiotic stresses, such as heat and drought (Dobbss 
et al., 2010). Furthermore, FAs has the ability to alleviate metal toxicity (e.g. Pb) due to the 
carboxylic and phenolic hydroxyl groups, which are main binding sites for metals (Varanini and 
Pinton, 2000; Zeng et al., 2002). 

 
1.1.3.2. Autotrophic organism-based compounds (Botanicals) 

1.1.3.2.1. Seaweed extracts (SWE) 
SWEs are water-soluble extracts from brown, red and green marine macroalgae 

containing compounds and hormones resulting in biostimulant activity (Calvo et al., 2014; du 
Jardin, 2015; Battacharyya et al., 2015). SWEs are composed of many compounds including 
polysaccharides, fatty acids, vitamins, phytohormones and minerals (Battacharyya et al., 2015). 
The most commonly SWEs used in agriculture are extracted from the brown seaweeds 
(Phaeophyta) Ascophyllum nodosum, Ecklonia maxima, Macrocystus pyrifera and Durvillea 
potatorum, along with the red seaweed (Rhodophyta) Lithothamnium calcareum (Sharma et al., 
2014; Battacharyya et al., 2015; Elansary, 2017). The most commonly used green algae 
(Chlorophyta) are Enteromorpha intestinalis and Chlorella pyrenoidosa (Khan et al., 2009). 
SWE is used as plant-growth promoting factor targeting different aspects of metabolism, such as 
the ABA response to increase plant tolerance to drought (Santaniello et al., 2017), and the 
photosynthesis II (PSII) to increase tolerance to heat (Lu et al., 2003).  

Foliar application of SWE provides a better response to the plants when applied in the 
morning once the leaf stomata is open, likely because environmental conditions at that time 
(temperature, humidity and light intensity) increases stomata opening (Battacharyya et al., 2015).  
Additionally, gel formation, water retention, and soil aeration are other beneficial contributions 
to plants when SWE is applied to soil, foliage or hydroponic solutions (du Jardin, 2015).  SWE 

http://www.lignotechagro.com/
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application also helps in heavy metal fixation and cation exchange for soil remediation as well as 
providing micro- and macro-nutrients for soil fertilization (du Jardin, 2015). 

 
1.1.3.2.2. Land plant extracts  

Botanicals are water-extracted low molecular weight compounds from flowers, seeds, 
roots and leaves of land plants. However, some botanicals are obtained by modern extraction 
methods (ultrasound, microwave, pressurized liquid and supercritical fluid) (du Jardin, 2015; 
Mandal et al., 2015).  They are mostly used in pharmaceuticals, cosmetics, food additives, as 
well as plant protection products (Seiber et al., 2014). Examples of botanicals are black bean hull 
extract, triacontanol from plant cuticle waxes, and organic acids such as citric acid and malic 
acid (Ertani et al., 2013a; Ziosi et al., 2013; Talebi et al., 2014; Hu et al., 2016). The biostimulant 
activity of these plant-extracted compounds is not very clear, but they have been reported to 
improve stress resistance, such as short-term growth of Zea mays exposed to salt stress, as well 
as growth of Lollium arundinaceum during heat stress (Ertani et al., 2013a; Hu et al., 
2016).Citric and malic acid have been widely tested as botanicals. Citric acid is one of the 
intermediates in the tricarboxylic acid cycle and is produced industrially primarily for use as 
natural preservative and to acidulant (adding acidic taste) to foods and drinks (Hu et al., 2016). 
Malic acid is another intermediate in the tricarboxylic acid cycle but can also be synthesized by 
the malic enzyme in the mitochondria and by pyruvate carboxylase and malate dehydrogenase in 
the cytoplasm (Oba et al., 2014).  

It is produced commercially primarily for use as an acidulant, an antioxidant flavoring 
agent, a buffering agent and a chelating agent (Brittain, 2001). These, along with other organic 
acids (citrate, fumarate, lactate, malate, oxalate and succinate) can be cells excrete into the 
apoplast or accumulate in the vacuole and be secreted from roots (Lopez-Bucio et al., 2000). 
Citric and malic acid are used by plant cells as a carbon skeleton source for synthesis of other 
compounds as well as providing energy for different internal physiological mechanisms (Hu et 
al., 2016). Malic acid also helps to maintain the electrical balance in the cell for nutrient uptake 
(El-Tohamy et al., 2013). Foliar application of citric and malic acid to Gazania rigens increased 
plant growth, flowering, and modified the root:shoot ratio compared to control plants (Talebi et 
al., 2014). Basil (Ocimum basilicum) with foliar sprays of citric acid had increased leaf width 
and length, fresh and dry yield along with essential oil yield (Jafari and Hadavi, 2011).  

Similar results were found with foliar applications of citric and malic acid to dill 
(Anethum graveolens) with increased turgid weight, dry weight and essential oil yield, although 
citric acid also decreased the incidence of powdery mildew and malic acid improved height of 
the plants significantly (Jafari and Hadavi, 2011).  The authors suggested that the plant response 
to foliar sprays of malic acid were related to inherited differences between bulb or seed-
generated plants. Foliar application of citric acid to bean plants (Phaseoulus vulgaris) increased 
growth and drought-stress resistance increasing the relative water content of the plants (El-
Tohamy et al., 2013). (Darandeh and Hadavi, 2012) reported the effect of foliar application of 
citric and malic acid increased post-harvest vase life, reduced marginal weight of bulbils per 
flower stalk and chlorophyll content of Lilium.  

 
1.1.3.3.  Heterotrophic organism-based compounds  

1.1.3.3.1. Chitosans  
Chitosans are deacetylated forms of the biopolymer chitin present in shells of crustacean, 

exoskeletons of insects and cell walls of fungi (du Jardin, 2015). Chitosans are prepared in a 
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variety of sizes and levels of deacetylation. They are used in food, cosmetics, medicine and 
agriculture (du Jardin, 2015).They can bind a wide variety of cellular components, such as DNA, 
plasma membranes and cell walls, and also bind specific receptors related to the activation of 
defense genes in plants (El Hadrami et al., 2010; Hadwiger, 2013), vertebrates (Esteban et al., 
2000; Sajid et al., 2010) and invertebrates (Palma-Guerrero et al., 2010). Even though chitin and 
chitosan use different pathways and receptors for signaling, they both accumulate hydrogen 
peroxide and leak Ca2+ in the cell (du Jardin, 2015).  For many years, the main application of 
chitosans in agriculture has been against plant pathogenic fungi (Pichyangkura and Chadchawan, 
2015).  Foliar application of chitosans has had wider use than chitin as they provided more 
tolerance to abiotic stresses (salinity, drought, cold stress) due to their ability to reduce 
transpiration by stomatal closure induced through an abscisic acid (ABA)-dependent mechanism 
(Iriti et al., 2009). Chitosan also increases plant quality traits by affecting primary and secondary 
metabolism via the octadecanoid pathway synthesis of  hydrogen peroxide (H2O2) triggering 
ROS scavenging system, ABA pathway and nitric oxide (NO) in the chloroplast, regulating 
phosphatidic acid (PA) synthesis via the phospholipase C (PLC) and diacylglycerol kinase 
(DGK)  pathway (Iriti et al., 2009; Pichyangkura and Chadchawan, 2015). 

 
1.1.3.4. Nitrogen containing compounds (NCC)  

 NCCs are organic or inorganic compounds containing nitrogen as an integral part of the 
molecule (Shlyapochnikov et al., 1982). An example is protein hydrolysates (PHs) that are 
produced by chemical and/or enzymatic hydrolysis of proteins obtained from agroindustrial by-
products of animals (e.g. leather, viscera, feathers, blood) or plants (e.g. seeds, hay) (Lucini et 
al., 2015). PH contains mixtures of amino acids and peptides (Calvo et al., 2014). PH application 
to plants and soil increases microbial biomass and activity, soil respiration and soil fertility (du 
Jardin, 2015). PHs can increase shoot and root biomass (Colla et al., 2014; Lucini et al., 2015). 
They can improve the mobility, solubility and acquisition of micronutrients by the roots, 
principally Cu, Fe, Mn and Zn, due to the chelating and complexing activities of specific 
peptides and amino acids (e.g. proline) in soil (du Jardin, 2015).  

They can affect metabolism by increasing nitrate reductase, glutamine synthetase and Fe (III) 
chelate reductase activity (Ertani et al., 2009; Colla et al., 2014). Furthermore, PHs have auxin 
and gibberellin like activities resulting in increased leaf and roots growth, altered architecture of 
the roots (length, density and lateral roots) and increased nitrate reductase (NR) and glutamine 
synthetase (GS) activities, suggesting induction of nitrate conversion into organic nitrogen 
(Ertani et al., 2009). They can increase fruit and vegetable carotenoids, flavonoids, polyphenols 
levels by improving antioxidant activity, vitamin C and phenolic contents (Parrado et al., 2007; 
Parađiković et al., 2011; Colla et al., 2014; Ertani et al., 2014).  

Another nitrogen containing biostimulant is the amino acid proline. It occurs naturally in 
plants, accumulating as a physiological mechanism in the cytosol of the cellular organelles for 
osmotic balance helping to counter biotic (plant pathogens, insects pests) and abiotic (drought, 
salinity, metal toxicity) stresses (Ketchum et al., 1991; Verbruggen and Hermans, 2008; Hossain 
et al., 2014). Application of proline increased proline, total soluble protein content, superoxidase 
dismutase, peroxidase, catalase and glutamine synthetase activity as well as reduced proline 
oxidase activity and the toxic effects of arsenate on photosystem II (PSII) (Singh et al., 2015). It 
helps to stabilize subcellular structures and membranes as well as creates a hydration shell 
covering delicate proteins avoiding their deterioration (Hossain et al., 2014; Singh et al., 2015; 
Kahlaoui et al., 2018). Proline defends plants against heavy metals by protecting the enzyme 
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nitrate reductase and glucose-6-phosphate dehydrogenase as well as counteracting metal-induced 
lipid peroxidation and potassium ion efflux. (Mehta and Gaur, 1999; Hossain et al., 2014), but 
also contribute to micronutrients mobility and acquisition by the formation of phytochelatins (du 
Jardin, 2015). 

1.1.3.5. Inorganic-based compounds 
1.1.3.5.1. Minerals 

Elements that promote plant growth but might not be required by all plants are called 
beneficial elements (Pilon-Smits et al., 2009). They are not essential elements for plant nutrition 
following the criteria of Arnon and Stout (Epstein, 1994). The majority of research is focused on 
the toxic effects caused by elevated doses of these elements, but the positive effects of these 
inorganic based compounds applied in small quantities has been observed (Palit et al., 1994; 
Liang et al., 2003; Ghanati et al., 2005; Pilon-Smits et al., 2009). They can increase plant growth, 
crop yield, and abiotic stress tolerance by improving the plant osmoregulation, wall 
rigidification, reducing plant transpiration and enhancing antioxidant mechanisms (du Jardin, 
2015). 

1.1.3.5.2. Silicon (Si) 
Si is the second most abundant element in the earth’s crust (Sommer et al., 2006; Savvas 

and Ntatsi, 2015). Because Si has a strong affinity to oxygen, it exists mostly in nature as silica 
(SiO2) or silicates that are bound with different metals (Savvas and Ntatsi, 2015). Nevertheless, 
monosilic acid (Si(OH)4) is mostly present in soil when  pH is below 9, and as silicate ion 
(OH)3SiO-  when soil pH is above 9 (Ma and Yamaji, 2006). Monosilicic acid is the principal 
form available of silicon for plants. Inside plant cells, it is converted to amorphous silica (SiO2-
nH2O) by interaction of peptins and polyphenols (Currie and Perry, 2007). It is incorporated into 
plant cell walls in the form of amorphous silica (SiO2.nH2O) increasing the rigidity and strength 
of the cell wall and tissues (Isa et al., 2010; Abdel Latef and Tran, 2016).  

It increases abiotic stress resistance to heavy metals, salinity, drought, UV radiation and 
heat by increasing water use efficiency (WUE), leaf water potential and water content, net 
photosynthesis, chlorophyll content, stomatal conductance, transpiration and intercellular carbon 
dioxide, and maintaining high relative water content (RWC) (Vessey, 2003; Murillo‐Amador et 
al., 2007; Shen et al., 2010; Zhang et al., 2017). It increases resistance to diseases by enabling the 
plant cell walls to physically inhibit fungal germ tube and hyphal penetration, and to increase the 
production of phenolic compounds like certain phytoalexins (low molecular antimicrobial 
secondary metabolites) (Ahuja et al., 2012) and increase synthesis of pathogenesis-related 
proteins which act as antifungal compounds (Weerahewa and Somapala, 2016). 

 
1.1.3.5.3. Phosphite (Phi) 

Phi is a reduced form of phosphate (Pi) (Thao and Yamakawa, 2009). It can be applied to 
plant foliage as Pi (Gómez-Merino and Trejo-Téllez, 2015). Phi is also taken up by plants from 
the soil via Pi transporters after microbial oxidative reactions converting Phi to Pi (Gómez-
Merino and Trejo-Téllez, 2015). It is not considered a fertilizer because it does not provide P 
nutrition to the plants (Thao and Yamakawa, 2009; Loera-Quezada et al., 2015). It can improve 
abiotic stress resistance by improving chlorophyll content, protection against UV-B light and 
oxidant system activation (Oyarburo et al., 2015). It can also increase yield and quality 
improvement by activating synthesis of ascorbic acid and anthocyanins (Moor et al., 2009; 
Gómez-Merino and Trejo-Téllez, 2015). It also had antimicrobial activity against Oomycete and 
bacterial plant pathogens (Lobato et al., 2010, 2011). Benefits of Phi have been reported on 



10 

 

different vegetable crops in the form of phosphorous acid and potassium phosphite (Gómez-
Merino and Trejo-Téllez, 2015). For example, foliar application of phosphorous acid resulted in 
improving soluble solid content and acidity in Navel oranges (Lovatt, 1998), flower number, 
fruit set and total soluble solids after pre-bloom foliar application to Valencia oranges (Albrigo, 
1999) induced the shikimic acid pathway increasing floral intensity, fruit yield and quality 
(soluble solid content) (Lovatt and Mikkelsen, 2006) and foliar application of potassium 
phosphite resulted in improving phytoalexin and chitinase content and yield maintenance 
(Lobato et al., 2011), and sprayed applied to seed tubers and foliage, reinforced the cell wall and 
defense response in Potatoes (Olivieri et al., 2012). 

 
1.1.3.6. Living organisms 

1.1.3.6.1. Microbial based compounds (Microbial inoculants) 
Microbial inoculants are biological compounds contain living microorganisms that when 

applied to foliage, rhizosphere, or seeds enhance plant growth and root area facilitating nutrient 
uptake (Vessey, 2003).The microorganisms are isolated from different environments and 
composted matter including  fungi, arbuscular mycorrhizal fungi (AMF), and free-living bacteria 
(Vessey, 2003). Microbial inoculants minimize crop-production cost due to their plant-growth 
promotion activity and their ability to improve abiotic stress tolerance in plants (Mrabet et al., 
2005; Gopalakrishnan et al., 2015). du Jardin (2015) mentioned mechanisms targeted by 
microbial inoculants used as biostimulants (phytohormones production, nitrogen fixation and 
phosphate solubilization) increasing growth and plant defense response as a result of activating 
induced systemic resistance, and protecting the plants by influencing the production of cellulose, 
protease, and b-1,3 gluconase (du Jardin, 2015). Plant defense resistance is activated through the 
production of lipopolysaccharides, flagella, and homoserine lactones (Gopalakrishnan et al., 
2015). In general, the key mechanisms targeted by microorganisms-based biostimulants are ROS 
scavenging, membrane stability, and osmoprotection for the whole plant responses (Van Oosten 
et al., 2017), stomatal regulation and xylem hydraulic conductance are responses of the plant 
specifically in shoots resulting in improving the root zone water availability and the levels of 
auxins and ethylene (Van Oosten et al., 2017). 

 
1.1.3.6.2. Fungi  

 Plant growth promoting fungi (PGPF) and mycorrhizal fungi are the most commonly 
reported fungal biostimulants. PGPFs are heterogeneous group of soil-borne, non-pathogenic 
fungi associated with the rhizosphere or acting as endophytes (Pineda et al., 2010). They are 
involved in growth and health improvement of plants (Hossain et al., 2008, 2017; Mushtaq et al., 
2012; Islam et al., 2014; Lee et al., 2016). Mycorrhizal fungi infect roots having mutualistic 
symbiosis with the infected plant. Most biostimulant research with mycorrhizal fungi has 
concentrated on AMF. AMF have mutualistic symbiosis with approximately 80% of the plants, 
including most of the important crop plants (Berruti et al., 2016). AMF are taxonomically 
separated from other true fungi in the phylum Glomeromycota (Schübler et al., 2001). AMF are 
obligate biotrophs of plant roots, producing arbuscules which are finely branched structures that 
invaginate root cortical cells and considered the functional site for nutrient exchange, improving 
the nutrient status of the host plants by facilitating the transfer of micro- and macro-nutrients 
between the symbionts, particularly phosphorous (Bonfante and Genre, 2010; Behie and 
Bidochka, 2014; Berruti et al., 2015).  
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When there is no host, AMF retract the cytoplasm and return to dormant stage (Lucini et al., 
2015). The most commonly reported AMF that are used as biostimulants are Funneliformis 
mosseae, Gigaspora decipiens, Rhizophagus clarum,  Rhizophagus mosseae, Rhizophagus 
aggregatum, Rhizophagus fasciculatum  and Rhizophagus intraradices, which has been 
reclassified as Rhizophagus intraradices or Rhizophagus irregularis (Popescu, 2016; Lowenfels, 
2017). An example of their use is inoculation of R. irregularis on olive (Olea europaea) 
alleviated drought and heat stresses under different transplant conditions (Bompadre et al., 
2014).  Aspergillus, Fusarium, Penicillium, Piriformospora, Phoma, and Trichoderma 
(ascomycetes) as well as Phytium and Phythophthora (oomycetes) are the most frequently 
reported PGPFs (Bent, 2006; Hossain et al., 2017).   

The effects of PGPFs are improvement in germination, seedling vigor, biomass production, 
root hair development, photosynthetic efficiency, flowering, and yield, as well as enhance 
nutrient uptake and phytohormone production and to reprogram plant gene expression 
(Björkman et al., 1998; Baranazi et al., 2005; Elsharkawy et al., 2015). An example of their use 
is  Piriformospora indica that increased biomass and grain yield of crops plants along with the 
induction of local and systemic resistance to fungal diseases and stage-specific up-regulation of 
genes involved in phyto-hormone metabolism (gibberellin, auxin and abscisic acid), and 
suppressed the salicylic acid-associated gene expression (Schäfer et al., 2009). Another example 
is Trichoderma longibrachiatum that increased growth, relative water content of roots and 
leaves, chlorophyll content, root activity and yield of wheat seedlings under soil salinity stress as 
well as induced resistance against Heterodera avenae or cereal cyst nematode (CCN) (Zhang et 
al., 2016). 

 
1.1.3.6.3. Bacteria 

Bacteria acting as biostimulants have been isolated from different ecosystems (saline, 
alkaline, acidic, and arid soils) (du Jardin, 2015; Van Oosten et al., 2017). These bacteria belong 
to the genera Azospirillum, Azotobacter, Bacillus, Bradyrhizobium, Pseudomonas and 
Rhizobium. For biostimulant bacteria, they can be divided into mutualistic endosymbionts, like 
Rhizobium, which facilitate nutrient uptake, and mutualistic rhizosphere bacteria, like plant 
growth promoting rhizobacteria (PGPR), which influence plant physiology and biotic and abiotic 
stress tolerance (du Jardin, 2015). PGPR are the most common bacteria used as biostimulants as 
they colonize a wide range of plants, are non-pathogenic, and can be endophytic in seed and 
roots as well as free living in the soil (Coy, 2017).  

Du jardin (2015) reported that PGPR inoculants generally improved nutrition, growth, 
morphogenesis, and development.  For example, Pseudomonas syringae applied to maize 
increased lateral root density, surface of root hairs, root foraging capacity, nutrient use 
efficiency, released auxins and activated auxin signaling pathways involved in root 
morphogenesis (Jamil and Ahmed, 2008). Application of Bacillus substilis strain OSU-142 to 
apricot, increased growth, yield, shoot development and reduced shot-hole disease severity and 
incidence (Altindag et al., 2006). The PGPR Burkholderia phytofirmans PsJN::gusA11, applied 
on the foliage of two maize cultivars grown in different soils, improved shoot and roots biomass 
(Touceda-González et al., 2015).   PGPRs can also improve abiotic stress resistance by 
enhancing plant water retention and tolerance to osmotic and ionic stresses by altering the cell 
wall composition and accumulating solutes (Van Oosten et al., 2017). For example, foliar and 
floral application of the PGPR Bacillus spp. strain OSU-142 or Pseudomonas spp. strain BA-8 
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alone or combined to cherry, increased plant growth, yield per trunk, fruit weight and shoot 
length, resulting in significant yield increase (Esitken et al., 2006). 

1.1.4. Modes of action  
The mode of action is only known for a minority of plant biostimulants (Van Oosten et 

al., 2017). This has limited the goal of classifying biostimulants based on their mode of action 
rather than their source (du Jardin, 2015). However, the mode of action of several of the 
commonly used biostimulants has been well studied. 

 
1.1.4.1. Decomposition-based compounds  

HA modifies expression of a gene encoding the tonoplast intrinsic proteins (TIPS), an 
aquaporin-family protein, increasing osmotic and turgor pressure thus reducing drought stress 
(Kaldenhoff and Fischer, 2006). HA also stimulates enzyme activity and expression. HA 
increased nitrate reductase, glutamate dehydrogenase and glutamine synthetase leading to greater 
nitrogen assimilation (Albuzio et al., 1986; Canellas et al., 2013). HA also increased invertase 
activity favoring hydrolysis of sucrose into hexose to be used as substrate for cell growth 
(Pizzeghello et al., 2001).  For greater defense and stress resistance, HA stimulated 
phenylalanine (tyrosine) ammonia lyase for greater synthesis of phenolics as defense compounds 
(Schiavon et al., 2010).  

 
1.1.4.2. Autotrophic organism-based compounds 

1.1.4.2.1. Seaweed extract (SWE) 
SWEs contain a variety of compounds, each of which have different modes of action 

(Battacharyya et al., 2015). Alginates and fucoidans from brown seaweeds are high molecular 
weight polymers that act as soil conditioners by forming a highly cross-linked polymeric 
network (Anderson, 2009; Hegazy et al., 2009).They can benefit plants by increasing microbial 
activity in the soil and enhancing soil water retention (Verkleij, 1992; Chen et al., 2003; Lattner 
et al., 2003). For example, alginic acid promoted hyphal growth of AMF allowing for enhanced 
plant phosphorous nutrition (Ishii, 2000). SWE components can affect membranes proteins and 
their gene expression. Kahydrin, which is derivative of vitamin K1 and another component of 
SWE, modified proton pumps in the plasma membrane inducing the secretion of H+ ions to the 
apoplast, permitting rhizosphere acidification, which benefits plants by modifying the solubility 
of metal ions as well as by changing the redox state of the soil (Lüthje et al., 1995). SWE also 
up-regulated the expression of the nitrate transporter gene NRT1.1, which enhanced nitrate 
transporter and nitrogen assimilation in A. thaliana (Castaings et al., 2010).  

SWE components can affect expression of plant genes. SWE affected the expression of 
the gene for the MinE plastid division regulator increasing chloroplast quantity per cell and 
starch content while limiting chlorophyll degradation during leaf senescence (Jannin et al., 
2013). SWE also increased the abundance of transcripts of cytosolic glutamine synthetase 
important for nitrogen assimilation, as well as betaine aldehyde dehydrogenase and choline 
monooxygenase which catalyze the osmolyte glycine betaine inducing resistance to osmotic 
stress (Fan et al., 2013). The effects on SWE gene expression may be overly broad. Lipophilic 
components of SWE improved freezing tolerance by up- and down-regulating 463 and 650 genes 
respectively in A. thaliana, such as P5CS1 and P5CS2 as well as a marginal reduction in the 
expression of proline dehydrogenase gene which increased the concentration of osmoprotectants 
and alteration of cellular fatty acid composition during cold stress (Nair et al., 2012). SWE 
components can affect plant enzyme activity. SWE increased chalcone isomerase activity 
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increasing synthesis of flavanone precursors and phenylpropanoids, enhancing plant defense to 
excess UV light (Fan et al., 2013).  

Also, SWE increased the activity of antioxidant enzymes (superoxide dismutase, 
glutathione reductase, and ascorbate peroxidase), which likely accounted for increased 
concentrations of antioxidant compounds (α-tocopherol, β-carotene, and vitamin C) in spinach 
for  antioxidant tolerance (Fan et al., 2013), in tall fescue and creeping bentgrass for drought 
resistance (Zhang and Schmidt, 2000), Kentucky bluegrass (Zhang et al., 2003) and perennial 
ryegrass for heat resistance (Kauffman et al., 2007). SWE also impacts plants due to hormone-
like compounds.  Cytokinin-like compounds in SWE increased the levels of unsaturated fatty 
acids in the membrane thus increasing membrane fluidity as well as antioxidant metabolites, 
such as α-tocopherol and ascorbic acid, β-carotene and SOD, improving drought stress tolerance 
(Zhang and Schmidt, 1999; Ervin et al., 2004). Gibberellin-like compounds in SWE increased 
seedling emergence and vigor by inducing the secretion of α-amylase breaking starch into simple 
sugars to provide energy to the growing embryo (Rayorath et al., 2008). 

 
1.1.4.3. Heterotrophic Organism-based 

1.1.4.3.1. Chitosan 
Chitosan binds to the plant membrane initiating a secondary messenger signal producing 

hydrogen peroxide (H2O2) via the octadecanoid pathway and nitric oxide (NO) in the 
chloroplast (Camm and Towers, 1973). Also, it activates phenylalanine ammonia-lyase (PAL), 
and phenolic compounds for plant defense enzyme biosynthesis (Camm and Towers, 1973). The 
amount of phenolic and terpenic compounds increased after application of chitosan, especially 
rosmaricin acid and eugenol inducing growth and phytochemicals in plants (Kim et al., 2005). 
Chitosan induced the accumulation of ROS and pathogen related proteins for plant tissue 
protection (Doares et al., 1995; Ferrari et al., 2013).Chitosan regulated stomata closure via H202 
signaling, however application of chitosan and H202 scavenger (e.g. catalase or ascorbic acid) 
controlled the inhibition of stomatal closure by the induction of cytoplasmatic Ca2+ in the guard 
cells (Klüsener et al., 2002) decreasing the transpiration rate and water use improving tolerance 
to drought stress (Pongprayoon et al., 2013)and increased defensive-related genes like glucanase 
and chitinase for pathogen resistance (Lizama-Uc et al., 2007).  

 
1.1.4.4. Nitrogen containing compounds (NCC)  

PHs improved N and C metabolism enzyme activity and photosynthesis for cell 
metabolism by the production of C skeletons and energy needed for the biosynthesis of amino 
acids, especially glutamine and arginine, which have important role in the regulation of N uptake 
by the roots and for crop production (Schiavon et al., 2008; Colla et al., 2014, 2015). PHs 
stimulated the activity of the enzymes nitrate reductase, nitrite reductase, glutamine synthetase, 
and aspartate aminotransferase involved in N reduction and assimilation inducing the reduction 
of inorganic N fertilizers in agriculture by improving N plant nutrition (Schiavon et al., 2008). 
Also, PHs stimulated malate dehydrogenase, isocitrate dehydrogenase and citrate synthase 
involved in C metabolism (Schiavon et al., 2008). PHs also induces secondary plant metabolism 
products such as proline and betaine improving plant defense response and tolerance to salt and 
heat (Kauffman et al., 2007; Ertani et al., 2013b). Antioxidant enzyme activity increased by the 
higher content of proline regulated the plasma membrane K+ ion channels and the intracellular 
K+/NA+ ratio resulting in plant salt tolerance (Chen et al., 2005).  
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1.1.4.5. Inorganic category  
1.1.4.5.1. Silicon   

Silicon provides anatomical changes in plant tissues. The mechanical strength and 
rigidity in plant tissues is due to the silica deposition in cell walls on the epidermal surfaces of 
leaves, stems, and hulls, improving leaf exposure to light, leaf thickness, erectness, rigidity and 
reducing lodging (Adatia and Besford, 1986). Si improved water status by the formation of silica 
cuticle double layer under the epidermis of the leaves reducing water losses via cuticular 
transpiration improving resistance to drought stress (Gong et al., 2003, 2005). Si application 
increased the capacity of antioxidant activity and the concomitant decrease in lipid peroxidation 
(Gong et al., 2005) and maintained the ultra-structure of chloroplast protecting the double 
membranes and preserving the integrity of the granae minimizing the damage caused by salinity 
(Liang et al., 2003). Si regulated ribulose-bisphosphate (RuBP) and carboxylase-oxygenase 
activity involved in photosynthesis, contributing to photosynthesis protection at chloroplast level 
by increasing light interception and concomitantly canopy photosynthesis (Adatia and Besford, 
1986), as well as reducing the translocation of Na+ to photosynthetically active leaves and 
increasing K+ uptake mitigating the effect of salt stress on plants (Zhu and Gong, 2014).  

 
1.1.4.5.2.  Phosphite (Phi) 

Phosphite affects the metabolism of the plants. Phi is absorbed and translocated after Pht 
transport proteins are triggered revealing a swift acquisition and translocation of Phi in all the 
tissues of the plants (Guest and Grant, 1991; Schroetter et al., 2006). Phi accumulates most likely 
in the vacuole and in the cytosol, thus Phi sequestration is improved when Pi is present in the 
vacuole inducing antifungal activity and downregulating the phosphate starvation response in 
plants (Danova-Alt et al., 2008). Phi accumulated in the cytosol prevented Pi efflux from the 
vacuole and leading to accelerated apoptosis in Pi-starved plants (Singh et al., 2003; Jost et al., 
2015). Phi induces structural and biochemical changes in plant tissues. Phi increased the content 
and activity of pectin, polygalacturonase and proteinase inhibitors in periderm and cortex tissues 
inducing defense response to pathogens in these tissues (Olivieri et al., 2012), and increased 
phytoalexin and chitinase content along with peroxidase and polyphenol-oxidase activities for 
defense mechanisms (Lobato et al., 2011). Phi affects chlorophyll content and expression of the 
chloroplast-encoded D1 polypeptide of photosystem II gene improving tolerance to UV-B stress 
(Oyarburo et al., 2015).  

 
1.1.4.6. Live category (microbial inoculants) 

1.1.4.6.1. Plant growth promoting rhizhobacteria (PGPR)  
The mechanisms involved in the mode of action of PGPR in plants are hormone release 

or changes, improvement of nutrient uptake, and tolerance to abiotic stresses; but in order to 
make the best use of these mechanisms, the microorganisms need to be selected from each soil-
plant-PGPR system (Ruzzi and Aroca, 2015). The hormonal content of plants is one of the 
mechanisms that PGPR uses for growth promotion in plants (Ruzzi and Aroca, 2015). Root 
growth of canola seedlings was stimulated by a mutant strain of Pseudomonas putida lacking the 
enzyme 1-aminocyclopropane-1-carboxilic acid (ACC) (Glick et al., 1994). Therefore, 
decreasing the levels of ACC in plants will decrease the levels of ethylene and prevent the effect 
of this plant hormone on plant growth since ACC is the direct precursor of ethylene (Van de Poel 
and Van Der Straeten, 2014). Auxins are a different category of plant hormones related to 
growth promotion by PGPR (Ruzzi and Aroca, 2015). ABA levels are reduced by several PGPR 
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in the host plant increasing plant growth (Pospíšilová, 2003). PGPR inoculation increased 
nutrient concentration in the host plant (Canbolat et al., 2006; Wani et al., 2007; Lai et al., 2008). 
Assimilation of nitrogen by PGPRs and the uptake facilitation of this element are not only 
because of the PGPR nitrogen-fixing ability. For example, Burkholderia ambifaria elevated the 
expression of the nitrate transporters NRT1 in Amaranthus hypochondriacus plants in addition to 
fixing N2 (Parra-Cota et al., 2014).  
 Regardless of a wide range of compounds documented to have beneficial effects on 
ornamentals plants and crops exposed to various abiotic and biotic stresses, under non-stress 
conditions, biostimulants have not been used or implemented remarkably on plants. The use of 
biostimulants applied in small quantities might be a solution for improved growth and stress 
resistance of turfgrasses by modifying the plant physiology rather than acting as a fertilizer.  The 
advantage is to development of a new protocol for turfgrass management which is cost-effective 
for managing turf under ideal conditions as well as drought and/or heat stress resulting in more 
resilient and higher quality grass. However, there is a research gap about biostimulants and their 
mode of action on turfgrass under non-stress conditions.  
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Table. 1.1 Effects of biostimulants on physiological and biochemical performance of 
ornamentals and horticultural crops exposed to different abiotic stress conditions.  

Plant Biostimulant and 
assay description 

Effect Reference 

Tall fescue 
(Festuca 
arundinacea) 
Creeping bentgrass 
(Agrostis 
stolonifera) 

Humic acid from 
leonardite 
(foliar spray) 

Increased net photosynthesis, root mass, 
nutrient content of the plants, linear 
growth of roots as well as root foraging 
capacity. 

Liu et al., 
1998; Zhang 
et al., 2002; 
du Jardin, 
2015  

Creeping bentgrass  SWE-based 
cytokinins (foliar 
spray) 

Increased heat tolerance and superoxide 
dismutase activity 

Zhang et al., 
2002 

Spinach SWE from A. 
nodisum (foliar 
spray) 

Increased RWC of the leaf from 76 to 
82%, along with leaf area among 16 and 
38% -better photosynthetic rate-, leaf 
fresh weightby 32%, and leaf dry weight 
by 22%. 

Xu and 
Leskovar, 
2015 

Perennial herb 
(Thymus daenensis) 

Chitosan (foliar 
spray) 

Compensated the negative effects of 
drought stress by stimulating the osmotic 
adjustment through accumulation of 
proline and reduction of lipid peroxidase 
level. 

Bistgani et 
al., 2017 

Bermudagrass 
(Cynodon dactylon) 

Melatonin (foliar 
spray) 

Promoted growth and development of the 
plants, conferred improved tolerance to 
low K+ stress 

Chen et al., 
2017 

Kentucky bluegrass 
(Poa pratensis) 

Silicon (foliar 
spray) 

Increased drought tolerance by improving 
plant water relations and 
morphophysiological functions. 

Saud et al., 
2014 

Lettuce (Lactuca 
sativa) 

Inoculation of seeds 
with (Asospirillum 
brasilense) 

Increased germination in the presence of 
salt, and demonstrated tolerance to this 
abiotic stress through presenting a higher 
total fresh and dry weights of plants at 
harvest 

Pereyra et 
al., 2006 
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 American Ginseng (Panax quinquefolius) and ginseng replant disease 1.2.

1.2.1. Ginseng 
Ginseng (Panax spp.) is a slow perennial aromatic herb member of the family Araliaceae 

(Lu, 1986; Rausch et al., 2007; Ernst, 2010).  Ginseng was discovered in China for use in 
traditional medicine since the 15th century with the roots being the most highly regarded part of 
the plant, making ginseng one of the world's most popular and costly herbs. Some of the 
medicinal properties of ginseng include stimulating metabolism, anti-hypoxia or stress, health 
tonic, improving blood circulation as well as enhancing reproductive potential in animals (Hu, 
1977; Lu, 1986; Liu and Xiao, 1992).  Panax is composed of about 16 species with the most 
economically important species being Panax ginseng and Panax quinquefolius that are closely 
related and have similar pharmacological properties (Proctor 1996: Park et al., 2010). 

Asian ginseng (P. ginseng) is native to Korea and northern China, while American 
ginseng (P. quinquefolius) is native to southern Canada (Ontario and Quebec) and eastern USA 
from Maine to central Alabama and from the east coast to just west of the river Mississippi 
(Persons, 1986). The natural habitat of ginseng plants is hardwood forests where they receive 
about 30% direct sun (Anderson et al., 2002). Cultivated ginseng uses artificial shade instead 
(Proctor and Bailey, 1987). Ideal conditions for ginseng growth are well-drained soils with silt 
loam to sandy loam texture with high organic matter, pH between 5-6, although ginseng plants 
can tolerate a pH range from 4.5 – 7.4 (Proctor and Bailey, 1987). Leaf mulch in the natural 
habitat protects the ginseng roots from drought in the summer and low temperatures in the 
winter, but in cultivation, natural leaf fall and wheat, rye or oat straw mulch is used instead 
(Proctor and Bailey, 1987, Westerveld, 2014).  The seeds of wild ginseng are dispersed in the 
forest ground during the fall needing changes in the temperature between 3 and 21°C for about 
20 months to overcome dormancy and germinate. In cultivation, seeds are treated by 
stratification outdoors for 18 to 22 months in sand beds or moist seeds can be stored for 3.5 
months at 15 °C  to promote embryo growth to reach a mature size and then for 9 months at 1 to 
2 °C to break endogenous dormancy (Li, 2002). Optimal temperatures for germination and 
growth is between 15-25 °C (Lee et al. 1983). After germination, the seedlings grow an aerial 
stem with no flowers or seeds and a single leaf with the maximum size of the shoots reached in 
the summer in the first year. In the second year of growth, ginseng plants have two leaves, each 
with three leaflets, with the flower bud developing. The number of leaves increases each year up 
to the fourth year, and leaf number rarely exceeds four (Westerveld, 2010).  Typically, the roots 
are harvested in the fall of the third or fourth year of growth (Westerveld, 2010). 

Sokhansanj et al (1999) developed a classification system of ginseng roots. The less 
desirable roots are “carrot” which have a thin body with no lateral roots and “pencil” with 
smaller diameter than carrot roots. The more desirable roots are “chunky” with three or four 
lateral roots, and the desired and undesirable “complex” roots with no taproot and multiple 
branches. Later, Roy et al (2003) developed a five-category grading system for dried three- and 
four-year-old roots separating them low and high-value market root shapes. The low market 
value “spider” roots are highly branched with no distinct taproot or a taproot of < 2 cm, and low 
value “pencil” roots have a taproot that is ≥ 5 cm and no branching. High market value “chunk” 
roots have taproots between ≥ 2 cm and < 5 cm with no branching and high value “forked” roots 
have taproots that are also between ≥ 2 cm < 5 cm but with branching. The small secondary or 
tertiary roots were graded as “fibre” with (<2 mm in diameter).  
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1.2.2. Cultivation of American ginseng  
Ginseng production in Ontario generated approximately $280 million in revenue in 2018 

making this crop valuable in Canada (Baxter, 2018). Starting in the 1700's, ginseng roots in 
Quebec and Ontario were harvested from their natural habitat in the forest, but significantly 
declining wild ginseng populations resulted in it being included in the list of The Endangered 
Species Act in 2007. The act prohibits planting, harvesting, possessing, buying, selling or trading 
ginseng harvested from the wild without permission (Westerveld, 2010). Ginseng now must be 
cultivated, either under artificial shade or forest conditions to mimic the natural habitat in 
hardwood forests (Proctor, 1996).  There are three major cultivation methods for ginseng. Field-
cultivated ginseng is grown in agricultural fields with artificial shade mimicking the wild 
conditions in the forest. Woods-grown ginseng is planted in the forest using normal agricultural 
practices (soil preparation, fertilization and pest-control management). Wild-simulated ginseng is 
planted in the forest without any agricultural practices. Woods-grown and wild-simulated 
production are illegal in Ontario under the Endangered Species Act, and so officially 100% of 
ginseng grown in Ontario is field cultivated (Westerveld, personal communication). 

For field-cultivated ginseng, site selection and preparation is important for high yields. 
Duplicating ginseng wild growth conditions, such as moist well-drained site, high organic matter 
content and pH between (5.5 and 6.5) is important. Acidic soil conditions are linked with lower 
crop yield, and so pH can be raised by liming with calcitic or dolomitic limestone. In contrast, 
high soil pH can be lowered with sulphur or ammonium sulphate. Before planting, the field is 
fumigated for reduction of nematodes, weeds and pathogens, but fumigants are limited in their 
spread into soil, and thus crop pests are not totally eradicated (Westerveld, 2010). Before 
planting, seeds are treated with 10% bleach for 2 min to eliminate Alternaria, Rhizoctonia, 
Fusarium and Phytophthora hyphae and spores (Hankins, 2000; Vaughan, 2009). The seeds are 
planted in the fall (September), with seeds scattered on bare soil or sown up to 1-inch deep and 
then covered with mulch (straw or bark) for protection (Peter and Davis, 2005). In the following 
spring (April-May), seedlings emerge, and artificial polypropylene cloth shades are erected in the 
garden to reduce direct sunlight exposure as well as keep higher soil moisture and lower 
temperatures in the summer.  

During summer (June-September), the plants continue to grow in thick straw mulch 
under shade clothes to mimic the canopies of hardwood forest, but this also facilitates the 
survival and development of fungal pathogens causing leaf blights and root-rots, which are 
serious threats to ginseng quality and yield (Proctor and Bailey, 1987; El-Agamy et al., 2018). 
Generally, fungicides are applied weekly and insecticides are applied 3 or 4 times from mid-
April to late September. Fertilizers are applied every one or two weeks or only applied monthly 
up until August. The exact fertilizer and crop protection regime will depend on the weather and 
the grower (Westerveld, personal communication).  Each fall, the shading is wholly or partially 
removed after the leaves and shoots have senesced (October), and then the shade is replaced after 
the shoots emerge in the next spring (Westerveld, 2010). Harvesting time for ginseng depends on 
the purpose of the production; however, ginseng is normally harvested at the end of the third 
year. Before harvest, shade and mulch is removed, and then most often the roots are harvested by 
a modified potato digger and collected by hand (Westerveld, 2010).  
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1.2.3. Plant secondary metabolites 
 Plant secondary metabolites are organic compounds which are generally involved in 

ecological functions, unlike primary metabolites that are involved directly in normal growth, 
development or reproduction (Namdeo, 2007).  Unlike the primary metabolites, the absence of 
the secondary metabolites does not result in an immediate death, but are still important in roles, 
such as protection against biotic and abiotic stressors, promoting mutualisms and reducing inter-
plant competition (Croteau et al., 2000). Many secondary plant metabolites are the basis of the 
health benefits of vegetables and herbs, such as saponins from beans that decrease blood lipids, 
cancer risk and blood glucose, and phenols from tea that lower the risk of digestive tract cancer 
(Shi et al. 2004, Hollman, 2001).  

1.2.4. Phenols as secondary metabolites 
Phenols are the most abundant secondary metabolites of plants. They are a diverse group 

of aromatic compounds with one or more benzene rings (C6) and one or more hydroxyl groups (-
OH) (i.e., phenolic acids, flavonoids and tannins) (Dai and Mumper, 2010). Phenols are 
produced and accumulated by plants for protection against pathogen attack, wounds, UV light, 
low temperature, and ROS stress (Ali et al., 2006). Under light exposure, phenol-carboxylic and 
flavonoids are synthesized in chloroplast and cytoplasm and accumulated in the vacuole. Phenols 
are synthesized via a polyketide acetate-malonate pathway or shikimate-phenylpropanoid 
pathway (Cheynier et al. 2013). Some phenols that have been found in ginseng are ferulic, 
syringic and p-hydrobenzoic acids (Chung et al., 2012).  

Phenols have many functions in plants, such as providing colors to plant tissues, such as 
chlorogenic acid, ferulic acid, and caffeic acid, that are red, yellow, orange, purple and blue 
pigments in shoots, leaves, seeds, tuber skin and flowers (Lewis et al., 1998). They are also 
important for plant structure as they can polymerize to form complex structures like tannins and 
lignin (Barberán and Clifford, 2000). Phenols can act as plant defense compounds as many have 
been shown to be antimicrobial and triggered following pathogen attack, such as the production 
of glyceollins from the isoflavonoid pathway in soybeans attacked by Phytophthora sojae 
(Sukumanan et al., 2018). Phenol are involved in inter-plant competition showing allelopathy 
between plants, such p‐hydroxybenzaldehyde and vanillic acid released by the decay of Mikania 
micrantha debris, which inhibited the germination of tomato seedlings and Chinese cabbage 
(Ismail and Chong, 2002).   

In ginseng, the soluble phenols, ferulic and gallic acid stimulated hyphal growth and 
spore germination of the soil saprophytic fungus Cladosporium spp. but protocatechuic acid 
inhibited those factors (Lattanzio and Treutter, 2008). Bi et al. (2010) reported that the phenolic 
acids, p-hydroxybenzoic acid, vanillin, syringic acid, vanillic acid, coumaric acid, ferulic acid, 
cinnamic acid, salicylic acid, benzoic acid, inhibited P. ginseng radicle and shoot growth. Rusty 
root disease is associated with increased phenolic content as well as reduced ginsenoside content 
related to damage of the external tissue (Campeau et al. 2003). Levels of phenolics in P. 
quinquefolius roots were higher after treatment with chitosan simulating the effects seen in rusty 
roots, indicating that phenols are triggered as a defense response by chitin-derive elicitors 
(Rahman and Punja, 2005). Abiotic stresses, like copper, can also induce phenol and lignin 
accumulation in ginseng roots related to increased cinnamyl alcohol dehydrogenase and 
peroxidases activities (Ali et al., 2006) Thus, phenolics from ginseng appear to have protective 
effects against pathogens, inter-plant competition and possibly abiotic stress.  
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1.2.5. Saponins as secondary metabolites   
Saponins are plant secondary metabolites with surfactant properties that are divided into 

steroidal glycosides which contain a four-ringed steroid nucleus and triterpenoid glycosides 
which contain a hydrophobic five-ringed backbone with several oxygens attached (Hao et al., 
2013). Steroidal saponins are almost entirely found in the Liliopsida (the monocotyledonous 
angiosperms) with a few exceptions, whereas triterpenoid saponins are found in the 
Magnoliopsida (the dicotyledonous angiosperms) (Faizal and Green 2013). Constitutive and 
inducible saponins function in plants by acting as antimicrobial compounds through membrane 
disruption of microbes, digestion deterrents of herbivores like insects also related to membrane 
disruption, growth inhibitors of other plants by affecting their water absorption, regulators of 
plant development by affecting factors like ethylene signaling, auxin uptake and cellulose 
synthesis, and regulators of root nodulation by affecting nodulin gene expression of plants 
(Faizal and Geelen, 2003). For example, oat roots produce avenacin which exhibited antifungal 
activity on the growth and infection by the ability of this saponin to complex with sterols 
creating pores and disrupting membrane integrity of Blumeria gramini, Bipolaris oryzae, and 
Magnaporthe oryzae (Inagaki et al. 2013).  

In ginseng, the saponins are called ginsenosides that are a type of triterpenoid saponin, 
consisting of an aglycone composed of a hydrophobic four-ring backbone linked to a 
carbohydrate portion and an aliphatic side chain (Im & Nah, 2013). The total amount of 
ginsenosides is variable among ginseng species and depends on the growing environment, and 
the part of the ginseng plant chosen for extraction such as flowers, buds, leaves or roots (Xiao et 
al., 1987; Lu, 1988). Even though, ginsenosides are found in all parts of the plants, ginseng is 
primarily grown d because of ginsenosides in the taproot (Proctor, 1996). 

There are more than 60 different types of ginsenosides, which are divided into oleanane 
and dammarane ginsenosides (Bernards et al., 2011; Kim et al., 2015). Oleanane ginsenosides 
have a pentacyclic triterpene skeleton with attached sugars, such as Glc-GlcA-O (Christensen 
2009; Kim et al. 2015).  Dammarane ginsenosides have a tetracyclic triterpene skeleton with 
sugars such as β-D-glucopyranosyl, α-L-glucopyranosyl,α-L-arabinofuranosyl,α-L-
rhamncpyranosyl or, xylose and are divided into protopanaxtriol (PPT) and  propanaxdiol (PPD) 
which are attached to the β-OH at C-3 and/or C-20 as well as attached to α-OH at C-6 and/or β-
OH at C-20 (Bernards et al., 2011; Kim et al., 2015).  Over 25 different ginsenosides are found 
in American ginseng, the PDD types (Rb1, Rb2, Rc, Rd, F2 and G-XVII), and the PTT types 
(Rg1, Rf and Re) with Rb1, Rb2, Rc, Rd, Re, Rf and Rg1 being the major types on ginsenosides 
in P. quinquefolius (Wang et al., 2005).  Ginsenosides are found in all ginseng tissues and can 
accumulate to relatively high amounts. Ginsenosides comprise about 3-8% dry weight of 
taproots, (Court et al., 1996), 8-30% dry weight  of secondary roots, also known as fibre roots 
(Kang and Kim, 2016), 7-8% dry weight of the leaves (Searels et al., 2013), 10% dry weight of 
the fruit (Wang et al., 2006), and 4% dry weight of the seeds (Ko et al., 2008) .It is also 
estimated that 25 μg per day is secreted by roots into the soil (Nicol et al., 2003). 

Ginsenosides can act as defense compounds as they have been shown to be induced by 
pathogen infection, such as by Fusarium oxysporum and Fusarium solani, and insect attack, such 
as by Pieris rapae (Agrawal and Kurashige, 2003; Jiao et al., 2011). Ginsenosides are also 
highly induced by JA treatment, which also supports a role in defense as JA is important in the 
response of plants to necrotrophic pathogens, herbivorous insects, wounding, and abiotic 
stresses, such as cold damage (Ghasemi and Parang, 2004; Leung and Wong, 2010). 
Ginsenosides may be important to reduced inter-plant competition acting as autotoxins that are 
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secreted by root exudation and decomposition of plant or root dead tissue (Singh et al., 1999; 
Yang et al. 2015). Ginsenosides may be important signaling compounds as they attract beneficial 
microbes, such as Bacillus amyloliquefaciens subsp. Plantarum, Bacillus methylotrophicus, and 
Trichoderma hamatum and harmful microbes, such as Phytophthora cactorum, Pythium 
irregulare, and I. mors-panacis to ginseng roots (Nicol et al., 2003; Ma et al., 2013). Thus, 
accumulation of ginsenosides appear to protective effects for the plant like responding to pests 
and diseases but can also have detrimental effects like attracting pathogens in soil.  

1.2.6. Ginseng replant disease 
 Replant disease or replant disorder of P. quinquefolius and P. ginseng is a complex 

problem resulting in crop failure due to root rot when ginseng is planted in the same garden 
where ginseng was previously grown (Li, 1995). Ginseng is affected by different 
fungal/oomycete pathogens, such as Fusarium solani, Pythophthora cactorum, and Ilyonectria 
robusta, but Ilyonectria mors-panacis is the main cause associated with root-rot symptoms in 
ginseng roots, usually causing low levels of root rot of American ginseng in soil not previously 
planted to ginseng, but high levels of root rot when grown again in soil used for ginseng 
(Reeleder et al, 2002). In non-replant soils, symptoms are mostly associated with defined sunken 
dark-brown lesions occurring first at the tip of the taproots spreading to the lateral roots and the 
crown of the plant. In replant soils, root rot symptoms is mostly associated with completely 
disintegrated internal tissue of the roots, leaving a hollow root with a thin epidermis remaining, 
which is called disappearing root rot (Rahman and Punja, 2005). Replant disease is specific to 
replanted ginseng as other crops, such as rice, soybean, wheat and maize, can be grown in 
ginseng soil without being affected (Jo et al., 1996, Lee et al., 2015, Jiao at al., 2019). Ginseng 
replant disease persists in soils up to 30 years or more after harvest still showing with 
disappearing root rot when the field is planted again with P. quinquefolius or P. ginseng 
(Davidson, 2018; Li et al., 1995).  

 Thus far, all proposed causes of ginseng replant disease can be grouped into four 
hypotheses. The soil physiochemistry hypothesis is that replant disease is caused by changes in 
soil physicochemistry, such as high N, low pH, low C:N ratio, low micronutrient levels and 
reduced phosphate, that results in a negative plant-soil feedback that eventually kills young 
ginseng plants (Huang et al., 2013; Yang et al., 2015; Dong et al., 2017, Zhao et al., 1999). The 
allelopathic autotoxicity hypothesis is that replant disease is caused by autotoxic ginseng 
allelochemicals, such as the ginsenosides R1, Rg1, Re, Rg2 and Rd, or phenols, such as gallic 
acid, 3-phenylpropionic acid and benzoic acid, that are released in the soil by adult plants 
inhibiting and eventually killing young ginseng plants (Yang et al., 2015, Li et al., 2018). The 
allelopathic soil microbiology hypothesis is that replant disease is a result of the release of 
ginsenosides as microbial allelochemicals into the soil which then directly increase levels of 
harmful soil microbes, such as Phytophthora cactorum, Pythium irregular and I. mors-panacis 
and decrease levels of beneficial soil microbes, such as Trichoderma hamatum, thus promoting 
disease (Nicol et al., 2003; Yousef and Bernards, 2006). The allelopathic plant defense response 
hypothesis is that replant disease results from ginsenosides secreted into the soil that are then  
modified, such as by deglycosylation, by soil microorganisms, like fungi, such as Absidia 
coerulea (Cheng et al., 2007), Acremonium strictum (Cheng et al., 2008), Aspergillus niger (Liu 
et al., 2010), Paecilomyces bainier (Ye et al., 2010), and Penicillium oxalicum (Ko et al., 2010), 
and bacteria, such as Caulobacter leidyia (Cheng et al., 2006), Intrasporangium sp. (Cheng et 
al., 2007)., Microbacterium sp. (Cheng et al., 2008) and Pythium irregulare (Neculai et al., 
2009). The transformed ginsenosides are then taken up roots inhibiting jasmonate (JA) regulated 
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aspects of pathogen-associated molecular pattern (PAMP) triggered immunity (PTI). JA is 
generally the key signaling defense hormone for root rot responses (Okubara and Paulitz, 2005), 
and JA-regulated defense mechanisms are triggered against necrotrophic pathogens, such as 
caused by Ilyonectria species when invading ginseng roots (Behdarvandi, 2019; Farh, 2019).  
Except for the first hypothesis, all of these involve secondary metabolites of ginseng as a key 
element.  

1.2.7. Soil sickness 
Soil sickness or soil fatigue is defined as the formation of negative conditions for plant 

development induced in soil by the plant itself normally affecting individuals of the same species 
(Singh et al., 2018).  Soil sickness is generally considered to be caused by a variety of factors, 
like pest accumulation, disorders in physicochemical soil properties including soil bulk density, 
porosity and aeration, and directly or indirectly autotoxic compounds (Huang et al., 2013).  

Replanting annual crops, like wheat, rice, sugarcane, alfalfa, peas, corn, tomato, 
cucumber and soybean, as well as replanting perennial plants, like citrus, cherries, peach, apple, 
roses, grapes, strawberry and ginseng, have been reported to result in soil sickness (Huang et al., 
2013).  Extracts and exudates from such plants show autotoxicity when added to soil, but the 
autotoxicity is species-dependent. For example, root exudates of Cucumis sativus were toxic to 
itself but not to figleaf gourd plants (Ding et al., 2007).  

Many plant compounds have been implicated in soil sickness, including organic acids, 
lactones, long-chain fatty acids, naphthoquinones, anthraquinones, cinnamic acids, coumarins, 
tannins, terpenoids, steroids, alkaloids, cyanohydrins, sulfides and oil glycosides (Huang et al 
2013). For example, Medicago sativa root exudates containing saponins and phenolics, like 
ferulic acid, vanillic acid, hydroxybenzoic acid, p-coumaric acid, trans-cinnamic acid and caffeic 
acid, reduced M. sativa germination and root growth as well as root distortions and discoloration 
(Chon et al., 2002). In aged tea plantation, soil sickness was associated with a shift in 
microbial communities as a result of plant polyphenol accumulation in 
the tea gardens (Arafat et al., 2020). Another example is Cucumis sativus root exudates, such as 
p-coumaric acid, inhibiting C. sativus seedling growth and reducing leaf area (Yu and Matsui 
1997).  

Some modes of action of autotoxins associated with soil sickness are direct negative 
effects on plants, such as disrupted cell-cycle in the plant, disturbed water relations and ion 
uptake, inhibited photosynthesis, interrupted dark respiration and reduced ATP (Huang et al., 
2003). For example, negative effects of C. sativus root exudates containing cinnamic acid and 
benzoic acid  included inhibited DNA synthesis, increased repetitive chromosomal DNA 
replication, reduced transcripts of cell-cycle related genes, greater stomatal closure, decreased 
respiration, and lowered CO2 assimilation (Yu and Matsui, 1994, Zhang et al., 2009, Zhang et 
al., 2010). Another example is Sorghum bicolor root exudates containing sorgoleone that 
inhibited electron transport in PS II in sorghum seedlings (Dayan, 2006).  

Other modes of action of autotoxins associated with soil sickness are indirect negative 
effects on plants, such as modifying the genetic diversity, composition, and metabolic activity of 
soil microbial communities, thus limiting plant growth and development by reducing nutrient 
availability, increasing disease prevalence, and disrupting soil aggregation (Huang et al., 2013). 
For example, p-coumaric acid in root exudates of C. sativus increased the abundance of members 
of the bacterial community, such as in the Firmicutes, Betaproteobacteria, and 
Gammaproteobacteria, and members of the fungal community, such as in the Sordariomycete 
and Zygomycota, in the rhizosphere of C. sativus (Zhou and Wu, 2012).  Also, the 
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bacterial:fungal ratio was decreased that was related to soil sickness due to increased population 
of fungal pathogens and decreased populations of beneficial bacteria. The rhizospheric microbial 
populations are critical for the sustainability and function of soil due to their roles in mineral 
nutrition cycling, soil structure formation and removal of toxins (Brussaard and Brown, 2007).  

1.2.8. Plant debris  
 In agriculture, plant debris can be anything from leaves, bark, seeds/nuts or roots left in 

the field post-harvest and is an important component of sedimentary humic substances and lignin 
in the soil producing 50% of the humic acids (HAs) and 30% of the fulvic acid in soil (Ertel and 
Hedges, 1985). HAs and lignin are important for solubilization and mobilization of nutrients in 
soil, as well as enhancing soil stabilization and structure (Piccolo, 2002; Canellas and Olivares, 
2014). HAs can also directly benefit plants by activating plasma membrane proton pumping 
ATPases and promoting cell wall loosening and elongation increasing linear growth of roots, 
root biomass, and root foraging capacity (du Jardin, 2015).  

 In addition to physiochemical effects, plant debris can have biological effects, such as a 
promoting the growth and survival of plant pathogenic and non-pathogenic soil microorganisms 
(Lima et al., 2009). Soil microorganisms have a significant impact on plant growth as they are 
involved in detrimental activities, like disease, and beneficial activities, like biochemical 
processes for plant nutrition and growth (Tinker, 1984). Reduced tillage increases plant debris 
creating conditions favoring harmful microbes to grow and survive in the plant debris (Bockus 
and Shroyer 1998). For example, the pathogens, Ascochyta rabie, A. fabae and A. fabae f. sp. 
lentis survived in infected seeds or crop debris of chickpeas, faba bean, and lentils in the form of 
mycelium, pycnidia, and ascocarps for overwintering survival enabling the pathogens to initiate 
blight in the spring (Kaiser, 1997). However, when the plant debris was buried at depths between 
10 - 40 cm, the fungi rapidly lost viability, with a maximum survival period between 2 and 4 
months (Navas‐Cortés et al., 1995). Survival on plant debris can extend for prolonged periods.  
Fusarium graminearum, the causal pathogen of Fusarium head blight, survived saprophytically 
producing aeciospores on wheat debris for at least 2 years following harvest (Pereyra et al., 
2004). However, survival on plant debris can also favor beneficial microbes. For example, the  
bacterium, Burkholderia cepacia, was able to survive on plant debris under oil palm trees and 
acted as an antagonist of the plant pathogen, Schizophyllum commune, which causes seed rot and 
lesions on the tip of the root radical of seedlings, known as brown germ, which are the main 
diseases of oil palm during germination (Dikin et al., 2006, Pornsuriya et al., 2013).  

While most studies of soil sickness have concentrated on toxic compounds from root 
exudates (Qin et al., 2006), plant debris can also introduce specific chemicals into soil with 
allelopathic effects. For example, crimson clover or hairy vetch debris incorporated into the soil 
decreased germination and seedling growth of corn, cotton and wild mustard (White et al., 1989). 
Similarly, lantana or Siam weed debris incorporated into the soil decreased germination and dry 
weight of spinach, Chinese cabbage, chilli, cucumber seeds and rape, while on the soil surface it 
did not affect dry weight of rape (Sahid and Sugau, 1993).  Another example is the incorporation 
of Helianthus annuus debris that reduced Amaranrthus retroflexus seedling dry weight (Hall et 
al., 1983). Thus, crop debris, like root exudates, could adversely affect plants by releasing toxic 
compounds into soil as they decay resulting in phytotoxic effects for the plants.  

Allelopathic effects may be induced by microbial breakdown of natural compounds 
where the degradation products are more harmful than parent compounds (Cipollini et al., 2012). 
Ward and Durkee, (1959) concluded that peach tree failure was caused by a phytotoxin produced 
by peach root debris. Peach root bark contains the cyanogenic glycosides prunasin and 
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amygdalin, which are not phytotoxic to peach, but the hydrolysis of amygdalin and prunasin by 
microorganisms in the soil creates hydrogen cyanide (HCN), which is highly toxic to peach 
(Mizutani et al., 1980). The microbial populations in the rhizosphere able to hydrolyze prunasin 
remains dormant when peach trees are growing and only after replanting has taken place will 
they become active creating HCN in the soil (Gur and Cohen, 1987). The microbes responsible 
were heat-resistant bacilli on the peach roots surface, but they became only active when young 
peach trees are planted due to the new source of endogenous root prunasin and amygdalin (Gur 
and Cohen, 1989).   

In summary, plant debris can have both positive and negative impacts on plant health by 
directly or indirectly affecting plants through impacts on the soil. One negative impact of plant 
debris is its contribution to soil sickness by promoting the growth and survival of soil-borne 
plant pathogens and releasing phytotoxins into the soil from the decaying plant material similar 
to root exudates. While there a variety of plant compounds that may be autotoxic, phenols and 
saponins are quite commonly reported (ref). Ginseng roots contain phenols and ginsenoside 
saponins that have been shown to possess autotoxic activity (Ismail and Chong, 2002; Yang et 
al., 2005), and ginseng replant disease can be viewed as a form of soil sickness (Huang et al. 
2013). However, crop debris has not been considered a factor responsible for this form of soil 
sickness. 

1.2.9. Conclusions about turfgrass biostimulants and ginseng crop debris and replant 
disease 

 In general, biostimulants appear to be a low-cost, innovative, and environmental-friendly 
alternative to synthetic chemical use in the turfgrass industry. Reports of their ability to increase 
greenness and plant biomass using small quantity of biostimulants in plants like beans, oranges, 
lettuce and tomato resulting increased tolerance to environmental stresses and disease resistance  
(Lovatt, 1998, Pereyra et al., 2006, El-Tohamy et al., 2013, Goñi et al., 2018), indicates that 
similar beneficial effects could be achieved in turfgrasses.  

 There are many factors claimed to be responsible for ginseng replant disease, like 
disappearing root rot caused by I. mors-panacis (Farh et al., 2018), decreases in beneficial and 
increases in harmful soil microbes (Nicol et al., 2003), autotoxic ginsenosides in root exudates 
(Yang et al., 2005) and autotoxic phenols in root exudates (Ismail and Chong, 2002). However, it 
appears that it is more likely due to a combination of factors. Little is known how crop debris 
might contribute to replant disease, possibly by affecting one or more of those factors. There 
have been no studies on the amounts of debris produced, its rate of decay or the impact of its 
decay on soil ginsenoside levels and soil microbial populations, including the root rot pathogen, 
I. mors-panacis. Crop debris decay may play a significant role in affecting the major contributing 
factors associated with ginseng replant disease. 
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1.2.10. Hypotheses 
•       Exogenous application of biostimulants to turfgrasses will alter plant growth, 

greenness, height, shoot:root ratio, senescence, microbial population of the plants, as 
well as enhance abiotic stress tolerance by reduce the need for fertilizers regardless of 
its nutrient contents. 

•           Large amounts of ginseng root debris are left in soil after harvesting, and the 
decay of root organic matter containing ginsenosides will have selective effects on the 
diversity and abundance of soil bacteria and fungi, increase soil ginsenoside levels, 
and result in root debris being invaded by I. mors-panacis which is associated with 
ginseng replant disease by changing the pathogen/beneficial microorganism ratio.   

1.2.11. Objectives 
• Assess microbial and chemical biostimulants on the growth and health of 

seedlings of A. stolonifera cv. Penncross.  
• Assess microbial and chemical biostimulants on the growth and health of mature 

A. stolonifera cvs. Alpha, Focus, Penncross, Tyee, T1 and OO7.  
• Determine the amount and type of root material remaining after harvesting a 
commercial ginseng garden over time to determine the rate of decay its effects on the soil 
biology and chemistry. 
• Assess the levels of ginsenosides in the soil, changes in soil bacterial and fungal 
microbiome, including I. mors-panacis in roots.  
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Chapter 2. Laboratory and greenhouse test of microbial and chemical 
biostimulants for improved growth and health on creeping bentgrass 

(Agrostis stolonifera).  

 Introduction 2.1.
Turfgrass management will require a special attention due to the important role it plays in the 

ecosystem and the social value it represents. Plants face different biotic and abiotic stresses, 
especially for drought stress tolerance that is one of the principal issues plants are addressing due 
to less precipitation and higher temperatures. The use of biostimulants that increases the quality 
of the plant and tolerance to abiotic stress is an innovative solution to these challenges (Povero et 
al., 2016). The term biostimulants is used to describe chemicals or microbial agents that when 
applied in small quantities will affect the growth and development of the plants. The Industry 
proposed a definition for biostimulants in 2012, this first definition stated: “the function of the 
microorganisms or substance(s) contained in biostimulants when applied to plants or the 
rhizosphere is to enhance nutrient uptake, efficiency, plant quality and abiotic stress tolerance” 
(Van Oosten et al., 2017). This definition was unclear because it did not identify the specific 
bioactive ingredient and their beneficial effects in plants. However, a clear definition was 
proposed by du Jardin (2015): “A biostimulant is a compound that regardless its nutrient content 
when applied to plants aims positive effects in their metabolism enhancing nutrition efficiency, 
biotic and abiotic stress tolerance, but they do not act as plant fertilizers”. Biostimulants effect 
has been studied in different crops such as tomato (Bitterlich et al., 2018), bean (El-Tohamy et 
al., 2013), grape (Aziz et al., 2003) and maize (Anjum et al., 2011). Additionally, the turfgrass 
industry is taking interest on the use of biostimulants as part of the management process like 
improving chlorophyll content, photosynthesis, changing shoot:root ratio, and improving 
metabolism. Water deficiency is a problem that needs to implement safe environmentally-
friendly tools and treatments (El-Tohamy et al., 2013). Biostimulants are a sustainable and 
environmental-friendly alternative to challenge the issues in agriculture and has become a 
common activity (Gopalakrishnan et al., 2015; Van Oosten et al., 2017). These bioefectors 
include a variety of compounds that when applied in small amounts on foliage or directly to the 
soil, improve the physiological processes of the plants by increasing their biotic and abiotic 
stress tolerance.  

  Hypothesis and Objectives 2.2.

2.2.1. Hypothesis  
Exogenous application of biostimulants to turfgrasses will alter plant growth, greenness, 

height, shoot:root ratio, senescence, microbial population of the plants, as well as enhance 
abiotic stress tolerance. 

2.2.2. Objectives  
•             Assess the application of microbial and chemical biostimulants on the growth and 

health of A. stolonifera cv. Penncross in lab trials under non-stress conditions. 
•             Assess the ideal concentration at which biostimulants causes better growth to A. 

stolonifera cv. Penncross in lab trials. 
•             Assess the application of microbial and chemical biostimulants on the growth and 

health of A. stolonifera and the cultivars Alpha, Focus, Penncross, Tyee, T1, OO7 under 
greenhouse growth conditions.  
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 Materials and methods 2.3.

2.3.1.  Growing turfgrass  

Black plastic cone-tainers (3.8 cm diameter x 14 cm depth; SC7R Cell, Ray Leach 
“Conetainer”™, Stuewe and Sons, Tangent, OR, USA), held in trays (RL98 tray with 98 cells, 
Stuewe and Sons, Tangent ,OR, USA), were plugged with paper towel and Styrofoam packing 
peanut to keep sand from leaking out through the drain holes. Approximately 150 g of 
autoclaved topdressing sand composed of 80% high pH (8.0) sand (Hutcheson Sand and Mixes, 
Huntsville, ON, Canada) and 20% peat moss (v/v) filled each cone-tainer. The sand was 
autoclaved three times at 121°C for 20 minutes at 23 psi with 24 hours between autoclave cycles 
in order to avoid the grow and propagation of dormant-heat-resistant bacteria or fungus. The 
cone-tainers were watered to capacity with deionized water and allowed to drain for one hour 
before sowing 0.06 g of seed of Agrostis stolonifera (cv. Penncross) per cone-tainer. The trays of 
cone-tainers were placed onto flat plastic cafeteria trays to maintain a constant level of humidity. 
Artificial lighting was provided by fluorescent lamps (Philips cool white, 
F34T12/CW/RS/EW/ALTO, USA) with a photon flux density of 30-50 µmol/m2/s1 at the soil 
surface, and photoperiod incubation time of 16-hr light/8-hr dark for 3-4 days. Cone-tainers did 
not receive fertilizer.  

2.3.2.  Preparing treatments 

Biostimulants treatments selection and concentration was based on results found on the 
literature review and previous work done in the Goodwin laboratory. The treatments were 
prepared adding the amount of biostimulant in powder of liquid in 50 ml of deionized water to 
obtain the desire concentration. The treatments were poured in 50 ml hand sprayer.  

2.3.3.  Foliar treatment effect of biostimulants on turfgrass 

Seeds (0.06 g) of A. stolonifera cv. Penncross were planted in cone-tainers filled with 150 g 
of autoclaved sand at 20°C, 16 h light/8 h dark for two weeks with five repetitions for each 
biostimulant tested. The plants were treated with 3 ml of phycocyanin, γ-aminobutyric acid 
(GABA) and glycine betaine (GB) until runoff, control plants were sprayed with 3 ml of 
deionized water. For the living category of biostimulants, the commercial powder mycorrhizal 
inoculum of Rhizophagus intraradices (MYKE PRO) was diluted with water and applied into the 
rooting zone. The plants were water after placing the inoculum and no fertilizer was applied. 
After treatment, the plants were trimmed to 2 cm height and the greenness index as well as 
relative water content (RWC) of clippings was assessed at 7, 14 and 21 DPT. At 28 DPT, plants 
were harvested and shoot, and roots were divided, the greenness index of shoots and RWC of 
shoots and roots were assessed. The greenness Index was assessed using an iPad (Model A1432) 
with FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app for apple mobile 
devices which quantifies the Dark Green Color Index (DGCI) on the turfgrass. DGCI is an 
indicator of the canopy greenness and how the chlorophyll levels are affected by abiotic and 
biotic stresses.  The software measures the greenness of the plant by analyzing the red, green and 
blue (RGB) colors on the picture. RGB values are transformed into hue, saturation and 
brightness values (Karcher & Richardson, 2003). Visual rating from 0 (very yellow) to 1 (dark 
green). 
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DGCI = [(Hue - 60)/60 + (1 - Saturation) + (1 - Brightness)]/3 

2.3.4. Dose-response foliar treatment 

0.06 g of A. stolonifera seeds were planted in cone-tainers filled with 150 g of autoclaved 
sand with five repetitions for each biostimulant tested at 20°C, 16 h light/8 h dark for two weeks. 
Weekly, plants were trimmed up to 2 cm.  Plants were treated with 3ml of the biostimulants at 
different concentrations until runoff. Greenness, fresh weight and dry weight of the clippings 
were assessed on 7, 14 and 21 DPT. At 28 DPT, greenness, biomass, and RWC for the entire 
shoot and roots were evaluated. 

2.3.5.  Foliar treatment effect on different creeping bentgrass cultivars plugs 

Six A. stolonifera cultivars ‘Alpha, Focus, T1, Tyee, Penncross and OO7’ were taken from 
the Guelph Turfgrass Institute (GTI) and transplanted in cone-tainers with five repetitions of 
each cultivar for biostimulant tested. The plants were grown in a greenhouse for 3 weeks. 
Weekly, the plants were trimmed to 2 cm height and treated with 3 ml of the phycocyanin, 
GABA and glycine betaine until runoff. Greenness, fresh weight and dry weight of the clippings 
were assessed on 0, 7, 14 and 21 DPT. At 28 DPT, greenness, and biomass, for the entire shoot 
and roots were evaluated. 

2.3.6. Statistical analysis 

All statistical analyses were conducted using general linear models procedure (PROC GLM) 
in SAS 9.1 (SAS Institute Inc., Cary, NC, 2018). Means were compared with Fisher’s protected 
least significant differences test at p <0.05. For all primary and derived parameters, analysis of 
variance (ANOVA) was used to test the significance of main effects and the first order 
interactions. All statistical tests were considered significant at p<0.05.  

The analysis of significant differences among the different creeping bentgrass cultivar was 
conducted using a t-test assuming mean+/- 2. Zero values were not included due to make it 
significant.  

RWC was calculated using the formula: RWC = (fresh weight−turgid weight)
(turgid weight−dry weight)

 

 Results 2.4.

2.4.1. Testing the effect of foliar application of biostimulant treatments in the laboratory 

Phycocyanin, GABA, Glycine Betaine and the commercial powder mycorrhizal inoculant of 
Rhizophagus intraradices (MYKE PRO) were the compounds with the most significant 
improvements in the physiology of the turfgrass.  

The results by experiments showed that phycocyanin improved the greenness at the different 
DPT as well as clipping fresh weight and dry weight by 21 DPT (Table 2.1; Table 2.2; Table 
2.3). The total biomass for shoot and root showed occasional significant effect for fresh weight 
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and dry weight by 28 DPT (Table 2.4; Table 2.5). GABA improved the greenness index of 
clipping at 21 DPT (Table 2.6). The clipping fresh weight was significant only by 21 DPT on 
one experiment (18/09/21). For clipping dry weight GABA was sporadically significant on 
different DPT along the different experiments (Table 2.7; Table 2.8; Table 2.9). The total 
biomass for shoot and root showed significantly increased for fresh weight and dry weight by 28 
DPT (Table 2.10). Glycine Betaine improved the greenness index at the different DPT and fresh 
weight of clipping by 14 DPT (Table 2.11) as well as clipping dry weight by 21 DPT (Table 
2.12). Fresh weight of shoot and root significantly increased by 28 DPT (Table 2.14; Table 2.15). 
Finally, the commercial product MYKE PRO showed occasionally significant improved on the 
greenness index at 7, 21 and 28 DPT on the experiment performed on 18/07/27, and significantly 
irregular improved only at 7 and 14 DPT on the experiment performed on 18/09/07 (Table 2.16). 
MYKE PRO significantly improved the dry weight of the root by 28 DPT (Table 2.20).  

2.4.2.  Testing the effect of foliar application of biostimulant treatments on different 
creeping bentgrass cultivars grown in the greenhouse 

Sporadically, phycocyanin significantly increased greenness of clipping for the cvs. Alpha, 
Focus, OO7, T1 and Tyee by 7 DPT; for the cvs. Focus and Penncross by 14 DPT and for the 
cvs. Alpha, OO7, T1 and Tyee by 21 DPT. At 28 DPT, phycocyanin significantly improved 
greenness on the six different cultivars (Table 2.21). Phycocyanin also showed occasionally 
significant results for fresh weight of clipping on the cv. Focus by 14 DPT and the cvs. OO7 and 
T1 by 21 DPT compared to control. The effect of phycocyanin on the shoot significantly 
improved dry weight of the cv. Penncross by 28 DPT as well as the turgid weight of the cvs. 
Alpha, Focus and Penncross (Table 2.23). For shoot dry weight, the cv. OO7 differed 
significantly from the other cultivars by 28 DPT. The root biomass did not present differences 
among the cultivars. 

GABA stats resulted in sporadically improved in the greenness index of the cv. OO7 by 
14 DPT, as well for the cvs. Focus and T1 by 21 DPT. GABA significantly improved clipping 
fresh weight of the cvs. T1 by 21 DPT as well as clipping dry weight of the cvs. Alpha, 
Penncross and T1 (Table 2.25). GABA significantly improved root fresh weight of the cvs. 
Alpha, OO7, T1 and Tyee, and significantly improved the root dry weight of the cvs. Alpha, 
Focus, OO7, Penncross and Tyee along with the root turgid weight of the cvs. Focus, Penncross, 
and Tyee by 28 DPT (Table 2.26).  

Sporadically Glycine Betaine significant improved the greenness index of the clippings 
for the cv. OO7 by 7 and 14 DPT; for the cv. Focus by 14 and by 21 DPT; for the cv. Alpha by 
14 and 21 DPT; for the cv. Tyee by 14 and 21 DPT; and for the cv. T1 only by 21 DPT. 
Penncross significantly improved greenness index compared to the other cvs. by 28 DPT (Table 
2.39). Glycine Betaine significantly improved clipping fresh weight of the cv. Focus by 21 DPT, 
and clipping dry weight of the cvs. Focus and Penncross by 21 DPT (Table 2.28). The effect of 
Glycine Betaine significantly improved fresh weight of shoot for the cvs. Alpha and Focus by 28 
DPT. Also, significantly improved shoot dry weight for the cvs. OO7, Tyee and T1, along with 
clipping turgid weight for the cvs. Focus and T1. Root fresh weight significantly improved for 
the cvs. OO7 and Tyee and root dry weight for the cv. Penncross by 28 DPT (Table 2.29).  

Finally, the commercial powder mycorrhizal inoculum (MYKE PRO) showed sporadic 
improvement in the greenness index for the cv. Alpha by 7 and 14 DPT; for the cv. Focus by 7 
DPT, for the cv. T1 by 7 DPT, and for the cv. Tyee by 28 DPT (Table 2.30). MYKE PRO only 
significantly improved clipping turgid weight of the cv. Focus by 21 DPT and clipping dry 
weight of the cvs. Focus and Penncross by 21 DPT (Table 2.31). There was a significant 
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difference in fresh weight among the cvs. OO7 by 7 DPT and 14 DPT as well for the cv. Tyee by 
21 DPT (Table 2.43).  The effect of MYKE PRO on the biomass significantly improved shoot 
fresh weight of the cvs. Alpha and Focus by 28 DPT, shoot dry weight of the cvs. OO7, T1 and 
Tyee, and shoot turgid weight of the cvs. Focus and T1 by 28 DPT (Table 2.32). Root biomass 
significantly increased in fresh weight for the cvs. OO7 and Tyee and root dry weight 
significantly improved for the cv. Penncross by 28 DPT (Table 2.32).  Shoot dry weight 
significantly increased for the cv. OO7 by 28 DPT as well as root turgid weight of the cv. 
Penncross.  

 Discussion 2.5.
The main objective of this study was to evaluate the efficacy of different biostimulants, and 

their beneficial effect on turfgrass physiology, in laboratory trials under non-stressed conditions. 
The list of biostimulants was chosen from previous work completed in Dr. Paul Goodwin’s 
laboratory, and from the literature. The second objective was to evaluate the efficacy of the 
highest performing compounds used in the lab trial on turfgrass cultivars from the GTI. Four 
biostimulants were chosen from the lab trials based on their significant results. These 
biostimulants were phycocyanin, glycine betaine, GABA, and the commercial mycorrhizal 
inoculant of Rhizophagus intraradices MYKE PRO. These biostimulants were additionally 
assessed on cultivars grown in a greenhouse setting to determine if their effect was significant on 
creeping bentgrass. 

2.5.1. Phycocyanin 
Phycocyanin exogenously applied at 0.19 g/25 mL in lab trials significantly improved 

greenness index on all different turfgrass cultivars and inconsistently improved biomass. 
Phycocyanin is a pigment-protein belonging to the light-harvesting phycobiliprotein family 
(Glazer, 1989). Phycocyanin, allo-phycocyanin, and phycoerythrin are the main 
phycobiliproteins formed by a dissimilar α and β polypeptide subunits (Henrikson, 1989). 
Among the phycobiliproteins, phycocyanin is the main light harvesting pigment in cyanobacteria 
(blue-green algae) and red algae (Gantt, 1981). It has been reported to have pharmacological 
effects in animal cells, such as acting as an efficient scavenger of oxygen free radicals and 
reacting with HOCl and ONOOH, which are other oxidants of pathological importance (Romay 
et al. 2003). Phycocyanin significantly inhibits increases in lipid peroxidase, which is mediated 
by ROS and is a main cause of damage to cell membranes (Niki, 1987). Additionally, 
phycocyanin limits anti-inflammatory effects, which is likely due to the scavenging of hydroxyl 
radicals against OH-. This is responsible for tissue damage and plays a primary role in 
maintaining the carrageenan paw edema. The phycocyanin anti-inflammatory effects were higher 
in mouse ear edema induced by Arachidonic acid (AA). This was an appropriate test for the 
detection of Cyclooxygenase (COX) and Lypoxygenase (LOX) inhibitors of AA metabolism 
(Romay et al., 2003). Maccarrone et al. (1995) confirmed this mode of action for the chain-
breaking antioxidants that repressed LOX in soybeans. Due to its high metabolic and 
morphological diversity, Cyanobacteria provide multiple chemical products. In agriculture, 
cyanobacteria have the ability to photosynthesize and fix atmospheric nitrogen (N) in rice fields 
(Chakdar, 2011). Additionally, Thajuddin and Subramanian (2005) reported beneficial effects of 
cyanobacteria on chilli and lettuce (Dadhich et al., 1969). The cyanobacterium Spirulina 
platensis accumulates phycocyanin and chlorophyll in cells (Glazer, 1982). Phycocyanin is an 
important pigment in photosynthesis, especially in photosystem II (PS II) in the phycobilizome. 
5-Aminolevulinic acid (ALA) is a key precursor for biosynthesis of phycocyanin, and it is 
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known to improve plant growth and yield (Korkmaz, 2002). The ALA growth-promoting effect 
is likely attributed to the accumulation of phycocyanin and chlorophyll intracellularly, thus 
improving photosynthetic activity (Sasaki et al., 1995). Watanabe et al (2006) reported a 
significant increase in photosynthetic rate when ALA was applied to the foliage of 2-year-old 
grapevines, as well as an increase in the levels of sugars, which could be an indirect effect of 
enhanced photosynthesis and stomatal opening. In addition, exogenous application of ALA in 
small quantities significantly increased growth and yield of kidney bean, potato, and garlic, as 
well as enhanced the dry weight of radish roots (Hotta et al., 1997; Korkmaz, 2012). Pepper was 
also found to have improved leaf chlorophyll and proline content, relative water content, and 
stomatal conductance, but had reduced membrane permeability when exposed to chilling stress 
(Korkmaz et al., 2010).  Even though the majority of studies on the effects of phycocyanin have 
been focused on animal cells, it is important to identify the mode of action of phycocyanin in 
plants exposed to stress and non-stress conditions. 

2.5.2. GABA 
In this study, foliar application of GABA at 0.004 g/25 mL significantly improved the 

greenness index, and the biomass of shoots and roots. GABA is a non-protein amino acid 
involved in multiple metabolic pathways. Levels of GABA in the cell are low, but they 
accumulate easily and rapidly when the plant is exposed to abiotic stresses. Additionally, GABA 
is known for its important role in regulating stress responses, and growth and development in 
plants (Shelp and McLean, 1999). The GABA shunt is a closed-loop process in which GABA is 
synthetized by a decarboxylation of glutamate by the enzyme glutamate decarboxylase (GAD). 
This process is activated by pyridoxal phosphate, which triggers the transportation of GABA into 
the mitochondria, where it is catabolized by GABA transaminase to succinic semialdehyde 
(SSA), and subsequently oxidized by succinic semialdehyde dehydrogenase. This results in 
either the production of succinate or reduction to γ-hydroxybutyrate (GHB) by the cytosolic γ-
hydroxybutyrate dehydrogenase (GHBDH) (Kinnersley and Turano, 2000; Bouche and Fromm, 
2004; Renault et al., 2010). The GABA shunt earns its name from the bypassing of two steps in 
the tricarboxylic acid cycle (TAC). There are reports of exogenous foliar applications of GABA 
on drought-stressed creeping bentgrass, resulting in improved quality and greenness, and an 
increased rate of photosynthesis (Li et al., 2017). Additionally, Kinnersley and Turano (2000) 
reported an increase in endogenous GABA levels during abiotic stress responses including cold 
tolerance in peach fruit, salt tolerance in tobacco plants, and drought tolerance in perennial 
ryegrass (Shang et al., 2011; Akçay et al., 2012; Krishnan et al., 2013).  Zhou et al. reported that 
the external application of GABA did not significantly improve turf-quality and electrolyte 
leakage on creeping bentgrass, but increased activity of TAC and the GABA shunt. This 
increased endogenous GABA content and the accumulation of most of amino acids and sugars, 
which could be an energy source for TCA cycle of respiration metabolism for a long heat-stress 
exposure, thus keeping metabolic homeostasis (Zhou et al., 2016). Research has been focused on 
the beneficial effect of exogenous applications of GABA on turfgrass under abiotic stresses, such 
as drought, high salinity, and increased temperature. However, more studies need to be 
performed on the effect of biostimulants applied on turfgrass under non-stress conditions.  

2.5.3. Glycine Betaine (GB) 
Foliar application of GB at 0.13 g/25 ml in this study increased the greenness index and the 

biomass of creeping bentgrass.  Studies using GB have reported beneficial effects on the quality 
and chlorophyll content of turfgrass under stress and non-stress conditions. Changes in 
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temperature occur faster than other abiotic stress factors such as drought, high salinity, and 
imbalances of nutrients in the soil.  Under drought stressed conditions, foliar applications of GB 
have enhanced the quality and normalized difference vegetation index (NDVI) of creeping 
bentgrass (Burguess and Huang, 2014). Exogenous applications of GB on wheat ameliorated 
salt-induced reduction of photosynthesis by protecting photosynthetic pigments, as well as 
increasing water status and stomatal conductance, resulting in higher C02 fixation rates (Raza et 
al., 2006). Additionally, Lou et al. (2005) reported that exogenous applications of GB on 
perennial ryegrass under cadmium stress improved chlorophyll content, as well as the overall 
quality of the plant.  Similar results were published by Hu et al. (2012) for chlorophyll content 
under salt stressed ryegrass. However, applications of GB applied on plants under non-stressed 
conditions have inconstant results. On perennial ryegrass, foliar applications of GB did not have 
any effect on chlorophyll content (Hu et al., 2012). In contrast, Mahdavi et al (2017) reported 
that after foliar application of GB, perennial ryegrass improved quality and chlorophyll content. 
This may be due to the natural production of GB in plants. GB is synthesized from choline and 
accumulates in response to abiotic stresses (Park et al., 2006; Giri, 2011). GB contributes to 
osmotic adjustment, protection of the cytoplasm and chloroplast from Na+ damage, and 
protection of proteins and enzymes such as rubisco (Bohnert & Jensen, 1996; Rahman et al., 
2002; Malekzadeh, 2015). This provides benefits for low temperature tolerance, drought, and 
salinity stress tolerance (Sakamoto & Murata, 2002; Park et al., 2006; Chen & Murata, 2011; 
Giri, 2011). However, only a small number of turfgrass species have been tested so far, and the 
benefits of GB on turfgrass under non-stress conditions is unclear and requires further 
investigation. 

2.5.4. Arbuscular Mycorrhizal Inoculant (MYKE PRO) 
The mycorrhizal inoculant MYKE PRO applied at 0.075 g/25 mL inconsistently increased 

greenness index and biomass of shoot and roots. AMF create a symbiotic relationship with plant 
roots using a structure called mycorrhiza by forming an association through a network of 
filaments (Bonfante & Genre, 2010, Berruti et al., 2015). This facilitates nutrient exchange and 
water uptake from the soil by stimulating plant growth and root development (Bonfante & 
Genre, 2010, Berruti et al., 2015). Studies have reported that inoculation of grass seeds with 
MYKE PRO improved grass establishment on an existing lawn established on a poor loam soil 
(Le Quéré, 2005) and doubled establishment of creeping bentgrass (Tarfid and Desjardins, 
1998). Additionally, effects of MYKE PRO inoculation have enhanced growth of magnolia 
(Shaw, 1989), increased total fresh weight of smooth bark Mexican pine by 33% and carrots by 
13% (Beland et al., 2005; Le Quéré and Lafontaine, 2002), increased growth by 2-fold on black 
oak (Daughtridge et al., 1986), and increased yield of potato (Hamel and Francoeur, 2010), 
spring wheat by 10% (Le Quéré, 2005), corn by 11% (Keer and Le Quéré, 2011), and lentil by 
35% (Nybo and Le Quéré, 2007).  

AMF are obligate symbionts, which improve and facilitate the uptake of immobile and 
insoluble phosphate ions present in the soil through an interaction with soil bi- and trivalent 
cations (Ca2+, Fe3+, and Al3+) (Tinker & Nye, 2000; Fitter et al., 2011). AMF are thought to 
induce drought resistance through the production of the antioxidant enzymes SOD, POT, CAT, 
and soluble sugar accumulation (Huang et al., 2011). Plants inoculated with AMF regulate their 
ABA levels faster and more efficiently than non-inoculated plants, thus aiding them in the 
balance of leaf transpiration, water translocation from roots, and recovery under drought 
conditions (Aroca et al., 2008; Jahromi et al., 2008). AMF have been reported to increase the 
capability of ROS scavenging, resulting in improved antioxidant action of enzymes (CAT, SOD, 
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POD) and lowered cadmium  translocation in plants exposed to cadmium stress (Ling-Zhi et al., 
2011). AMF moderates the effects of heavy metal (HM) contamination by immobilizing metals 
in its biomass (de Andrade & da Silveira, 2008). Also, AMF inoculation in saline soil promoted 
plant growth and establishment in salt-stressed plants, primarily through the absorption of 
phosphorous (Giri and Mukerji, 2004). In addition, Cordiki et al. (2004) examined the infectivity 
of different common commercial mycorrhizal inoculants, and observed that different 
components in inoculants could confound mycorrhizal colonization effects. In corn, only plants 
inoculated with the commercial products that do not enhance mycorrhizal growth improved the 
growth of the plants, indicating the presence of other growth promoting compounds in the 
products (Cordiki et al., 2004). 
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Table 2.1  Comparison of average greenness index of preliminary efficacy experiments on the 
exogenous application of phycocyanin on creeping bentgrass (A. stolonifera) cv. Penncross at 
different DPT in the growth room.  

  Greenness indexa 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 28 DPT 

180727 Water   0.603 0.584 0.582 0.509 

180727 Phycocyaninc 0.635 0.608 0.643 0.556 

 P-value 0.003d 0.095        <.0001d 0.446 

180907 Water 0.526 0.523 0.461 0.497 

180907 Phycocyanin 0.605 0.612 0.543 0.559 

 P-value 0.221 0.869        <.0001d        0.0001d 

181005 Water 0.547 0.577 0.479 0.503 

181005 Phycocyanin 0.587 0.563 0.518 0.552 

 P-value 0.016d 0.361 0.073d 0.191 

181120 Water 0.534 0.511 0.526 0.471 

181120 Phycocyanin 0.557 0.548 0.568 0.538 

 P-value 0.529 0.095d 0.034d 0.068d 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, 181005 
was started October 5, 2018, and 181120 was started November 11, 2018. 
c Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
d P-values were calculated from t-tests comparing average greenness values from 20 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.2 Comparison of average clipping fresh weight of preliminary efficacy experiments on 
the exogenous application of phycocyanin on creeping bentgrass (A. stolonifera) cv. Penncross at 
different DPT in the growth room.  

    Fresh weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180727 Water 0.188 0.134 0.059 
180727 Phycocyaninc 0.187 0.206 0.087 

  P-value 0.067  0.027d           0.224 
180907 Water 0.102 0.124 0.025 
180907 Phycocyanin 0.150 0.223 0.105 

  P-value 0.091  0.041d           0.053d 
181005 Water 0.547 0.025 0.015 
181005 Phycocyanin 0.587 0.020 0.024 

  P-value 0.978 0.397  0.099d 
181120 Water 0.045 0.054 0.062 
181120 Phycocyanin 0.053 0.083 0.085 

  P-value 0.252 0.175 0.240 
a Fresh weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, 181005 
was started October 5, 2018, and 181120 was started November 11, 2018. 
c Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 20 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.3 Comparison of average clipping dry weight of preliminary efficacy experiments on the 
exogenous application of phycocyanin on creeping bentgrass (A. stolonifera) cv. Penncross at 
different DPT in the growth room.  

    Dry weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180727 Water 0.037 0.024 0.020 
180727 Phycocyaninc 0.038 0.042 0.024 

  P-value 0.123 0.050           0.473d 
180907 Water 0.018 0.023 0.010 
180907 Phycocyanin 0.028 0.037 0.027 

  P-value   0.002d 0.087           0.033 
181005 Water 0.006 0.008 0.008 
181005 Phycocyanin 0.011 0.007 0.010 

  P-value 0.962 0.758 0.014d 
181120 Water 0.018 0.010 0.015 
181120 Phycocyanin 0.025 0.013 0.017 

  P-value 0.591 0.012    0.0001d 
a Dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, 181005 
was started October 5, 2018, and 181120 was started November 11, 2018. 
c Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
d P-values were calculated from t-tests comparing average dry weight values from 20 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.4 Comparison of average total shoot biomass of preliminary efficacy experiments on the 
exogenous application of phycocyanin on creeping bentgrass (A. stolonifera) cv. Penncross at 
different DPT in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180727 Water 0.630 0.103 
180727 Phycocyaninc 0.718 0.093 

  P-value  0.001d 0.131 
180907 Water 1.045 0.121 
180907 Phycocyanin 1.106 0.115 

  P-value 0.150  0.024d 
181005 Water 0.768 0.093 
181005 Phycocyanin 0.887 0.111 

  P-value 0.221 0.154 
181120 Water 0.471 0.071 
181120 Phycocyanin 0.637 0.074 

  P-value  0.030d 0.387 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, 181005 
was started October 5, 2018, and 181120 was started November 11, 2018. 
c Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh and dry weight values from 20 
replicates over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.5 Comparison of average total root biomass of preliminary efficacy experiments on the 
exogenous application of phycocyanin on creeping bentgrass (A. stolonifera) cv. Penncross at 
different DPT in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180727 Water 0.362 0.065 
180727 Phycocyaninc 0.654 0.089 

  P-value 0.666 0.294 
180907 Water 1.680 0.091 
180907 Phycocyanin 0.647 0.066 

  P-value <.0001d 0.003d 
181005 Water 1.867 0.140 
181005 Phycocyanin 1.578 0.143 

  P-value 0.051 0.020 
181120 Water 0.408 0.071 
181120 Phycocyanin 0.709 0.074 

  P-value  0.363 0.637 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27. 2018, 180907 was started September 7, 2018, 181005 
was started October 5, 2018, and 181120 was started November 11, 2018. 
c Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh and dry values from 20 
replicates over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.6 Comparison of average greenness index of preliminary efficacy experiments on the 
exogenous application of GABA on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

  Greenness indexa 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 28 DPT 

180814 Water 0.593 0.498 0.536 0.480 

180814 GABAc 0.589 0.503 0.570 0.473 

 P value 0.626 0.087        0.225 0.612 

180921 Water 0.524 0.548 0.520 0.483 

180921 GABA 0.564 0.555 0.527 0.477 

 P value <.0001d 0.0007d        0.0004d        0.088 

181026 Water 0.532 0.530 0.500 0.507 

181026 GABA 0.535 0.541 0.514 0.520 

 P value 0.058  0.025d 0.424  0.035d 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
d P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.7 Comparison of average clipping fresh weight of preliminary efficacy experiments on the 
exogenous application of GABA on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Fresh weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180814 Water 0.040 0.046 0.024 
180814 GABAc 0.049 0.040 0.035 

  P value 0.787 0.073           0.038d 
180921 Water 0.047 0.058 0.098 
180921 GABA 0.050 0.039 0.072 

  P value 0.419 0.205           0.028d 
181026 Water 0.088 0.069 0.047 
181026 GABA 0.090 0.081 0.054 

  P value 0.100   0.023d 0.069 
a Fresh weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.8 Comparison of average clipping dry weight of preliminary efficacy experiments on the 
exogenous application of GABA on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Dry weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180814 Water 0.012 0.013 0.009 
180814 GABAc 0.015 0.011 0.012 

 P value 0.614   0.025d           0.055 
180921 Water 0.013 0.014 0.021 
180921 GABA 0.013 0.009 0.016 

 P value 0.393 0.095           0.0007d 
181026 Water 0.013 0.011 0.007 
181026 GABA 0.015 0.016 0.009 

 P value 0.251   0.003d   0.035d 
a Dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
d P-values were calculated from t-tests comparing average dry weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.9 Comparison of average total shoot biomass of preliminary efficacy experiments on the 
exogenous application of GABA on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180814 Water 0.708 0.072 
180814 GABAc 0.865 0.091 

 P value 0.604 0.106 
180921 Water 0.543 0.095 
180921 GABA 0.789 0.115 

 P value 0.980 0.409 
181026 Water 0.721 0.069 
181026 GABA 0.716 0.065 

 P value 0.569 0.178 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 9, 2018, and 
181026 was started October 26, 2018. 
c GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh and dry weight values from 15 
replicates over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.10 Comparison of average total root biomass of preliminary efficacy experiments on the 
exogenous application of GABA on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180814 Water 0.723 0.072 
180814 GABAc 0.933 0.077 

 P value  0.006d 0.374 
180921 Water 1.037 0.082 
180921 GABA 1.517 0.131 

 P value 0.365 0.386 
181026 Water 0.913 0.090 
181026 GABA 1.686 0.224 

 P value    0.002d    0.0004d 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 9, 2018, and 
181026 was started October 26, 2018. 
c GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh and dry weight values from 15 
replicates over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.11 Comparison of average greenness index of preliminary efficacy experiments on the 
exogenous application of GB on creeping bentgrass (A. stolonifera) cv. Penncross at different DPT 
in the growth room.  

  Greenness indexa 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 28 DPT 

180814 Water 0.593 0.498 0.536 0.480 

180814 GBc 0.558 0.560 0.537 0.505 

 P value 0.365     0.0004d        0.002d 0.004d 

180921 Water 0.524 0.548 0.520 0.483 

180921 GB 0.558 0.560 0.537 0.505 

 P value 0.201  0.009d       <.0001d        0.270 

181026 Water 0.532 0.530 0.500 0.507 

181026 GB 0.552 0.546 0.524 0.540 

 P value  0.067d  0.008d  0.011d 0.473 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
d P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
 
 
 

  



45 

 

Table 2.12 Comparison of average clipping fresh weight of preliminary efficacy experiments on 
the exogenous application of GB on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Fresh weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180814 Water 0.040 0.046 0.024 
180814 GBc 0.035 0.036 0.025 

 P value  0.010d 0.129           0.394 
180921 Water 0.058 0.098 0.031 
180921 GB 0.047 0.116 0.038 

 P value 0.250   0.002d           0.568 
181026 Water 0.069 0.047 0.039 
181026 GB 0.093 0.089 0.078 

 P value    <.0001d  0.013d 0.308 
a Fresh weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.13 Comparison of average clipping dry weight of preliminary efficacy experiments on 
the exogenous application of GB on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Dry weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180814 Water 0.012 0.013 0.009 
180814 GBc 0.012 0.009 0.013 

 P value 0.063 0.082          0.0004d 
180921 Water 0.014 0.021 0.014 
180921 GB 0.012 0.021 0.013 

 P value 0.302 0.233           0.422 
181026 Water 0.013 0.011 0.007 
181026 GB 0.016 0.012 0.019 

 P value  0.002d 0.158   0.002d 
a Dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.14 Comparison of average total shoot biomass of preliminary efficacy experiments on 
the exogenous application of GB on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180814 Water 0.708 0.072 
180814 GBc 0.832 0.087 

 P value   0.013d  0.010d 
180921 Water 0.543 0.095 
180921 GB 0.857 0.098 

 P value  0.035d  0.018d 
181026 Water 0.721 0.069 
181026 GB 1.012 0.078 

 P value   0.012d   0.008d 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.15 Comparison of average total root biomass of preliminary efficacy experiments on the 
exogenous application of GB on creeping bentgrass (A. stolonifera) cv. Penncross at different 
DPT in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180814 Water 0.723 0.072 
180814 GBc 0.679 0.066 

 P value 0.109 0.150 
180921 Water 1.037 0.082 
180921 GB 1.376 0.108 

 P value  0.009d  0.025d 
181026 Water 0.913 0.090 
181026 GB 1.445 0.189 

 P value     0.0001d  0.040d 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180814 was started August 14, 2018, 180921 was started September 21, 2018, and 
181026 was started October 26, 2018. 
c GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.    
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Table 2.16 Comparison of average greenness index of preliminary efficacy experiments on the 
exogenous application of the commercial powder mycorrhizal inoculant of Rhizophagus 
intraradices (MYKE PRO) on creeping bentgrass (A. stolonifera) cv. Penncross at different DPT in 
the growth room.  

  Greenness indexa 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 28 DPT 

180727 Water 0.591 0.575 0.563 0.506 

180727 MYKE PROc 0.612 0.563 0.585 0.516 

  P value 0.991 0.108        0.943 0.929 

180907 Water 0.523 0.522 0.498 0.498 

180907 MYKE PRO 0.55 0.555 0.491 0.491 

  P value 0.324 0.276        0.012d        0.022d 

181005 Water 0.547 0.577 0.479 0.503 

181005 MYKE PRO 0.551 0.573 0.486 0.508 

  P value  <.0001d  0.020d 0.713  0.011d 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, and 
181005 was started October 05, 2018. 
c Inoculant of Rhizophagus intraradices (0.30 mg/mL) applied to rhizosphere on a weekly basis 
starting at 0 DPT and last applied on 21 DPT. 
d P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.17 Comparison of average clipping fresh weight of preliminary efficacy experiments on 
the exogenous application of the commercial powder mycorrhizal inoculant of Rhizophagus 
intraradices (MYKE PRO) on creeping bentgrass (A. stolonifera) cv. Penncross at different DPT 
in the growth room.  

    Fresh weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180727 Water 0.170 0.131 0.053 
180727 MYKE PROc 0.167 0.102 0.042 

 P value   0.004d 0.086           0.079 
180907 Water 0.108 0.125 0.026 
180907 MYKE PRO 0.114 0.136 0.023 

 P value 0.196 0.077           0.336 
181005 Water 0.037 0.025 0.015 
181005 MYKE PRO 0.033 0.020 0.007 

 P value 0.574  0.049d 0.793 
a Fresh weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, and 
181005 was started October 05, 2018. 
c Inoculant of Rhizophagus intraradices (0.30 mg/mL) applied to rhizosphere on a weekly basis 
starting at 0 DPT and last applied on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.18 Comparison of average clipping dry weight of preliminary efficacy experiments on 
the exogenous application of the commercial powder mycorrhizal inoculant of Rhizophagus 
intraradices (MYKE PRO) on creeping bentgrass (A. stolonifera) cv. Penncross at different DPT 
in the growth room.  

    Dry weight (mg)a 

Experimentb Treatment 7 DPT 14 DPT 21 DPT 
180727 Water 0.033 0.024 0.018 
180727 MYKE PROc 0.038 0.030 0.019 

 P value 0.394 0.136           0.144 
180907 Water 0.019 0.023 0.010 
180907 MYKE PRO 0.019 0.024 0.006 

 P value 0.402 0.191          0.525 
181005 Water 0.006 0.008 0.008 
181005 MYKE PRO 0.010 0.008 0.005 

 P value 0.282 0.906   0.029d 
a Dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, and 
181005 was started October 05, 2018. 
c Inoculant of Rhizophagus intraradices (0.30 mg/mL) applied to rhizosphere on a weekly basis 
starting at 0 DPT and last applied on 21 DPT. 
d P-values were calculated from t-tests comparing average dry weight values from 15 replicates 
over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.19 Comparison of average total shoot biomass of preliminary efficacy experiments on 
the exogenous application of the commercial powder mycorrhizal inoculant of Rhizophagus 
intraradices (MYKE PRO) on creeping bentgrass (A. stolonifera) cv. Penncross at different DPT 
in the growth room.  

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180727 Water 0.682 0.103 
180727 MYKE PROc 0.602 0.107 

 P value 0.863 0.556 
180907 Water 1.073 0.125 
180907 MYKE PRO 0.886 0.127 

 P value 0.226 0.203 
181005 Water 0.768 0.093 
181005 MYKE PRO 0.661 0.097 

 P value 0.510   0.036d 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, and 
181005 was started October 05, 2018. 
c Inoculant of Rhizophagus intraradices (0.30 mg/mL) applied to rhizosphere on a weekly basis 
starting at 0 DPT and last applied on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh and dry weight values from 15 
replicates over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.20 Comparison of average total root biomass of preliminary efficacy experiments on the 
exogenous application of the commercial powder mycorrhizal inoculant of Rhizophagus 
intraradices (MYKE PRO) on creeping bentgrass (A. stolonifera) cv. Penncross at different DPT 
in the growth room. 

    Fresh Weight (mg)a Dry Weight (mg)a 

Experimentb Treatment 28 DPT 28 DPT 
180727 Water 0.567 0.069 
180727 MYKE PROc 0.501 0.092 

 P value 0.909 0.662 
180907 Water 1.714 0.091 
180907 MYKE PRO 1.113 0.108 

 P value 0.141 <.0001d 
181005 Water 1.867 0.140 
181005 MYKE PRO 1.603 0.159 

 P value 0.069 0.116 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Experiment 180727 was started July 27, 2018, 180907 was started September 7, 2018, and 
181005 was started October 05, 2018. 
c Inoculant of Rhizophagus intraradices (0.30 mg/mL) applied to rhizosphere on a weekly basis 
starting at 0 DPT and last applied on 21 DPT. 
d P-values were calculated from t-tests comparing average fresh and dry weight values from 15 
replicates over 1 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.21 Comparison of average greenness index on the exogenous application of 
phycocyanin for different cultivars of creeping bentgrass (A. stolonifera) at different DPT in the 
greenhouse. 

 Greenness Indexa  

  7 DPT 14 DPT 21 DPT 28 DPT 

Cultivar Phycocyaninb Water  Phycocyanin Water  Phycocyanin Water  Phycocyanin Water  

Alpha 0.607c 0.565        0.585 0.585 0.578 c 0.502 0.554 c 0.490 

Focus 0.597 c 0.548 0.584 c 0.543 0.502 0.518 0.549 c 0.501 

OO7 0.591 c 0.552 0.570 c 0.546 0.567 c 0.514 0.540 0.492 

Penncross 0.596 c 0.561 0.588 c 0.545 0.570 c 0.505 0.562 c 0.490 

T1 0.590 c 0.539 0.584 c 0.548 0.550 c 0.517 0.545 c 0.503 

Tyee 0.590 c 0.550 0.587 c 0.552 0.567 c 0.508 0.551 c 0.495 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment 

b Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   

 

 

 

 



 
 

 
Table 2.22 Comparison of average clipping biomass on the exogenous application of phycocyanin for different cultivars of creeping 
bentgrass (A. stolonifera) at different DPT in the greenhouse. 

 
Fresh Weight (mg)a Dry Weight (mg)a 

 
7 DPT 14 DPT 21 DPT 7 DPT 14 DPT 21 DPT 

Cultivar Phycocyaninb Water  Phycocyanin Water  Phycocyanin Water  Phycocyaninb Water  Phycocyanin Water  Phycocyanin Water  

Alpha 0.118c 0.087 0.132 0.132 0.079c 0.069 0.027c 0.021 0.026 0.026 0.021c 0.015 
Focus 0.112c 0.095 0.151c 0.092 0.079c 0.041 0.027c 0.020 0.029c 0.018 0.018c 0.013 
OO7 0.095c 0.078 0.130c 0.086 0.068c 0.040 0.027c 0.020 0.024c 0.019 0.019c 0.012 

Penncross 0.103 0.100 0.125c 0.076 0.084c 0.036 0.022c 0.017 0.024c 0.015 0.020c 0.012 
T1 0.109 0.106 0.128c 0.096 0.076c 0.044 0.024 0.021 0.024c 0.019 0.021c 0.014 

Tyee 0.087c 0.067 0.132c 0.078 0.068c 0.040 0.025 0.021 0.023c 0.014 0.019c 0.014 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 DPT. 
c P-values were calculated from t-tests comparing average fresh weight values from 15 replicates over 3 experiment. P-values less than 
0.05 show statistically significant differences.   
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Table 2.23 Comparison of average shoot and root biomass on the exogenous application of 
phycocyanin for different cultivars of creeping bentgrass (A. stolonifera) at DPT in the 
greenhouse. 

  Shoots Roots 

  Fresh Weight (mg)a Dry Weight (mg)a Fresh Weight (mg)a Dry Weight (mg)a 

 
28 DPT 28 DPT 28 DPT 28 DPT 

Cultivar Phycocyaninb Water  Phycocyaninb Water  Phycocyaninb Water  Phycocyaninb Water  

Alpha 0.730c 0.613 0.091c 0.075 0.982 1.073 0.103 0.105 
Focus 0.914c 0.829 0.095 0.108 1.234 1.236 0.110c 0.098 
OO7 0.881c 0.728 0.085 0.097 1.419c 1.203 0.117c 0.098 

Penncross 0.840c 0.713 0.115c 0.097 1.202 1.435 0.119c 0.099 
T1 0.875c 0.794 0.133c 0.105 1.096 1.057 0.138c 0.079 

Tyee 0.782c 0.711 0.083 0.101 1.043c 1.031 0.094c 0.087 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Phycocyanin (7.6 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last 
applied on 21 DPT. 
c P-values were calculated from t-tests comparing average fresh weight values from 20 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.24 Comparison of average greenness index on the exogenous application of GABA for 
different cultivars of creeping bentgrass (A. stolonifera) at different DPT in the greenhouse. 

 Greenness Indexa  
  7 DPT 14 DPT 21 DPT 28 DPT 
Cultivar GABAb Water  GABA Water  GABA Water  GABA Water  

Alpha 0.588c 0.551 0.535 0.535 0.551c 0.538 0.510 0.527 
Focus 0.550 0.549 0.525c 0.511 0.527c 0.508 0.489c 0.480 
OO7 0.546 0.548 0.538c 0.504 0.538c 0.512 0.475 0.487 

Penncross 0.562 0.559 0.535 0.536 0.532c 0.521 0.485c 0.464 
T1 0.523 0.542 0.524 0.521 0.539c 0.509 0.487 0.494 

Tyee 0.501 0.507 0.541c 0.533 0.537c 0.527 0.485 0.487 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment 
b GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
Table 2.25 Comparison of average clipping biomass on the exogenous application of GABA for different cultivars of creeping 
bentgrass (A. stolonifera) at different DPT in the greenhouse. 

 
Fresh Weight (mg)a Dry Weight (mg) a 

 
7 DPT 14 DPT 21 DPT 7 DPT 14 DPT 21 DPT 

Cultivar GABAb Water  GABA Water  GABA Water  GABA Water  GABA Water  GABA Water  

Alpha 0.045 0.053 0.055 0.056 0.036c 0.029 0.010 0.013 0.015 0.015 0.011c 0.009 
Focus 0.059 0.060 0.057 0.057 0.032 0.027 0.014 0.015 0.015 0.015 0.012c 0.010 
OO7 0.065c 0.048 0.053 0.065 0.032 0.034 0.014 0.013 0.012 0.014 0.012 0.011 

Penncross 0.061c 0.053 0.065 0.070 0.033 0.030 0.012 0.012 0.014 0.017 0.012c 0.008 
T1 0.052 0.064 0.061 0.071 0.043c 0.036 0.014 0.013 0.014 0.016 0.012c 0.010 

Tyee 0.057 0.059 0.070c 0.064 0.034 0.035 0.013 0.013 0.017 0.015 0.011 0.012 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates over 3 experiment. P-values less than 
0.05 show statistically significant differences.  
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Table 2.26 Comparison of average shoot and root biomass on the exogenous application of 
GABA for different cultivars of creeping bentgrass (A. stolonifera) at DPT in the greenhouse. 

  Shoots Roots 
  Fresh Weight (mg)a Dry Weight (mg)a Fresh Weight (mg)a Dry Weight (mg)a 

 
28 DPT 28 DPT 28 DPT 28 DPT 

Cultivar GABAb Water  GABA Water  GABA Water  GABA Water  
Alpha 0.599c 0.509 0.071c 0.065 1.038c 0.733 0.089c 0.069 
Focus 0.819c 0.756 0.093 0.097 1.438c 1.046 0.104 0.104 
OO7 0.858c 0.724 0.105c 0.086 1.443c 1.067 0.143c 0.091 

Penncross 0.670c 0.391 0.077c 0.073 1.465c 0.758 0.091c 0.070 
T1 0.757c 0.669 0.087c 0.067 1.355c 0.867 0.141c 0.076 

Tyee 0.969c 0.736       0.060 0.084 1.504c 0.853 0.070 0.075 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b GABA (0.016 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied 
on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   
  



60 

 

Table 2.27  Comparison of average greenness index on the exogenous application of GB for 
different cultivars of creeping bentgrass (A. stolonifera) at different DPT in the greenhouse. 

 Greenness Indexa  
  7 DPT 14 DPT 21 DPT 28 DPT 

Cultivar GBb Water  GB Water  GB Water  GB Water  

Alpha 0.582c 0.551       0.544 0.535 0.555c 0.538 0.513 0.527 
Focus 0.561c 0.549 0.511 0.511 0.544c 0.508  0.495c 0.480 
OO7 0.571c 0.548  0.527c 0.504 0.543c 0.512  0.502c 0.487 

Penncros
s 0.557 0.559 0.504 0.536 0.542c 0.521  0.518c 0.464 

T1 0.528 0.542  0.528c 0.521 0.538c 0.509  0.500c 0.494 
Tyee 0.530c 0.507 0.536 0.533 0.547c 0.527  0.502c 0.487 

a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment 
b GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   

 

 



 
 

 
Table 2.28 Comparison of average clipping biomass on the exogenous application of GB  for different cultivars of creeping bentgrass 
(A. stolonifera) at different DPT in the greenhouse. 

 
Fresh Weight (mg)a Dry Weight (mg)a 

 
7 DPT 14 DPT 21 DPT 7 DPT 14 DPT 21 DPT 

Cultivar GBb Water  GB Water  GB Water  GB Water  GB Water  GB Water  

Alpha 0.044 0.053  0.068c 0.056  0.039c 0.029 0.013 0.013 0.013 0.015  0.013c 0.009 
Focus 0.059 0.060 0.057 0.057  0.059c 0.027 0.013 0.015 0.015 0.015  0.017c 0.010 
OO7  0.060c 0.048  0.084c 0.065  0.050c 0.034 0.014 0.013  0.016c 0.014  0.016c 0.011 

Penncross 0.058 0.056 0.065 0.070  0.044c 0.030 0.013 0.012 0.014 0.017  0.015c 0.008 
T1 0.053 0.061  0.080c 0.071  0.045c 0.036 0.014 0.013 0.016 0.016 0.013 0.010 

Tyee 0.057 0.059  0.070c 0.064  0.060c 0.035 0.013 0.013  0.017c 0.015  0.017c 0.012 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates over 3 experiment. P-values less than 
0.05 show statistically significant differences.   

 
 

 
 
 

John
Typewritten Text
61



62 

 

 
Table 2.29 Comparison of average shoot and root biomass on the exogenous application of GB 
for different cultivars of creeping bentgrass (A. stolonifera) at different DPT in the greenhouse. 

  Shoots Roots 
  Fresh Weight (mg)a Dry Weight (mg)a Fresh Weight (mg)a Dry Weight (mg)a 

 
28 DPT 28 DPT 28 DPT 28 DPT 

Cultivar GBb Water  GB Water  GBb Water  GB Water  
Alpha 0.784c 0.509  0.072c 0.065 0.968c 0.733 0.013c 0.009 
Focus 0.915c 0.756 0.089 0.097 1.324c 1.046 0.017c 0.010 
OO7 1.002c 0.724  0.092c 0.086 1.195c 1.067 0.016c 0.011 

Penncross 0.810c 0.540  0.086c 0.073 1.087c 0.758 0.015c 0.008 
T1 0.915c 0.669  0.083c 0.067 1.157c 0.867 0.013c 0.010 

Tyee 1.041c 0.736        0.105c 0.084 1.371c 0.853 0.017c 0.012 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b GB (0.52 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 
DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   
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Table 2.30 Comparison of average greenness index on the exogenous application of the 
commercial powder mycorrhizal inoculant of Rhizophagus intraradices (MYKE PRO) for 
different cultivars of creeping bentgrass (A. stolonifera) at different DPT in the greenhouse. 

 Greenness Indexa  
  7 DPT 14 DPT 21 DPT 28 DPT 

Cultivar MYKE 
PRO b Water  MYKE 

PRO Water  MYKE 
PRO Water  MYKE 

PRO Water  

Alpha 0.580c 0.566 0.577c 0.568 0.485 0.490 0.515c 0.504 
Focus 0.570c 0.545 0.551 0.551 0.506 0.510 0.499 0.516 
OO7 0.562 0.560 0.563c 0.556 0.501 0.506 0.497 0.498 

Penncross 0.572c 0.562 0.556c 0.550 0.492 0.491 0.498c 0.491 
T1 0.577c 0.537 0.557 0.558 0.516c 0.502 0.506c 0.502 

Tyee 0.566c 0.554 0.550 0.565 0.508c 0.493 0.515c 0.505 
a Greenness index values (ranging to 0=low to 1=high) were obtained by processing the image 
using FieldScout GreenIndex+ Turf Spectrum Technologies, Inc. version 2.0 app, and averaged 
from 5 replicates per experiment 
b Mycorrhizal inoculant (0.30 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and 
last applied on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   

 



 
 

 
Table 2.31 Comparison of average clipping biomass on the exogenous application of the commercial powder mycorrhizal inoculant of 
Rhizophagus intraradices (MYKE PRO) for different cultivars of creeping bentgrass (A. stolonifera) at DPT in the greenhouse. 

 
Fresh Weight (mg)a Dry Weight (mg)a 

 
7 DPT 14 DPT 21 DPT 7 DPT 14 DPT 21 DPT 

Cultivar MYKE 
PRO b Water  MYKE 

PRO Water  MYKE 
PRO Water  MYKE 

PRO Water  MYKE 
PRO Water  MYKE 

PRO Water  

Alpha  0.126c 0.096 0.073 0.085 0.022 0.035 0.023c 0.021  0.019c 0.017 0.010 0.015 
Focus 0.095 0.110 0.105 0.105 0.029 0.034 0.022c 0.020 0.020 0.020 0.012 0.012 
OO7  0.139c 0.100  0.093c 0.088 0.023 0.028 0.027c 0.020  0.023c 0.019 0.009 0.010 

Penncross  0.095c 0.080 0.088 0.084 0.022 0.026 0.021c 0.017  0.019c 0.017 0.009 0.010 
T1 0.106 0.126 0.110 0.112 0.027 0.035 0.022c 0.020  0.024c 0.021 0.012 0.012 

Tyee 0.074 0.107 0.084 0.088 0.029c 0.019 0.021 0.021 0.017 0.016 0.008 0.013 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Mycorrhizal inoculant (0.30 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and last applied on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates over 3 experiment. P-values less than 
0.05 show statistically significant differences.   
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Table 2.32 Comparison of average shoot and root biomass on the exogenous application of the 
commercial powder mycorrhizal inoculant of Rhizophagus intraradices (MYKE PRO) for 
different cultivars of creeping bentgrass (A. stolonifera) at different DPT in the greenhouse. 

  Shoots Roots 

  Fresh Weight (mg)a Dry Weight 
(mg)a 

Fresh Weight 
(mg)a Dry Weight (mg)a 

 
28 DPT 28 DPT 28 DPT 28 DPT 

Cultivar MYKE 
PRO b Water  MYKE 

PRO Water  MYKE 
PRO Water  MYKE 

PRO Water  

Alpha 0.663 0.706 0.094c 0.081 1.079 1.151 0.134c 0.100 
Focus 0.839 0.967 0.142c 0.118 1.172 1.587 0.110 0.110 
OO7 0.781 0.826 0.126c 0.105 1.332 1.515 0.131c 0.107 

Penncross 0.648 0.819 0.107 0.109 1.081 1.651 0.107 0.102 
T1 0.714 0.916 0.104 0.117 0.921 1.183 0.138c 0.090 

Tyee 0.656 0.822 0.091 0.114 0.850 1.213 0.102c 0.095 
a Fresh and dry weight values were obtained and averaged from 5 replicates per experiment. 
b Mycorrhizal inoculant (0.30 mg/mL) applied to foliage on a weekly basis starting at 0 DPT and 
last applied on 21 DPT. 
c P-values were calculated from t-tests comparing average greenness values from 15 replicates 
over 3 experiment. P-values less than 0.05 show statistically significant differences.   
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Figure 2.1 Seeding and growing creeping bentgrass (A. stolonifera) cv. ‘Penncross’ under 
controlled laboratory conditions. 

 
 

 

 
Figure 2.2 Treatmeant application on creeping 
bentgrass (A. stolonifera) cv. ‘Penncross’ using a 
50 ml hand atomizer. 
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Figure 2.3 Dose-response foliar treatment for  (A) 
Glycine betaine and  (B) GABA on creeping 
bentgrass (A. Stolonifera) cv. ‘Penncross’ at 21 
DPT.   
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Figure 2.4 Plugs of creeping bentgrass 
(A. stolonifera) cv. ‘Focus’ taken from 
the Guelph Turfgrass Institute (GTI) 
prior to be established in the greenhouse 
for three weeks for foliar treatment 
effect. 
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Figure  2.5 Foliar effect of phycocyanin on the different turfgrass 
cultivars at 28 DPT.   
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Figure 2.6 Foliar effect of GABA on the different turfgrass cultivars at 28 DPT.  
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Figure 2.7 Foliar effect of Glycine Betaine (GB) on the different 
turfgrass cultivars at 28 DPT.  
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Figure 2.8 Foliar effect of the commercial powder mycorrhizal inoculant 
of Rhizophagus intraradices (MYKE PRO) on the different turfgrass 
cultivars at 28 DP
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Chapter 3. Post-harvest root debris decay of American Ginseng (Panax 
quinquefolius) and the relationship with ginseng replant disease 

 Introduction  3.1.
Replant disease, also known as replant disorder of American ginseng (Panax 

quinquefolius), occurs when ginseng is planted in the same garden where a previous ginseng 
crop was grown resulting in crop failure (Reeleder et al., 2002). Replant disease is associated 
with disappearing root rot, which typically appears as a dark-brown area at the tip of the taproot 
affecting the secondary roots first, extending towards the crown, and eventually disintegrating 
the outer root and then the root core leaving a hollow root, which results in the loss of root 
function and development of yellow leaves with wilted reddish-brown patches (Rahman and 
Punja, 2005; Farh et al., 2018). A variety of fungi, such as species of Fusarium and 
Pythophthora, and Ilyonectria robusta have been associated with disappearing root rot, but 
Ilyonectria mors-panacis is the most common and considered to be the primary cause (Reeleder 
and Brammall 1994; Reeleder et al. 2002, Kernaghan et al. 2007). However, I. mors-panacis 
only causes disappearing root rot when ginseng is grown in replant soil. In soil not previously 
planted to ginseng, I. mors-panacis causes low levels of root rot resulting in dark-brown lesions 
on the exterior of the roots (Rahman and Punja., 2005; Eo and Park, 2013). Like other forms of 
soil sickness, replant disease is unique to replanted ginseng as other crops, such as rice, soybean, 
wheat and maize, can be grown in ginseng soil without being affected (Jo et al., 1996, Lee et al., 
2015, Jiao at al., 2019). Replant disease is also highly persistent with soils up to 30 years or more 
after harvest still showing with disappearing root rot when the field is planted again with P. 
quinquefolius (Davidson, 2018). 
While disappearing root rot is the known cause of replant disease, it is unknown why such severe 
root rot occurs in replant soil almost completely destroying the crop, whereas there is only 
limited root rot in soil not previously used for ginseng. Many ideas have been proposed, which 
can be grouped into four hypotheses. The soil physiochemistry hypothesis is that replant disease 
is due to changes in soil physicochemistry, such as, high N, low pH, low C:N ratio, low 
micronutrient levels and reduced phosphate (Huang et al., 2013; Yang et al ., 2015; Dong et al., 
2017, Zhao et al., 1999). The allelopathic autotoxicity hypothesis is that replant disease is due to 
ginsenosides in the soil acting as autotoxic allelochemicals, such as the ginsenoside root exudates 
R1, Rg1, Re, Rg2, and Rd, which inhibit ginseng seedling emergence and growth (Yang et al., 
2015; Yang et al., 2018). The allelopathic soil microbiology hypothesis is that replant disease is 
due to ginsenosides in the soil that directly influence microbial diversity increasing levels of 
pathogens, like Phytophthora cactorum, Pythium irregulare and I. mors-panacis, while 
decreasing levels of beneficial organism, like Trichoderma hamatum (Nicol et al., 2003; Yousef 
and Bernards, 2006; Li et al. 2019). The allelopathic plant defense response hypothesis is that 
replant disease is due to ginsenosides in the soil tha tare deglycosylated, which can be taken up 
roots affecting jasmonate (JA) signalling in pathogen-associated molecular pattern (PAMP) 
triggered immunity (PTI). JA is a key signal for root rot responses to necrotrophic soil-borne 
fungal pathogens, such as those causing root rots (Okubara and Paulitz, 2005), and JA-regulated 
defenses are triggered during infection of ginseng roots by Ilyonectria species (Behdarvandi, 
2019; Farh, 2019).  Except for the first hypothesis, all of these involve ginsenosides in the soil as 
a key element.  

There are over 60 types of ginsenosides, which are divided into oleanan and dammarane 
ginsenosides (Bernards et al., 2011; Kim et al., 2015). Dammarane ginsenosides are divided into 
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protopanaxtriol (PPT) and propanaxdiol (PPD) types with sugars attached to the β-OH at C-3 
and/or C-20  attached to α-OH at C-6 and/or β-OH at C-20 (Kim et al., 2015). They have a range 
of specific biological activities. For example in mammals, ginsenosides can suppress enzymes 
like NADPH oxidase which generates reactive oxygen species (ROS) involved in immunity (Cho 
et al., 2013), and cytochrome P450s which oxidize steroids, fatty acids and xenobiotics (Liu et 
al., 2006). Overall, ginsenosides appear to be biologically active not only in mammals, but also 
against ginseng soil microbes (Bernards et al., 2006) and ginseng itself (Yang et al., 2015, Yang 
et al., 2018), although the specific biological activities of the many ginsenosides have not been 
clearly elucidated. 

Despite a number of hypotheses, it is not yet clear how conditions for replant disease are 
created. One factor that has not been examined thus far is the role of crop debris after harvesting 
ginseng. In Ontario, ginseng is grown from seed, transplanted after one year and then grown for 
three more years (Westerveld, 2010). In fall after the shoots have died back, harvesting is 
typically done using a modified potato digger to loosen the top 30 cm of soil followed by hand 
harvesting of the roots (Westerveld, 2010). Thus, there will be a certain amount of root debris 
after harvesting. It is known that plant debris can adversely affect soil, by releasing toxins like 
picolinic acid, salicylaldehyde, vanillin and dihydroxysteric acid from by plant tissues during 
decay, resulting in phytotoxic effects which stimulate root rot (Patrick et al., 1964).  Plant debris 
can also provide nutrients for soil-borne pathogens allowing them to better survive over winter 
resulting in more fungal infections (Sumner et al., 1981; Almeida et al., 2001). These hypotheses 
and findings imply that there are several ways that root debris after ginseng harvest could be 
affecting the soil and soil microbes, but more research is needed.  

 Ginsenosides are found in all ginseng tissues and can accumulate to relatively high 
amounts. Ginsenosides comprise about 3-8% dry weight of taproots, (Court et al., 1996) and 8-
30% dry weight of secondary roots, also known as fibre roots (Kang and Kim, 2016). It is also 
estimated that 25 μg/mg per day is secreted by a typical root into the soil (Nicol et al., 2003). 
Ginsenoside secretion may be altering soil microbial populations favoring organisms that can 
utilize them. For example, a survey of ginseng soil in Korea found 77 strains of aerobic bacteria 
with β-glucosidase activity in which 12 strains were able to deglycolsylate the ginsenoside Rb1 
to Rd (Kim et al., 2005).  

The goal of this research was to assess the amount of P. quinquefolius root debris after 
harvest and its effects on the soil biology and chemistry. The amount of root debris following 
harvest, its rate of decay, and changes in the soil bacterial and fungal microbiome, including I. 
mors-panacis in roots were examined. To achieve this, soil and roots from a 3-year-old ginseng 
garden were sampled, just prior to harvest, early fall, mid-fall, late fall, early spring and spring 
planting time for maize. Root debris was examined by evaluating the number of roots, biomass, 
root coloration, number of lesions and lesions associated for I. mors-panacis. Ginsenosides in the 
soil were examined by high-performance liquid chromatography (HPLC), and the soil 
microbiome was assessed by DNA extraction from the soil and high-throughput sequencing.  

 Materials and methods 3.2.

3.2.1. Field site 
A field plot was established in a three-year-old ginseng garden located in Windham Centre, 

ON.  Soil and ginseng root samples were collected at -5 dph (18/10/02 early fall), 10 dph 
(18/10/12 early fall), 41 dph (18/11/12 mid-fall), 73 dph (18/12/14 late fall), 198 dph (19/04/18 
early spring) and 231 dph (19/05/21 spring planting time for maize). At -5 dph (early fall), the 
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outer edge of the field was marked out into five subplots of 1 m x 1 min a random pattern with 5 
m distance between the plots. The beds were 1.8 m wide, and so 0.4 m on either side was not 
included. A modified potato digger was passed over the garden once by the grower to dig 30 cm 
into the soil, and the ginseng roots were removed from the soil surface by hand.   

3.2.2.  Soil and root collection 
At -5 dph, which was prior to harvest, the mulch straw used to mimic the natural habitat of 

the plant was removed from the surface of the bed at probe sites, and the number of stems was 
counted to estimate the number of roots. For each subplot, samples consisting of 10 soil cores 
taken to a depth of 30 cm with a probe (2 cm diameter) were collected. Cores samples were 
removed from the probe with a knife and thoroughly mixed and passed through a 3 x 3 mm grid 
sieve to separate rocks and plant parts from the soil. 200 g of sieved soil was put in a plastic bag 
on ice and then returned to Guelph for storage at -20°C.  Two bags of soil per subplot were 
collected with one for identification of microbiome population and the other for ginsenoside 
analysis. At 10 dph (early fall), 41 dph (mid-fall), 73 dph (late-fall before the soil is frozen), 198 
dph (early-spring after the soil has thawed) and 231 dph (spring planting time for maize), a 1m x 
1m x 30cm deep soil layer was excavated for each subplot, and the soil was treated and stored as 
previously described, except that ginseng roots and taproot pieces were retained after sieving. 
Root samples were placed in plastic bags on ice and then returned to Guelph for storage at -20◦C.  
Soil and root samples were labelled based on date, subplot and purpose (i.e., 18-09-29-1G is 
2018, Sept 29, subplot 1 for ginsenoside extraction, and 18-10-28-3M is 2018, Oct 28, subplot 3 
for microbiome analysis, which was done later for these samples). 

3.2.3.  Root evaluation  
In the laboratory, the roots were washed with tap water until all visible sand and soil particles 

were removed. The roots were separated into grades. Intact roots containing the bud were graded 
as spider, chunk, forked or pencil, and roots without a bud were graded as fibre root pieces based 
on the Production Recommendation for Ginseng by the Ministry of Agricultural and Food, 
Ontario (Roy et al., 2003). In addition, roots were graded as taproot pieces, which were taproots 
>0.5 cm in diameter missing a bud. Root color was determined for all roots based on The 
Official Visual Aids (USDA) but changing the names to numbers for quantitative analysis (light 
= 1, light medium = 2, medium = 3, dark medium = 4, dark = 5) (Anonymous, 2018). Fresh 
weight was determined after rinsing the roots and removing excess moisture with paper towels. 
Dry weight was determined after drying the roots at ±60°C for 72 h. Dark brown 
sunken lesions on roots were counted. Association with I. mors-panacis infection was 
determined by excising a 0.3 x 0.3 x 0.3 mm part of the root, and detecting I. mors-panacis by 
PCR using the primers CDU1/CDL1b (Kernaghan et al 2007). 

3.2.4. Soil DNA extraction and sequencing 
After collection, soil was stored at -20°C, and soil DNA was extracted from each subplot at 

the different times using DNeasy® PowerLyzer® PowerSoil® Kit (QIAGEN Group) in 
accordance with the manufacturer’s instructions with modifications. For each soil sample, 300 
mg (fresh weight) soil was added to a PowerBead tube and then mixed with solution C1, which 
was previously heated at 60°C for 10 min. Incubation time was extended from 4 min to 15 min 
after the addition of C2 and later after the addition of C3. Also, the samples were eluted three 
times with 33 µl of solution C6 each time to the MB spin column, and only the first two elutions 
were used for sequencing. Concentration and purity of the DNA were assessed using a 
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spectrophotometer (NanoDrop 1000, Thermo Scientific Inc. Wilmington, DE, U.S.A.). Only 
samples with the ratio of absorbance at 260 nm and 280 nm between 1.8 and 2.0 were used. 

Sequencing was performed at the Génome Québec Innovation Centre at McGill University 
(Montreal, QC, Canada) using an Illumina Miseq PE250. For bacteria, paired-end 300 bp 
sequencing with the primers 341F (CCTACGGGNGGCWGCAG) paired with 805R 
(GACTACHVGGGTATCTAATCC) was performed to obtain the V3-V4 region of the 16S 
rRNA. For fungi, paired-end 250 bp sequencing was performed with primers ITS1F 
(CTTGGTCATTTAGAGGAAGTAA) paired with ITS2 (GCTGCGTTCTTCATCGATGC) for 
the 18S/ITS2 region.  

3.2.5.  Microbial diversity and abundance  
For bacteria, the forward and reverse paired-end reads of the V3-V4 region of the 16S 

rRNA were joined and filtered for high-quality, the Fluidigm adaptors trimmed 
(ACACTGACGACATGGTTCTACA and TACGGTAGCAGAGACTTGGTCT), and singletons 
and duplicated sequences removed to ensure that entries were unique using the 32-bit 
USEARCH software (USEARCH v11.0.667, http://drive5.com/uparse/) (Edgar, 2013). The reads 
were then demultiplexed to remove the unique index adapters from the reads (demux command), 
and denoised to remove unlikely/low count reads to improve overall quality of the mapping 
using the DADA2 plugin (Callahan et al. 2016) with the truncation argument set up to 280 nt and 
220 nt for the forward and reverse ends, respectively, along with trimming the reads up to 10 nt 
from both ends. 

For fungi, the forward and reverse paired-end reads of the 18S rRNA and internal 
transcribed spacer 2 (ITS2) were merged using the -fastq_merge_maxee option (usearch-
fastq_mergepairs*_R1_*.fastq-fastqoutmerged.fq-relabel), and the merged reads were written to 
-fastqout (for FASTQ) with expected errors for each merged read pair reported using the -
tabbedout option (v8.1.1859).  The merged reads were then imported into QIIME 2 (release 
2019.10, https://QIIME 2.org/) (Bolyen et al., 2019). Singletons and duplicated sequences were 
removed using FungalITSExtractor (Nilsson et al. 2010). The reads were then demultiplexed 
using the demux command,  the Fluidigm adaptors was trimmed using the cutadapt plugin 
(Martin, 2011) and denoised using the DADA2 plugin (Callahan et al. 2016) with the truncation 
argument set up to 280 nt and 220 nt for the forward and reverse ends, respectively, as well as 
trimming up to 10 nt from both ends. 

For bacteria, the OTUs were annotated using the 16S/18S rRNA database of SILVA non-
redundant NR99 SSU v132 (https://www.arb-silva.de/) (Quast et al., 2013) with a 97% identity 
cutoff using the SINTAX command in USEARCH. OTUs which did not have a described genus 
in the database were annotated as numerical designated non-described genera within a phylum. 
OTU abundance was determined by mapping the reads to the OTUs using the alignment program 
bowtie2 v2.3.4.1 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) (Langmead et al., 
2012) to obtain the number of reads per OTU, and then OTU abundance was determined using 
RSEM v1.3.1 (http://deweylab.github.io/RSEM/) (Li and Dewey, 2011) with SAMtools v1.7 
(http://samtools.sourceforge.net/) (Li et al., 2009) through the use of the script 
util/align_and_estimate_abundance.pl, which is part of the Trinity v2.8.5 package 
(https://github.com/trinityrnaseq/trinityrnaseq) (Grabherr et al., 2011). To account for the 
differences in total number of reads per sample and to decrease the impact of outlier values, the 
Trimmed Means of M-values (TMM) was obtained for cross sample comparison using the R 
package edgeR v3.20.9 (Robinson et al., 2010; Robinson and Oshlack, 2010) in R v3.4.4 
x86_64-pc-linux-gnu (https://www.r-project.org/) by averaging OTU abundance after removing 
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30% of both lower and upper ranges of the log-abundance (M-value) and 5% of the absolute 
abundance values (A-value) (Robinson and Oshlack, 2010). 

For fungi, the OTUs were annotated using the fungal ITS taxonomy file from the UNITE 
v8.0 database (UNITE Community, 2019). OTUs which did not have a described genus in the 
database were annotated as numerical designated non-described genera within a phylum. OTU 
abundance was obtained by submitting the resulting taxonomic barplot visualization file to the 
QIIME 2 viewer (https://view.qiime2.org/), exporting the data at taxonomic levels 2 (phylum) 
and 7 (genus), and calculating the percent abundance for each sample by dividing the number of 
OTUs per taxon by the total number of OTUs per dph. 

For both bacteria and fungi, taxonomic designations were confirmed by aligning all 
OTUs in each phylum using MUSCLE v3.8.31 (Edgar, 2004) and a maximum likelihood 
phylogram was generated using RAxML v8.2.12 (Stamatakis, 2014) using the GTRGAMMA 
substitution model, and viewed in MEGA 7.0.26 (https://megasoftware.net/) (Kumar et al., 2016) 
looking at each phyla designations for assumptive genus assignment. 

3.2.6.  Cluster analysis 
Clusters were created using the K-means Clustering algorithm in the R Stats Package v. 

3.6.2 (http://www.r-project.org/) separating the OTU percent abundance for each described/non-
described genus over time into 9 clusters for bacteria and 10 clusters for fungi (Maechler et al., 
2019). The centroid for each cluster was created from the average of the OTU percent abundance 
per described/non-described genus.  

3.2.7.  Soil ginsenosides 
Ginsenosides were extracted from the non-replant soil samples collected from the five 

subplots at the different times by a modified methanol (MeOH) extraction method (Yang et al, 
2015). The samples consisted of 20 g air-dried soil mixed with 60 ml of 80% MeOH in a 250 ml 
flask shaking at 175 rpm for 24 h. The MeOH solution was then filtered through qualitative P4 
medium-fine slow-flow rate filter paper (Fisher Scientific). The filtered MeOH solution was 
place in a vacuum at 40°C until dry, and the dried extracts were re-suspended in 1 ml of 80% 
MeOH, transferred to a 1.5 microcentrifuge tubes, and stored in -20°C freezer. Ginsenoside 
extracts were identified and quantitatively analyzed as per Ivanov (2015). After centrifugation, 
10 µl was injected in a ZORBOX Eclipse Plus C8 column (2.1 X 50 mm, 1.0 μm, Agilent 
Technologies, Santa Clara, CA) and eluted with a gradient of acetonitrile (Solvent B: 90% 
acetonitrile containing 0.1% formic acid and 1 mg/L sodium acetate) in H2O (Solvent A: H2O 
containing 0.1% formic acid and 1 mg/L sodium acetate). 

 Initial conditions were 25% solvent B: 75% solvent A for 1 min, followed by a linear 
gradient to 35% solvent B over 2 min, then to 95% solvent B over 6 min, and held at 95% 
solvent B for 1 min before returning to the initial 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 Dual Spray electrospray ionization (ESI) source with gas temperature of 325°C flowing 
at 12 L/min, and a nebulizer pressure of 45psi. The fragmentor voltage was set to 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). 
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3.2.8. Soil characterization 
A mix of 300 g total soil from de five subplots at different time points was submitted for 

analysis of physicochemical properties.  Before submission, soil samples were air-dried at room 
temperature, and 300 g were submitted to determine organic matter using the method SNL-022 
(Tiessen and Moir, 1993), particle size analysis using the method SNL-027 (Sheldrick and 
Wang, 1993), and soil fertility using the methods CHEM-172, SNL-026,031 (Liang and 
Karamanos, 1993; Simard, 1993; Reid, 1998). 

3.2.9. Data analysis 
Analysis was done with the general linear models procedure (PROC GLM) in SAS 9.1 (SAS 

Institute Inc., Cary, NC, 2018) with calculations of means and standard errors. ANOVA was run, 
and when a statistically significant difference was found, means were compared with Fisher’s 
protected least significant differences test (p < 0.05). 

 Results 3.3.

3.3.1. Number of roots 
 For samples at 5 days before harvest, the number of ginseng stems in each subplot was 

counted an approximate number of roots present per subplot. The number of ginseng stems in 
each subplot was 62 ±2.1 (±SD) roots per m2, whereas the number of intact roots collected at 10 
dph (early fall) was 22.0 ±5.5 (±SD) per m2 indicating that approximately 41% were not 
harvested. Most of the intact roots were pencil grade, and most of the root pieces were fibre 
roots. Taproot pieces showed no signs of decay indicating that they were damaged by the 
modified potato harvester or hand collection (Table 3.1). Between 10 and 41 dph (early to mid-
fall), total number of intact roots was significantly reduced by 44% with chunk and pencil grade 
significantly reduced by 38% and 50%, respectively. In contrast, forked grade significantly 
increased by 50%. Total root number significantly decreased by 87% with a complete loss of 
fibre roots, although the number of taproot pieces significantly increased over 1-fold likely due 
to the decay of intact roots at the bud, becoming new taproot pieces.  

Between 41 and 73 dph (mid to late fall), the number of intact roots was significantly 
reduced by 31%, with a complete loss of spider roots, and the number of chunk and pencil roots 
significantly declining by 47% and 27%, respectively. However, the number of forked roots 
significantly increased by 66%. Total root numbers significantly decreased by 37% with the 
number of taproot pieces significantly declining by 44%, likely due to taproot pieces completely 
decaying faster than intact roots being partially decaying into taproot pieces. Between 73 and 
198 dph (late fall to early spring), the number of intact roots was significantly reduced by 88% 
with the number of chunk, forked and pencil roots significantly decreasing by 90%, 80% and 
88%, respectively. Total root numbers significantly reduced by 70%, and the number of taproot 
pieces was significantly lower by 38%. Between 198 and 231 dph (early spring to spring planting 
time for maize), total intact roots significantly declined by 93% with a complete loss of chunk 
and forked grade roots and the number of pencil roots significantly reduced by 66%. Total root 
number significantly declined by 90% and taproot piece numbers was significantly reduced by 
93%.  

During the course of the experiment from 10 to 231 dph, there was a significant reduction 
of total intact roots by 99% and total root pieces by 99% with the largest decreases generally 
between 73 and 198 dph (late fall to early spring) with the exception of fibre root pieces between 
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10 and 41 dph. By 231 dph, only a few highly decayed root pieces and germinating intact pencil 
roots remained.  

3.3.2. Fresh weight 
At 10 dph (early fall), 91% of the fresh weight of roots was intact roots, while only 9% 

was taproot and fibre root pieces (Table 3.2). Based on an estimated yield of 1.2 Kg per 1 m2 
fresh weight of a typical ginseng garden in the Simcoe area (Sean Westerveld, personal 
communication), an estimated 7.8% of the fresh weight of the ginseng was not harvested, which 
was much less than the estimated 41% of ginseng not harvested based on root number.   

Between 10 and 41 dph (early to mid-fall), the fresh weight of total intact roots was 
significantly reduced by 50% with spider, chunk, forked and pencil root fresh weights 
significantly reduced by 41%, 25%, 33%, and 61%, respectively (Table 3.2). The fresh weight of 
all the roots  significantly declined by 20%, but the fresh weight of taproot pieces significantly 
increased by 4-fold, probably due to the partial decay of intact roots at the bud to create taproot 
pieces. Fibre root piece fresh weight declined as they were undetectable by 41 dph. Between 41 
and 73 dph (mid to late fall), the fresh weight of total intact roots significantly decreased by 8% 
with no fresh weight for spider roots, while pencil and forked root fresh weight significantly 
increased by 20% and 39%, respectively. In contrast, chunk grade fresh weight significantly 
declined by 56%. The fresh weight of all roots significantly declined by 25% with taproot pieces 
significantly declining by 48%.  

Between 73 and 198 dph (late fall to early spring), the fresh weight of total intact roots 
was significantly reduced by 93%, with chunk, forked and pencil grade having significant 
declines of 86%, 75% and, 97%, respectively. The fresh weight of all roots significantly declined 
by 90% with taproot pieces significantly decreasing by 83%. Between 198 and 231 dph (early 
spring to spring planting time for maize), the fresh weight of total intact roots significantly 
declined by 77% related to a no fresh weight for chunk and forked roots, and a 98% significant 
decrease in taproot piece fresh weight. The fresh weight of intact root at 231 dph was solely due 
to pencil roots, which significantly decreased by 25%. The fresh weight of all roots declined 
significantly by 87%, with a significant decline of 95% in taproot pieces. 

The greatest total fresh root weight decrease was in the winter with a drop of 90% 
between 73 and 198 dph. By 231 dph (spring planting time for maize) only 6.3% of roots based 
on fresh weight remained in the field, almost all of which were intact pencil roots, which 
germinated without signs of decay.  

3.3.3. Dry weight 
 At 10 dph (early fall), 94% of the dry weight of roots was for intact roots, and 6% was for 

taproot and fibre root pieces (Table 3.3). Based on a comparison of our fresh to dry weights on 
10 dph for total roots, dry weight was 18% of fresh weight (Tables 3.2 and 3.3). Thus, a fresh 
weight yield of 1.2 Kg per 1 m2 would result in an estimated dry weight yield of 0.225 Kg per 1 
m2 and thus 10.1% of the ginseng roots were not harvested based on dry weight, which was 
slightly higher than the 7.8% estimated from the fresh weight.  

Between 10 and 41 dph (early to mid-fall), the dry weight of total intact roots was 
significantly decreased by 30% with spider, chunk, forked and pencil root dry weight 
significantly decreased by 7%, 28%, 13% and 32%, respectively (Table 3.3). The dry weight of 
all the roots significantly declined by 7%, but the dry weight of taproot pieces significantly 
increased 6-fold likely due to taproot pieces being created from the decay of intact roots. 
Between 41 and 73 dph (mid to late fall), the dry weight of total intact roots significantly 
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decreased by 8% with chunk and pencil root dry weight significantly decreasing by 5% and 9%, 
respectively, with a complete loss of spider roots. In contrast, forked grade root dry weight 
significantly increased by 16%. The dry weight of all roots significantly declined by 12% with 
taproot piece dry weight significantly decreasing by 43%. Between 73 and 198 dph (late fall to 
early spring), the dry weight of total intact roots was significantly reduced by 86% with chunk 
and pencil roots having significant declines by 93% and 98%, respectively. In contrast, forked 
grade significantly increased by 7%. The dry weight of all roots was significantly declined by 
87% with taproot pieces significantly decreasing by 89%. Between 198 and 231 dph (spring 
planting time for maize), the dry weight of total intact roots significantly declined by 93%, which 
was related to the complete loss of chunk and forked roots. The dry weight of all the roots was 
declined significantly by 94% with a significant decline of 98% in taproot pieces.  

The greatest total dry root weight decrease was in the winter with a drop of 87% between 
73 and 198 dph. By 231 dph (spring planting time for maize), only 2.8% of roots based on dry 
weight remained in the field, which was lower than the 6.3% remaining based on fresh weight.  

3.3.4. Color classification  
At 10 dph (early fall), coloration for intact roots grades and taproot pieces ranged 

between 1.4 and 3.0, indicating little discoloration of the roots or taproot pieces soon after 
harvest (Table 3.4). In contrast, fibre root pieces were significantly darker (4.0). Between 10 and 
41 dph (early to mid-fall), coloration of all intact roots significantly increased by 65% with 
significant increases in coloration for spider, chunk and pencil roots by 133%, 45% and 93%, 
respectively. In contrast, forked roots significantly decreased in coloration by 20%. Coloration of 
all roots was significantly increased by 83% with taproot pieces significantly increasing by 26%. 
Between 41 and 73 dph (mid to late fall), coloration of all intact roots significantly increased by 
36% with chunk, forked and pencil roots having significant increases of 27%, 90%, and 40%, 
respectively. Decolouration of all roots significantly increased by 18% with a significant increase 
for taproot pieces by 5%. Between 73 and 198 dph (late fall to early spring), coloration of all 
intact roots were significantly decreased by 15% with pencil roots significantly decreased by 
39%. In contrast, chunk and forked root coloration significant increased by 8% and 32%, 
respectively.  Coloration of all roots significantly increased by 15% with taproot pieces 
significantly increasing by 22%. Between 198 and 231 dph (early spring to spring planting time 
for maize), coloration of all intact roots significantly decreased by 37% related to the complete 
loss of chunk and forked roots. Only pencil grade remained among the intact roots, which 
significantly increased coloration by 13%. Coloration of all roots significantly declined by 22% 
with taproot pieces declined significantly by 2%.   

3.3.5. Lesions 
At 10 dph (early fall), there were only 5 lesions in 130 intact roots and taproot pieces, 

indicating few visible symptoms and asymptomatic infections prior to harvest (Table 3.5). 
Lesions were observed on all intact and piece root grades, except for pencil grade or fibre root 
pieces. The lesions associated with I. mors-panacis at 10 dph were slightly less than one-third of 
the lesions. Only spider and forked roots had lesions where I. mors-panacis was not detected 
(Table 3.6). Between 10 and 41 dph (early to mid-fall), the number of lesions per root on all 
intact roots significantly increased by 4.6-fold, although there was a significant reduction with 
spider and forked roots, for which lesions were no longer detected (Table 3.5). The number of 
lesions for all roots (minus fibre roots) significantly increased 50-fold from 10 to 41 dph with 
taproot pieces significantly increasing 2.25-fold. Between 10 and 41 dph, the percentage of 
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lesions associated with I. mors-panacis significantly decreased for all intact roots, and there were 
only four I. mors-panacis-positive lesions for chunk roots at 41 dph (Table 3.6). There were also 
eight I. mors-panacis-positive lesions on taproot pieces at 41 dph. Between 41 and 73 dph (mid 
to late fall), the number of lesions per root on all intact roots significantly increased by 35% with 
pencil roots significantly increasing by 20%. In contrast, the number of lesions for chunk roots 
significantly declined by 14%. The number of lesions of all roots remained the same, but the 
number of lesions of taproot pieces significantly decreased 31% (Table 3.5). Between 41 and 73 
dph, the percentage of lesions associated with I. mors-panacis all intact roots significantly 
increased by 5-fold with a significant increase for pencil grade (Table 3.6).  

There was also a significant decrease by 14% for taproot pieces. Between 73 and 198 dph 
(late fall to early spring), the number of lesions of total intact roots significantly increased by 5% 
with chunk grade significantly increased in lesion number by 7-fold, forked roots significantly 
increased from zero to one lesion per root, and pencil root significantly decreased from four 
lesions per root to zero.  The number of lesions for all roots significantly increased by 52% with 
taproot pieces significantly increasing 3.2-fold. The percentage of lesions associated with I. 
mors-panacis between 73 and 198 dph significantly decreased for all intact roots as the pathogen 
was no longer detected on intact roots. The percentage of lesions linked to I. mors-panacis for 
taproot pieces significantly increased by 21%. By 231 dph (spring planting time for maize), there 
were no longer visible lesions on any intact roots, and no lesions were counted on taproot pieces 
as all taproot pieces were completely decayed with only the epidermis remaining and thus no 
distinct edge to denote a lesion (Table 3.5). Testing these roots for I. mors-panacis showed no 
presence of the pathogen on the tissue.  

Overall, the number of lesions per root on all roots increased during the fall from a very 
small number after harvest with the peak number in early spring. In contrast, the percentage of 
the lesions on all roots associated with I. mors-panacis fluctuated from harvest until early spring 
between 32 and 40% with no clear trends. By 231 dph, only intact roots without lesions were 
present and was I. mors-panacis not observed in the roots.  

3.3.6. Physicochemical analysis of the soil 
The soil texture of a bulked sample from multiple subplots was determined to be loamy 

sand composed of particles of sand (77.9%), very find sand (14.5%), fine sand (34.4%), medium 
sand (23.6%), coarse sand (4.2%), very coarse sand (1.2%), silt (15.5%) and clay (6.5%).  

3.3.7.  Soil ginsenosides 
Four PPD-type ginsenosides (Rb1, Rd, GXVII, Rc and Rb2) were detected in soil 

between -5 and 231 dph. At -5 dph, 60% were Rb1, 24% Rd, 9% GXVII and only 6% Rc+Rb2 
(Figure 3.1). Between -5 and 10 dph (early fall), total PPD ginsenoside significantly declined by 
39% with significantly declines in Rd and Rc+Rb2 by 37% and 30%, respectively. However, the 
48% decline in Rb1 was not significant. Between 10 and 41 dph (early to mid-fall), total PPD 
ginsenosides was not significant changed, and was not significantly changed for any PPD type, 
even for the 35% decline in Rc+Rb2. Between 41 and 73 dph (mid to late fall), total PPD 
ginsenosides was also not significantly different and was not significantly reduced for any PPD 
type, including the 37% decline in Rb1. Between 73 and 198 dph (late fall to early spring), total 
PPD ginsenoside significantly declined by 94% with Rd, GXVII and Rc+Rb2 significantly 
declining by 94%, 97%, and 80%, respectively. While Rb1 content declined by 94%, but the 
change was not significant. Between 198 and 231 dph (early spring to spring planting time), the 
86% increase in total PPD ginsenoside was not significant, nor were the 87%, 85%, 91% and 
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68% increases in Rb1, Rd, GXVII and Rc+Rb2, respectively. Overall from -5 to 231 dph, there 
was a significant reduction in the total PPD ginsenoside by 80% with levels of Rb1, Rd, GXVII, 
Rc+Rb2 all significantly declining by 98%, 97%, 96% and 90%, respectively. Although the 
greatest PPD decrease was between 73 and 198 dph affecting all PPD types, indicating that the 
freezing and thawing over winter had a more general impact on PPD-type ginsenosides. In 
contrast, the second greatest decrease was between -5 and 10 dph, which was almost entirely due 
to a decline in Rb1 and to a lesser extent a decline in Rd, indicating that harvesting affected 
different PPD ginsenosides differently. Warming conditions in spring between 198 and 231 dph 
appeared to result in an increase in all PPD types. However, between -5 and 10 dph, total PPD 
ginsenoside decayed 3.42E+04 AU per day compared to the 2.94E+03 AU per day decayed 
between 73 and 198 dph. Thus, the fastest total ginsenoside decay was in the early fall.   

Two PPT-type ginsenosides (Re and Rf) were detected in soil between -5 and 231 dph. 
At -5 dph, 78% of the PPT-type ginsenosides was Re and 22% was Rf (Figure 3.2). Between -5 
and 10 dph (early fall), total PPT ginsenoside significantly declined by 68%, but neither the 74% 
decline in Re nor the 45% decline in Rf was significant. Between 10 and 41 dph (early to mid-
fall), the 13% decline in total PPT ginsenoside, 53% decline in Re and 51% increase in Rf were 
not significant. Although the 42% decline in total PPT ginsenosides between 41 and 73 dph (mid 
to late fall) was not significant, Rf significantly decreased by 68%. Between 73 and 198 dph (late 
fall to early spring), the 68% decline in total PPT ginsenoside, 67% decline in Re and 70% 
decline in Rf were not significant. Similar to the PPD-type ginsenosides, there were increases in 
PPT ginsenosides between 198 and 231 dph (early spring to spring planting time), but the 66%, 
64% and 71% increases in total PPT ginsenoside, Re and Rf, respectively, were not significant.  

Overall from -5 to 231 dph, total PPT ginsenoside significantly decreased by 85%, and 
Re and Rf significantly decreased by 88% and 74%, respectively. Unlike the PPD ginsenosides, 
the greatest PPT decreased was between -5 and 10 dph, but although each ginsenoside decreased, 
none were significant. The decline between -5 and 198 dph was relatively constant for total PPT 
ginsenosides, although there was some fluctuation at 72 dph for the two individual ginsenoside 
Re and Rf. It appears that changes in temperature over winter had a similar impact on the decline 
in PPT-type ginsenosides as in the fall, unlike the PPD ginsenosides, where the decline in the fall 
was much less than during winter. However, between -5 and 10 dph, total PPT ginsenoside 
decayed 2.57E+04 AU per day compared to the 3.37E+02 AU per day decayed between 73 and 
198 dph. Thus, similar to PPD-type ginsenosides, the fastest total ginsenoside decay was in the 
early fall.   

3.3.8. Soil bacterial OTUs  
From the three seasons of sampling, a total of 4.98E+06 reads TMM-OTU-mapped at 

library were generated from the 30 samples (6 time points from fall to spring, 5 
replicate per sub-plot) included in this study. A total of 7260 OTUs based on nt matches to 

the sequenced region of the 16S RNA of known bacterial genera or unknown genera were 
detected in all the samples analyzed. For an OTU to be classified in a known genus, it must have 
97% or more identity to known genera in the sequenced region of the 16S RNA. All OTUs could 
be placed in 21 phyla, and based on OTU diversity (i.e., number of OTUs per phylum), the phyla 
were divided into four groups based on the degree of diversity (Fig. 3.3, Table 3.7). From highest 
to lowest diversity, the first group was the Actinobacteria and Proteobacteria, together 
comprising 47.1% of the total OTUs, the second group was the Acidobacteria, Planctomycetes, 
Firmicutes and Bacteroidetes, together comprising 38.4% of the total OTUs, the third group was 
the Gemmatimonadetes, Chloroflexi and Verrucomicrobia, together comprising 8.3% of the total 
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OTUs and the fourth group was the remaining 12 phyla, together comprising only 1.9 % of the 
total OTUs.  

For bacterial abundance, a total of 1.44E+07 reads per g soil were detected. The most 
abundant genus-level number of OTUs within phyla with a combined total of 92.2% of the reads 
were the Proteobacteria and Actinobacteria (Fig. 3.4, Table 3.8). Those phyla had also been the 
most diverse. The second most abundant phyla with a combined total of 21.7% of the reads were 
the Chloroflexi, Acidobacteria and Firmicutes. The Acidobacteria and Firmicutes had also been 
in the second most diverse group of phyla, but the Chloroflexi was in the third most diverse 
group of phyla. The third most abundant group was the Planctomycetes, Gemmatimonadetes and 
Bacteroidetes with 2.4%, 1.9% and 0.9% reads, respectively. The Planctomycetes and 
Bacteroidetes had been in the second most diverse group, while the Gemmatimonadetes had been 
in the third most diverse group. The remaining 13 phyla had the lowest abundance with less than 
1.0% of the total reads. This included the 12 least diverse phyla and the Verrucomicrobia, which 
was in the third most diverse group of phyla. Thus, with the exception of the Chloroflexi, 
Planctomycetes, Bacteriodetes, and Verrucomicrobia, the ranking of abundance and diversity 
was similar.  

Based on the pattern of changes in OTU abundance over time, the genus-level OTUs 
were separated into nine clusters (Figs. 3.5 to 3.14). The pattern of changes in abundance per 
cluster is shown by the cluster centroid (i.e., the mean OTU abundance per time point for all 
members of cluster). 

The pattern of the centroid of cluster 1 shows that it is characterized by highest 
abundance before harvest when the intact roots were present in undisturbed soil followed by a 
large drop just after harvest remaining at the level (Fig. 3.5). Cluster 1 had the fewest OTUs 
among the 9 clusters, containing three OTUs in the Actinobacteria and one OTU in the 
Proteobacteria (Table 3.9). There was a significant drop for all these OTUs between -5 and 10 
dph, remaining relatively unchanged, except for a significant drop in abundance of Arthrobacter 
to undetectable levels for at late fall to late spring, a rise in Pseudocladivacter in early spring, 
and a rise in Rhodoplanes in mid-fall and late spring. In general, these bacterial OTUs appeared 
to have highest abundance with an intact rhizosphere, which was the only time point where the 
cluster centroid was significantly different from the other time points, which were not 
significantly different from each other.  

The pattern of the centroid of cluster 2 shows that it is characterized by a peak in 
abundance just after harvest in early fall, just after the soil was disturbed by the harvester (Fig. 
3.6). Cluster 2 contained four OTUs in the Proteobacteria, three OTUs in the Actinobacteria, 
and only one OTU in the Firmicutes (Table 3.10). All these OTUs were significantly higher at 10 
dph compared to other time points, except for Streptomyces, which was not significantly 
different between -5 and 10 dph. Other than the peak at 10 dph, abundance was generally 
unchanged, although there was significantly higher abundance prior to harvest for 
Micromonospora, significantly higher abundance in early spring for Lapillicoccus, 
Micromonospora, Bosea and Ensifer, and late fall for Streptomyces, Bauldia, and Pseudolabrys. 
In general, these bacterial OTUs appeared to have higher abundance when the soil has been 
disturbed, which was the only time point where the cluster centroid was significantly different 
from other time points, which were not significantly different from each other.  

The pattern of the centroid of cluster 3 shows that it is characterized by a peak in 
abundance in the mid-fall when the roots debris were more rapidly decaying (Fig. 3.7). Cluster 3 
contains three OTUs in the Actinobacteria and two OTUs in the Proteobacteria (Table 3.11). All 
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these OTUs were significantly higher at 41 dph compared to other points. Other than this peak, 
abundance was not significantly different, although there was significantly higher abundance in 
late fall for Blastococcus, early spring for Hyphomicrobium, and late spring for Blastococcus.  In 
general, these bacterial OTUs appeared to have highest abundance during the period of relatively 
rapid root decay between 10 and 41 dph, and the cluster centroid was significantly different from 
the other time points at 41 dph, and the other time points were never significantly different from 
each other.  

The pattern of the centroid of cluster 4 shows that it is characterized by a peak in 
abundance in mid-fall when the roots debris we more rapidly decaying (Fig. 3.8). Cluster 4 is 
similar to cluster 3 peaking at 41 dph, but the size of the peak is smaller. Cluster 4 contains five 
OTUs in the Actinobacteria, four OTUs in the Firmicutes and two OTUs in the Proteobacteria 
(Table 3.12). All these OTUs were significantly higher at 41 dph compared to other points, 
except for Cellulomonas that had a higher peak at 198 dph. Aside from this peak, abundance was 
low but not generally not significantly different, but there was significantly higher abundance for 
Cellulomonas and Iluminobacter at 198 dph, Nakumurella and Streptosporagium at 198 and 231 
dph, Rhodococcus at -5 and 231 dph, and Paenisporosarcina at 73 and 231 dph. In general, these 
bacterial OTUs appeared to be similarly affected as the bacterial OTUs in cluster 3, with the 
cluster centroid being significantly different from the other time points only at 41 dph, whereas 
the other time points were not significantly different from each other. However, their abundance 
was less affected by changes in the environment than with cluster 3, possibly because they have 
slower growth rates. 

The pattern of the centroid of cluster 5 shows that it is characterized by a peak in 
abundance in late fall when almost all the root debris have been completely decayed (Fig. 3.9). 
Cluster 5 contains five OTUs in the Actinobacteria and three OTUs in the Proteobacteria (Table 
3.13). All these OTUs were significantly higher at 73 dph compared to other points, except for 
Lysinimonas which OTUs were not significantly different between 73 and 198 dph and 
Nocardioides which OTUs were not significantly different between 41 and 231 dph.  Other than 
these, abundance was generally lower and not significantly different, except for Actinobacteria 
being significantly higher at -5 dph, Catellatospora at 41 dph, and Lysinimonas at 10 dph. In 
general, these bacterial OTUs appeared to have highest abundance in the late fall, and 73 dph 
was the only time point where the cluster centroid was significantly higher than the other time 
points, although -5 and 10 dph were sig lower than other points for the cluster centroid.  

The pattern of the centroid of cluster 6 shows that it is characterized by a declining 
abundance after harvest at the early fall reaching a minimum in mid-fall and then increasing (Fig. 
3.10). Cluster 6 contains six OTUs in the Proteobacteria, three OTUs in the Actinobacteria, two 
OTUs in the Acidobacteria, and two OTUs in the Firmicutes (Table 3.14). There was no single 
time point when almost all the OTUs showed a peak, and the cluster centroid was only 
significantly higher at -5, 10 and 198 dph, which were not significantly different from each other. 
However, most OTUs did not match the pattern of the sign differences of the cluster centroid 
between time points. Compared to other time points, OTUs for Caulobacter, Microbispora, 
Labrys and Sphingorhhabdus were significantly higher at -5 dph, Candidatus solibacter, 
Stenotrophobacter, and Acrocaspora were sign higher at 10 dph, and Iamia was significantly 
higher at 10, 41 and 231 dph,  Fictibacillus OTUs were significantly higher at 73 and 198 dph, 
Dongia at 198 dph, and Pedomicrobium and Sphingobium at 41 and 198 dph. Between these 
peaks, abundance was generally not significantly different with a few exceptions. In general, 
these bacterial OTUs have low abundance with slightly higher abundance in the early fall and 
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early spring reflected in -5, 10 and 198 dph time points where the cluster centroid was 
significantly different from the other time points. However, there was considerable variation 
among the members of this cluster indicating that the effects in the abundance were not 
consistent based on general lineal model ANOVA followed by Fisher’s Least Significant 
Difference LSD test p<0.05. 

The pattern of the centroid of cluster 7 shows that it is characterized by a drop after 
harvest, increasing over winter with the highest abundance at late spring (Fig 3.11). Cluster 7 
contains four OTUs in the Proteobacteria and one OTU in the Actinobacteria (Table 3.15). 
However, the patterns for the individual members varied compared to the pattern of the cluster 
centroid. Compared to other time points, Terrabacter and Methylorosula were only significantly 
higher at 231 dph, Bradyrhizobium was only sign higher at -5 dph, Methylorosula was only sign 
higher at 198 dph, and Sphingomonas was only sign higher at 10 dph. Also, all of these OTUs 
had abundances that were significantly at their lowest levels at 73 dph, except for Terrabacter 
that was lowest at -5dph. In general, these bacterial OTUs appeared to have the lowest 
abundance in mid and late fall, which were the only time point where the cluster centroid was 
significantly different from the other time points, possibly related to decreasing temperatures.   

The pattern of the centroid of cluster 8 shows that it is characterized by no detection prior 
to harvest and highest abundance at late spring (Fig 3.12). Cluster 8 contains five OTUs in the 
Proteobacteria, two OTUs in the Actinobacteria and one OTU in the Acidobacteria (Table. 
3.16).  The abundances of all these OTUs were relatively low. All were significantly least 
abundant prior to harvest related to being undetectable, and most abundant at 231 dph compared 
to other time points, except for significantly higher abundance for Pseudarthrobacter and 
Novosphingobium at 10 dph. In addition to being undetectable prior to harvest, Aminobacter and 
Rhodopseudomonas remained undetectable until late spring. In general, these relatively rare 
bacterial OTUs appeared to be rarest in fall and most abundant in late spring, which were the 
time points where the cluster centroid was significantly different from the other time points.   

Cluster 9 was the largest with 304 genera, which was divided between described and non-
described genera (Fig. 3.13 and 3.14). For described genera, the pattern of the cluster centroid 
showed a slight decline post-harvest and then remained unchanged (Fig. 3.13), while the pattern 
for the nondescribed genera was flat (Fig. 3.14).  Cluster 9 was the most highly diverse group 
with 143 described genera belonging to 11 phyla (Table 3.17) and cluster B9-1 161 nondescribed 
genera belonging to 20 phyla (Table 3.18). Including both described and nondescribed genera, 
the most common phyla were Proteobacteria with 721 OTUs, Actinobacteria with 598 OTUs, 
and Acidobacteria with 372 OTUs. In general, these were the rarest genera, with 65% not 
previously described, and were undetectable at one or more time points during the study. The 
only significant differences for the cluster centroid was a higher value at -5 dph for the described 
genera with all the replicates showing these differences.  

 
3.4.10 Soil fungi 

A total of 4971 OTUs based on the 18S/ITS2 sequences of 4000 described genera (97% 
or more nt identity to fungal genera in the UNITE v8.0 database) and 971 non-described genera 
(less than 97% nt identity) within seven fungal phyla were detected in the samples. Over all 
sampling points, there were most Ascomycota with 78.1% of the total OTUs, the Basidiomycota, 
Chytridiomycota, Mortierellomycota and Mucoromycota had decreasing levels with 8%, 7%, 
4.8% and 1.9% of the OTUs, respectively (Fig. 3.15, Table 3.19). The Rozellomycota and 
Zoopagomycota were rare, comprising only <0.1% of the OTUs.  
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For fungal abundance, Ascomycota was the most abundant OTUs with a total of 35.1% of 
the reads (Fig. 3.16, Table 3.20). This phylum had also been the most diverse. The next most 
abundant phyla in decreasing order were the Mortierellomycota, Basidiomycota, Rozellomycota 
and Zoopagomycota, Chytridiomycota with 24.2%, 19.7%, 9.3%, 8.8% and 2.7% of the OTUs, 
respectively. Thus, the Ascomycota and Chytridiomycota were less abundant than their level of 
OTUs, whereas the Mortierellomycota, Basidiomycota, Rozellomycota and Zoopagomycota were 
more abundant than their level of diversity. The Mucoromycota was both rare and non-abundant. 

Based on the pattern of changes in OTU abundance over time, the genus-level fungal 
OTUs were separated into ten clusters (Figs. 3.16 to 3.25). The pattern of changes in abundance 
per cluster is shown by the cluster centroid. 

Cluster 1 did not have a centroid as it was composed of only the Plenodomus OTU 
showing an increase following harvesting until early spring, and then declining in late spring 
similar back to early fall levels (Fig. 3.17). The abundance of this OTU was only significantly 
higher at 198 dph than -5 and 10 dph, which were not significantly different from each other 
(Table 3.21). In general, this fungal OTU appeared to have highest abundance in early spring 
when the ground was thawing and lowest abundance in the intact rhizosphere and early after 
harvest.  

Cluster 2 did not have a centroid as it was composed of only the Trichoderma OTU and 
showed a decline during fall and winter increasing in late spring (Fig. 3.18). However, the 
abundance of this OTU was not significantly different at any time point (Table 3.22). Thus, no 
pattern can be discerned.  

Cluster 3 did not have a centroid as it was composed of only the Subulicystidium OTU 
which mostly was at a low abundance, except for increases at 73 and 231 dph (Fig. 3.19). The 
abundance of this OTU was significantly higher at 73 and 231 dph than at -5 to 41 dph, which 
were not significantly different from each other (Table 3.23). In general, this fungal OTU 
appeared to have highest abundance just prior to winter when most of the roots have been 
decayed, and then in spring when temperatures increased.    

The pattern of the centroid of cluster 4 shows that is characterized by one increase in 
mid-fall and another in late spring (Fig. 3.20). Cluster 4 contains six OTUs in the Ascomycota 
and one OTU in the Mortierellomycota (Table 3.24). There was considerable variation in the 
patterns for each genus in this cluster, and the only significantly differences were lower 
abundances for Schizothecium at -5, 10, 41 and 198 dph compared to 231 dph, lower abundances 
for Talaromyces at 10 dph compared to 231 dph, and lower abundances for Mortierella at -5 dph 
compared to 10  dph.  There was no significant differences in the cluster centroid values between 
time points.  Thus, the most common significant effect for members of the cluster was 
significantly higher abundance in late spring with warmer soil temperatures. 

The pattern of the centroid of cluster 5 shows that it is characterized by a slight increase 
after harvesting with a peak in late spring (Fig. 3.21). Cluster 5 contains eight OTUs in the 
Ascomycota, two in the Chytridiomycota and one in the Rozellomycota (Table 3.25). The only 
significant differences were for Ascomycota_01 with lower abundances at 10, 41,73, and 198 dph 
compared to -5 and 231 dph,  Ascomycota_16 with lower abundances at -5 dph compared to 10, 
41, 73, 198, and 231 dph, Ascomycota_28 with lower abundances at 10 dph compared to -5, 41, 
73, 198 and 231 dph , Ascomycota_29 with lower abundances at -5 and 198 dph compared to 10, 
41, 73 and 231 dph, Aspergillus with lower abundances at 73 dph compared to -5, 10, 41, 198 
and 231 dph, and Eucasphaeria with lower abundances at -5 dph compared to 10, 41, 73, 198, 
and 231 dph. However, there was no significant differences in the cluster centroid values 
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between time points. Thus, the most consistent for members of this cluster was lower abundance 
at -5 or 10 dph compared to other time points, indicating lower abundance in intact rhizosphere 
or just after the rhizosphere was disrupted by harvesting.    

The pattern of the centroid of cluster 6 shows that it is characterized by an increase after 
harvesting and then declining (Fig. 3.22). Cluster 6 contains seven OTUs in the Ascomycota 
(Table 3.26). The only significant differences were for Ascomycota_04 with lower abundances at 
41 dph compared to -5 and 10 dph,  Ascomycota_26 with lower abundances at -5, 41, 198, and 
231 dph compared to 10 and 73 dph,  Ascomycota_27 with lower abundances at 231 dph 
compared to 10 dph, Ascomycota_30 with lower abundances at -5, 41, 73, 198, and 231 dph 
compared to 10 dph, Ascomycota_34 with lower abundances at 41 and 231 dph compared to 10 
dph, and Chaetomium with lower abundances at -5, 41, 73 and 231 dph compared to 10 dph. The 
cluster centroid showed that abundance at 10 dph was significantly higher than at 41, 198 and 
231 dph. In general, these fungal OTUs appeared to have higher abundance just after harvesting 
in disturbed soil, with lower abundances in the fall and following spring.  

The pattern of the centroid of cluster 7 shows that it is characterized by a decrease just 
after harvesting (Fig. 3.23). Cluster 7 contains five OTUs in the Ascomycota (Table 3.27). Most 
OTUs, has significantly highest abundance at -5 dph, except for Ascomycota_21 with the highest 
abundance at 198 dph.  Neosetophoma, however, had not significantly differed at any time 
points. Aside from those, abundances were generally unchanged, with notable exceptions of 
Alternaria with lower abundance at 10 dph than other time points, Ascomycota_21 with lower 
abundances at 10 and 41 dph than other time points and Oidiodendron with lower abundance at 
10 dph than other time points. The cluster centroid values showed that there were no significant 
differences in abundance between time points.     

The pattern of the centroid of cluster 8 shows that it is characterized by an increase after 
harvest with a peak in late fall (Fig. 3.24). Cluster 8 contains three OTUs in the Ascomycota 
(Table. 3.28). All these OTUs were significantly higher at 73 dph compared to other points, 
except that it was not significant with abundance of Ascomycota_18 at 41 dph. The other times 
points were generally unchanged, except for significant low expression of Ascomycota_11 and 
Ascomycota_23. The cluster centroid showed that abundance at 73 dph was higher than all other 
time points. In general, these fungal OTUs appeared to have highest abundance in the late fall 
possibly because of the types of available nutrients at that time in the roots as well as the 
environmental conditions. 

The pattern of the centroid of cluster 9 shows that it is characterized by a slight decrease 
after harvesting (Fig 3.25). Cluster 9 contains 17 OTUs in the Ascomycota and four OTUs in the 
Basidiomycota (Table 3.29). There was considerable variation in the patterns for each genus in 
this cluster, and the only significantly differences were lower abundances for Acalium at -5, 198, 
and 231 dph compared to 41 dph, Ascomycota_25 at 231 dph compared to 41 dph,  
Ascomycota_35 at 10, 73, 198, and 231 dph compared to -5 and 41 dph, Ascomycota_36 at 10, 
41, 73, 198, and 231 dph compared to -5 dph, Cladorrhinum at -5 and 10 dph compared to 231 
dph, Exophiala at 10, 41, and 73 dph compared to -5 dph, Myceliophthora at -5, 10, and 73 dph 
compared to 41 dph, Pleurotheciella at -5, 10, 41, and 73 dph compared to 198 dph, and 
Basidiomycota_05 at -5, 10, 73, 198, and 231, then 41 dph. There was no significant differences 
in the cluster centroid values between time points. Thus, this appears to be mostly low 
abundance OTUs with only small changes over time.  

Finally, the pattern of the centroid of cluster 10 shows that is characterized by remaining 
relatively constant over time (Fig. 3.26).  Cluster 10 was the most highly diverse group with 55 
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described and 31 non-described genera belonging to five phyla. Cluster 10 contains 49 OTUs in 
the Ascomycota, 29 OTUs in the Basidiomycota, 7 OTUs in the Chytridiomycota, 1 OTU in the 
Mucoromycota and 1 OTU in the Zoopagomycota, (Table 3.30). The only significant differences 
for the cluster centroid was higher value for the described genera Bipolaris at -5 dph, 
Colletotrichum at 231 dph, Dactyella at 41 dph, Knufia at 198 dph, Myrmecridium and 
Parathyridaria at 73 dph, Filobasidium at -5 dph, Geminibasidium at 10 dph, and 
Zoopagomycota at 73 dph. There were no significant differences in the cluster centroid values 
between time points. These appear to be the rarest OTUs with slight fluctuations over time.  

 Discussion 3.4.
Harvesting crops is never 100% efficient, and thus crop debris following harvesting 

always occurs. For commercial ginseng gardens, harvesting is preceded by removing the straw 
mulch and plant debris, and then the soil is dug to 30 cm depth with a modified potato harvester 
thus exposing the roots, which are then removed by hand and put in baskets (Westerveld, 2019). 
Searching for the roots by the harvesters in the tilled soil cannot be too vigorous as the roots 
must be handled carefully to avoid damage to the branches of spider and forked roots, which are 
the highest market value roots. In contrast, many lower market value roots, such as roots with 
visible root rot lesions, small pencil roots, taproots, fibre roots and taproot pieces, are generally 
not harvested. In this study, fibre roots and taproot pieces appeared to be mostly generated by 
being torn from intact taproots during the harvesting process, and the relatively clean cuts on the 
taproot pieces at 10 dph indicated that most were generated recently, likely by the modified 
potato digger cutting into roots during harvesting. Thus, the generation of ginseng root debris is 
partially a mechanical process and partially due to subjective harvesting practices. 

Much of the research on post-harvest crop debris is related to conservation tillage, which 
is defined as having at least 30% of the crop debris from previous years left on the field and the 
next crop is planted within the debris, which is unlike conventional tillage where a deep layer of 
the soil is turned over incorporating crop debris deep into the soil (Mathew et al., 2012; Busari et 
al., 2015;). Crop debris is increased in conservation tillage, resulting in a greater accumulation of 
organic matter (leaves, stems and roots) in the top 10-15 cm of soil, affecting harmful and 
beneficial microbial populations as well as soil physiochemistry (Shamoot et al., 1968; Sturz et 
al., 1997).  

Crop debris can benefit plants by adding to soil organic matter. Approximately 50% of 
humic acids and 30% of fulvic acids come from crop debris (Ertel and Hedges, 1985).  Humic 
acids benefit plants by improving soil structure by creating supramolecular associations of small 
molecules protecting degradable compounds and stabilizing organo-mineral complexes and soil 
aggregates (Piccolo and Mbagwu, 1999; Piccolo, 2002). Humic acids can also be taken up by 
plants activating plasma membrane proton pumping ATPases that promote cell wall loosening 
and cell elongation, thus increasing linear root growth, root biomass as well as root foraging for 
resources (du Jardin, 2015). Another benefit of humic acids is to promote root processes, such as 
water and nutrient uptake, defense, nutrient mineralization and increasing the size, surface and 
density of root hairs (Canellas & Olivares, 2014). An example of the benefits to plants from crop 
debris is the addition of barley straw as crop waste in Mediterranean semiarid soils, which 
significantly improved soil physicochemical characteristics, stability and maturity of humic 
substances, water retention, chemical fertility, soil respiration, and C:N ratio (Dorado et al., 
2003).  

However, crop debris can be harmful to plants. Crop debris can directly introduce toxins 
into soil resulting in allelopathy, such as by negatively influencing plant respiration, water and 
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nutrient absorption, mitosis and elongation, synthesis of ATP, gene expression and redox 
homeostasis (Kumar et al., 2017). Allelopathy has been observed for many phenolic compounds 
released by plant roots. For example, monocropping of Cucumis sativus resulted in the 
accumulation of root exudates or decaying residues, such as p-coumaric acid, that inhibited 
cucumber seedling growth and reduced leaf area (Zhou and Wu, 2012). Another example is the 
release of o-hydroxyphenylacetic acid from decaying rice crop residues that significantly 
inhibited rice and lettuce seedlings (Chou and Lin, 1976). Decomposing Mikania micrantha 
debris released phenolic and flavonoid substances, such as p‐hydroxybenzaldehyde and vanillic 
acid that inhibited the germination of Chinese cabbage and tomato seedlings (Ismail and Chong, 
2002). Another example is decaying Citrus jambari root debris in anaerobic soil releasing 
homovanillic acid, seselin, and xanthyletin that inhibited the growth of young citrus plants 
(Burger and Small, 1983).  

The allelopathic effects of crop debris can also be caused by microbial degradation of 
plant products that are more toxic than parent compounds (Cipollini et al., 2012). For example, 
on the peach root surface, heat-resistant bacilli are able to transform the cyanogenic glycosides 
prunasin and amygdalin, which are not toxic to peach into hydrocyanin acid (HCN) which is 
toxic to peach seedlings (Gur and Cohen, 1989; Yang et al., 2012). However, those bacteria only 
convert prunasin and amygdalin into HCN after replanting with peach (Gur and Cohen., 1989). 
Another example is Acinetobacter calcoaceticus from decaying rye mulch, which converts the 
toxic compound 2(3H)-benzoxazolinone (BOA) to the more toxic compound 2,2'-oxo-1,1 '-
azobenzene that causes inhibition of root elongation of barnyard grass (Gagliardo and Chilton, 
1992).  

As well, the allelopathic effects of crop debris can be due to toxins released into soil 
inhibiting beneficial microorganisms to plants, thus indirectly limiting plant growth (Cipollini et 
al., 2012). For example, the growth of the nitrogen-fixing bacteria Rhizobium leguminosarum, R. 
melioli, R. japonicum and R. lupine was inhibited by phenols, such as heneicosanoate, 
linolelaidic acid, arachidic acid and ll,14-eicosadienoic acid, released from Polygonum aviculare 
plant debris (Alsaadawi et al., 1983). Roots of Centaurea stoebe exudate (±)-catechin, which 
inhibited the growth of the genus Aeromicrobium, Arthrobacter, Bacillus, Burkholderia, and 
Chryseobacterium (Pollock et al., 2011). However, the allelopathic effects of plant compounds 
can shift entire soil bacterial populations, such as p-coumaric acid released in cucumber root 
decay or exudate increased the abundance of Bacillus sp., Methylovorus sp., Alcaligenaceae 
bacterium, Nitrosospira multiformis, Coxiellaceae bacterium, resulting in more of the bacterial 
plant pathogen, Erwinia carotovora, and Thielavia spp., Colletotrichum coccodes , Mortierella 
hyaline, Mortierella polycephala and Fusarium oxysporum (Zhou and Wu., 2012). 

Crop debris can also provide nutrients to promote the growth of non-pathogenic bacteria 
and fungi that produce toxins which allow plants roots and basal parts to be attacked by other 
species that are not normally considered to be strong pathogens (Patrick et al., 1964). For 
example, barley seedling blight was caused by the toxin helminthosporal produced by the fungal 
pathogen, Helminthosporium sativum, that predispose the plant’s roots and basal tissues to be 
attacked by non-strong pathogenic microbes, such as Phythium spp., Fusarium sp., and 
Phycomycetes (Ludwig et al., 1956). Another example is frenching in tobacco plants caused by 
the synthesis of the heat stable toxin L-alloisoleucine by Bacillus cereus which is a non-
pathogenic bacterium found in the soil (Steinberg, 1952; Sands et al., 2004).  

Finally, crop debris can provide nutrients for the survival and growth of plant pathogens 
and other harmful soil microbes (Krupinsky et al., 2002).  For example, the pathogens Ascochyta 



90 

 

rabie, A. fabae and A. fabae f. sp. lentis, colonized chickpea stem and pod crop debris on the soil 
surface increasing their populations, but tillage of the soil to bury the debris between 10-40 cm 
resulted in its rapid decay with the pathogens losing their viability in 2 to 4 months (Navas‐
Cortés et al., 1995; Kaiser, 1997). Leptosphaerulina trifolii grew in alfalfa leaf debris and 
removing the debris significantly reduced leaf spot disease caused by the pathogen (Duthie and 
Campbell, 1991). Fusarium nivale grew in spring wheat straw debris and stubble, and removing 
the straw debris reduced disease severity (Booth and Taylor, 1976).   

Many of these effects of crop debris have been shown in ginseng. For example, more soil 
organic matter increased soil moisture content, ginseng root yield and decreased Alternaria blight 
(Park et al., 1982). Crop debris directly introducing toxins into soil resulting in allelopathy can 
be seen by the highly available ginsenosides R1, Rg1, Re, Rg2, and Rd, that inhibited ginseng 
seed germination and growth of the ginseng seedlings (Yang et al., 2015). Another example are 
the phenolics compounds such as gallic acid, caffeic acid, ferulic acid, vanillic acid, p-
hydroxybenzoic acid, ferulic acid, p-coumaric acid and syringic acid from ginseng (Chung et al., 
2016). Allelopathic effects caused by microbial degradation of crop debris that are more toxic 
than parent compounds can be observed in the minor deglycosylated ginsenosides F1, F2, Rg3, 
Rh1, Rh2, compound Mc, compound K and compound Mc (Oh and Kim, 2016; Dong et al., 
2017).  However, the deglycosylated ginsenoside Rh1 extracted from three-year-old P. 
notoginseng root tissues did not show significant toxicity to root cell vigor and seedlings of 
Sanqi ginseng (Yang et al., 2015).  Allelopathic effects of ginsenosides released into soil 
inhibiting beneficial microorganisms was shown for Trichoderma humatum and T. harziaum 
which are antagonists against soilborne pathogens (Bernards et al., 2006). Crop debris can also 
provide compounds which allow plant roots to be attacked by other normally non-pathogenic 
species (e.g. Rhexocercosporidium sp.) by incompatible host-pathogen interactions and 
accumulation of high levels of phenols and inorganic compounds, specially Fe within the 
affected cells, developing rusty-colored lesions (Reelender et al., 2006; Farh et al., 2018). In 
addition, Choi et al. (2005) reported that rusty ginseng roots were caused by infection and 
growth of non-pathogenic endophytic bacteria such as Agrobacterium tumefaciens, Burkholderia 
phenazinum, Pseudomonas marginalis, Microbacterium oxydants, Lysobacter gummosus and 
Rhizobium leguminosarum (Choi et al., 2005).  

In this study, ginseng root debris after harvest was categorized by grade making it 
possible to determine if grades differed in their decay. Based on the speed of decay of the root 
debris, fibre root pieces were the fastest completely decayed by 41 dph, followed by spider roots 
completely decayed by 73 dph, followed by chunk and forked roots completely decayed by 231 
dph. Some pencil roots along with taproot pieces remained by 231 dph (spring planting time for 
maize). Those pencil roots had buds that germinated, and thus would have continued to grow as a 
volunteer plant the year after harvest. Fibrous root pieces were the most susceptible to decay, 
whereas there were a few pencil roots that completely resisted decay, including the bud.  

Fibre roots (secondary and tertiary roots) may be more susceptible to decay than taproots 
due to their small diameter and high starch and fatty acids composition facilitating their decay by 
soil microorganisms (Zhang et al., 2010). Taproots appear to be more resistance to decay likely 
by the accumulation of suberin and lignin as the tap roots are generally four years old at time of 
harvest (Ali et al., 2006; Kováčik and Klejdus, 2008). Lignin and suberin can act as defense 
against microbial decay (Rittinger and Peirson, 1987; Howard and Griffin, 1993). 

By the end of the experiment, only a small percentage of the pencil roots had survived, 
but all of them were without lesions. Such roots might be more resistant to microbial decay or 
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they may have simply missed being decayed. It has been proposed that resistance may be 
important for controlling apple replant disease (ARD) by the development of genome-assisted 
breeding of apple rootstocks (Zhu et al., 2014). Isusta and Merwin (2000) using experimental 
transgenic clones and seven advanced rootstock selection-interspecific hybrids known as the 
Cornell-Geneva rootstock series, reported resistance or tolerance to ARD. This was related to 
increased resistance to the soilborne pathogens, Rhizoctonia, Phytium, and Fusarium in some 
experimental clonal rootstock and accession seedlings. While resistance to I. mors-panacis has 
not been reported, differences in root disease severity and root-shoot biomass were noted among 
grapevine rootstocks inoculated with Ilyonectria liriodendri, indicating possible sources of 
resistance (Gramaje et al., 2014). Thus, the surviving pencil roots should be further investigated 
to determine if they could provide resistance to root rots, like those of I. mors-panacis associated 
with ginseng replant disease.  

While root number and fresh weight correlated well with each other, there were 
exceptions, such as a significant decline in fresh weight for spider root fresh weight but not an 
increase in root number between 10 and 41 dph, a decrease in forked root fresh weight with an 
increase in root number between 10 and 41 dph, an increase in fresh weight but a decrease in 
number between 41 and 73 dph for pencil roots. A higher fresh weight relative to root number 
indicated that the roots gained biomass possibly due to absorption of water, whereas a lower 
fresh weight relative to root number indicated that roots were losing biomass, but the decay was 
insufficient to change their grade to taproot pieces.  

The relationship between fresh and dry weight over time showed the relative amounts of 
water to solid content in roots. No significant change in dry weight with a significant change in 
fresh weight indicates that either water gain (absorption of water in soil) or loss (desiccation to 
air in soil) through the root epidermis (Kramer & Boyer., 1995). This was observed for pencil 
roots during mid to late fall when dry weight significantly increased but fresh weight decreased, 
and for forked roots during late fall to early spring when dry weight significantly increased but 
fresh weight decreased. An increase in dry weight of the roots after stem and leaf loss in the fall 
is unlikely to be due to root growth as there is no source of nutrients from photosynthesis (Lee et 
al., 1985).  

The best relationship between root damage and root coloration was observed with taproot 
pieces showing progressive increasing coloration in the fall and only highly discoloured roots 
detected by the following spring. In contrast, root color increased until late fall for pencil roots 
followed by decreases in coloration in the spring. However, those results should be interpreted 
cautiously as the results are affected by particular root grades no longer being detected after 
certain time points due to those roots having either decayed completely or partially into taproot 
pieces. Spider, chunk and forked root grades all progressively increased in coloration until they 
were no longer detectable. For pencil root grade, which were detectable at all time points, there 
was a unique pattern of increasing coloration in the fall, followed by apparently decreasing 
coloration in the spring. However, this was not due to darker roots becoming lighter in color, but 
instead because the small percentage (1.3%) of pencil roots at 10 dph survived until 231 dph 
(Table 3.1). Those roots then germinated, and germinating roots essentially had the same 
coloration as all pencil roots had at 10 dph. 

The relationship between total number of lesions and the percentage of lesions positive 
for I. mors-panacis in ginseng debris roots collected after harvest showed that an average of 36% 
of the lesions were associated with I. mors-panacis, indicating that root debris after harvest is a 
source of producing more inoculum of the pathogen in the soil. This is significant as I. mors-
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panacis is associated with disappearing root rot in replant disease (Farh et al., 2018). This 
indicates that a continuing increase in roots with lesions on them as progressively more roots 
were lost to decay over time. Thus, many root rot microbes, including I. mors-panacis, will be 
building up inoculum in the soil using the crop debris.  

 For intact roots, the number of lesions with I. mors-panacis detected indicated that there 
may be genetic differences in the susceptibility to I. mors-panacis infection. No spider or forked 
roots ever had lesions associated with I. mors-panacis, and no pencil roots had lesions associated 
with I. mors-panacis until 73 dph. In contrast, chunk roots mostly had lesions associated with I. 
mors-panacis, until late fall. Also, taproot pieces had lesions associated to I. mors-panacis at all 
time points, except 231 dph, when it was not possible to measure.  

 For taproot pieces, most of the lesions were associated with wound sites. At 10, 41, 73 
and 198 dph, the percentages of lesions at wound sites were 100%, 73%, 77% and 87%, 
respectively, and these were mostly related to I. mors-panacis as all but seven lesions at 41 dph 
and six lesions at 198 dph at wound sites were positive for I. mors-panacis. This indicates that 
root decay associated with lesions is not random but is preferential at areas where the epidermis 
is compromised, and approximately half of those lesions are associated with I. mors-panacis. 
This could be due to fungal resistance mechanisms being more concentrated in the external parts 
of the root, including an intact epidermis.  

 All the lesions observed during the fall with I. mors-panacis appeared as dark brown 
lesions with a defined edge, which are typical of lesions of ginseng grown in virgin soil (Rahman 
and Punja, 2005). However, at the end of the experiment, rot symptoms resembled disappearing 
root rot with the core of root completely disintegrated, leaving only the external root tissue 
(Rahman and Punja, 2005). Thus, perhaps the roots at harvest continuing to early spring could be 
considered to have non-replant root rot, whereas those between later in spring are experiencing 
ginseng replant disease. If so, this shows that replant disease is not detectable in roots until after 
the winter thaw following harvest. The lack of detection of I. mors-panacis in the roots with 
disappearing root rot symptoms could be due to the root being caused by another microbe, even 
though 39% of the lesions one month earlier were associated with I. mors-panacis. 

 Changes in ginsenosides in the soil showed that during the development of the study, the 
PPD-type and the PPT-type ginsenosides content appeared to be disappearing. The PPD-type 
ginsenosides Rb1and Rd as well as the PPT-type ginsenoside Rf were fluctuating up and down 
during the fall (-5 to 73 dph), but rapidly declined by early spring (198 dph). In contrast, by 
spring planting time for maize (231 dph), total PPD- and PPT-type increased but not 
significantly indicating that changes in temperature might influence ginsenoside activity in the 
soil. 

One explanation for the decrease of ginsenoside content in the soil is the 
biotransformation of the glycosylated major ginsenosides (Rb1, Rb2, Rd, Rc and Re) to other 
ginsenosides and/or to minor deglycosylated ginsenosides (Shin and Oh, 2016).  The ginsenoside 
biotransformation is caused by highly specific hydrolysis of their sugar moieties by microbial 
and/or by enzymatic conversion (Shin and Oh, 2016).  

One of the biggest conversions for PPD-type ginsenosides is the significant decrease in 
Rb1 probably by hydrolysis via ginsenosidases of the linked positions of sugar moieties (Park et 
al., 2010).  Rb1 hydrolyzed by type (II-i-1) ginsenosidase results in the conversion to 
ginsenoside Rd by hydrolysis of the outer glucose of C-20 (Ko et al., 2007). Additionally, Rb1 
hydrolyzed by type (III-ii) ginsenosidase results in the conversion to ginsenoside GXVII by 
hydrolysis of the outer glucose linked to C-3 (An et al., 2010). For Rd ginsenoside, when 
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hydrolyzed by type (II-ii) or type (III-i) ginsenosidases, results in the conversion to the minor 
deglycosylated ginsenosides Rg3 or F2 by hydrolysis of the inner glucose linked to C-20 or 
hydrolysis of the outer glucose linked to C-3, respectively (Wang et al., 2011 and Du et al., 
2014). However, Rg3 and F2 ginsenosides were not detected in the chromatogram.  

Ginsenoside GXVII only has the inner glucose without the outer glucose at C-3 which is 
hydrolyzed by type (III-ii) ginsenosidase resulting in the biotransformation to ginsenoside 
GLXXV as final product (Hou et al., 2012). Additionally, following the ginsenoside conversion 
pathway, type (II-i-1) ginsenosidase hydrolyses the C-20 outer glucose in ginsenoside GLXXV 
resulting in the conversion to compound K (C-K) (Shin et al., 2014). Ginsenoside GLXXV and 
compound C-K were not detected, nor was there an increase in ginsenoside GXVII. 

The ginsenoside Rb2 is converted by type (II-i-2) ginsenosidase to ginsenoside Rd as a 
final product by hydrolysis of the outer sugar arabinopyranose (Arap) at C-20 (Ko et al., 2007). 
Also, ginsenoside Rb2 is converted by type (III-i) ginsenosidase to compound O (C-O) by 
hydrolysis of C-3 outer glucose (Wang et al., 2011).  Ginsenoside Rc is converted by type (II-i-
4) ginsenosidase to ginsenoside Rd by hydrolysis of only the outer arabinofuranose (Araf) linked 
to C-20 (Zhang et al., 2002). In addition, ginsenoside Rc is converted by type (III-i) 
ginsenosidase to compound Mc1 (C- Mc1) by hydrolysis of C-3 outer glucose (Wang et al., 
2011). Compound C-O and Compound C-Mc1 were not detected in the chromatogram because 
ginsenoside Rd and ginsenoside GXVII are slightly further hydrolyzed to F2 (Rb1 → Rd or 
GXVII, GXVII → F2 or GLXXV, Rd → F2 or Rg3) (Wang et al., 2011). 

  The biggest reduction for the PPT-type ginsenoside was for ginsenoside Re which is 
converted to Rg2 by type (II-2) ginsenosidase which hydrolyses the C-20 inner glucose (Quan et 
al., 2012). Additionally, ginsenoside Re is converted by type (IV-i-2) to ginsenoside Rg1 by 
hydrolysis of C-6 outer rhamnose (Oh et al., 2014). Also, ginsenoside Re is biotransformed to 
ginsenoside Rh1 by type (V) ginsenosidase which hydrolyses the C-20 and C-6 sugars (Ko et al., 
2003). Ginsenoside Rf is converted to ginsenoside Rh1 by type (IV-i-1) ginsenosidase by 
hydrolysis of only the outer glucose linked to C-6 (Ko et al., 2003).  

Ginsenosides Rg1, Rg2 and Rh1 were not identified in the chromatogram. The 
ginsenosides Rg1 and Rh1 are converted by type (IV-ii) ginsenosidase to the minor 
deglycosylated ginsenosides F1 and APPT (aglycone protopanaxatriol), respectively (Ko et al., 
2003; Kim et al., 2012). Ginsenoside Rg2 is also converted to the minor deglycosylated 
ginsenoside Rh1 by type (IV-i-2) ginsenosidase that hydrolyses the C-6 outer xylose (Ko et al., 
2003). However, the recovery of deglycosylated minor ginsenosides which are present in lower 
concentrations in the soil could not be detected by the methanol extraction method. 

Another explanation for the decrease in the ginsenoside content in the soil could be the 
presence of white rot basidiomycetes in the soil which are lignin degrading. Ring-cleavage of 
aromatic rings is an important component for lignin mineralization, and thus white rot 
basidiomycetes could possibility degrade the dammarane ring structure of ginsenosides in the 
same manner as lignin is degraded in soil (Tuor and Fiechter, 1995).  Supporting this hypothesis 
is the discovery that the basidiomycete Subulicystidium was one of the most abundant fungi in 
the post-harvest soil, with peaks of over 10% of the fungal abundance at 73 and 231 dph. 
Subulicystidium longisporum, for example, is associated with white rots of balsam fir, black ash, 
poplar, quaking aspen and various hardwoods (Gilberson and Lombard, 1976). White-rot fungi 
degrade lignin through oxidative processes, utilizing peroxidases and laccases, to generate lignin 
free radicals that then undergo spontaneous cleavage reactions (Zmitrovich et al., 2014).  
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In this study, the diversity of bacteria did not change greatly over time after harvest. 
Except for a decline at 10 and 41 dph, the number of OTUs was equal or greater after harvest 
than before harvest. Bacterial abundance varied slightly over time with lower abundance at 10, 
41, 73 and 231 dph than other time points, but there were no clear trends. However, dividing the 
patterns of changes in abundance over time showed the patterns could be grouped into nine 
clusters, and seven of those clusters showed significant differences at least at one time point.  
The peaking at different time points could indicate particular effects of the biological and 
environmental conditions. A statistically significant peak at -5 dph (clusters 1 and 6) may 
indicate that microorganisms prefer intact rhizosphere. A statistically significant peak at 10 dph 
(clusters 2 and 6) may indicate that microorganisms preferred disturbed and aerated soil as it 
appeared that relatively little root decay had yet occurred.  A statistically significant peak at 41 
dph (clusters 3 and 4) may indicate that those bacteria were multiplying using the more readily 
assimilable nutrients in the decaying roots.  A statistically significant peak at 73 dph (clusters 5) 
may indicate that those bacteria were multiplying using the less readily assimilable nutrients in 
the decaying roots. A statistically significant peak at 198 dph (clusters 6 and 7) may indicate that 
those bacteria were multiplying more after the thawing of the soil in the winter, perhaps due to 
the release of nutrients by freezing and thawing over winter. A statistically significant peak at 
231 dph (clusters 7 and 8) may indicate that microorganism preferred milder and higher 
temperatures.  This, it appears that there is a succession of bacterial population changes in the 
soil related to changes in their microhabitat due to changes in the physical and chemical 
properties of the soil affecting bacterial populations and probably shifting the fungi:bacteria 
ratio.   

In this study, fungal diversity varied more over time increasing after harvest reaching 
higher levels from 41 dph onwards with a peak at 73 dph. This indicates that post-harvest soil 
supported more types of fungi than intact roots, but the effect of harvesting was not immediate 
and continued until the ground froze. Fungal abundance was not affected by harvesting, except 
for a peak at 73 dph. This indicates that diversity was increasing without changes in abundance. 
Of the 10 clusters of fungi, 5 showed significant differences at least at one time point, but three 
of those contained only a single highly abundant genus, Plenodomus, Trichoderma, and 
Subulicystidium indicating that a few members of the Ascomycota (Plenodomus and 
Trichoderma) and Basidiomycota (Subulicystidium) were highly dominating fungal abundance. 
Only cluster 6 showed a peak in abundance at 10 dph compared to 41, 198 and 231 dph and 
cluster 8 with a peak in abundance at 73 dph compared to all other time points. Those two 
clusters contained only Ascomycota and indicated that members of this phylum show more of a 
pattern of succession, like the bacteria in this study. Thus, unlike the bacterial OTUs, there is 
little evidence for succession among groups of fungal OTUs with a few exceptions, but rather 
specific changes for individual fungal OTUs based on biological and environmental conditions.  

Using next-generation sequencing to survey the bacterial microbiome in P. ginseng, 
Nguyen et al (2016) found a total of 5,453 bacterial OTUs in 20 described and 18 candidate 
phyla. The OTUs were mostly in the Proteobacteria and Acidobacteria. Over time, there were no 
changes in bacterial abundance associated with soil depth, except for Actinobacteria with 
significant differences in abundance between 0-10 cm and 20-30 cm soil depth preferring the 0-
10cm subsoil probably because there is more dead plant biomass and members of this phylum 
are decomposers. However, cultivation time demonstrated significant differences with less 
bacterial diversity over years 1 to 3 of cultivation of a continuous first crop. They concluded that 
decreased bacterial diversity and abundance with long-term continuous ginseng cultivation was 
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caused by older roots excreting less organic substances, depletion of soil carbon and nitrogen, 
and decreasing soil phosphorous and pH. In contrast, Dong et al (2017) found many more 
bacterial OTUs (15,607) in 15 phyla for P. quinquefolius. However, they also showed that 
bacterial diversity and abundance declined over 3 years in continuous first crop ginseng. The 
OTUs were mostly in the Acidobacteria and Alphaproteobacteria. They concluded that bacterial 
diversity and abundance declined during the continuous cultivation of ginseng probably due to 
the accumulation of root exudates in the soil leading to changes in microbial carbon 
sequestration and nutrient cycling, the accumulation of root exudates with antimicrobial 
metabolites, and the decline in disease-suppressing soil-borne non-pathogens. By comparison, 
this study showed an intermediate number of bacterial OTUs (7,260 in 21 described phyla), and 
bacterial diversity and abundance did not progressively decrease after harvesting but appeared to 
have a pattern of succession of bacterial OTUs, excluding the relatively unvarying rare OTUs.  

Using next-generation sequencing to measure the fungal microbiome in P. ginseng, Li et 
al (2018) found 579 fungal OTUs in 9 phyla, including unclassified fungi, which is much less 
than the 4971 fungal OTUs in 7 phyla in this study. The OTUs were mostly in the Ascomycota 
and Zygomycota. They showed that continuous cropping of ginseng increased fungal abundance 
but decreased fungal diversity. They measured phenolic acids in the soil and concluded that 
accumulation of salicylic acid, gallic acid, 3-phenylpropionic acid and benzoic acid were 
responsible.  Part of the increase in fungal abundance was pathogens, such as F. oxysporum and 
F. solani. However, changes in fungal diversity and abundance were also influenced by 
physicochemical properties in the soil (total nitrogen and available NPK). Another study of the 
fungal microbiome in P. ginseng by Sun et al (2019) found more fungal OTUs (1990) in 5 phyla. 
The OTUs were mostly in the Ascomycota and Basidiomycota. OTU diversity and abundance of 
the Ascomycota was increased by the addition of leaf litter of Pinus densiflora but decreased 
with leaf litter of Tilia amurensis and Quercus mongolica OTU diversity and abundance for the 
Basidiomycota was increased by the addition of leaf litter of Quercus mongolica but decreased 
with Pinus densiflora. OTU diversity and abundance for the Chytridiomycota, was increased by 
the addition of leaf litter of Tilia amurensis but decreased with Juglans mandshurica. And OTU 
diversity and abundance for the Glomeromycota, was increased by the addition of leaf litter of 
Juglans mandshurica but decreased with Quercus mongolica. They concluded that different 
members of the fungal community are sensitive to soil organic matter, but generally coniferous 
leaf litter caused the largest decrease. Unlike Li et al (2008), who found increased fungal 
abundance and decreased fungal diversity over time with the growth of ginseng, this study 
showed that fungal diversity increased from 41 dph onwards, and higher abundance only 
occurred at 73 dph. Compared to Sun et al (2019), only a few fungal OTUs (i.e., members of 
clusters 1, 3 and 8) showed specific patterns of increased abundance after harvesting, perhaps 
due to the apparent addition of soil organic matter from debris after harvesting.  

A study of the fungal microbiome in P. quinquefolius by Dong et al (2017) found a total 
of 2825 fungal OTUs in 6 phyla, which was still less than 4971 fungal OTUs in 7 phyla in this 
study. The OTUs were mostly in the Pezizomycotina and Basidiomycota. They showed that 
fungal diversity increased over 3 years of continuous culture in a first crop, and fungal 
abundance varied more over the same period. Increases in fungal diversity were associated with 
the death of P. quinquefolius. They concluded that fungal abundance and diversity were 
increasing in soil used for ginseng cultivation because of an imbalance in the fungal community 
with gradually increases in pathogenic fungi in the rhizosphere due to competition and 
antagonism during continuous cropping. By comparison, this study is similar in that fungal 
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diversity increased from 41 dph onwards, although the change was not a gradual increase, but 
does not agree with the gradual increase in abundance as higher abundance only occurred at 73 
dph. However, this study is examining possible increased organic matter while the roots were 
decaying, rather than changes influenced by continuous cropping where roots secrete less as they 
get older, and growth of the plants depletes soil carbon, nitrogen and phosphorous as proposed 
by Dong et al (2017).  

Among the four hypotheses for replant disease, these results do not address the soil 
physiochemistry hypothesis or the allelopathic plant defense response hypothesis. In a study 
which supported the allelopathic autotoxicity hypothesis, ginsenosides comprised 3-8% dry 
weight of ginseng roots (Court et al, 1996), and so the 22.7 g dry weight of total root per 1 m2 
observed in the early fall (10 dph) would have resulted in the release of a relatively large amount 
(0.6- 1.8 g) of ginsenosides into a 1x1 m2 area that could have generated allelopathy. However in 
this study, there was no evidence for increases in R1, Rg1, Re, Rg2, and Rd in the soil after 
harvest, which are the reported allelopathic ginsenosides to P. ginseng (Yang et al., 2015), and 
thus the results do not support that hypothesis. With respect to the allelopathic soil microbiology 
hypothesis, the results here did show changes in the microbiome after harvesting. These include 
changes in possible beneficial microbes, such as the Gram-positive and Gram-negative bacteria 
Arthobacter, Bacillus, Brevundimonas, Chryseobacterium, Lysinibacillus, Sphingobium, and 
Stenotrophomonas, which are reported antagonists against Rhizoctonia, Fusarium, Pythium, and 
Phytophthora of the Panax notoginseng root-rot disease complex (Ma et al., 2013). Also, there 
were changes in possible beneficial fungi, such as a decline in Trichoderma, which is an 
antagonist of plant pathogens like Botrytis cinerea, I. mors-panacis, and Rhizoctonia solani in 
ginseng soil (Wanlong and Qiuyi, 2004; Park et al., 2019). Thus, there is support for changes in 
the soil microbiome after harvesting, which could support the allelopathic soil microbiology 
hypothesis. 

In conclusion, these results indicate that there is a relatively large amount of root debris 
mostly reflecting selective harvesting as most of the root biomass was predominantly pencil and 
fibre roots which have a low value market. The relatively little decay in roots at harvest time was 
reflected in the light color of the roots, and the overall low number of lesions on roots. Decay of 
the roots occurred rapidly in the fall as indicated by the decrease in number of intact roots, 
increase in number of taproot pieces, darker root color, and increasing number of lesions per 
root. However, the lesions associated with I. mors-panacis in the fall are not consistent with the 
symptoms of disappearing root rot. Bacterial diversity and abundance was decreased over time 
indicating that succession of groups of bacteria, whereas fungal diversity increased just from 10 
to 73 dph and abundance only showed a peak at one time point (73 dph). Thus, the response of 
bacteria and fungi to harvesting and debris decay was very different.  Decay consistent with 
replant disease was not observed until the last sampling in spring, when only highly decayed root 
pieces resembling disappearing root rot or intact volunteer ginseng plants remained.  
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Table 3.1 Number of ginseng debris roots collected after harvest. Average number of debris 
roots per 1 m2 x 0.3 m deep subplots from 10 to 231 days post-harvest (dph) with five replicate 
subplots. 

 Number of root pieces per 0.3 m3a 
Root gradeb     10 dph    41 dph 73 dph 198 dph 231 dph 

Spider     0.4 D a 0.4 E a  0 E b    0 D b    0 B b 

Chunk     6.2 C a 3.8 C b 2.0 C c 0.2 C d    0 B e 

Forked     0.4 D c 0.6 D b 1.0 D a 0.2 C d    0 B e 

Pencil   15.0 B a 7.4 B b 5.4 A c 0.6 B d 0.2 A e 

Fibre root pieces 147.8 A a    0 F b    0 E b    0 D b    0 B b 

Taproot pieces     3.8 C c 9.4 A a 5.2 B b 3.2 A d 0.2 A e 
Total of all intact roots   22.0     a 12.2   b 8.4    c 1.0     d 0.2     e 
(Total of all roots minus 
fibre root pieces)/Total of 
all the roots 

 (25.8)   a           
173 .6    a 21.6    b 13.6    c 4.2     d 0.4     e 

a Average number of roots from 5 subplots per dph. ANOVA followed by Fisher Protected Least 
Significant Difference test (p<0.05) was used to calculate significant differences between means. 
The same capital letter indicates no significant difference comparing root grades on a particular 
dph, and the lowercase letter indicates no significant difference within a grade, or for totals 
comparing different dph. 
b Intact roots with a bud were divided into spider, chunk, forked and pencil grade as per Roy et al 
(2003).  Root pieces without a bud were divided into fibre root pieces (<2 mm diameter) and 
taproot pieces (>5mm diameter). The category "all roots" included those with and without buds, 
the category "all intact roots minus fibre root pieces" included those with and without but not 
fiber root pieces, and the category "all roots" included those with and without buds. 
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 Table 3.2 Fresh weight (g) of ginseng debris roots collected after harvest.  Average fresh weight 
(g) of debris roots 1 m2 x 0.3 m deep subplots from 10 to 231 days post-harvest (dph) with five 
replicate subplots. 

 Fresh weight (g) of root pieces per 0.3 m3a 

Root gradeb     10 dph     41 dph    73 dph   198 dph 231 dph 

Spider     1.7   E a     1.0 E b      - -     - 

Chunk   26.9   B a   19.9 C b   8.7 C c 1.1 C d     - 

Forked     5.4   D a     3.6 D c   5.0 D b 1.2 B d     - 

Pencil   71.0   A a   27.6 B c 34.2 A b 1.0 D d 0.7 A e 

Fibre root pieces     2.6       a   -      - - - 

Taproot pieces     7.7   C c   39.9 A a  20.6 B b 3.3 A d 0.0 B e 
Total of all intact roots  105.1      a   52.3     b  48.0     c 3.4     d 0.7     e 
(Total of all roots minus 
fibre root pieces)/Total of 
all the roots 

(112.8)    a 
 115.4      a   92.2     b  68.6     c 6.7     d 0.8     e 

a Average number of roots from 5 subplots per dph. ANOVA followed by Fisher Protected Least 
Significant Difference test (p<0.05) was used to calculate significant differences between means. 
The same capital letter indicates no significant difference comparing root grades on a particular 
dph, and the lowercase letter indicates no significant difference within a grade, or for totals 
comparing different dph. 
b Intact roots with a bud were divided into spider, chunk, forked and pencil grade as per Roy et al 
(2003).  Root pieces without a bud were divided into fibre root pieces (<2 mm diameter) and 
taproot pieces (>5mm diameter). The category "all roots" included those with and without buds, 
the category "all intact roots minus fibre root pieces" included those with and without but not 
fiber root pieces, and the category "all roots" included those with and without buds. 
(-) No root detected for that grade. 
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Table 3.3 Dry weight (g) of ginseng debris roots collected after harvest. Average dry weight (g) 
of debris roots 1 m2 x 0.3 m deep subplots from 10 to 231 days post-harvest (dph) with five 
replicate subplots. 

 Dry weight (g) of root pieces per 0.3 m3a 

Root gradeb   10 dph  41 dph   73 dph   198 dph 231 dph 

Spider   0.4 E a   0.4 E b     - -    - 

Chunk   4.3 B a   3.1 C b  2.9 C c  0.1 C d    - 

Forked   1.3 D c   1.1 D d  1.3 D b  1.4 A a    - 

Pencil 14.4 A a   9.7 B b  8.8 A c  0.1 D d 0.1 A e 

Fibre root pieces   0.8 D a -     - -    - 

Taproot pieces   1.3 C c   9.8 A a   5.5 B b  0.5 B d 0.0 B e 
Total of all intact roots  20.5    a  14.4 b 13.2     c  1.7     d 0.1     e 
(Total of all roots minus 
fibre root pieces)/Total of 
all the roots 

(21.9)  a 
 22.7    a 21.25 b 18.74 c 2.32 d 0.12 e 

a Average number of roots from 5 subplots per dph. ANOVA followed by Fisher Protected Least 
Significant Difference test (p<0.05) was used to calculate significant differences between means. 
The same capital letter indicates no significant difference comparing root grades on a particular 
dph, and the lowercase letter indicates no significant difference within a grade, or for totals 
comparing different dph. 
b Intact roots with a bud were divided into spider, chunk, forked and pencil grade as per Roy et al 
(2003).  Root pieces without a bud were divided into fibre root pieces (<2 mm diameter) and 
taproot pieces (>5mm diameter). The category "all roots" included those with and without buds, 
the category "all intact roots minus fibre root pieces" included those with and without but not 
fiber root pieces, and the category "all roots" included those with and without buds. 
(-) No root detected for that grade. 



100 

 

 Table 3.4 Color classification of ginseng debris roots collected after harvest. Average color 
classification of debris roots 1 m2 x 0.3 m deep subplots from 10 to 231 days post-harvest (dph) 
with five replicate subplots. 

 Color classification of root pieces per 0.3 m3a 

Root gradeb  10 dph 41 dph   73 dph 198 dph 231 dph 

Spider 1.5 E b 3.5 B a      -     -     - 

Chunk 2.0 D d 2.9 C c 3.7 C b 4.0 C a     - 

Forked 2.5 C c 2.0 E d 3.8 B b 5.0 A a     - 

Pencil 1.4 F e 2.7 D b 3.8 B a 2.3 D c 2.0 B d 

Fibre root pieces 4.0 A     -      -     - - 

Taproot pieces 3.0 B e 3.8 A d 4.0 A c 4.9 B b 5.0 A a 
Total of all intact roots 1.7     e 2.8     c 3.8     a 3.2     b 2.0     d 
(Total of all roots minus 
fibre root pieces)/Total of 
all the roots 

(1.6)  e 
 1.8    e 3.3     d 3.9     b 4.5     a 3.5      c 

a Average number of roots from 5 subplots per dph. ANOVA followed by Fisher Protected Least 
Significant Difference test (p<0.05) was used to calculate significant differences between means. 
The same capital letter indicates no significant difference comparing root grades on a particular 
dph, and the lowercase letter indicates no significant difference within a grade, or for totals 
comparing different dph. 
b Intact roots with a bud were divided into spider, chunk, forked and pencil grade as per Roy et al 
(2003).  Root pieces without a bud were divided into fibre root pieces (<2 mm diameter) and 
taproot pieces (>5mm diameter). The category "all roots" included those with and without buds, 
the category "all intact roots minus fibre root pieces" included those with and without but not 
fiber root pieces, and the category "all roots" included those with and without buds. 
(-) No root detected for that grade. 
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 Table 3.5 Number of lesions per ginseng debris roots collected after harvest. Average number 
of lesions of debris roots 1 m2 x 0.3 m deep subplots from 10 to 231 days post-harvest (dph) with 
five replicate subplots. 

 Number of lesions of root pieces per 0.3 m3a 

Root gradeb     10 dph     41 dph     73 dph   198 dph 231 dph 

Spider    0.5 A a     0.0 D b        -       -     - 

Chunk    0.0 C d     0.1 C b   0.1 C c  1.0 A a     - 

Forked    0.5 A b     0.0 D c   0.0 D c  1.0 A a     - 

Pencil    0.0 D c     0.2 B b   0.2 B a  0.0 B c 0.0 A c 

Fibre root pieces    0.0 D B   -        - -      - 

Taproot pieces    0.2 B d     0.4 A b    0.3 A c  1.0A a 0.0 A e 
Total of all intact roots    0.0 d     0.1     c    0.1     b  0.2    a 0.0     e 
(Total of all roots minus 
fibre root pieces)/Total of 
all the roots 

   (0.0) c 
    0.0   c     0.2     b    0.2      b 0.3    a 0.0     d 

a Average number of roots from 5 subplots per dph. ANOVA followed by Fisher Protected Least 
Significant Difference test (p<0.05) was used to calculate significant differences between means. 
The same capital letter indicates no significant difference comparing root grades on a particular 
dph, and the lowercase letter indicates no significant difference within a grade, or for totals 
comparing different dph. 
b Intact roots with a bud were divided into spider, chunk, forked and pencil grade as per Roy et al 
(2003).  Root pieces without a bud were divided into fibre root pieces (<2 mm diameter) and 
taproot pieces (>5mm diameter). The category "all roots" included those with and without buds, 
the category "all intact roots minus fibre root pieces" included those with and without but not 
fiber root pieces, and the category "all roots" included those with and without buds. 
(-) No root detected for that grade. 
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Table 3.6 Percentage of lesions positive for Ilyonectria mors-panacis of ginseng debris roots 
collected after harvest. Percentage of lesions positive by PCR for I. mors-panacis of debris roots 
1 m2 x 0.3 m deep subplots from 10 to 231 days post-harvest (dph) with five replicate subplots. 

 
Percentage of lesions positive for I. mors-panacis of root 

pieces per 0.3 m3a 

Root gradeb  10 dph  41 dph    73 dph 198 dph 231 dph 

Spider 00.0 C a 00.0 C a       - -     - 

Chunk 50.0 A b 71.4 A a 00.0 C c 00.0 B c     - 

Forked 00.0 C a 00.0 C a 00.0 C a 00.0 B a     - 

Pencil 00.0 C b 00.0 C b 58.3 A a 00.0 B b 00.0 A b 

Fibre root pieces 00.0 C -       - - - 

Taproot pieces 20.0 B d 37.7 B b 32.2 B c 39.0 A a 00.0 A e 
Total of all intact roots 30.0     b 7.1       c 47.3     a 00.0     d 00.0     d 
(Total of all roots minus 
fibre root pieces)/Total of 
all the roots 

(25.0)  c 
40.0     a 32.0     c 40.0     a 33.3     b 00.0     d 

a Average number of roots from 5 subplots per dph. ANOVA followed by Fisher Protected Least 
Significant Difference test (p<0.05) was used to calculate significant differences between means. 
The same capital letter indicates no significant difference comparing root grades on a particular 
dph, and the lowercase letter indicates no significant difference within a grade, or for totals 
comparing different dph. 
b Intact roots with a bud were divided into spider, chunk, forked and pencil grade as per Roy et al 
(2003).  Root pieces without a bud were divided into fibre root pieces (<2 mm diameter) and 
taproot pieces (>5mm diameter). The category "all roots" included those with and without buds, 
the category "all intact roots minus fibre root pieces" included those with and without but not 
fiber root pieces, and the category "all roots" included those with and without buds. 
(-) No root detected for that grade. 
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Figure 3.1 Changes in total PPD ginsenosides and individual PPD ginsenosides (Rb1, Rd, 
GXVII and Rc+Rb2) detected in soil from a commercial American ginseng (Panax 
quinquefolius) garden just prior to (-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). 
Average amount of ginsenosides found per g soil in a subplot by a modified methanol 
(MeOH) extraction method (Yang et al, 2015) and analyzed by HPLC (Nicol et al., 2002). 
Each point represents the mean from five subplots. Bars represent standard deviation. 
Letters represent the significant differences for total or individual PPD ginsenoside over 
time according to Fisher’s protected Least Significant Difference (LSD) test (p<0.05). 
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Figure 3.2 Changes in total PPT ginsenosides and individual PPT ginsenosides (Re and Rf) 
detected in soil from a commercial American ginseng (Panax quinquefolius) garden just prior to 
(-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). Average amount of ginsenosides found 
per g soil in a subplot by a modified methanol (MeOH) extraction method (Yang et al, 2015) and 
analyzed by HPLC (Nicol et al., 2002). Each point represents the mean from five subplots. Bars 
represent standard deviation. Letters represent the significant differences in total or individual 
PPT ginsenoside over time according to Fisher’s protected Least Significant Difference (LSD) 
test (p<0.05).  
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Figure 3.3 Genus-level bacterial OTU diversity per phylum.  Total number of genus-level OTUs 
per phylum in 1.5 g soil from all five plots in a commercial American ginseng (Panax 
quinquefolius) garden just prior (-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  

 



 

 
Table 3.7 Comparison of bacterial OTU diversity. Total number of OTUs per phylum in 1.5 g of combined soil from five replicate 
plots in a commercial American ginseng (Panax quinquefolius) garden just prior (-5 dph) and after harvest (10, 41, 73, 198 and 231 
dph).  Phyla were identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S rRNA using USEARCH with the 
SILVA 132 SSU NR99 database (https://www.arb-silva.de/). No statistical analysis performed as totals were for all plots at a time 
point.  

                       Number of OTUs (percentage of total per dph) 
Phylum -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph Total OTUS 
Actinobacteria 357(28.5%) 257(24.1%) 290 (27%) 320(23.8%) 270(20.8%) 280(22.8%) 1773(24.4%) 
Proteobacteria 260(20.8%) 210(19.7%) 220(20.5%) 330(24.5%) 327(25.1%) 300(24.5%) 1647(22.7%) 
Acidobacteria 177(14.1%) 163(15.4%) 113(10.6%) 183(13.6%) 160(12.3%) 160 (13%) 957 (13.2%) 
Planctomycetes 133(10.7%) 113(10.7%) 97 (9%) 127(9.4%) 117 (9%) 127(10.3%) 713 (9.8%) 
Firmicutes 87 (6.9%) 103 (9.7%) 117(10.9%) 113 (8.4%) 97 (7.4%) 83 (6.8%) 600 (8.3%) 
Bacteroidetes 50 (4%) 53 (5%) 107 (9.9%) 80 (5.9%) 117 (9%) 107 (8.7%) 513 (7.1%) 
Gemmatimonadetes 67 (5.3%) 43 (4.1%) 40 (3.7%) 47 (3.5%) 53 (4.1%) 47 (3.8%) 297 (4.1%) 
Chloroflexi 37 (2.9%) 63 (6%) 43 (4%) 53 (4%) 63 (4.9%) 27 (2.2%) 287 (3.9%) 
Verrucomicrobia 47 (3.7%) 30 (2.8%) 30 (2.8%) 33 (2.5%) 57 (4.4%) 47 (3.8%) 243 (3.4%) 
Nitrospirae 20 (1.6%) 10 (0.9%) 7 (0.6%) 10 (0.7%) 10 (0.8%) 17 (1.4%) 73 (1%) 
Rokubacteria 7 (0.5%) 3 (0.3%) 3 (0.3%) 13 (1%) 10 (0.8%) 7 (0.5%) 43 (0.6%) 
Patescibacteria 3 (0.3%) 3 (0.3%) 0 (0.0%) 10 (0.7%) 7 (0.5%) 7 (0.5%) 30 (0.4%) 
Cyanobacteria 0 (0.0%) 3 (0.3%) 3 (0.3%) 0 (0.0%) 7 (0.5%) 7 (0.5%) 20 (0.3%) 
Latescibacteria 0 (0.0%) 3 (0.3%) 0 (0.0%) 7 (0.5%) 3 (0.3%) 3 (0.3%) 17 (0.2%) 
Chlamydiae 3 (0.3%) 3 (0.3%) 0 (0.0%) 3 (0.2%) 0 (0.0%) 3 (0.3%) 13 (0.2%) 
Armatimonadetes 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (0.2%) 3 (0.3%) 3 (0.3%) 10 (0.1%) 
Bacterial rice cluster 
1 BRC1 3 (0.3%) 0 (0.0%) 0 (0.0%) 3 (0.2%) 0 (0.0%) 3 (0.3%) 10 (0.1%) 

Dependentiae 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (0.2%) 0 (0.0%) 0 (0.0%) 3 (0%) 
Abditibacteriota 0 (0.0%) 0 (0.0%) 3 (0.3%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (0%) 
Hydrogenedentes 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (0.2%) 0 (0.0%) 0 (0.0%) 3 (0%) 
Zixibacteria 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (0.2%) 0 (0.0%) 0 (0.0%) 3 (0%) 
Total per dph     1250      1063      1073      1347      1300       1227        7260 
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Figure 3.4 Genus-level bacterial OTU abundance at phylum level. Average number of genus 
OTUs per phylum per g soil from five replicate plots in a commercial American ginseng (Panax 
quinquefolius) garden just prior (-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). Genus 
were identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S rRNA 
using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/). 
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Table 3.8 Comparison of OTU abundance. Average number of OTUs per phylum per g soil from five replicate plots in a commercial 
American ginseng (Panax quinquefolius) garden at just prior (-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). Genus were 
identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S rRNA using USEARCH with the SILVA 132 SSU 
NR99 database (https://www.arb-silva.de/). Percentage is the number of OTUs divided by the sum/total OTUs per dph. Letter 
following percentage abundance indicates significant difference over time based on general lineal model ANOVA followed by 
Fisher’s Least Significant Difference (LSD) test (p<0.05). 

 
Average number of reads per OTU per phylum 

Phylum -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph Total dph 
Proteobacteria 8.45%AB 9% AB 7.6% B 9.05%AB 9.46% A 9.9% A 53.46% 
Actinobacteria 7.95% A 5.54% B 8.33% A 5.78% B 5.46% B 5.65% B 38.71% 
Chloroflexi 1.08% BC 1.85% A 1.67%AB 2.22% A 2.19% A 0.91% C 9.92% 
Firmicutes 0.82% C 1.6% A 1.13% B 0.81% C 0.85% C 0.74% C 5.95% 
Acidobacteria 0.61% D 1.24% B 0.48% D 1.09% BC 1.01% C 1.39% A 5.82% 
Planctomycetes 0.45% B 0.23% D 0.3% C 0.33% C 0.35% C 0.72% A 2.38% 
Gemmatimonadetes 0.41%AB 0.31% BC 0.21% C 0.45% A 0.23% C 0.3% C 1.91% 
Bacteroidetes 0.07% C 0.1% C 0.14% B 0.14% B 0.23% A 0.2% A 0.88% 
Verrucomicrobia 0.05% B 0.03% B 0.05% B 0.05% B 0.11% A 0.07%AB 0.36% 
Cyanobacteria 0% B 0.05% AB 0.07% A 0% B 0.03% B 0.04%AB 0.19% 
Patescibacteria 0.08% A 0.01% C 0% C 0.03% B 0.02%BC 0.03% BC 0.17% 
Nitrospirae 0.03% B 0.03% B 0.01% D 0.01% C 0.02% B 0.04% A 0.14% 
Rokubacteria 0.01%CD 0.01% AB 0% D 0.02% A 0.01%BC 0.01% C 0.06% 
Abditibacteriota 0.05% A 0% A 0% A 0% A 0% A 0% A 0.05% 
Armatimonadetes 0% B 0% B 0% B 0% B 0.02% A 0% B 0.02% 
Dependentiae 0.02% A 0% A 0% A 0% A 0% A 0% A 0.02% 
Chlamydiae 0% C 0.01% A 0% C 0% C 0% C 0% B 0.01% 
Bacterial rice cluster 1 
BRC1 0% B 0% B 0% B 0% A 0% B 0% A 0.00% 

Hydrogenedentes 0% A 0% A 0% A 0% A 0% A 0% A 0.00% 
Latescibacteria 0% B 0% B 0% B 0% A 0% A 0% B 0.00% 
Zixibacteria 0% A 0% A 0% A 0% A 0% A 0% A 0.00% 
Total OTUs 18.16% A 13.64%BC 18.91% A 15.59% B 18.01% A 15.69% B 100% 
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Figure 3.5 Bacterial genus-level cluster 1a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S 
rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over 
dph into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average 
within the K-means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.9 Comparison of bacterial genus-level cluster 1 of OTU abundance over time. Average 
number of genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  

Percentage of abundance per OTUs per genera in Cluster 1a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198dph 231dph 
Actinobacteria Arthrobacter 4.2% Ab 2.1% B 0.6% C 0% D 0% D 0% D 
Actinobacteria Demequina 6.1% A 1.2% B 0.2% B 0.6% B 1.1% B 0.1% B 
Actinobacteria Pseudoclavibacter 6.1% A 0% C 0% C 0.1% C 1.5% B 0% C 
Proteobacteria Rhodoplanes 7.2% A 1.4% CD 3.0% B 1.9% C 0.9% D 4.1%B 

Cluster centroid 5.9%A 1.2% B 0.9%B 0.6%B 0.9%B 1.1%B 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.6 Bacterial genus-level cluster 2a of OTU abundance over time. Average number of 
genus-level OTUs     per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.10 Comparison of bacterial genus-level cluster 2 of OTU abundance over time. Average 
number of genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  

Percentage of abundance per OTUs per genera in cluster 2a 

Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 
dph 231 dph 

Actinobacteria Lapillicoccus 0% Cb 3.7% A 0% C 0% C 0.4% B 0% C 
Actinobacteria Micromonospora 0.5% B 3.2% A 0.3% C 0.2% D 0.5% B 0.2%CD 
Actinobacteria Streptomyces 1.6% A 2.1% A 0.5% C 1.6% B 0.4% D 0.4% D 
Firmicutes Terribacillus 0% B 3.8% A 0% B 0% B 0% B 0% B 
Proteobacteria Bauldia 0.6% C 2.7% A 0% D 1.6% B 0% D 0.7% C 
Proteobacteria Bosea 0.4%BC 4.2% A 0.3% C 0% D 0.7% B 0% D 
Proteobacteria Ensifer 0% C 5.6% A 0% C 0% C 1.1% B 0% C 
Proteobacteria Pseudolabrys 0% C 5.6% A 0% C 2.0% B 0% C 1.5% B 

Cluster centroid 0.4% B 3.8% A 0.1% B 0.7% B 0.4% B 0.4% B 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over 
dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average 
within the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.7 Bacterial genus-level cluster 3a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.11 Comparison of bacterial genus-level cluster 3 of OTU abundance over time. Average 
number of genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus names 
for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S rRNA 
using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/).  

Percentage of abundance per OTUs per genera in cluster 3a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 

Actinobacteria Aeromicrobium 0.2% Bb 0% B 4.4% 
A 

0.7% 
B 0.1% B 0.1% B 

Actinobacteria Blastococcus 0.2% C 0.2% 
C 

6.2% 
A 

1.4% 
B 0.3% C 0.8% BC 

Actinobacteria Phycicoccus 0% B 0% B 6.2% 
A 0% B 0% B 0% B 

Proteobacteria Hyphomicrobium 2.4% C 1.7% 
C 

4.4% 
A 

1.2% 
C 2.9% B 0% D 

Proteobacteria Mesorhizobium 0% C 0% C 4.0% 
A 

2.5% 
B 2.4% B 0% C 

Cluster centroid 0.6% B 0.4% 
B 

5.1% 
A 

1.2% 
B 1.1% B 0.2% BC 

aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph into 
10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-mean 
cluster.  
bLetter following percentages indicate significant difference over time based on general lineal model 
ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.8 Bacterial genus-level cluster 4a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  

  



116 

 

Table 3.12 Comparison of bacterial genus-level cluster 4 of OTU abundance over time. 
Average number of genus-level OTUs per g soil from five plots in a commercial American 
ginseng Panax quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 
231 dph. Genus names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 
region of the 16S rRNA using USEARCH with the SILVA 132 SSU NR99 
database (https://www.arb-silva.de/).  

Percentage of abundance per OTUs per genera in cluster 4a 

aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 

 
 

Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Actinobacteria Cellulomonas 0.3% Cb 0.1% C 0.8% B 0.2% C 1.4% A 0% D 
Actinobacteria Ilumatobacter 0.5% CD 0.6% CD 2.2% A 0.1% D 1.2% B 0.8% BC 
Actinobacteria Nakumurella 0.1% C 0.1% C 1.1% A 0.1% C 0.6% B 0.8% B 
Actinobacteria Rhodococcus 0.7% B 0% C 1.5% A 0.0% C 0% C 1.0% B 
Actinobacteria Streptosporangium 0.3% C 0% D 1.6% A 0% D 0.4% B 0.6% B 
Firmicutes Clostridium 0% B 0% B 0.8% A 0% B 0% B 0% B 
Firmicutes Domibacillus 0% B 0% B 0.7% A 0% B 0% B 0% B 
Firmicutes Paenisporosarcina 0% C 0% B 1.1% A 0.1% B 0% C 0% B 
Firmicutes Viridibacillus 0% B 0% B 0.8% A 0% B 0% B 0% B 
Proteobacteria Amaricoccus 0% B 0% B 2.1% A 0% B 0% B 0% B 
Proteobacteria Phenylobacterium 0.6% C 0% D 3.5% A 1.2% BC 1.3% B 0.8% C 

Cluster centroid 0.2% B 0.1% B 1.4% A 0.2% B 0.4% B 0.4% B 
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Figure 3.9 Bacterial genus-level cluster 5a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.13 Comparison of bacterial cluster 5 OTU abundance over time.  Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S 
rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/).  

Percentage of abundance per OTUs per genera in cluster 5a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Actinobacteria Actinomadura 0.3%Bb 0% C 0% C 1.0%A 0% C 0% C 
Actinobacteria Catellatospora 0% D 0% D 0.9% B 1.6%A 0% D 0.8% C 
Actinobacteria Knoellia 0% B 0% B 0% B 2.4%A 0% B 0% B 
Actinobacteria Lysinimonas 0% D 0.5%B 0% D 1.0%A 0.7% A 0.2% C 
Actinobacteria Nocardioides 0.6% B 0.8%B 1.7% A 2.0%A 1.3% A 1.5% A 
Proteobacteria Altererythrobacter 0% C 0% C 1.6%AB 2.4%A 0.7%BC 0.8%BC 
Proteobacteria Arsenicitalea 0% B 0% B 0% B 1.0%A 0% B 0% B 
Proteobacteria Brevundimonas 0% B 0% B 0.9% A 1.0%A 0% B 0.4% B 

 Cluster centroid 0.1% C 0.2%C 0.6% B 1.5%A 0.3% B 0.5% B 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.10 Bacterial genus-level cluster 6a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S 
rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.14 Comparison of bacterial cluster 6 OTU abundance over time.  Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  

Percentage of abundance per OTUs per genera in cluster 6a 
Phylum Genus -5 dph 10 dph 41dph 73 dph 198dph 231dph 

Acidobacteria Candidatus 
Solibacter 0.4% Bb 0.9% A 0.1%C 0.5% B 0.5% B 0.5% B 

Acidobacteria Stenotrophobacter 0% C 1.4% A 0% D 0.1% C 0.7% B 0.9% B 
Actinobacteria Acrocarpospora 0% B 1.6% A 0% B 0% B 0% B 0% B 
Actinobacteria Iamia 0.4% C 0.6% A 0.6%A 0.4% C 0.4% C 0.6% A 
Actinobacteria Microbispora 0.9% A 0% C 0% C 0.4% B 0.4% B 0.4% B 
Firmicutes Bacillus 1.0% A 1.4% A 0.5%B 0.5% B 1.2% A 1.2% A 
Firmicutes Fictibacillus 0.4% B 0.1% C 0% C 1.0% A 0.8% A 0% C 
Proteobacteria Caulobacter 2.0% A 0% B 0% B 0% B 0% B 0% B 
Proteobacteria Dongia 0.5%AB 0% C 0% C 0% C 0.7% A 0.4% B 
Proteobacteria Labrys 1.1% A 0% C 0% C 0% C 0.7% B 0.9% B 
Proteobacteria Pedomicrobium 0.3%BC 0.9%AB 1.1%A 0.1% C 0.9% A 0% D 
Proteobacteria Sphingobium 0% C 0.7%AB 1.0%A 0.5%AB 0.8% A 0% C 
Proteobacteria Sphingorhabdus 2.2% A 0% B 0% B 0% B 0% B 0% B 

Cluster centroid 0.7% A 0.6% A 0.2%B 0.3% B 0.5% A 0.4% B 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over 
dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within 
the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.11 Bacterial genus-level cluster 7a of OTU abundance over time. Average number 
of genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. 
Genus names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 
region of the 16S rRNA using USEARCH with the SILVA 132 SSU NR99 
database (https://www.arb-silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over 
dph into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average 
within the K-means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.15 Comparison of bacterial cluster 7 OTU abundance over time.  Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S 
rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/).  
 

Percentage of abundance per OTUs per genera in cluster 7a 

Phylum Genus -5 dph 10 dph 41dph 73 dph 198 
dph 231 dph 

Actinobacteria Terrabacter 0.5%Cb 1.1% B 1.2%A 1.3%AB 1.4%A 1.8%A 
Proteobacteria Bradyrhizobium 2.4% A 0% D 0% D 0.2% D 0.7% C 1.9% B 
Proteobacteria Devosia 2.6% B 1.3% C 0.5% C 0% D 0% D 5.3% A 
Proteobacteria Methylorosula 0% C 0% C 0% C 0% C 3.2% A 2.3% B 
Proteobacteria Sphingomonas 4.2% B 1.1% A 0% D 0.6% BC 3.3% C 3.8% C 

Cluster centroid 1.9% A 0.7%AB 0.4% B 0.4% B 1.7% A 3.0% A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.12 Bacterial genus-level cluster 8a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.16 Comparison of bacterial cluster 8 OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 
16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-
silva.de/).  

Percentage of abundance per OTUs per genera in cluster 8a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231dph 
Acidobacteria Paludibaculum 0%Db 0.4%B 0% D 0.6%A 0.1% C 0.8% A 
Actinobacteria Marmoricola 0% D 0.2% C 0.2%C 0.5% B 0.3% C 0.8% A 
Actinobacteria Pseudarthrobacter 0% D 1.7% A 0.2%C 0% D 1.0%AB 1.1% B 

Proteobacteria Allo-Neo-Para-
Rhizobium 0% D 0% D 0.3%C 0.1% D 0.6% B 1.9% A 

Proteobacteria Aminobacter 0% B 0% B 0% B 0% B 0% B 1.9% A 
Proteobacteria Microvirga 0% C 0% C 0.3%B 0% C 1.0% A 1.8% A 
Proteobacteria Novosphingobium 0% C 1.1% A 0% C 0% C 0.3% B 0.8% A 
Proteobacteria Rhodopseudomonas 0% B 0% B 0% B 0% B 0% B 0.8% A 
Proteobacteria Sphingoaurantiacus 0% B 0% B 0.8%A 0% B 0% B 1.9% A 

Cluster centroid 0% C 0.4% B 0.2%B 0.1% B 0.4% B 1.3% A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the 
K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.13 Bacterial genus-level cluster 9a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region of the 16S 
rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/). a 
Cluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  

 
 

 



 
 

 
Table 3.17 Comparison of bacterial cluster 9 OTU for described bacteria at genus level over time.  Average number of genus-
level OTUs per g soil from five plots in a commercial American ginseng Panax quinquefolius garden at just prior -5 dph and after 
harvest 10, 41, 73, 198 and 231 dph. Genus names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 region 
of the 16S rRNA using USEARCH with the SILVA 132 SSU NR99 database (https://www.arb-silva.de/). 

Percentage of abundance per OTUs per genera in cluster 9a

Phylum Genus -5 dph 10 dph 41 dph 73 dph 198dph 231 dph 

Acidobacteria Bryobacter 0.1%Cb 0.3%B 0.3%B 0.1%C 0.1%C 0.5%A 
Acidobacteria Candidatus Koribacter 0.04%A 0% A 0% A 0% A 0% A 0% A 
Acidobacteria Luteitalea 0.02%A 0% A 0% A 0% A 0% A 0% A 
Acidobacteria Vicinamibacter 0% A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Acidothermus 0.03%A 0% B 0.01% B 0% B 0% B 0.01% B 
Actinobacteria Actinoallomurus 0.01%B 0.01%B 0% C .02%A 0% C 0% C 
Actinobacteria Agromyces 0.01%C 0.03%BC 0.08% A 0.02%C 0.02%C 0.04% B 
Actinobacteria Amycolatopsis 0.04%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Angustibacter 0.48%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Conexibacter 0.03%D 0.1% B 0.03% D 0.06%C 0.11%A 0.01% E 
Actinobacteria Dactylosporangium 0.02%C 0.1% A 0.01% D 0.07%B 0% D 0% D 
Actinobacteria Frigoribacterium 0.55%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Gaiella 0.03%D 0.07% B 0.06% C 0.05%C 0.09%A 0.02% D 
Actinobacteria Geodermatophilus 0% B 0% B 0% B .05% A 0% B 0.02% B 
Actinobacteria Hamadaea 0.02%A 0% A 0% A .02% A 0% A 0% A 
Actinobacteria Leifsonia 0.59%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Leucobacter 0.35%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Luedemannella 0.02%B 0.03% B 0.11% A 0.03%B 0.02%B 0% B 
Actinobacteria Mycobacterium 0.06%C 0.17% B 0.17% B .24% A 0.08%C 0.03% D 
Actinobacteria Nocardia 0% B 0% B 0% B 0% B 0.12%A 0% B 
Actinobacteria Nonomuraea 0% B 0% B 0% B 0% B 0.07%A 0% B 
Actinobacteria Oerskovia 0.09%A 0% A 0% A 0% A 0% A 0.12% A 
Actinobacteria Paenarthrobacter 0.75%A 0% A 0% A 0% A 0% A 0% A 
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Actinobacteria Promicromonospora 0.72%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Pseudonocardia 0.01%D 0.01% D 0.04% B .07% A 0.02%C 0.01% CD 
Actinobacteria Rhizocola 0.02%A 0.01% B 0.02% A 0% B 0% B 0% B 
Actinobacteria Rubrobacter 0.02%A 0.01%A 0.01%AB 0% C 0.01%C 0.01% BC 
Actinobacteria Saccharopolyspora 0.01%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Salana 0.16%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Sanguibacter 0.04%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Solirubrobacter 0.07%D 0.04% E 0.09% C .18%A 0.11%B 0.1% BC 
Actinobacteria Sporichthya 0.09%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Thermocatellispora 0.26%A 0% A 0% A 0% A 0% A 0% A 
Actinobacteria Williamsia 0.01%B 0% B 0.05% A 0% B 0% B 0% B 
Bacteroidetes Adhaeribacter 0.01%C 0.01% B 0.03% A 0.01%B .01% B 0% C 
Bacteroidetes Chryseobacterium 0% B 0% B 0.01% A 0% B 0% B 0% B 
Bacteroidetes Chryseolinea 0.02%A 0% A 0% A 0% A 0% A 0% A 
Bacteroidetes Cytophaga 0.02%A 0% A 0% A 0% A 0% A 0% A 
Bacteroidetes Dyadobacter 0% A 0% A 0% A 0% A 0% A 0% A 
Bacteroidetes Ferruginibacter 0% C 0% C 0.01% C 0.02%B 0.03%A 0.01% C 
Bacteroidetes Flavihumibacter 0% C 0% C 0.02% B .03%A 0% C 0.02% B 
Bacteroidetes Flavisolibacter 0% C 0.02% A 0% C 0% C 0.01%B 0.01% B 
Bacteroidetes Flavitalea 0.02%B 0.03% A 0.01% D 0.01%C 0% D 0% D 
Bacteroidetes Flavobacterium 0% D 0.02% C 0.03%BC 0.03%C 0.05%B 0.09% A 
Bacteroidetes Hymenobacter 0% B 0% B 0.01% A .01% A 0% B 0% B 
Bacteroidetes Ohtaekwangia 0.11%A 0% A 0% A 0% A 0% A 0% A 
Bacteroidetes Parafilimonas 0% A 0% A 0% A 0% A 0% A 0% A 
Bacteroidetes Parasegetibacter 0% B 0% B 0.01% B 0% B 0.03%A 0% B 
Bacteroidetes Pedobacter 0% C 0% C 0.03% A 0.02%B 0.03%A 0.01% C 
Bacteroidetes Pontibacter 0% A 0.01% A 0% A 0% A 0% A 0.01% A 
Bacteroidetes Sphingobacterium 0.03%A 0% A 0% A 0% A 0% A 0% A 
Bacteroidetes Terrimonas 0.01%C 0.02% A 0% C 0% C 0.01% C 0.02% B 
Chlamydiae Candidatus Protochlamydia 0% B 0.01% A 0% B 0% B 0% B 0.01% B 
Chloroflexi Nitrolancea 0.02%A 0% B 0.03% A 0% B 0.02%A 0.02% AB 
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Firmicutes Ammoniphilus 0% C 0.01% B 0.02%AB 0% C 0.02%A 0% C 
Firmicutes Brevibacillus 0.02%C 0.02% B 0.03% A 0.02%C 0.01%C 0.01% D 
Firmicutes Cohnella 0.01%B 0% C 0% C .02% A 0% C 0.01% AB 
Firmicutes Desulfosporosinus 0% B 0% B 0% AB 0% A 0% B 0% B 
Firmicutes Effusibacillus 0% A 0% A 0% A 0% A 0% A 0% A 
Firmicutes Lysinibacillus 0% C 0.16% A 0.02% C 0% C 0.1% B 0% C 
Firmicutes Oceanobacillus 0.08%A 0% B 0% B 0.01%B 0% B 0% B 
Firmicutes Oxalophagus 0% A 0.01% A 0% A 0% A 0% A 0.01% A 
Firmicutes Paenibacillus 0.11%B 0.12% A 0.12% A 0.1% B 0.09%B 0.06% C 
Firmicutes Pseudogracilibacillus 0.38%A 0% A 0% A 0% A 0% A 0% A 
Firmicutes Psychrobacillus 0.13%A 0% B 0% B 0% B 0.02%B 0% B 
Firmicutes Romboutsia 0.03%A 0% A 0% A 0% A 0% A 0% A 
Firmicutes Rummeliibacillus 0.19%A 0% A 0% A 0% A 0% A 0% A 
Firmicutes Shimazuella 0.14%A 0% A 0% A 0% A 0% A 0% A 
Firmicutes Sporosarcina 0.06%A 0% A 0% A 0% A 0% A 0% A 
Firmicutes Thermoactinomyces 0% B 0% B 0% B 0% A 0% B 0% B 
Firmicutes Tumebacillus 0.01%D 0.03% A 0.01% C 0.01%C 0.01%C 0.01%CD 
Gemmatimonadetes Gemmatimonas 0.16%C 0.32% A 0% E .07% D 0.11%D 0.25% B 
Gemmatimonadetes Gemmatirosa 0.02%A 0% A 0% A 0% A 0% A 0% A 
Nitrospirae Nitrospira 0.04%B 0.04% B 0.01% D 0.02%C 0.03%B 0.06% A 
Planctomycetes Aquisphaera 0.03%A 0% A 0% A 0% A 0% A 0% A 
Planctomycetes Blastopirellula 0.04%A 0% A 0% A 0% A 0% A 0% A 
Planctomycetes Candidatus Nostocoida 0.01%A 0% A 0% A 0% A 0% A 0% A 
Planctomycetes Fimbriiglobus 0% B 0.01% B 0.02% A 0.01%B 0% B 0% B 
Planctomycetes Gemmata 0.02%C 0.05% A 0.01% C 0% C 0.03% B 0.06% A 
Planctomycetes Pirellula 0.03%A 0.02% B 0.02% B .01% C 0.03%A 0.03% A 
Planctomycetes Planctomicrobium 0% B 0% B 0% B 0% B .02% A 0% B 
Planctomycetes Planctopirus 0% A 0% A 0% A 0% A .02% A 0% A 
Planctomycetes Singulisphaera 0.02%A 0% C 0.02% A .02% A 0.01%C 0.01% C 
Proteobacteria Acidibacter 0.03%B 0.05% A 0.02%BC 0.01%E 0.02%D 0.01% DE 
Proteobacteria Acinetobacter 0.01%A 0% A 0% A 0% A 0% A 0% A 
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Proteobacteria Aetherobacter 0.01%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Aquabacterium 0.04%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Aquicella 0.01%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Arenimonas 0.01%C 0.03% B 0.04% B 0.03%B 0.05%A 0.01% C 
Proteobacteria Bacteriovorax 0% B 0% B 0% B 0% B 0% B 0% A 
Proteobacteria Bdellovibrio 0.05%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Caenimonas 0% B 0% B 0.2% B 0% B 0% B 0.04% A 

Proteobacteria Candidatus     
Alysiosphaera 0.03%B 0% C 0% C 0% C 0.8% A 0% C 

Proteobacteria Cellvibrio 0.05%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Coxiella 0% A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Cupriavidus 0% B 0% B 0% B .01% A .01% A 0% B 
Proteobacteria Dokdonella 0.01%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Geminicoccus 0% B 0% B 0% B 0.02%  0% B 0% B 
Proteobacteria Haliangium 0.02%A 0.01% C 0% D .01% D 0% D 0.01% B 
Proteobacteria Herbaspirillum 0.04%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Hirschia 0% A 0% A 0.02% A 0% A 0% A 0% A 
Proteobacteria Legionella 0.05%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Luteimonas 0.03%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Lysobacter 0.15%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Massilia 0% B 0.01%B 0.03%A .03% A .03% A 0.02% A 
Proteobacteria Methylibium 0.05%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Methylobacterium 0% A 0% A 0.08% A 0% A 0% A 0% A 
Proteobacteria Methylotenera 0.05%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Minicystis 0.05%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Nannocystis 0% C 0% B 0% C .01% A 0% C 0% C 
Proteobacteria Nitrobacter 0% A 0% A 0% A .02% A 0% A 0% A 
Proteobacteria Nitrosospira 0% B 0% B 0.01% B 0.12% 0% B 0.01% B 
Proteobacteria Nordella 0.19%B 0.48%A 0% D 0% D 0.03%D 0.17% BC 
Proteobacteria Noviherbaspirillum 0.03%B 0.04% A 0% C 0% C 0% C 0.04% A 
Proteobacteria Pajaroellobacter 0.01%C 0% C 0.02% A 0.02%B 0.02%B 0.02% B 
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Proteobacteria Peredibacter 0% B 0% B 0.01% A 0% B 0% B 0% B 
Proteobacteria Phaselicystis 0.07%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Polycyclovorans 0.01%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Porphyrobacter 0.12%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Pseudenhygromyxa 0.01%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Pseudomonas 0% C 0.02% B 0.02% B 0.01%C 0.04%A 0.03% B 
Proteobacteria Pseudoxanthomonas 0% B 0% B 0.01% A 0% B 0% B 0% B 
Proteobacteria Rahnella 0.01%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Ramlibacter 0.03%C 0.09% A 0.04% B 0.04%B 0.02%D 0.02% CD 
Proteobacteria Reyranella 0.1%A 0% D 0% D 0.06%C 0.12%A 0.07% BC 
Proteobacteria Roseomonas 0% B 0.09% A 0% B 0% B 0% B 0% B 
Proteobacteria Skermanella 0% B 0% B 0% B 0% B 0.02%B 0.21% A 
Proteobacteria Sorangium 0.07%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Stenotrophomonas 0.04%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Steroidobacter 0.03%A 0.02% B 0.01% D 0.01% 0.01%C 0.01%CD 
Proteobacteria Tabrizicola 0.24%A 0% A 0% A 0% A 0% A 0% A 
Proteobacteria Thermomonas 0% C 0% C 0% C 0.01%B 0.02%A 0.01% AB 
Proteobacteria Variovorax 0% C 0.01% B 0.01% C 0.01%C 0.04%A 0.01% C 
Proteobacteria Vulgatibacter 0% A 0% A 0% A 0% A 0% A 0% A 
Verrucomicrobia Candidatus Udaeobacter 0.02%B 0.02% B 0.01% C 0.05A 0.03%B 0.02% BC 
Verrucomicrobia Chthoniobacter 0.02%A 0.01% C 0.01% B 0.01%C 0.01%D 0.01% BC 
Verrucomicrobia Luteolibacter 0% B 0.01% B 0.03% A 0.01%B 0.02%A 0.02% A 
Verrucomicrobia Opitutus 0% A 0% A 0% A 0% A 0.07%A 0.01% A 
Verrucomicrobia Pedosphaera 0.02%A 0% B 0% B 0% B 0% B 0% B 
Verrucomicrobia Prosthecobacter 0.02%A 0% A 0% A 0% A 0% A 0% A 
Verrucomicrobia Roseimicrobium 0% C 0% C 0% C 0% C 0.01%B 0.01% A 
Verrucomicrobia Verrucomicrobium 0.01%A 0% A 0% A 0% A 0% A 0% A 

Cluster centroid 0.06%A 0.02%B 0.01%B 0.01%B 0.01%B 0.02% B 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph into 10 clusters (Maechler et al., 
2019). Cluster centroid was created by the average within the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal model ANOVA followed by Fisher’s 
Least Significant Difference LSD test p<0.05.  
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Table 3.18 Comparison of bacterial cluster 9-1 OTU for unidentified bacteria at genus level over 
time.  Average number of genus-level OTUs per g soil from five plots in a commercial American 
ginseng Panax quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 
dph. Genus names for OTUs identified based on 97% nt identity of the 440 - 476 bp V3-V4 
region of the 16S rRNA using USEARCH with the SILVA 132 SSU NR99 
database (https://www.arb-silva.de/). 

Percentage of abundance per OTUs per undescribed genera in cluster 9-1a  
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Abditibacteriota 1 0.08% Ab 0% A 0% A 0% A 0% A 0% A 

Acidobacteria 1 0.1% AB 0.05% BC 0% C 0.01% C 0.01% C 0.14% A 
Acidobacteria 2 0.01% A 0.01% A 0.01% B 0% C 0.01% A 0.01% A 
Acidobacteria 3 0% B 0.02% A 0% C 0% BC 0.01% A 0% BC 
Acidobacteria 4 0.01% C 0.08% B 0% C 0.29% A 0.09% B 0% C 
Acidobacteria 5 0.02% C 0.01% C 0.01% C 0% D 0.03% A 0.02% B 
Acidobacteria 6 0% D 0.01% B 0% C 0.01% A 0% CD 0% C 
Acidobacteria 7 0.01% A 0% D 0% C 0% C 0.01% B 0% C 
Acidobacteria 8 0% B 0.02% B 0.01% B 0% B 0.2% A 0.01% B 
Acidobacteria 9 0.07% A 0.01% D 0.01% D 0.06% B 0.06% B 0.02% C 
Acidobacteria 10 0.04% B 0% C 0.05% A 0% C 0.01% C 0% C 
Acidobacteria 11 0.01% B 0% B 0% B 0% B 0.02% B 0.05% A 
Acidobacteria 12 0% C 0.02% B 0% C 0.03% A 0.01% C 0.01% C 
Acidobacteria 13 0% C 0% B 0.01% A 0% C 0% B 0% B 
Acidobacteria 14 0% CD 0.02% A 0.01% B 0% C 0% DE 0% E 
Acidobacteria 15 0.02% A 0.01% BC 0.01% B 0.01% B 0.01% C 0% D 
Acidobacteria 16 0.02% B 0% D 0% D 0.01% C 0% D 0.03% A 
Acidobacteria 17 0.05% B 0.01% C 0% C 0.01% C 0.04% B 0.1% A 
Acidobacteria 18 0.02% A 0.01% A 0% C 0.02% A 0.01% B 0% BC 
Acidobacteria 19 0.01% B 0.03% A 0.01% B 0.01% B 0.03% A 0.01% B 
Acidobacteria 20 0.01% D 0.03% A 0.01% CD 0.01% C 0.02% B 0.03% AB 
Actinobacteria 1 0.02% AB 0.04% A 0.01% B 0.01% B 0.03% AB 0.01% B 
Actinobacteria 2 0.02% B 0.01% BC 0.01% BC 0.02% BC 0% C 0.29% A 
Actinobacteria 3 0.32% A 0.07% C 0.09% C 0.01% D 0.02% D 0.17% B 
Actinobacteria 4 0.06% B 0.25% A 0.01% C 0.01% C 0% C 0.01% C 
Actinobacteria 5 0.01% D 0.03% D 0.3% A 0.06% CD 0.16% B 0.13% BC 
Actinobacteria 6 0.03% BC 0% C 0% C 0.01% C 0.07% B 0.4% A 
Actinobacteria 7 0.05% B 0.07% A 0.04% B 0% C 0.08% A 0.08% A 
Actinobacteria 8 0% C 0.01% BC 0% C 0.02% BC 0.02% B 0.21% A 
Actinobacteria 9 0% D 0.02% BC 0% D 0.12% A 0.03% B 0.01% CD 

https://www.arb-silva.de/
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Actinobacteria 10 0% D 0.16% C 0% D 0.26% AB 0.21% BC 0.28% A 
Actinobacteria 11 0.1% B 0.01% C 0% C 0.03% C 0.16% A 0% C 
Actinobacteria 12 0% C 0% C 0% C 0.08% A 0.01% C 0.06% B 
Armatimonadetes 1 0% B 0% B 0% B 0.01% B 0.03% A 0% B 
Bacterial rice cluster   1 0% B 0% B 0% B 0% A 0% B 0% A 
Bacteroidetes 1 0.04% A 0.01% C 0% D 0.01% CD 0.02% B 0% CD 
Bacteroidetes 2 0.01% B 0.02% A 0% C 0% C 0% C 0% C 
Bacteroidetes 3 0% B 0.01% A 0% B 0.01% A 0% B 0% B 
Bacteroidetes 4 0% C 0% C 0.01% B 0% C 0.01% A 0% C 
Bacteroidetes 5 0% BC 0% C 0% B 0% BC 0% B 0.01% A 
Bacteroidetes 6 0% B 0% B 0% B 0% B 0% B 0% A 
Bacteroidetes 7 0% B 0% B 0.02% A 0% B 0.02% A 0% B 
Bacteroidetes 8 0% B 0% B 0% B 0% B 0% A 0% B 
Bacteroidetes 9 0% C 0% C 0% C 0.03% B 0.08% A 0.01% C 
Bacteroidetes 10 0% B 0% B 0% B 0.01% B 0% B 0.05% A 
Bacteroidetes 11 0% B 0% B 0% B 0% B 0.01% B 0.02% A 
Bacteroidetes 12 0% B 0% B 0% B 0% B 0% B 0.01% A 
Bacteroidetes 13 0% B 0% B 0% B 0% B 0.01% A 0% B 
Bacteroidetes 14 0% B 0% B 0% B 0% B 0% B 0.02% A 
Bacteroidetes 15 0% B 0% B 0% B 0% B 0% B 0.01% A 
Chlamydiae 1 0% B 0% B 0% B 0% A 0% B 0% B 
Chloroflexi 1 0% B 0.18% AB 0.65% A 0.55% A 0.14% AB 0% B 
Chloroflexi 2 0% B 0.74% A 0% B 0% B 0.21% B 0% B 
Chloroflexi 3 0.11% B 0% C 0.01% C 0.01% C 1.52% A 0% C 
Chloroflexi 4 0.87% A 0% C 0.15% B 0.07% BC 0.01% C 0.07% BC 
Chloroflexi 5 0% C 0.27% A 0% C 0.01% C 0.05% B 0% C 
Chloroflexi 6 0% C 0.01% C 0.27% A 0.1% B 0.04% BC 0% C 
Chloroflexi 7 0% C 0.03% BC 0% C 0% BC 0.03% B 0.11% A 
Chloroflexi 8 0% E 0.86% A 0.31% B 0.14% D 0.02% E 0.22% C 
Chloroflexi 9 0% D 0.15% C 0.2% C 0.85% A 0% D 0.65% B 
Chloroflexi 10 0% C 0.03% BC 0% C 0.08% A 0.04% B 0% C 
Chloroflexi 11 0% C 0.09% C 0.45% B 1.29% A 0% C 0% C 
Chloroflexi 12 0.04% A 0% B 0% B 0.05% A 0.01% B 0% B 
Chloroflexi 13 0% C 0% C 0.21% B 0.01% C 0.72% A 0% C 
Chloroflexi 14 0.03% B 0.01% B 0% B 0% B 0.09% A 0.11% A 
Chloroflexi 15 0% D 0% D 0% D 0.12% C 0.25% A 0.19% B 
Chloroflexi 16 0.03% B 0.05% A 0.01% CD 0.04% AB 0.02% C 0% D 
Chloroflexi 17 0.02% C 0.06% B 0% C 0% C 0.11% A 0% C 
Chloroflexi 18 0.15% A 0% B 0% B 0% B 0% B 0% B 



133 

 

Chloroflexi 19 0% B 0.15% A 0% B 0% B 0% B 0% B 
Chloroflexi 20 0% B 0% B 0.22% A 0% B 0% B 0% B 
Chloroflexi 21 0% B 0.04% A 0% B 0% B 0% B 0% B 
Chloroflexi 22 0.04% A 0.04% A 0% A 0% A 0% A 0% A 
Chloroflexi 23 0% A 0% A 0% A 0% A 0% A 0% A 
Chloroflexi 24 0% B 0.06% A 0% B 0% B 0% B 0% B 
Chloroflexi 25 0% A 0.01% A 0% A 0% A 0% A 0% A 
Chloroflexi 26 1.56% A 0% A 0% A 0% A 0% A 0% A 
Cyanobacteria 1 0% B 0% B 0.1% A 0% B 0% B 0% B 
Cyanobacteria 2 0% B 0.07% A 0% B 0% B 0.02% B 0.05% AB 
Cyanobacteria 3 0.11% A 0% A 0% A 0% A 0% A 0% A 
Dependentiae 1 0.03% A 0% A 0% A 0% A 0% A 0% A 
Firmicutes 1 0.01% C 0.01% A 0% C 0% C 0.01% B 0% C 
Firmicutes 2 0.02% A 0.02% A 0% B 0% B 0% B 0% B 
Firmicutes 3 0.02% A 0% A 0% A 0% A 0% A 0% A 
Gemmatimonadetes 1 0.12% B 0.03% C 0.24% A 0.03% C 0.02% C 0% C 
Gemmatimonadetes 2 0.22% A 0.01% B 0.03% B 0.19% A 0.05% B 0.04% B 
Gemmatimonadetes 3 0.03% B 0.07% A 0% C 0.02% BC 0.03% B 0.06% A 
Gemmatimonadetes 4 0% D 0% D 0% D 0.09% A 0.02% C 0.06% B 
Gemmatimonadetes 5 0% C 0% C 0.02% BC 0% BC 0.11% A 0.03% B 
Gemmatimonadetes 6 0% B 0% B 0% B 0.09% A 0% B 0% B 
Gemmatimonadetes 7 0.04% B 0.04% B 0.02% C 0.15% A 0% CD 0% D 
Gemmatimonadetes 8 0.01% B 0% CD 0% D 0.02% A 0% C 0% C 
Gemmatimonadetes 9 0% A 0% B 0% B 0% B 0% A 0% B 
Gemmatimonadetes 10 0% AB 0% B 0% A 0% A 0% AB 0% B 
Gemmatimonadetes 11 0% A 0% B 0% A 0% B 0% AB 0% B 
Gemmatimonadetes 12 0% A 0% B 0% B 0% B 0% B 0% B 
Gemmatimonadetes 13 0.01% A 0% A 0% A 0% A 0.01% A 0% A 
Gemmatimonadetes 14 0% A 0% A 0% A 0% A 0% A 0% A 
Gemmatimonadetes 15 0.01% A 0% A 0% A 0% A 0% A 0% A 
Gemmatimonadetes 16 0% A 0% A 0% A 0% A 0% A 0% A 
Hydrogenedentes 1 0% A 0% A 0% A 0% A 0% A 0% A 
Latescibacteria 1 0% B 0% B 0% B 0% B 0% A 0% B 
Latescibacteria 2 0.01% A 0% A 0% A 0% A 0% A 0% A 
Patescibacteria 1 0.12% A 0.02% B 0% B 0.02% B 0.03% B 0.01% B 
Patescibacteria 2 0% C 0% C 0% C 0.03% A 0.01% B 0.03% A 
Patescibacteria 3 0.01% A 0% A 0% A 0% A 0% A 0% A 
Planctomycetes 1 0.28% A 0.04% B 0.01% B 0.03% B 0% B 0.28% A 
Planctomycetes 2 0% C 0.02% B 0.01% BC 0% C 0.05% A 0% C 
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Planctomycetes 3 0.01% BC 0.01% B 0.02% A 0% D 0.01% C 0% D 
Planctomycetes 4 0.02% B 0% D 0% D 0.03% A 0.01% C 0.01% C 
Planctomycetes 5 0.02% B 0.01% B 0.18% A 0% B 0% B 0% B 
Planctomycetes 6 0.01% B 0% E 0% C 0% D 0.02% A 0% D 
Planctomycetes 7 0% C 0.01% A 0% BC 0.01% A 0% B 0% BC 
Planctomycetes 8 0% C 0.01% A 0.01% B 0% C 0% C 0% C 
Planctomycetes 9 0.02% B 0.02% B 0% C 0.01% B 0% C 0.27% A 
Planctomycetes 10 0.01% B 0.01% B 0% C 0% C 0% BC 0.04% A 
Planctomycetes 11 0.01% B 0.01% B 0.04% B 0.01% B 0.1% A 0.01% B 
Planctomycetes 12 0% D 0% D 0% CD 0.01% A 0% C 0.01% B 
Planctomycetes 13 0% B 0% C 0% BC 0% BC 0% C 0.01% A 
Planctomycetes 14 0.01% C 0.02% A 0% D 0% D 0.01% B 0.02% A 
Planctomycetes 15 0.01% C 0% D 0.02% B 0% D 0.03% A 0.02% BC 
Proteobacteria 1 0% B 0% B 0.02% B 0.01% B 1.64% A 0.01% B 
Proteobacteria 2 0.19% B 0% C 0% C 0% C 0.43% A 0% C 
Proteobacteria 3 0.01% C 0% C 0.03% C 0.22% B 0.01% C 1.01% A 
Proteobacteria 4 0% C 0.01% C 0.01% C 0.45% A 0.36% B 0.01% C 
Proteobacteria 5 0% BC 0% C 0% BC 0% C 0.05% B 0.56% A 
Proteobacteria 6 0.36% A 0.01% B 0.01% B 0.02% B 0.01% B 0.06% B 
Proteobacteria 7 0.01% B 0.02% B 0.07% B 0% B 0.66% A 0.04% B 
Proteobacteria 8 0.02% CD 0.09% B 0% D 0% D 0.04% C 0.29% A 
Proteobacteria 9 0% B 0.8% A 0% B 0.01% B 0% B 0% B 
Proteobacteria 10 0% B 0.02% B 0% B 0% B 0.43% A 0% B 
Proteobacteria 11 0% C 0% C 0.79% A 0% C 0.02% C 0.08% B 
Proteobacteria 12 0% B 0% B 0% C 0% A 0% B 0% C 
Proteobacteria 13 0.03% BC 0.05% B 0.01% C 0.05% B 0.01% C 0.11% A 
Proteobacteria 14 0% C 0% C 0.11% A 0% C 0.04% B 0.01% C 
Proteobacteria 15 0.02% B 0% B 0% B 0% B 0.68% A 0% B 
Proteobacteria 16 0% B 0.62% A 0.09% B 0% B 0.03% B 0% B 
Proteobacteria 17 2.3% A 0% B 0.01% B 0% B 0% B 0.02% B 
Proteobacteria 18 0% B 0.04% B 0.16% A 0.01% B 0% B 0% B 
Proteobacteria 19 0% B 0.03% A 0% B 0% B 0.02% A 0% B 
Proteobacteria 20 0% C 0.09% A 0.01% B 0% C 0% C 0% C 
Proteobacteria 21 0.01% C 0% C 0.18% A 0.01% C 0.13% B 0% C 
Proteobacteria 22 0% C 0.01% B 0.15% A 0% BC 0% BC 0.01% BC 
Proteobacteria 23 0.05% B 0% D 0.01% CD 0.03% BC 0.18% A 0% D 
Proteobacteria 24 0% C 0% C 1.09% A 0.23% B 0.01% C 0% C 
Proteobacteria 25 0% B 0% B 0.8% A 0.02% B 0% B 0.01% B 
Proteobacteria 26 0% DE 0% C 0% E 0% CD 0.01% B 0.01% A 
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Proteobacteria 27 0% B 0% B 0.1% A 0.1% A 0.02% B 0% B 
Proteobacteria 28 0.01% B 0% B 0% B 0.06% A 0% B 0.04% A 
Proteobacteria 29 0% C 0% C 0% C 0.01% B 0.01% B 0.02% A 
Proteobacteria 30 0% B 0% B 0.03% B 0.01% B 0.15% A 0.02% B 
Proteobacteria 31 0.05% A 0% B 0% B 0% B 0.01% B 0.01% B 
Rokubacteria 1 0.01% BC 0.02% A 0% CD 0% D 0.01% B 0.01% B 
Rokubacteria 2 0% C 0% C 0% C 0.01% A 0.01% B 0% BC 
Rokubacteria 3 0% B 0% B 0% B 0% A 0% B 0% B 
Rokubacteria 4 0.06% A 0% A 0% A 0% A 0% A 0% A 
Verrucomicrobia 1 0% C 0% B 0% C 0% C 0.01% A 0% B 
Verrucomicrobia 2 0.01% AB 0% B 0.01% AB 0% B 0.02% A 0% AB 
Verrucomicrobia 3 0.01% B 0% B 0.02% A 0% B 0.01% B 0% B 
Verrucomicrobia 4 0.09% A 0% A 0% A 0% A 0% A 0% A 
Zixibacteria 1 0% A 0% A 0% A 0% A 0% A 0% A 
          Cluster centroid 0.06% A 0.04% A 0.05% A 0.04% A 0.07% A 0.04% A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the 
K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
 



136 

 

 
Figure 3.14 Genus-level fungal OTUs diversity per phylum. Total number of genus-level 
OTUs per phylum in 1.5 g soil from all five plots in a commercial American ginseng (Panax 
quinquefolius) garden just prior (-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). Genus 
names for ITS identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/). 

 



 
 

 
Table 3.19 Comparison of genus-level fungal OTUs diversity at phylum level.  Total number of genus-level ITS designated at the 
genus level per phylum in 1.5 g soil from all five plots in a commercial American ginseng (Panax quinquefolius) garden just prior (-5 
dph) and after harvest (10, 41, 73, 198 and 231 dph). Genus names for ITS identified based on 97% nt identity of the 220 - 280 bp 
ITS2 region of the 18S rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  No statistical 
analysis was done due to result are totals from all plots at a time point. 

Number of OTUs (percentage of total per dph) 
Phylum  -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph Total dph 
Ascomycota 479(79.6%) 489(79.5%) 742(82%) 799(75.9%) 696(77.1%) 682(75.6%) 3887(78.1%) 
Basidiomycota 36 (6.1%) 23 (3.8%) 50 (5.5%) 103 (9.8%) 69 (7.7%) 116(12.9%) 397 (8%) 
Chytridiomycota 50 (8.3%) 53 (8.6%) 50 (5.5%) 73 (7%) 69 (7.7%) 50 (5.5%) 345 (7%) 
Mortierellomycota 30 (5%) 33 (5.4%) 40 (4.4%) 53 (5.1%) 43 (4.8%) 40 (4.4%) 239-4.8% 
Mucoromycota 6 (1.1%) 16 (2.7%) 23 2.6%) 13 (1.3%) 23 (2.6%) 13 (1.5%) 94(1.9%) 
Rozellomycota 0 (0%) 0 (0%) 0 (0%) 6 (0.6%) 0 (0%) 0 (0%) 6 (0.1%) 
Zoopagomycota 0 (0%) 0 (0%) 0 (0%) 3 (0.3%) 0 (0%) 0 (0%) 3 (0.1%) 
Total phyla   601   614   905   1050   900   901    4971 
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Figure 3.15 Genus-level fungal OTUs abundance at phylum level.  Average number of genus-
level OTUs per phylum per g soil from five plots in a commercial American ginseng (Panax 
quinquefolius) garden just prior (-5 dph) and after harvest (10, 41, 73, 198 and 231 dph). Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/). 
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Table 3.20 Comparison of genus-level of fungal OTUs abundance at phylum level. Average number of genus-level OTUs per phylum 
per g soil from five plots in a commercial American ginseng (Panax quinquefolius) garden at just prior (-5 dph) and after harvest (10, 
41, 73, 198 and 231 dph). Genus names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S rRNA 
using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/). Percentage is the number of OTUs divided by 
the sum/total OTUs per dph. Letter following percentage abundance indicates significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference (LSD) test p<0.05.  

Average number of reads per OTUs per phylum 
Phylum -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph Total dph  
Ascomycota 53.4% A 38.1% A 47.8% A 19.7% A 46.9% A 27.0% A 35.10% 
Mortierellomycota 15.1% B 40.4% A 32.3% AB 19.0% B 22.4% AB 21.6% AB 24.20% 
Basidiomycota 7.2% B 2.8% B 9.1% B 25.1% A 18.9% AB 40.1% A 19.70% 
Rozellomycota 18.8% A 15.6% A 6.8% A 3.5% A 8.9% A 9.5% A 9.30% 
Zoopagomycota 0% B 0% B 0% B 31.1% A 0% B 0% B 8.80% 
Chytridiomycota 5.6% A 3.1% A 3.9% A 1.2% A 3.0% A 1.8% A 2.70% 
Mucoromycota 0% B 0% B 0% B 0.4% A 0% B 0% B 0.10% 
Total phyla 11.5% B 15.3% B 10.3% B  28.1% A 16.3% B 18.2% B 100% 
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Figure 3.16 Fungal genus-level cluster 1a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance 
over dph into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the 
average within the K-means cluster. Percentage abundance per total OTUs at each time 
point.  
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Table 3.21 Comparison of fungal cluster 1 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 
18S rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 
2.org/).   

Percentage of abundance per OTUs per genera in Cluster 1a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota Plenodomus 1.4% Bb 1.3% B 8.0% AB 10.3% AB 29.7% A 3.5% AB 

aCluster was created by K-means clustering algorithm in R separating OTUs abundance 
over dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the 
average within the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.17 Fungal genus-level cluster 2a of OTU abundance over time. Average number 
of genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. 
Genus names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 
region of the 18S rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, 
https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.22 Comparison of fungal cluster 2 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).   

Percentage of abundance per OTUs per genera in cluster 2a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota Trichoderma 24.6% Ab 24.9% A 20.5% A 14.4% A 11.4% A 17.0% A 

aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the 
K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.18 Fungal genus-level cluster 3a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
a Cluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.23 Comparison of fungal cluster 3 OTUs abundance over time.  Average number 
of genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. 
Genus names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region 
of the 18S rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, 
https://QIIME 2.org/).   

Percentage of abundance per OTUs per genera in Cluster 3a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Basidomycota Subulicystidium 0.3%Cb 0% C 0.5% C 11.8% A 1.1% B 10.9% A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance 
over dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the 
average within the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.19 Fungal genus-level cluster 4a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.24 Comparison of fungal cluster 4 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  

Percentage of abundance per OTUS per genera in Cluster 4a 
Phylum Genus -5 dph 10dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota Acremonium 4.7% Ab 5.6% A 3.1% A 1.9% A 3.0% A 2.6% A 
Ascomycota Ascomycota_24 3.9% A 6.0% A 5.0% A 5.5% A 0.9% A 2.6% A 
Ascomycota Ascomycota_33 1.2% A 1.1% A 4.3% A 1.7% A 4.0% A 3.2% A 
Ascomycota Penicillium 7.2% A 5.6% A 6.5% A 1.7% A 7.7% A 5.2% A 
Ascomycota Schizothecium 2.1% B 0.9% B 1.1% B 2.8% AB 1.5% B 5.2% A 
Ascomycota Talaromyces 3.2% AB 2.0% B 4.3% AB 3.5% AB 3.5% AB 7.6% A 
Mortierellomycota Mortierella 1.3% B 4.7% A 2.9% AB 3.5% AB 2.3% AB 3.3% AB 

Cluster centroid 3.4% A 3.7% A 3.9% A 2.9% A 3.3% A 4.2 % A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over 
dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within 
the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05.
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Figure 3. 20 Fungal genus-level cluster 5a of OTU abundance over time. Average 
number of genus-level OTUs per g soil from five plots in a commercial American 
ginseng Panax quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 
and 231 dph. Genus names for OTUs identified based on 97% nt identity of the 220 - 
280 bp ITS2 region of the 18S rRNA using QIIME 2 with the UNITE v8.0 database 
(release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over 
dph into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within 
the K-means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.25 Comparison of fungal cluster 5 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 
18S rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 
2.org/).  Cluster was created by K-means clustering algorithm in R separating OTUs 
abundance over dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by 
the average within the K-mean cluster. Letter following percentages indicate significant 
difference over time based on general lineal model ANOVA followed by Fisher’s Least 
Significant Difference LSD test p<0.05. 
 
 Percentage of abundance per OTUs per genera in Cluster 5a  
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota Ascomycota_01 0.2% Ab 0% B 0% B 0% B 0% B 1.2% A 
Ascomycota Ascomycota_16 0% B 0.8% A 0.3% A 0.4% A 0.2% A 1.1% A 
Ascomycota Ascomycota_28 0.3% A 0% B 0.3% A 0.5% A 0.1% A 1.6% A 
Ascomycota Ascomycota_29 0% B 0.7% A 0.2% A 1.0% A 0% B 0.4% A 
Ascomycota Aspergillus 0.4% A 0.2% A 0.4% A 0% B 0.5% A 0.9% A 
Ascomycota Eucasphaeria 0% B 0.5% A 0.4% A 0.1% A 0.7% A 0.2% A 
Ascomycota Metapochonia 0.6% A 0.7% A 0.3% A 0.3% A 0.1% A 0.4% A 
Ascomycota Volutella 0.3% A 0.6% A 0.4% A 0.3% A 0.6% A 0.5% A 
Chytridiomycota Sclerostagonospora 0.1% A 0.6% A 1.0% A 0.5% A 0.3% A 0.9% A 
Chytridiomycota Spizellomyces_1 0.5% A 0.4% A 0.5% A 0.1% A 0.2% A 0.4% A 
Rozellomycota Rozellomycota 0.7% A 0.8% A 0.3% A 0.3% A 0.4% A 0.6% A 

Cluster centroid 0.3% A 0.5% A 0.4% A 0.3% A 0.3% A 0.7% A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over 
dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within 
the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.21 Fungal genus-level cluster 6a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Letter following percentages indicate significant difference LSD test p<0.005. 
Percentage abundance per total OTUs at each time point.  
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Table 3.26 Comparison of fungal cluster 6 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. 
Genus names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region 
of the 18S rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, 
https://QIIME 2.org/). 

Percentage of abundance per OTUs per genera in Cluster 6a 
Genus* -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota_04 1.4% ABb 2.1% A 0.3% C 0.9% B 0.8% B 0.6% B 
Ascomycota_26 2.4% B 3.0% A 1.7% B 3.3% A 0.5% B 0.9% B 
Ascomycota_27 2.9% B 5.1% A 0.7% B 1.7% B 1.1% B 0.5% C 
Ascomycota_30 1.9% B 2.7% A 1.1% B 1.6% B 0.9% B 0.6% B 
Ascomycota_34 1.6% B 2.6% A 0% D 1.6% B 0.2% C 0% D 
Chaetomium 1.3% B 4.1% A 0.6% B 1.4% B 2.5% AB 0.5% B 
Sarocladium 2.6% A 2.1% A 3.9% A 0.7% A 1.5% A 1.0% A 
Cluster centroid 2.0% AB 3.1% A 1.2% B 1.6% AB 1.1% B 0.6% B 
*Members of these genera belong to the phylum Ascomicota 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance 
over  
dph into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within 
the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general 
lineal model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.22 Fungal genus-level cluster 7a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.27 Comparison of fungal cluster 7 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).   

Percentage of abundance per OTUs per genera in Cluster 7a 
Genus* -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Alternaria 2.4% Ab 0% C 1.2% B 0.2% B 0.1% B 0.5% B 
Ascomycota_21 0.6% B 0% C 0% C 0.4% B 1.1% A 0.6% B 
Neosetophoma 1.4% A 0.8% A 0.5% A 0.9% A 0.7% A 0.9% A 
Oidiodendron 1.6% A 0% C 0.9% AB 0.3% B 0.2% B 0.3% B 
Tetracladium 2.6% A 0.5% B 0.2% B 0.3% B 0.6% B 0.5% B 
Cluster centroid 1.7% A 0.3% AB 0.6% AB 0.4% AB 0.5% AB 0.5% AB 

*Members of these genera belong to the phylum Ascomycota 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the 
K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general 
lineal model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.23 Fungal genus-level cluster 8a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Letter following percentages indicate significant difference LSD test p<0.005. 
Percentage abundance per total OTUs at each time point.  
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Table 3.28  Comparison of fungal cluster 8 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).   
 

Percentage of abundance per OTUs per genera in Cluster 8a 
Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota_11 0% Db 0.1% C 2.1% B 2.9% A 0.1% C 0% D 
Ascomycota_18 1.0% B 1.1% B 2.3% AB 2.4% A 1.5% B 0.5% B 
Ascomycota_23 1.0% B 1.1% B 0.6% BC 1.9% A 0.2% C 0% D 

Cluster centroid 0.7% B 0.7% B 1.7% B 2.4% A 0.6% B 0.2% B 
*Members of these genera belong to the phylum Ascomycota 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the 
K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.24 Fungal genus-level cluster 9a of OTU abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
aCluster was created by K-means clustering algorithm in R separating OTU abundance over dph 
into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the K-
means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.29 Comparison of fungal cluster 9 OTUs abundance over time. Average number of 
genus-level OTUs per g soil from five plots in a commercial American ginseng Panax 
quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. Genus 
names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S 
rRNA using QIIME 2 with the UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).   

Percentage of abundance per OTUs per genera in Cluster 9a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 
Ascomycota Arcopilus 0% Ab 0.1% A 0.1% A 0% A 0% A 0.2% A 
Ascomycota Arthrinium 0.3% A 0% A 0% A 0.2% A 0.1% A 0% A 
Ascomycota Articulospora 0% A 0% A 0.1% A 0% A 0.1% A 0% A 
Ascomycota Ascomycota_02 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_06 0% A 0% A 0% A 0% A 0.1% A 0.1% A 
Ascomycota Ascomycota_07 0% A 0.2% A 0.0% A 0% A 0.0% A 0.0% A 
Ascomycota Ascomycota_08 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_09 0% A 0% A 0.2% A 0.1% A 0% A 0% A 
Ascomycota Ascomycota_10 0% A 0% A 0.0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_12 0% A 0% A 0.2% A 0.3% A 0% A 0% A 
Ascomycota Ascomycota_13 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_14 0% A 0% A 0% A 0% A 0.3% A 0% A 
Ascomycota Ascomycota_15 0% A 0.2% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_20 0% A 0.4% A 0% A 0.3% A 0.1% A 0.1% A 
Ascomycota Ascomycota_31 0% A 0% A 0.0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_32 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_37 0% A 0% A 0% A 0% A 0.1% A 0% A 
Ascomycota Ascomycota_38 0% A 0.2% A 0.3% A 0% A 0% A 0% A 
Ascomycota Ascomycota_39 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_40 0.1% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_41 0% A 0% A 0% A 0.1% A 0% A 0% A 
Ascomycota Ascomycota_42 0% A 0% A 0.1% A 0.1% A 0% A 0% A 
Ascomycota Ascomycota_43 0.2% A 0.3% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_44 0.0% A 0% A 0.0% A 0% A 0% A 0.1% A 
Ascomycota Ascomycota_45 0% A 0.2% A 0% A 0% A 0% A 0% A 
Ascomycota Ascomycota_46 0% A 0% A 0% A 0% A 0.0% A 0% A 
Ascomycota Bipolaris 0.2% A 0% B 0% B 0% B 0% B 0% B 
Ascomycota Cercophora 0% A 0% A 0.1% A 0% A 0.1% A 0.1% A 
Ascomycota Chaetosphaeria 0% A 0% A 0% A 0.1% A 0% A 0.3% A 
Ascomycota Chrysosporium 0.2% A 0% A 0.1% A 0% A 0.1% A 0% A 
Ascomycota Cistella 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Colletotrichum 0% B 0% B 0% B 0% B 0% B 0.2% A 
Ascomycota Cytospora 0% A 0.0% A 0% A 0% A 0% A 0% A 
Ascomycota Dactylella 0% B 0% B 0.3% A 0% B 0% B 0% B 
Ascomycota Dinemasporium 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Hymenoscyphus 0% A 0% A 0% A 0% A 0% A 0.2% A 
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Ascomycota Hymenula 0% A 0.1% A 0.2% A 0.1% A 0% A 0% A 
Ascomycota Iodophanus 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Knufia 0% B 0% B 0% B 0% B 0.2% A 0% B 
Ascomycota Lecythophora 0.1% A 0% A 0% A 0.2% A 0.1% A 0.1% A 
Ascomycota Malbranchea 0.3% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Murisporia 0% A 0% A 0% A 0.1% A 0% A 0.2% A 
Ascomycota Myrmecridium 0% B 0% B 0% B 0.6% A 0% B 0% B 
Ascomycota Paraphoma 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Parathyridaria 0% B 0% B 0% B 0.6% A 0% B 0% B 
Ascomycota Phialemonium 0% A 0% A 0% A 0% A 0.1% A 0.1% A 
Ascomycota Pseudodogymnoacs 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Stachybotrys 0% A 0% A 0% A 0% A 0.2% A 0% A 
Basidiomycota Basidiomycota_02 0% A 0% A 0% A 0% A 0% A 0.4% A 
Basidiomycota Basidiomycota_03 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Basidiomycota_07 0% A 0% A 0% A 0.0% A 0% A 0% A 
Basidiomycota Basidiomycota_08 0% A 0% A 0% A 0.3% A 0% A 0.1% A 
Basidiomycota Basidiomycota_10 0% A 0% A 0% A 0% A 0.0% A 0% A 
Basidiomycota Bovista 0% A 0% A 0% A 0% A 0.0% A 0% A 
Basidiomycota Conocybe 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Crepidotus 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Entoloma 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Filobasidium 0.3% A 0% B 0% B 0% B 0% B 0% B 
Basidiomycota Geminibasidium 0% B 0.3% A 0% B 0% B 0% B 0% B 
Basidiomycota Heterocephalacria 0.1% A 0.2% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Irpex 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Mycena 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Peniophora 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Phlebia 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Piskurozyma 0% A 0% A 0% A 0.0% A 0% A 0% A 
Basidiomycota Plicaturopsis 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Pluteus 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Postia 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Psathyrella 0% A 0% A 0.1% A 0% A 0% A 0% A 
Basidiomycota Scopuloides 0% A 0% A 0.1% A 0% A 0% A 0% A 
Basidiomycota Sistotrema 0% A 0% A 0.2% A 0.1% A 0% A 0% A 
Basidiomycota Solicoccozyma 0.1% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Steccherinum 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Suillus 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Trametes 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Udeniozyma 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Waitea 0% A 0% A 0% A 0% A 0% A 0% A 
Chytridiomycota Chytridiomycota_01 0.2% A 0.1% A 0.1% A 0.1% A 0.1% A 0% A 
Chytridiomycota Chytridiomycota_02 0% A 0% A 0% A 0% A 0.1% A 0.1% A 
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Chytridiomycota Chytridiomycota_03 0% A 0% A 0% A 0% A 0.1% A 0% A 
Chytridiomycota Operculomyces 0.2% A 0% A 0.1% A 0% A 0% A 0% A 
Chytridiomycota Powellomyces 0% A 0% A 0% A 0% A 0.1% A 0% A 
Chytridiomycota Rhizophlyctis 0.1% A 0.2% A 0% A 0.1% A 0% A 0% A 
Chytridiomycota Spizellomyces 0% A 0.1% A 0.0% A 0.1% A 0.0% A 0% A 
Mucoromycota Umbelopsis 0% A 0% A 0% A 0.0% A 0% A 0% A 
Zoopagomycota Zoopagomycota 0% B 0% B 0% B 0.3% A 0% B 0% B 

Cluster centroid 0.003%A 0.003%A 0.003%A 0.005%A 0.002%A 0.003%A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph 
into 10 clusters (Maechler et al., 2019). Cluster centroid was created by the average within the 
K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal 
model ANOVA followed by Fisher’s Least Significant Difference LSD test p<0.05. 
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Figure 3.25 Fungal genus-level cluster 10a of OTU abundance over time. Average 
number of genus-level OTUs per g soil from five plots in a commercial American 
ginseng Panax quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 
and 231 dph. Genus names for OTUs identified based on 97% nt identity of the 220 - 
280 bp ITS2 region of the 18S rRNA using QIIME 2 with the UNITE v8.0 database 
(release 2019.10, https://QIIME 2.org/).  

aCluster was created by K-means clustering algorithm in R separating OTU abundance over 
dph into 9 clusters (Maechler et al., 2019). Cluster centroid was created by the average 
within the K-means cluster. Percentage abundance per total OTUs at each time point.  
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Table 3.30 Comparison of fungal cluster 10 OTUs abundance over time. Average number of genus-level OTUs per g soil from five 
plots in a commercial American ginseng Panax quinquefolius garden at just prior -5 dph and after harvest 10, 41, 73, 198 and 231 dph. 
Genus names for OTUs identified based on 97% nt identity of the 220 - 280 bp ITS2 region of the 18S rRNA using QIIME 2 with the 
UNITE v8.0 database (release 2019.10, https://QIIME 2.org/).  
 

Percentage of abundance per OTUs per genera in Cluster 10a 
Phylum Genus -5 dph 10 dph 41 dph 73 dph 198 dph 231 dph 

Ascomycota Arcopilus 0% Ab 0.1% A 0.1% A 0% A 0% A 0.2% A 

Ascomycota Arthrinium 0.3% A 0% A 0% A 0.2% A 0.1% A 0% A 

Ascomycota Articulospora 0% A 0% A 0.1% A 0% A 0.1% A 0% A 

Ascomycota Ascomycota_02 0% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_06 0% A 0% A 0% A 0% A 0.1% A 0.1% A 

Ascomycota Ascomycota_07 0% A 0.2% A 0.0% A 0% A 0.0% A 0.0% A 

Ascomycota Ascomycota_08 0% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_09 0% A 0% A 0.2% A 0.1% A 0% A 0% A 

Ascomycota Ascomycota_10 0% A 0% A 0.0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_12 0% A 0% A 0.2% A 0.3% A 0% A 0% A 

Ascomycota Ascomycota_13 0% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_14 0% A 0% A 0% A 0% A 0.3% A 0% A 

Ascomycota Ascomycota_15 0% A 0.2% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_20 0% A 0.4% A 0% A 0.3% A 0.1% A 0.1% A 

Ascomycota Ascomycota_31 0% A 0% A 0.0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_32 0% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_37 0% A 0% A 0% A 0% A 0.1% A 0% A 
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Ascomycota Ascomycota_38 0% A 0.2% A 0.3% A 0% A 0% A 0% A 

Ascomycota Ascomycota_39 0% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_40 0.1% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_41 0% A 0% A 0% A 0.1% A 0% A 0% A 

Ascomycota Ascomycota_42 0% A 0% A 0.1% A 0.1% A 0% A 0% A 

Ascomycota Ascomycota_43 0.2% A 0.3% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_44 0.0% A 0% A 0.0% A 0% A 0% A 0.1% A 

Ascomycota Ascomycota_45 0% A 0.2% A 0% A 0% A 0% A 0% A 

Ascomycota Ascomycota_46 0% A 0% A 0% A 0% A 0.0% A 0% A 

Ascomycota Bipolaris 0.2% A 0% B 0% B 0% B 0% B 0% B 

Ascomycota Cercophora 0% A 0% A 0.1% A 0% A 0.1% A 0.1% A 

Ascomycota Chaetosphaeria 0% A 0% A 0% A 0.1% A 0% A 0.3% A 

Ascomycota Chrysosporium 0.2% A 0% A 0.1% A 0% A 0.1% A 0% A 

Ascomycota Cistella 0% A 0% A 0% A 0% A 0% A 0% A 

Ascomycota Colletotrichum 0% B 0% B 0% B 0% B 0% B 0.2% A 

Ascomycota Cytospora 0% A 0.0% A 0% A 0% A 0% A 0% A 

Ascomycota Dactylella 0% B 0% B 0.3% A 0% B 0% B 0% B 

Ascomycota Dinemasporium 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Hymenoscyphus 0% A 0% A 0% A 0% A 0% A 0.2% A 
Ascomycota Hymenula 0% A 0.1% A 0.2% A 0.1% A 0% A 0% A 
Ascomycota Iodophanus 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Knufia 0% B 0% B 0% B 0% B 0.2% A 0% B 
Ascomycota Lecythophora 0.1% A 0% A 0% A 0.2% A 0.1% A 0.1% A 
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Ascomycota Malbranchea 0.3% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Murisporia 0% A 0% A 0% A 0.1% A 0% A 0.2% A 
Ascomycota Myrmecridium 0% B 0% B 0% B 0.6% A 0% B 0% B 
Ascomycota Paraphoma 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Parathyridaria 0% B 0% B 0% B 0.6% A 0% B 0% B 
Ascomycota Phialemonium 0% A 0% A 0% A 0% A 0.1% A 0.1% A 
Ascomycota Pseudodogymnoascs 0% A 0% A 0% A 0% A 0% A 0% A 
Ascomycota Stachybotrys 0% A 0% A 0% A 0% A 0.2% A 0% A 
Basidiomycota Basidiomycota_02 0% A 0% A 0% A 0% A 0% A 0.4% A 
Basidiomycota Basidiomycota_03 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Basidiomycota_07 0% A 0% A 0% A 0.0% A 0% A 0% A 
Basidiomycota Basidiomycota_08 0% A 0% A 0% A 0.3% A 0% A 0.1% A 
Basidiomycota Basidiomycota_10 0% A 0% A 0% A 0% A 0.0% A 0% A 
Basidiomycota Bovista 0% A 0% A 0% A 0% A 0.0% A 0% A 
Basidiomycota Conocybe 0% A 0% A 0% A 0% A 0% A 0.0% A 
Basidiomycota Crepidotus 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Entoloma 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Filobasidium 0.3% A 0% B 0% B 0% B 0% B 0% B 
Basidiomycota Geminibasidium 0% B 0.3% A 0% B 0% B 0% B 0% B 
Basidiomycota Heterocephalacria 0.1% A 0.2% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Irpex 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Mycena 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Peniophora 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Phlebia 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Piskurozyma 0% A 0% A 0% A 0.0% A 0% A 0% A 
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Basidiomycota Plicaturopsis 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Pluteus 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Postia 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Psathyrella 0% A 0% A 0.1% A 0% A 0% A 0% A 
Basidiomycota Scopuloides 0% A 0% A 0.1% A 0% A 0% A 0% A 
Basidiomycota Sistotrema 0% A 0% A 0.2% A 0.1% A 0% A 0% A 
Basidiomycota Solicoccozyma 0.1% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Steccherinum 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Suillus 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Trametes 0% A 0% A 0% A 0.1% A 0% A 0% A 
Basidiomycota Udeniozyma 0% A 0% A 0% A 0% A 0% A 0% A 
Basidiomycota Waitea 0% A 0% A 0% A 0% A 0% A 0.0% A 
Chytridiomycota Chytridiomycota_01 0.2% A 0.1% A 0.1% A 0.1% A 0.1% A 0% A 
Chytridiomycota Chytridiomycota_02 0% A 0% A 0% A 0% A 0.1% A 0.1% A 
Chytridiomycota Chytridiomycota_03 0% A 0% A 0% A 0% A 0.1% A 0% A 
Chytridiomycota Operculomyces 0.2% A 0% A 0.1% A 0% A 0% A 0% A 
Chytridiomycota Powellomyces 0% A 0% A 0% A 0% A 0.1% A 0% A 
Chytridiomycota Rhizophlyctis 0.1% A 0.2% A 0% A 0.1% A 0% A 0% A 
Chytridiomycota Spizellomyces 0% A 0.1% A 0.0% A 0.1% A 0.0% A 0% A 
Mucoromycota Umbelopsis 0% A 0% A 0% A 0.0% A 0% A 0% A 
Zoopagomycota Zoopagomycota 0% B 0% B 0% B 0.3% A 0% B 0% B 

Cluster centroid 0.003%A 0.003%A 0.003%A 0.005%A 0.002%A 0.003%A 
aCluster was created by K-means clustering algorithm in R separating OTUs abundance over dph into 10 clusters (Maechler et al., 
2019). Cluster centroid was created by the average within the K-mean cluster.  
bLetter following percentages indicate significant difference over time based on general lineal model ANOVA followed by Fisher’s 
Least Significant Difference LSD test p<0.05. 
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Figure 3. 26 Ginseng root debris collected from subplot 2 at 18/10/12 (10 DPH) 
(early fall) 

 
Figure 3.27 Ginseng root debris collected from subplot 4 at 18/11/12 (41 DPH) 
(mid-fall)   
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Figure 3.28 Ginseng root debris collected from subplot 1 on 18/12/14 (73 DPH) 
(late fall) 

 
Figure 3.29 Ginseng root debris collected from subplot 1 on 19/04/18 (198 DPH) 
(early spring) 
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Figure 3.30 Ginseng root debris collected from subplot 5 on 19/05/21 (293 DPH)  
(spring planting time for maize)   
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Chapter 4. General discussion  

The major limitations for turf growth on sports fields, such as golf courses, in temperate 
climates like Ontario are the reduced greenness due to low solar radiation and high or low 
temperatures, poor growth because of soil compaction and nutrient imbalances, die back due to 
environmental stresses and poor root development, and plant death due to insect, pathogen and 
chemical damage (Bushoven et al., 2000; Huang and Gao, 2000; Muller and Kussow, 2005; 
Wingler and Hennessy, 2016; Yong et al., 2017; Li et al., 2019). The use of biostimulants for 
turfgrass has great potential for improving growth and quality providing resistance to biotic or 
abiotic stresses without intensive management programs using chemical pesticides or fertilizers. 
Thus far, the testing of biostimulants on turfgrass has been limited to studies using protein 
hydrolyzed amino acids on perennial ryegrass examining survival and greenness under heat 
stress (Kauffman et al., 2007), Abscisic acid (ABA) and glycine betaine (GB) on perennial 
ryegrass examining biomass and chlorophyll content under water stress (Mahdavi et al., 2017), 
GABA on creeping bentgrass examining metabolic homeostasis under heat stress (Li et al., 
2019), AMF on creeping bentgrass examining grass establishment on poor soil (Tardif and 
Desjardins, 1998), silicon on Kentucky bluegrass under drought stress examining plant water 
relationships and morphophysiology (Saud et al., 2014), acibenzolar-S-Methyl on creeping 
bentgrass examining biotic stress due to fungal root diseases (Lee and Tisserat, 2003), and PGPR 
on bermudagrass examining insect damage (Coy et al., 2020). There is a need for many more 
types of biostimulants with the major turfgrass species to be tested under a wider range of 
conditions.  

Biostimulants in turfgrass showed that they can increase growth of shoots and roots, 
chlorophyll content, photosynthesis rate, metabolism, oxidative stress, nutrient uptake, and 
beneficial microorganisms in the soil (Shelp and McLean, 1999; Korkmaz, 2002; Lee and 
Tisserat, 2003; Kauffman et al., 2007; Bonfante & Genre, 2010; Hu et al., 2012; Saud et al., 
2014). In this study, biostimulants were selected based on results in the literature where the 
biostimulants  had been shown to increase quality (greenness) in plants (Korkmaz, 2002), 
improve growth under drought stress (Ervin et al., 2004; Mahdavi et al., 2017; Yong et al., 
2017), heat stress (Li et al., 2009), salt stress resistance (Ertani et al., 2013), grass establishment   
(Le Quéré, 2005) and improve crop yield (Ziosi et al. 2013) in lab and greenhouse conditions.  

In this study, both lab and greenhouse trials were done, but they were not comparable due 
to lab plants being much younger with thinner cuticles than greenhouse plants that had been 
harvested from mature greens at GTI and experienced differences in growth conditions with 
warmer temperatures and longer exposure to light during the summer in the greenhouse. Despite 
those limitations, significant differences were observed for four biostimulants, phycocyanin, 
GABA, GB and the commercial arbuscular mycorrhizal inoculant (MYKE PRO) on improving 
greenness index and plant biomass over time.  

Phycocyanin accumulation after foliar application of 5-aminolevulinic acid (ALA) has 
been reported and related to improve growth and photosynthetic activity in radishes, barley, 
potatoes, rice and maize (Hotta et al., 1997), but this study is the first report using foliar 
applications of phycocyanin on turfgrass. It could be considered the most promising compound 
tested improving the greenness index on all different turfgrass cultivars, regardless of the 
environmental differences in the lab and greenhouse experiments. However, its least promising 
results were an inconsistent improved biomass in the greenhouse trial. The increase in the 
greenness index was likely due to it increasing levels of 5-aminolevulinic acid (ALA), the key 
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precursor for biosynthesis of phycocyanin, that is known to improve plant growth and yield 
(Korkmaz, 2002). Previous studies have reported that ALA applied exogenously to the foliage in 
small quantities significantly improved greenness (Takeuchi and Funada, 2004). Improved 
greenness would be a highly beneficial effect for turfgrasses because greenness is an important 
quality factor with more greenness preferred (Carey et al., 2012). However, more studies must be 
performed in turfgrasses to identify if phycocyanin will provide improved greenness for a 
prolonged period of time, whether this will be affected by environmental stresses, whether 
greener leaves will be  more or less susceptible to diseases and insects, factors like acclimation to 
cold weather, survival over winter, regrowth in spring are also affected.   

GABA is important in regulating stress responses, growth, and development in plants 
(Shelp and McLean, 1999). In this study, it was somewhat promising significantly improving 
greenness index, shoot biomass, and root biomass of cv. Penncross in the lab and in the 
greenhouse. However, GABA also improved root biomass of all the turfgrass cultivars in the 
greenhouse but not in the lab. It only sporadically improved shoot biomass of some cultivars 
during the greenhouse trials probably due to the effect of the environment. The effects of 
exogenous application of GABA on creeping bentgrass could be due to increasing endogenous 
GABA content resulting in an improved ability to keep metabolic homeostasis, reducing 
electrolyte leakage and tolerance to environmental stressors (Zhou et al., 2016). Previous studies 
have reported that exogenous GABA effectively alleviated heat and drought stress in creeping 
bentgrass by endogenous GABA accumulation (Yong et al., 2017; Li et al., 2019). Improved 
plant root biomass and greenness would be highly beneficial effect for turfgrasses because 
greater roots would permit more nutrients and water to take up by the plant. The root:shoot ratio 
is a key factor in determining plant drought resistance (Karcher et al., 2008). However, more 
studies must be performed in drought-stressed turfgrasses as well as long-term effects on 
acclimation due to seasonal variations in weather.  

 GB has been reported for its beneficial effect improving abiotic stresses, such as salinity, 
drought, high temperatures and cold in maize, soybean, and sorghum (Ashraf and Foolad, 2007). 
In this study, GB was promising, significantly increasing greenness index initially for the cv. 
Penncross in the lab. In the greenhouse, the greenness index only for the cv. Penncross was 
significantly higher than the non-treated control by the end of the experiment. GB is an 
electrically neutral compatible solute naturally accumulating during the acclimation of plant cells 
under environmental stresses (Sakamoto & Murata, 2002). It increases the intracellular 
osmolarity in plants by stabilizing cellular proteins and enzymes maintaining membrane 
structure (Gorham, 1995). Previous studies have reported that exogenous foliar application of 
GB on perennial ryegrass improved turf quality and chlorophyll content (Mahdavi et al., 2017) 
probably because GB is synthesized by oxidation of choline into betaine aldehyde, and then a 
NAD+ dependent enzyme, betaine aldehyde dehydrogenase (BADH), produces glycine betaine 
in the chloroplast (Giri, 2011). As there is limited information of exogenous GB on turfgrass, 
further investigation needs to be done to test benefits of GB and its duration of effectiveness in 
the field to determine how frequently it would need to be applied, as well as its long term effect 
on under both stress and non-stress conditions.  

Finally, the commercial arbuscular mycorrhizal inoculant (MYKE PRO) was the least 
promising of the biostimulants tested only inconsistently increasing greenness and biomass of 
shoot and roots in both the lab and greenhouse. In contrast, previous studies showed that 
inoculation of grass seeds with MYKE PRO improved grass establishment on an existing lawn 
established on a poor loam soil (Tardif and Desjardins, 1998; Le Quéré, 2005). However, this 
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work applied the product to soil rather than to seed. Studies reporting the failure of AMF to 
improve plant growth include maize (Corkidi et al., 2004), and these have mostly been explained 
as resulting from low levels of viable propagules diluted in the inoculant carrier as well as high 
soil organic matter potentially inhibiting root colonization (Biermann and Linderman, 1983). In 
this study, the poor effectiveness of the AMF could be due to a too low number of spores in the 
soil being close enough to infect the root system and thus affect the plants. This was the only 
living organism tested in this work, and was the only one applied only to soil and so could be 
affected by soil conditions more than other biostimulants. In the lab, the grass was grown in 80% 
sand and 20% peat moss, while in the greenhouse, the grass was grown in 50% sand/soil mix and 
so these differences could have affected the results in this study. Testing other soils would be 
important to determine if this was a critical factor.   

A major limitation of this study was that all the biostimulatns were applied to creeping 
bentgrass that was grown under relatively optimal non-stressed conditions. In these 
circumstances, biostimulants that would improve stress resistance would be difficult to identify. 
Future work should apply biostimulants when the plants have been exposed to different stresses. 
Future work should also evaluate the efficacy of biostimulants against turfgrass diseases, as well 
as examine their effects on different turfgrass species and cultivars, root exudates, and 
rhizospheric microbial populations  

As further restrictions on the use of chemical fertilizers and pesticides for urban turfgrass 
maintenance are likely, there is a need for effective biostimulants that will increase plant vigor 
and resistance to stresses with reduced manage and inputs. The promising results of this work 
shows that biostimulants could be developed into a new cost-effective alternative in turfgrass 
management, providing turfgrass managers with the ability to maintain high quality turfgrass 
with improved physiology (such as shifting the root:shoot ratio) which would also improve stress 
tolerance.  

The importance of post-harvest debris has been studied in a variety of crops, such as its 
effect on the development and reproduction of the plant pathogenic nematode Heterodera 
schachtii on lateral roots of defoliated sugar beet (Steele, 1972) and its impact on the survival of 
Xanthomonas campestris pv. vitians on lettuce debris and subsequent disease development 
(Barak et al., 2007). By affecting soil microbial communities, providing nutrients for pathogens, 
and releasing toxins into the soil, post-harvest debris can increase the incidence and severity of 
plant diseases (Sumner et al., 1981; Almeida et al., 2001). However, post-harvest debris of 
ginseng has not previously been examined, and thus its role in ginseng replant disease is 
unknown. Due to ginseng growers practicing a no-till cultivation system during the cropping of 
the plant for 3-4 years, the only other sources of ginseng compounds entering the soil would be 
from leaves and stems senescing each fall and roots exudates during growth. Evidence that 
ginseng compounds are involved in replant disease includes their direct autotoxicity to ginseng 
seedlings (Yang et al., 2015), their ability to increase the growth of the pathogens, Pythium and 
Ilyonectria (Nicol et al., 2003; Farh et al., 2020), and the immunosuppressive activity during root 
infection by Ilyonectria mors-panacis found in methanol root extracts incubated with the ginseng 
soil bacterium, Pseudomonas plecoglossicida (Behdarvandi, 2020).  

The amount of root debris generated after harvesting Panax quinquefolius was 
considerable.  Analysis of the ginseng root debris showed that 7.8% fresh weight of the ginseng 
was not harvested based on an estimated yield of 1.2 Kg fresh weight per 1 m2 soil of a typical 
ginseng garden. However, the debris decayed relatively rapidly with over 93.7% of it no longer 
visible by late spring. In the fall, fiber roots pieces and spider grade taproots rapidly decayed 
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surprisingly rapidly, and future work should examine why those types of roots are so susceptible 
to decay. The increase in taproot pieces indicates that the bud is a common starting point for 
decay, and future work could examine if this might be due to fewer antimicrobial compounds 
being found in the bud. The number of lesions on the root debris increased over time with more 
lesions being associated with I. mors-panacis up to late fall for intact roots and early spring for 
taproot pieces.  I. mors-panacis likely survives in soil mostly as microconidia, macroconidia and 
chlamydospores, rather than hyphae (Sheng, 2014). It is unknown how much of the hyphae and 
spores in those lesions would contribute to the population of I. mors-panacis in the soil. Over the 
winter, the biomass was greatly reduced with a complete loss of chunk and forked grade, which 
could be due to chunk and forked grade taproots being more resistant to decay than fiber roots 
pieces and spider grade taproots. Also over winter, the number of lesions associated with I. mors-
panacis decreased on both intact roots and root pieces, which could be due to the fungus being 
out-competed by soil saprophytes as the number of lesions not associated with I. mors-panacis 
increased on the same roots. A better understanding of that decay could be important in finding 
potential antagonists of I. mors-panacis that might be useful biocontrol agents. By spring, there 
were no longer any lesions on the remaining intact roots, which were all pencil roots that started 
to germinate. The only other debris was taproot pieces that were completely decayed with only 
the epidermis remaining, appearing similar to the symptoms of disappearing root rot caused by I. 
mors-panacis (Rahman and Punja, 2005; Farh et al., 2018). This indicates that there may be 
genetic differences in the susceptibility of ginseng roots to I. mors-panacis infection, and those 
germinating pencil roots may have some resistance. However, further investigation is needed to 
determine whether they are resistant or simply disease escapes. Other evidence for possible 
resistance are that no spider or forked roots ever had lesions associated with I. mors-panacis, and 
no pencil roots had lesions associated with I. mors-panacis until late fall. In contrast, chunk roots 
mostly had lesions associated with I. mors-panacis by the same time, and taproot pieces had 
lesions associated with I. mors-panacis at all time points, except 231 dph, when it was not 
possible to measure. To examine roots for resistance, one could harvest roots that survived for 
different times following harvest, plant them and inoculate the soil.  

 Considering how much root debris was detected and the typical amount of ginsenoside in 
the roots, it was expected that there would be a peak in soil ginsenosides in the fall as the 
decaying roots released ginsenosides into the soil. However, the results showed a decline of 
ginsenosides over time matching the decline in root biomass. This pattern was observed for both 
PPT and PPD type ginsenosides. Further work is needed to determine if the drop in ginsenosides 
over time is due to the ginsenosides that are released into the soil are being rapidly mineralized 
into carbon dioxide and water, taken up by microorganisms and incorporated into their cell 
membranes (Zheng et al., 2017), being bound up tightly with clay particles preventing extraction 
by methanol, or transformed by microorganisms into non-detectable forms by the HPLC system 
by a combination of deglycosylation and partial dammarane ring breakage. It was also surprising 
that the ginsenoside content in the soil increased in the spring even though there was very little 
root biomass remaining, and more work is needed to examine if this was due to changes in 
temperature that might release the ginsenosides from microbial membranes during microbial 
death from freezing and thawing, release the ginsenosides due to reduced binding with clay 
particles or release the ginsenosides by some other mechanism. 

Since root debris introduces organic matter into the soil, including ginsenosides, it was 
expected that soil microbial populations would be altered. This was more obvious for the 
bacterial populations with peak populations at particular time points after harvest. There was ag 
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group of bacteria preferring the intact rhizosphere whose populations declined once the plants 
were harvested. Another group of bacteria increased population in early, mid or late fall as roots 
decayed, and others increased population in spring when temperatures increased. For fungal 
population, there were more variable patterns with just a few genera dominating at all time 
points. Future work could isolate those bacteria and fungi to test for their ability to transform 
ginsenosides into ginseng immunosuppressors.  For both bacteria and fungi, this study found that 
there was a large group of rare microorganisms not previously described being at very low 
populations that were not changing their abundance over time. Since many of those will be 
difficult to quantify by culturing, they could be examined by determining if there are any factors 
that affect the abundance and diversity of their sequences in ginseng replant and non-replant soil 
as well as how they are affected in soil when other crops, like maize, are grown and harvested.  

This study clearly shows that post-harvest debris of ginseng introduces considerable 
material into soil that has at least short-term effects, such as those observed with soil bacterial 
populations. Whether this contributes greatly, slightly or not at all to ginseng replant disease 
remains to be determined. However, this part of the thesis provides solid baseline information for 
studying it. As is typical of scientific research, this work raises more questions that it answers, 
but that can be considered a positive rather than a negative outcome of this thesis.  
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