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Abstract: A previous report showed that methanol extracts from soil collected one year after har-
vesting American ginseng (Panax quinquefolius) contained activity that increased root rot caused by
Ilyonectria mors-panacis. This effect was associated with suppression of the defense responses of P.
quinquefolius. The activity was undetectable in soil not previously planted with ginseng, and it was
hypothesized that it may be a factor in the development of ginseng replant disease (GRD). GRD can
persist for 30 or more years and is associated with root rot from I. mors-panacis. A survey of activity
that increases root rot was made of the soil at different times before and after commercial ginseng root
harvesting. No activity that increased root rot from I. mors-panacis was detected in the soil of a first
American ginseng crop over the three years from planting until prior to harvesting. After harvesting
the first crop, no activity was detected during the fall or early spring, but I. mors-panacis’s ability to
increase root rot was detected in the soil during late spring, when ginseng crop debris from the first
crop had almost completely decayed and the soil had warmed. Activity increasing root rot from I.
mors-panacis was also detected in the soil from 1 to 30 years after ginseng harvesting. These results
indicate that activity in soil that increases root rot from I. mors-panacis is not detectable until after the
crop has been first harvested and then can persist for many years, which is consistent with the long
persistence of GRD.

Keywords: ginseng replant disease; root rot; soil sickness

1. Introduction

American ginseng (Panax quinquefolius) is an important medicinal herb commercially
grown in numerous locations in North America that contains ginsenosides, which can
help fight diseases such as dementia, diabetes and cancer [1]. One issue in commercial
production is ginseng replant disease (GRD), which results in large numbers of ginseng
plants dying when planted in soil previously used for ginseng production even decades
earlier [2]. GRD is associated with root rot due to Ilyonectria mors-panacis, but even though
the fungus causes root rot in the first crop of ginseng, the same pathogen is much more
severe when a second crop is grown on the same soil. One suggestion as to why the
fungus is far more damaging when the ginseng is replanted is that GRD is caused by the
combination of root rot due to I. mors-panacis with an unknown host-related factor that
must develop in the soil before or relatively shortly after harvesting a first ginseng crop [2].

Extracts from soil where P. quinquefolius had been planted one year previously con-
tained compounds that significantly increased root lesion size following inoculation with
I. mors-panacis as compared to water, which occurred in a dose-dependent manner [3]. In
contrast, the application of extracts of soil not planted with ginseng or roots of ginseng did
not affect lesion size at any concentration tested. The expression of jasmonate-regulated
genes were suppressed after I. mors-panacis infection in roots treated with soil extracts
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from previously planted ginseng gardens, as compared to roots treated with water or
ginseng root extract. This indicates that compounds were present in soil used previously
for ginseng production that could suppress elements of the defense response of the roots.
Jasmonate is a key plant defense hormone that regulates the triggered expression of defense
genes against necrotrophic root rot pathogens [4], and the expression of many deference
genes are regulated by jasmonate in ginseng [5]. However, the compounds present in
the soil of previously planted ginseng gardens were not found in ginseng root extracts.
The origin of these compounds in soil could be related to microbial conversion of ginseng
root compounds. Goodwin and Hsiang [6] showed that a bacterium isolated from soil
previously used for P. quinquefolius production could convert ginseng root compounds in
culture into soluble compounds able to suppress the resistance of ginseng roots to rot from
I. mors-panacis.

While the composition of the compounds that affect gene expression in P. quinquefolius
roots is unknown, their activity can be detected by showing a significant increase in the root
lesion sizes produced by I. mors-panacis relative to a control, such as roots treated with water,
extracts from soil never planted with ginseng or cell-free supernatants of bacteria in culture
media without ginseng root extract [3,5]. Because GRD does not occur in the first ginseng
crop even though commercial ginseng typically involves 3–4 years of growth [2], one could
hypothesize that any soil compounds associated with GRD should not be found in a first
ginseng crop. However, ginseng root compounds such as ginsenosides, phenolics and
organic acids continually enter the soil during growth and affect the microbial populations
around the roots [7–10]. Thus, it is possible that if such compounds are associated with
GRD, they would accumulate even in the soil of a first ginseng crop. GRD can persist for
many decades, and therefore one criterion for any soil compound(s) to be associated with
GRD is its ability to persist for a long time in soil. While the presence of compounds in
soil that can increase the susceptibility of P. quinquefolius roots to I. mors-panacis has been
found, only a soil from one year after harvesting a first crop of ginseng was examined. The
goal of this research is to utilize the bioassay for the soil compounds that suppress ginseng
root rot resistance to I. mors-panacis to assess the appearance and duration of its activity
in the soil. Specifically, extracts were examined at multiple time points from soil during a
first ginseng crop before harvesting, soil following commercial harvesting of a first crop,
and soil previously used for ginseng production many years ago without a subsequent
ginseng crop.

2. Materials and Methods
2.1. Soil Collection

Soil samples from a first crop of P. quinquefolius were collected from around plants in
beds of commercial ginseng gardens from Simcoe, ON, Canada (42.84◦ N, 80.30◦ W). Each
sample of approximately 500 g of soil was collected from a depth up to 30 cm and was
thoroughly mixed and sieved (3 × 3 mm grid) to remove any roots and debris. The soil
associated with harvesting American ginseng was collected from a 3-year-old commercial
ginseng garden in the same area. The number of plants per five 1 m2 plots within a bed
was counted just prior to harvesting. Harvesting was accomplished on 2 October 2018
by mechanically digging 30 cm into each bed, followed by the hand harvesting of the
roots. Soil samples were collected at 5 days before harvest (early autumn), 10 dph (days
post-harvest) (early autumn), 41 dph (mid-autumn), 73 dph (late autumn), 198 dph (early
spring) and 231 dph (late spring). A set of five different 1 m × 1 m plots were used for
each time point. Soil samples from fields where P. quinquefolius had been known to grow in
previous years were collected in midsummer from fields now planted with non-ginseng
crops (typically maize or soybean at the time of sampling) and treated as described above.
Control soil samples were collected from areas near the sampling sites where P. quinquefolius
was either not growing or had never been grown previously. All soil samples were stored
at −20 ◦C.
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2.2. Soil Extraction

Soil extraction was performed on 200 g of air-dried soil per sample as per Behdarvandi
and Goodwin [3]. The soil samples were mixed with 600 mL of 80% methanol (MeOH) and
shaken overnight at room temperature (175 rpm) on a gyratory shaker (New Brunswick Co.,
Edison, NJ, USA). After vacuum filtering through No. 4 qualitative filter paper (Whatman,
Maidstone, UK), the methanol was removed by evaporation under vacuum at 40 ◦C. For the
root lesion assay, a 0.1 mg/mL solution was made in distilled sterile (ds) H2O, centrifuged
(Beckman Coulter, High Wycombe, UK) at 10,000 rpm for 5 min, and filtered using a
0.22 µm membrane (Whatman, Maidstone, UK).

2.3. Root Lesion Assay

Three-year-old P. quinquefolius roots were obtained from commercial ginseng gardens
that used soil not previously used for ginseng production near Simcoe, Ontario. They
were rinsed with tap water and stored at 4 ◦C. Prior to inoculation, the roots were surface-
sterilized with 75% ethanol for 10 min and then with 5% bleach (5.25% NlClO) for 5 min.
After thorough washing with dsH2O, holes were created on the roots approx. 1.5 mm wide
and 9 mm deep using a sterilized needle. Extracts (15 µL) were added to each hole. After
2 h incubation at room temperature, a 15 µL suspension of 1 × 106 conidia/mL in sdH2O
was placed in each hole, and the roots were incubated in sterile Petri dishes at 22 ± 2 ◦C.
Conidia were harvested from the I. mors-panacis isolate IMP.ND4Z15 [11], which was grown
on PDA for 4 weeks in the dark. Lesion areas were determined at 12 days post-inoculation by
tracing the lesion area on acetate sheets, and the areas were quantified using ImageJ software
version 1.22 (https://imagej.net) (accessed between 9 February 2022 and 27 June 2022). There
were three replications, with six lesions measured per sample. Data were compared by
the analysis of variance (ANOVA) using Minitab, version 16. The means comparison was
performed using Fisher’s LSD test, with a level of significance at p = 0.05. The control roots,
which underwent surface sterilization and wounding without pathogen inoculation, did
not develop lesions.

3. Results

Lesion sizes caused by I. mors-panacis were not significantly different when the roots
were treated with control soil extracts (i.e., nearby soil never planted with P. quinquefolius) as
compared to extracts of soil taken near P. quinquefolius roots during the 3 years of growth in
a garden never used for ginseng production (Figure 1). This indicates that any compounds
in the soil that could decrease the resistance of the roots to infection by I. mors-panacis were
not detectable in a first crop of P. quinquefolius.

Lesion sizes caused by I. mors-panacis were not significantly different when the roots
were treated with control soil extracts or treated with extracts from soil taken near the roots
five days prior to harvest (Figure 2). These were soils of 3-year-old roots, and so, while
they are different samples, they are comparable to the soil samples of 3-year-old roots in
a first crop of P. quinquefolius (Figure 1). The treatment of roots, with extracts from the
plots of soil collected at early autumn at 10 dph (mid-October), mid-autumn at 41 dph
(mid-November) and early winter at 73 dph (mid-December), did not affect the lesion sizes
caused by I. mors-panacis. Thus, there was no evidence of detectable levels of compounds in
the soil prior to the freezing of the soil that could increase lesion sizes due to I. mors-panacis
infection. Shortly after the mid-December sampling, the soil froze, and the next sampling
was obtained after the soil had thawed in early spring at 198 dph (mid-April). Similarly,
there was no evidence that the soil extracts contained compounds able to increase lesion
sizes by I. mors-panacis. The final soil sampling was in late spring at 231 dph (mid-May),
which was just prior to planting of the next crop, maize, in the field where P. quinquefolius
had been harvested the preceding autumn. In this case, however, the treatment of the roots
with extracts from the 231-dph soil resulted in significantly larger I. mors-panacis lesions as
compared to the treatment of the roots with the control or with the 10 to 198 dph extracts.

https://imagej.net
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Figure 2. Effect of the extracts from soil  just prior (−5 dph) and from 10 to 231 dph following the 

harvesting  of  P.  quinquefolius  on  the  lesion  area  (cm2)  of  the  detached  roots  at  12  days 

Figure 1. Effect of the extracts from the soil of the first crop of P. quinquefolius on the lesion area (cm2)
of detached roots at 12 days post-inoculation with I. mors-panacis. X indicates means, and the dots
outside the box plot and whiskers indicate outliers. Means comparisons (Fisher’s LSD test at p = 0.05)
are shown above the box plot. The means for the control (no P. quinquefolius crop), 1-year, 2-year and
3-year first crops are from 9, 13, 8 and 16 samples, respectively.
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Figure 2. Effect of the extracts from soil just prior (−5 dph) and from 10 to 231 dph following the
harvesting of P. quinquefolius on the lesion area (cm2) of the detached roots at 12 days post-inoculation
with I. mors-panacis. X indicates means, and the dots outside the box plot and whiskers indicate
outliers. Means comparisons (Fisher’s LSD test at p = 0.05) are shown above the box plot. The means
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A comparison of the average fresh weight of roots per plot at 5 days prior to harvest
(−5 dph) and 10 dph showed that approx. 91% of the root biomass was removed by com-
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mercial ginseng harvesting (Figure 3). The non-harvested roots were generally small and
thus of lower commercial value. Root decay, as indicated by a decline in the fresh weight of
the roots sifted from the soil over time, progressed over the fall and early winter with ap-
prox. 40% of the fresh weight of the roots (approx. 47 g per plot) decaying between 10 and
73 dph. After the soil thawed in the spring at 198 dph, an additional 62 g fresh root weight
per plot had decayed as compared to before the soil’s freezing at around 73 dph. Therefore,
only approx. 6% of fresh root weight was found in the soil as compared to shortly after
harvest (10 dph). Between 198 and 231 dph, approx. 6 g of fresh root weight per plot had
further decayed, and by 231 dph, there was just 0.7% of fresh root weight in the soil as
compared to 10 dph. Thus, there was no direct correlation between the effect of the soil
extract on the I. mors-panacis lesion size and the amount of decay of the roots remaining in
the soil after harvest. The first detection of such activity was only after almost all of the
non-harvested roots had decayed in the soil at 231 dph, which occurred when there were
warmer soil temperatures (approx. 10 ◦C) in the late spring that were sufficient for the
seeding of a subsequent crop.
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Figure 3. Decay of the non-harvested P. quinquefolius roots. Average fresh weight (g) of roots in
1 m2 × 0.3 m-deep plots from 10 to 231 days post-harvest (dph). Means comparisons (Fisher’s LSD
test at p = 0.05) are shown from five replicate plots per time point. Means with letters in common are
not significantly different.

As compared to the treatment of the roots with extracts from the control soil, the
I. mors-panacis lesion size was significantly higher for the roots treated with extracts from
one-year-old soil samples (i.e., soil collected in midsummer the year following the harvest-
ing of P. quinquefolius) (Figure 4). This was also true for the effects of the extracts from soils
in fields where P. quinquefolius had been harvested 3, 10, 20 and even 30 years previously.
Only the average lesion size due to I. mors-panacis was not significantly different from that
of the control where P. quinquefolius had been grown 5 years previously, but it was also not
significantly different from the lesion sizes of the roots treated with soil extracts at 1, 3, 10,
20 and 30 years after harvesting. This indicates that the compounds first detected during
the following spring after harvesting P. quinquefolius (Figure 2) were detectable in the soil for
many years (up to 30 years) afterward, even though P. quinquefolius was never planted again
in any of these soils. In addition, the level of activity, as indicated by the relative lesion size
due to I. mors-panacis, did not decline over the years after harvesting but was comparable
between treatment with the extracts of soil at 1 and 30 years following harvesting.
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Figure 4. Effect of the extracts from the soil from 1 to 30 years following the harvesting of
P. quinquefolius on the lesion areas (cm2) of detached roots at 12 days post-inoculation with I. mors-
panacis. X indicates means, and the dots outside the box plot and whiskers indicate outliers. Means
comparisons (Fisher’s LSD test at p = 0.05) are shown above the box plot. The means for the control
(no P. quinquefolius crop), 1 year, 3 years, 5 years, 10 years, 20 years and 30 years post-harvesting
are from 19, 17, 23, 16, 13, 11 and 5 samples, respectively. Means with letters in common are not
significantly different.

4. Discussion

While there have been a number of hypotheses about the causes of GRD, its ultimate
cause is unknown [2]. One proposed mechanism for GRD, which can also be considered a
form of soil sickness [12], is that it is due to the synergistic effects of soil-borne pathogens
with allelochemicals that have been found in aqueous extracts of ginseng roots, exudates
and rhizosphere soil [9]. Researchers have identified many allelochemicals from ginseng,
including 11 types of phenolic acids and seven types of ginsenosides, as well as several
types of organic acids and organic esters, with phenolic acids and ginsenosides being
the most studied [13]. An example of a phenolic allelochemical of ginseng is p-coumaric
acid, which inhibits radical growth, photosynthesis and phenylalanine ammonia lyase
(PAL) activity [14]. Another example is benzoic acid, which alters the expression of over
6000 ginseng genes, including the upregulation of those that could increase levels of
reactive oxygen species (ROS) and the downregulation of those affecting defense responses,
such as flavonoid and lignin synthesis [15]. An example of an allelopathic ginsenoside is
the ginsenoside Rd that inhibits seed germination and suppressed antioxidant enzyme
activities [16]. A second example is a mixture of ginsenosides of lower molecular weight and
low polarity (due to the microbial hydrolysis of glycosidic bonds) that inhibits root growth
and alters the expression of over 6500 ginseng genes, including those for phenylpropanoid
synthesis [17]. While those allelochemicals have been found in ginseng root, it is possible
that there are a number of allelochemicals that can undergo transformation by soil microbes
into active forms, such as by the oxidation and polymerization of phenolics [18]. Another
possible ginseng-related factor in GRD is the unknown compounds extractable by methanol
from soil one year following P. quinquefolius harvesting that increase lesion sizes by I. mors-
panacis and suppress gene expression related to jasmonate-regulated root defenses but are
undetectable in ginseng roots or soil not previously planted with P. quinquefolius [3].
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GRD does not occur in the first crop, even though ginseng is grown commercially
for 3 to 4 years before harvesting, but is only observed when the soil is replanted with
ginseng [2]. Ginsenosides are found in the soil during all years of ginseng cultivation, with
increases by the third year [19], and the same is true for phenolic acids in the soil, which
are higher at year one than years two or three of ginseng cultivation [20]. Thus, it appears
that ginsenosides and phenolics are released into the soil from the roots from the beginning
of the growth of ginseng, and there should potentially be allelopathic effects both on the
roots that release them and the roots of the adjacent ginseng plants. In contrast, no activity
affecting root lesion size by I. mors-panacis was detectable in this study for years 1 to 3 of a
crop in soil where ginseng had not previously been grown, indicating that the compounds
that increase I. mors-panacis root rot [3] are not detectable during the growth of a first crop
of P. quinquefolius. This could be because they are not present in root exudates, they are at
too low levels in the root exudates to be detectable in the soil, or they are rapidly degraded
upon entering the soil. However, the latter possibility would be inconsistent if they are
associated with the known long-term persistence of GRD.

The harvesting of P. quinquefolius typically involves a machine digger cutting the
soil just below the roots (approx. 30 cm), and then the roots are manually removed
from the loosened soil [21]. However, some roots are not harvested and thus remain
in the soil, mostly smaller pencil-shaped roots which are of lower value [22]. Although
over 90% of the fresh root weight was harvested in this study, there still were a notable
number of roots that remained in the soil to decay. The roots decayed relatively rapidly
following harvest, as evidenced by a reduction in the fresh weight of the roots sieved from
the soil during the autumn, but the soil extracts from that period showed no detectable
activity of I. mors-pancis-increased root rot relative to the control. By the time the ground
thawed in the following spring (198 dph), almost 95% of the non-harvested roots had
decayed, also without detectable activity in the soil extracts that could increase root rot from
I. mors-pancis. Similarly, soluble extracts from P. quinquefolius roots were not able to increase
root rot or reduce jasmonate-related gene expression during infection by I. mors-panacis [3].
The first timepoint with detectable activity of increased root rot from I. mors-panacis was
late spring (231 dph), when only a relatively small number of roots had decayed since
198 dph. However, a major difference between 198 and 231 dph was the warming of the
soil. At 198 dph, the soil had recently thawed and was relatively cold, but by 231 dph,
the soil was sufficiently warm to plant maize. Possibly, the warmer soil in late spring
combined with the decayed ginseng roots may be important for the production of the
compounds that can increase root rot from I. mors-panacis. This could be related to the
ability of soil bacteria to convert compounds released into the soil from decaying ginseng
roots into compounds that could increase root rot from I. mors-panacis. It was reported that
P. plecoglossicida produced compounds in pure culture that increased Ilyonectria root rot but
only in media containing ginseng root extract [6]. Soil temperature is an important factor
in the dynamics of soil microbial activity [23], and soil bacteria can be greatly inhibited
by low temperatures, with growth rates reaching near zero at 0 ◦C [24]. In addition, the
ability of soil microbes to convert soil organic matter is more sensitive to soil warming as
compared to other parameters such as total rhizomicrobial soil respiration [25]. Therefore,
one possibility for the lack of activity increasing Ilyonectria root rot in the soil extracts at 198
dph was that the soil was not yet sufficiently warm enough to allow certain soil bacteria,
such as P. plecoglossicida, to efficiently convert ginseng root compounds from the decayed
roots into the compounds able to increase Ilyonectria root rot.

Another feature of GRD is that it can persist in soil for many decades [2]. Allelochemi-
cals, however, do not normally persist long in agricultural soils once the plants producing
them have been removed. For example, one of the more long-lasting allelochemicals in
soil is the oxidized hydrojuglone of walnut that can remain in the soil for over a year after
the removal of a tree [26]. However, it can be readily decayed by soil bacteria, such as
Pseudomonas, which found in the soil under walnut trees [27]. Ginsenosides and pheno-
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lic compounds are relatively short-lived in soil [28,29], and thus the persistence of those
allelochemicals of ginseng is not consistent with the very long duration of GRD.

This study showed that the extracts of soils up to 30 years following P. quinquefolius
harvesting have the activity to increase Ilyonectria root rot lesion sizes as compared to a
control, which is consistent with the long-term persistence of GRD. The most persistent
organic molecules in soil are considered to be synthetic molecules with non-polar bonds,
such as the polycyclic aromatic hydrocarbons, benzo[ghi]perylene from coal and coronene
from carpathite, which have half-lives of over 9 years in soil [30]. However, polar synthetic
compounds can also be persistent in soil, such as a number of polar pesticides and their
transformation products that can be detected even after 10 years in soil [31]. While plant-
based compounds are considered relatively short-lived in soil, some can have long-term
persistence in soil. An examination of soil organic compounds in four European long-term
bare fallow sites without new organic inputs for up to 53 years showed that some plant
materials that are typically considered to be persistent, such as cutin, suberin and lignin-
related compounds, declined substantially over time, whereas long-chain alkanes from
plants remained almost constant or increased [32]. Based on the relative abundance of
N-containing compounds, the authors [32] concluded that an enrichment of microbially
derived compounds occurred over the fallow period, indicating the continuing microbial
metabolism of organic materials even without further inputs from plants. The persistence
of plant compounds in soil was believed to be related to differences in their chemical
traits/recalcitrance, interactions with the soil mineral matrix, or a combination of those
factors. Many studies of GRD emphasize phenolics and ginsenosides in the soil [13]. How-
ever, there are many other compounds released from ginseng roots, such as 47 different
liposoluble components found in the rhizosphere soil of P. notoginseng that were composed
of various esters, steroids, alkanes, benzene derivatives, alkenes, terpenoids phenanthrene,
alcohol and aldehyde, and some of those, like the alkanes, cyclopentadecane, nonacosane
and the benzene D-α-tocopherol, were present only in soils with previous ginseng culti-
vation [33]. Nonacosane was one of 37 oils found in P. quinquefolius roots [34]. Thus, one
possibility is that decaying ginseng roots could contain and then release potentially highly
persistent compounds into soil, such as alkanes or other compounds. Further work is
needed to determine the nature of the compounds in previously used P. quinquefolius soil
that contains increased root rot from I. mors-panacis, as well as their persistence and their
interactions with microbes and soil temperatures in the soil matrix. The preliminary HPLC
and mass spectrometry analysis indicates that the compounds able to increase root rot from
I. mors-panacis are neither ginsenosides nor phenolic acids [35].

5. Conclusions

A survey of P. quinquefolius soils showed that the compounds capable of increasing
lesion sizes due to I. mors-panacis in the methanol extracts of soil after P. quinquefolius harvest
cannot be detected in the soil of the first crop of P. quinquefolius or in the soil following
ginseng harvesting up to early spring of the following year. However, it can be detected in
the soil in late spring during the year after harvesting and then in the soil for up to 30 years
after P. quinquefolius has been grown. These traits are consistent with the development and
duration of GRD. In addition, the bioassay for this activity could be a way to screen soils
for their potential to develop GRD before ginseng is planted.
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