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Physiological and Chemical Characteristics of Field- and
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Demand is increasing for mountain-cultivated Panax ginseng (MCG) because its quality is considered superior to that of field-
cultivated ginseng (FCG). However, MCG grows very slowly, and the factors that might affect this are unknown. In addition,
little information is available about the physiological characteristics of its roots. Here, we investigated local soil environments
and compared the histological and chemical properties of MCG and FCG roots. Average diameters, lengths, and fresh weights
were much smaller in the former. Photosynthesis rates and root cambial activity also were reduced in the MCG tissues. Our
analysis of soil from the mountain site revealed an extremely low phosphorus content, although those samples were richer in
total nitrogen and organic matter than were the field soils. MCG roots also contained higher amounts of ginsenosides, and
total accumulations increased with age. Moreover, ginsenoside Rh2, a red ginseng-specific compound, accumulated in the
MCG roots but not in those from FCG plants. Interestingly, numerous calcium oxalate crystals were found in MCG roots, par-
ticularly in their rhizomes (i.e., short stems). Therefore, we can conclude from these results that low levels of the essential
mineral phosphorus in mountain soils are a critical factor that retards the growth of mountain ginseng. Likewise, the high
accumulation of calcium oxalate crystals in MCG roots might be an adaptation mechanism for survival in such a harsh local
environment.
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Panax ginseng, in the family Araliaceae, is a genus of five  FCG and MCG have not been clearly demonstrated except
or six species of slow-growing perennial plants with fleshy  for an analysis of their polyacetylene contents (Chang et al.,
roots. These live in northeastern Asia, typically in cooler cli-  2003).
mates. Ginseng is one of the most highly regarded herbal In this project, we focused on how factors associated with
medicines in the Orient, where it has gained an almost mag- 2 mountain-soil environment might affect the growth rate of
ical reputation for promoting health and general body vigor, ~ MCG. We also evaluated the physiological and chemical dif-
while also prolonging life (Ellis and Reddy, 2002; Coleman  ferences between FCG and MCG roots.
et al., 2003). Among its many active ingredients, the most
important are the pharmacologically active ginsenosides,
called friterpene saponins (Vogler et al,, 1999; Shibata, MATERIALS AND METHODS
2001).

Ginseng grows naturally in the mountains, and can survive  Plant Materials
for several decades. Plants collected in the wild are regarded
as having precious quality as a medicine. Ginseng is now
being planted on mountain sites, where conditions mimic
those of naturally grown plants. These are harvested after
about 10 to 15 years. This mountain-cultivated ginseng
(MCG) is considered far superior to field-cultivated ginseng
(FCG) because it simulates the quality of wild ginseng. MCG
roots are relatively rare but extremely expensive compared
with FCG roots.

Growth of MCG is much slower than FCG, although sur-
vival can be far longer (several decades) for the former.
Despite the increasing demand on farmers for its cultivation For our histological observations, root samples were fixed
and by the consumer for medicinal utilization, the inherent  at 4°C for 24 h in 1.5% glutaraldehyde and 1.6% paraform-
slow growth rate and low levels of productivity are major  aldehyde, buffered with 0.05 M phosphate buffer (pH 6.8).
limitations for users. Little information is available as to why  They were then dehydrated in an ethanol series (30, 50, 60,
MCG grows slowly and is so long-lived. Furthermore, varia- 70, 80, 90, 95, and 100%), and embedded in Technovit
tions in the physiological and chemical characteristics of 7100 (Kulzer, Germany) according to the protocol of Yeung

(1999). The samples were semi-thin-sectioned (3 pum) with
*Corresponding author; fax +82-33-252-8310 an autocut microtome (RM 2165; Leica, Germany) and
e-mail yechoi@kangwon.ac.kr mounted on glass slides. They were stained with 0.05%

Field-cultivated roots of P ginseng (FCG) were collected
from an agricultural field at Hongchon-kun in Kangwon
Province of Korea. Mountain-cultivated roots (MCG) were
gathered from a ginseng-cultivating mountain situated in
Samcheok-kun and from the Kangwon National Research
Forest at Hongchon-kun. After harvesting, we recorded the
lengths, diameters, and fresh weights of the roots. At least
three individual roots per sample were analyzed.

Histological Observations
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toluidine blue O and examined under a light microscope
(Olympus BX51).

Photosynthesis Analysis

Net photosynthesis in MCG and FCG leaves was mea-
sured at around 10 PM with a portable photosynthesis sys-
tem (LCA-4, ADC; Hoddeson, UK). Three fully expanded
leaves per plant were evaluated at light saturation (1200
pumol m™ s7") that was provided by an LED module after
determining the light-response curve (between 0 and 1200
pmol m™ s7) and the steady-state photosynthetic rate. Cal-
culations were performed at various levels of photosyn-
thetic photon flux density (PPFD; O, 100, 200, 400, 600,
800, 1000, and 1200 pmol m~2 s7). Conditions at the time
of these measurements included 25°C, 400 pbar ambient
CO, pressure, 500 pbar flow rate, and 60 to 70% RH. Net
photosynthesis in the MCG and FCG leaves also was deter-
mined at different temperatures (15, 20, 25, 30, 35, and
40°C), under conditions of 1200 umol CO, m™ s, 400
pbar ambient CO, pressure, 500 pbar flow rate, and 60 to
70% RH.

Physicochemical Soil Analysis

Mountain soils were collected either from the Research
Forest of Kangwon National University, Hongchon-kun,
Kangwon Province; or from Samchock-kun mountain in
Kangwon Province. Field soils were sampled from a ginseng
farm in Hongchon-kun. Prior to our physical and chemical
analyses, all samples were air-dried at room temperature
and passed through a 2-mm sieve. Soil pH was measured
with an Orion 720* pH meter (Orion Research, USA) at a
1:5 ratio with distilled water for 1 h. Soil organic matter was
determined according to the Tyurin method (Bel'chikova,
1954). Total N was analyzed on a micro Kjeldahl apparatus
(B324; Buchi, Switzerland} following wet digestion in con-
centrated H,SO, on a block digester (K438; Buchi) (Jackson,
1962). Available P was measured with a UV-spectrophotom-
eter (UV-2501PC; Shimadzu, Japan) via the Lancaster
method (Cox, 2001), in which the extracting solution is
based on the reaction with ammonium molybdlate. Exchange-
able base cations were extracted with 1 N ammonium ace-
tate (pH 7.0) and then measured with a pH meter (F-53;
Horiba, Japan). Exchangeable K* and Na™ were determined
by Flame photometry (PFP7; Jenway, UK) while Ca?* and
Mg** levels were obtained by Atomic Absorption spectro-
photometry (280FS; Varian, USA), using 1 N ammonium
acetate as the extracting solution.

Ginsenoside Analyses by HPLC
MCG and FCG roots were sampled from Samcheok-kun.

Table 1. Growth parameters for FCG and MCG roots over time.

Their ginsenosides were extracted according to the method
described by Ando et al. (1971). One gram of milled pow-
der from freeze-dried roots was soaked in 80% MeOH at
60°C. After the liquid was evaporated, the residue was dis-
solved in H,0O and washed twice, followed by extraction
with H,O-saturated n-butanol. The butanol layer was evap-
orated to produce a saponin fraction. Each sample was dis-
solved in EtOH, then filtrated with a SepPak C-18 Cartridge
(Waters, USA). The HPLC separation was performed on a
NovaPak C18 column (4 um, 3.9 X 150 mm; Waters, USA),
applying the following gradient system: 0 min, 100% acetoni-
trile; 10 min, 75% acetonitrile and 25% water; 25 min, 67%
acetonitrile and 33% water. Flow rate of the mobile phase was
1.2 mL min™, and ginsenosides were monitored at a wave-
length of 202 nm. Each was then compared with authentic
ginsenoside purchased from ChromaDex (USA). Quantitative
analysis was performed via a one-point curve method, using
external standards of those authentic ginsenosides.

Scanning Electron Microscope Observations and Energy-
Dispersive X-Ray Analysis

Variable-pressure scanning electron microscopy (VP-SEM)
was employed to observe the crystals per the method of Sarret
et al. (2006}. Excised roots from FCG and MCG samples were
glued to aluminum stubs, then put on a chamber stage after
cooling to -20°C. These explants were viewed with a low-vac-
uum scanning microscope (LV-SEM, S-3500N; Hitachi, Japan),
at a chamber pressure of 30 Pa and an accelerating voltage of
15 KV. The elemental composition of crystals that accumu-
lated in the roots was analyzed with an energy-dispersive X-ray
(EDX) analysis system (EMAX-7000; Horiba, Japan).

RESUILTS AND DISCUSSION

Slow Growth of MCG Roots

Lengths, diameters, and fresh weights were much smaller
for roots of mountain-cultivated ginseng than from plants
that were field-cultivated (Table 1). In fact, the fresh weights
of 15-year-old MCG roots were less than those measured
from 3-year-old FCG plants. This indicates that environmen-
tal conditions at the mountain site are not as suitable for the
growth of Panax ginseng. Aged MCG also had characteristi-
cally long stems at the tops of their roots (Fig. 1A, B), and
their ages could be determined only according to the num-
ber of notches (scars) on their rhizomes.

Photosynthesis Analysis by Portable Measurement Sys-
tem

As measured with a portable system, net photosynthesis

FCG ty)

MCG (yn)

Root parameter
1 3 5 6

1 3 5 10 15

Length (cm)

Fresh weight (g)

13.2£1.26 225+ 1.75 295 £3.73324 278
Diameter (mm) 5.23 = 4.36 11.2 = 1.26 18.9 £ 3.42 31.2 + 4.23
1.1+2017 184 £2.73 424 £53257.2 =6.72

101 £2.23 126 2 2.27 151 £2.12 19.9 + 2.35 23.2 £ 2.89
45+362 63114 82118 9.7 x1.18 11.2 = 2.24
03+001 1.8x193 52=+0.87 81+09 93117
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Figure 1. Mountain- and field-cultivated roots of ginseng. (A, B) 15-
year-old MCG roots (arrows indicates rhizomes). Bars = 10 mm. (C)
5-year-old FCG roots. Bar = 25 mm.

rates were significantly lower in the leaves of MCG plants
compared with those of FCG (Fig. 2). In the latter type, the
photosynthesis light-response curve increased continuously
to 600 pmol m™ 57" photosynthetic photon flux density (Fig.
2A), whereas, for MCG, that rate was saturated at 400 umol
m™? s7' PPFD (Fig. 2A). At different temperatures, rates also
were generally decreased in the MCG leaves (Fig. 2B). The
primary factors affecting photosynthesis rates are tempera-
ture, light, and CO, levels (Urban, 2004). In the current
study, the low rate for MCG may have been caused by
unsuitable environmental conditions, including a deficiency
of phosphorus in the soil (Rao and Terry, 1989; Kirschbaum
and Tompkins, 1990; Jacob and Lawlor, 1991).

Histological Analysis of Ginseng Roots

Histological observations of the roots revealed that cam-
bial activity was less active in MCG than in FCG (Fig. 3A, B),
with approx. three to five cambial layers being detected in
the FCG roots (Fig. 3A), compared with only two to three in
MCG roots (Fig. 3B). In addition to slower lateral growth in
the latter, cross sections of the MCG fine roots showed that
their cells were smaller and more homogenous, with
smaller-diameter vessel elements (Fig. 3E, F). However,
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Figure 2. Difference in net photosynthesis rate between MCG and
FCG leaves. {A} Light-response curve of photosynthesis. Measure-
ments were made at 25°C, 400 pbar ambient CO; pressures, 500
pbar flow rate, and 60-70% RH. (B) Temperature-response curve of
photosynthesis. Measurementis were made at 1200 umol CO, m™s™,
400 pbar ambient CO; pressure, 500 pbar flow rate, and 60-70%
RH.

more starch grains were accumulated in the MCG roots
than in FCG roots (Fig. 3A-F). Because MCG roots are
known to be mare elastic and harder than FCG roots, this
higher accumulation of grains and smaller cells might be
related to those physical properties of MCG roots.

Physicochemical Soil Analysis

It is unclear why the growth of mountain ginseng roots is
slow. Here, we compared soil properties and found that
total organic matter was richer in the mountain soil, proba-
bly due to the accumulation of fallen leaves (Table 2).
Although total nitrogen content also was greater in those
samples, the levels of exchangeable cations, such as Na™, K*
and Mg?*, were slightly lower, and only Ca** content was
greater than the field soil (Table 2). As suggested earlier, the
amount of phasphorus (P3Os) in the mountain soil was at
least ten-fold lower than in the field samples (Table 2).
Because plants generally require 60 mg kg™ for optimal
growth, our results indicate that this decrease in phospho-
rus ions might be a major limiting factor for the production
of ginseng in mountainous habitats. This situation is often
encountered in many types of environments, such that the
availability of phosphorus governs the growth rates for rany
organisms (Constant and Sheldrick, 1991). lts deficiency is
manifested by a reduction in leaf size (Cromer et al., 1993;
Rodriguez et al., 1998), less leaf expansion (Cromer et al.,
1993), and a lower light-saturated rate of photosynthesis per
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Figure 3. Histological observations from ginseng roots. (A) Cross section of vascular cambial region of FCG root (arrows indicate cambial layer).
Bar = 86 pm. (B) Cross section of vascular cambial region of MCG root (arrows indicate cambial layer). Bar = 86 pm. (C) Starch grain accumu-
lation in root parenchyma cells. Grains were colored red by Periodic Acid Schiff Staining (arrows indicate grains). Bar = 35 um. (D) Scanning
electron microscope observation of starch grains accumulated in roots (arrows indicate grains). Bar = 15 pm. (E) Cross section of newly formed
1-mm-diam. fine FCG roots with enlarged vessel elements (V). Bar = 350 um. (F} Cross section of newly formed 1-mm-diam. fine MCG roots
with small vessel elements (V) and numerous starch grains. Bar = 350 pum.

Table 2. Physicochemical properties of non-rhizosphere soil samples from mountain and field sites.

Plant Organic matter Total nitrogen ~ Phosphorus CEC Exchangeable cation (cmol” kg™)

type (mg kg™ (mg kg™ (mg kg™ {cmol* kg™ K+ Na* calt Mg

MCGC 4.84 =0.11 514129 263+0.80 17.8=4.04 18.4+0.82 0.19 +£0.02 0.09 =0.01 1.36 £ 0.57 0.31 =0.13
FCG 454014 158=%293 143 x0.20 302.6 +62.6 11.02 =114 047 =017 0.20=*0.09 131 +0.67 0.76 = 0.64

MSG and FCG soils were sampled from Honchun-kun of Kangwon province.
Soils were sampled 20 cm from ginseng plants, in the non-rhizosphere zone.

unit leaf area (Rao and Terry, 1989; Kirschbaum and Tomp-  runoff into streams, wetlands, and lakes (Sharpley et al.,
kins, 1990; Jacob and Lawlor, 1991). Low phosphorus con-  1992; Catt et al., 1998).
tent in mountain soil is mainly caused by erosion and water Cation exchange capacity (CEC), which quantifies the
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Table 3. Comparison of physicochemical properties between non-rhizosphere and rhizosphere samples of MCG soil.

Age of Organic Total nitrogen (mg kg™ CEC Exchangeable cation (cmol* Kg™")
root Sampling zone pH matter Phosﬂi“i?”s {cmol* 5
{yrs) (mgkg™)  NOs NH, o (mgkg) Kg™) K* Na* Ca*" Mg

5 Non-rhizosphere 591  51.26 8.75 3.32 7.6 19.2 0.28 0.22 7.28 1.16
Rhizosphere 5.84  33.23 4.02 3.76 3.5 12.3 0.25 0.24 5.16 1.01
; Non-rhizosphere 6.28 70.49  43.57 7.35 17.2 60.4 1.09 0.24 12.15 1.75
Rhizosphere 59 41.78 5.25 7.52 2.7 14.5 0.34 0.22 6.02 0.99
15 Non-rhizosphere 7.6 70.89 4.72 4.37 7.4 29.3 1.40 0.19 13.45 1.56
Rhizosphere 691 3738 4.02 2.97 2.3 13.8 0.36 0.23 10.11 1.23

MCG soil was sampled from mountain of Samcheok-kun of Kangwon province.

Non-rhizosphere soils were sampled 20 cm from ginseng plants.
Rhizosphere soils were sampled within the root zone.

ability of soil to hold cations by electrical attraction, is a
useful indicator of fertility because it demonstrates the
capacity of soil to supply three important plant nutrients:
calcium, magnesium, and potassium. The five most abun-
dant exchangeable cations in the soil are calcium (Ca?"),
magnesium (Mg’ "), potassium (K*), sodium (Na™), and alu-
minum (AP*). Cations are held by negatively charged par-
ticles of clay and humus called colloids. Concentrations of
cations are expressed in centimoles of positive charge per
kilogram of soil (cmol kg™'). Values >10 cmol kg™ are pre-
ferred for plant production (Huffaker and Wallace, 1959).
Soils with high amounts of swelling clay and organic matter
can have CECs of at least 30 cmol kg™". In this study, CEC
was at suitable levels in both mountain and field soils
(Table 2).

The most important soil environmental factor for plant
growth is pH. On mountain slopes, rainfall leaches out the
basic minerals in soils, and tends to speed this acidulation
process (Sharpley et al., 1992; Catt et al., 1998). Plant nutri-
ents, such as calcium, magnesium, and potassium, are often
deficient in acidic soils (Jonsson et al., 2003). In Korean
mountains, the soil pH is approximately 5.1, which is much
lower than in soils normally used for agricultural plant pro-
duction. Here, however, the growth of ginseng in the fields
was not severely affected by such an acidic pH because val-
ues were similar for mountain and field soils. This suggests
that, for mountain ginseng, soil pH is not a major limiting
factor.

Physicochemical Analysis of Rhizosphere and Non-
Rhizosphere Soils

Soils were sampled from the root zone (rhizosphere) and
from the non-root zone, 20 cm away from the roots.
Regardless of the root age, organic matter contents were
lower adjacent to the plants than farther away (Table 3). The
amount of NO;~ was reduced in the root zone while NH,*
levels were similar for the rhizosphere and non-rhizosphere
(Table 3). Phosphorus levels were markedly decreased in the
root zone. Except for Na, which was constant between root
and non-root zones, the CEC and amounts of exchangeable
cations were reduced in the rhizosphere (Table 3). These
results indicate that the quality of soil properties declines
around the root zone, causing the growth rate of ginseng to

decrease due to a loss of minerals. Historically, when gin-
seng is cultivated on mountains, farmers tend to transfer
plants to new sites at three-year intervals.

Figure 4. Calcium oxalate crystal accumulation in parenchyma cells.
(A) Cross section of FCG rhizome (arrows indicate crystals). Bar =
180 um. (B) Cross section of MCG rhizome (arrows indicate crystals).
Bar = 180 um. (C) Scanning electron microscope observation of crys-
tals accumulated in roots. Bar = 25 um. (D) Nomarski DIC prism
fixed on light-microscopic observation of crystals after semi-thin-sec-
tioning of roots (arrows indicate crystals). Bar = 60 um.
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Accumulation of Calcium Oxalate Crystals in MCG
Roots

Our ginseng plants contained numerous calcium oxalate
crystals in their roots and rhizomes. These accumulated
mainly in the parenchyma cells around the cortex (Fig. 4A,
B), and were rarely seen in the epidermal tissues, vascular
cambium, phloem, or vessel elements. Their average size
was about 118 um and they appeared as clusters of tetrahe-
dral-like tiny crystals (Fig. 4C). Accumulations were much
higher in MCG roots than in FCG roots (Fig. 5), but for
either type, these crystals were more abundant in their rhi-
zomes (Fig. 4A, B, and 5). For MCG, the number of crystals
in the rhizomes increased with root age (Fig. 5B) because
rhizomes that formed earfier were situated in the basal
region, which contained a higher number of crystals than
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Figure 5. (A) Number of crystals per section of MCG and FCG rhi-
zomes. (B) Increased number of chrystals per section of MCG rhi-

zome. (C) Crystal numbers at different sites from MCG rhizome
section.
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Figure 6. Energy dispersive X-ray analysis of crystals accumulated in
MCG roots. (A) Scanning electron microscope observation of crystals.
{B) Elemental mapping of Ca in crystals (arrows indicate Ca deposi-
tion). (C) EDX fraction of elements in crystals.

did rhizomes that developed more recently in the upper
portion (Fig. 5C). Crystals appeared in rainbow colors, as
observed with a Nomarski DIC prism fitted on a light micro-
scope (Fig. 4D). EDX analysis revealed that, as is commonly
found, these calcium oxalate crystals contained Ca, C, and
O as their major components (Fig. 6).

In higher plants, calcium oxalate crystals can accumulate
in the roots, stems, leaves, flowers, fruits, and seeds; their
morphologies vary by species (Franceschi and Horner,
1980). These crystals mainly develop within the intra-vacu-
olar membrane chambers of specialized cells, i.e., crystal
idioblasts (Arnott, 1983; Webb et al,, 1995). Numerous
functional roles have been hypothesized for such forma-
tions, including calcium regulation, plant defenses, and
detoxification (Frank, 1972; Franceschi and Horner, 1980;
Borchert, 1985). Accumulations in leaves are greatly
enhanced when high concentrations of Ca are added to the
culture media (Choi and Harada, 2005), although crystals
can be deposited even when the calcium supply is limited
(Frank, 1972). Leaves from seedlings subjected to herbivory
also have greater crystal densities than those from protected
seedlings (Molano-Flores, 2001). Furthermore, the mechani-
cal wounding of leaves can sometimes lead to increased
crystal densities in some species (Molano-Flores, 2001). In
the desert lily (Pancratium sickenbergeri), three types of her-
bivores (mamimalian, insect, and snail) all avoid feeding on
tissues that contain raphide crystals (Ward et al., 1997; Ruiz
et al., 2002). Calcium oxalate also has been suggested as a
constitutive form of defense against bark borers in conifers
(Hudgins et al., 2003). Based on those reports, we might
conclude that the heavy accumulation of crystals in MCG
rhizomes might be advantageous as a survival mechanism
following herbivory attack, thereby explaining their decades-
long growth, especially because the rhizomes are exposed
year-round at the soil surface to promote future sprouting
from those organs.
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Table 4. Compositions and contents of ginsenosides from FCG and MCG roots.

Ginsenoside content (mg g ™' DW)

Root age (yrs) Protopanaxatriol Protopanaxadiol
Total
Rgl Re Rf Total Rb1 Rb2 Rc Rd Rh2 Total

FCG 5 7.76 7.68 2.90 18.34 6.80 2.58 5.04 0.52 - 14.94 32.28
5 7.70 7.04 2.48 17.22 7.24 3.60 6.74 0.96 0.60 19.14 36.36

MCG 8 8.92 7.16 2.66 18.74 7.94 4.64 6.10 1.24 1.18 21.10 39.84
10 11.74 7.84 2.80 22.38 8.82 6.16 7.34 1.70 1.70 25.72 48.10

15 9.36 10.22 2.26 21.84 15.98 10.62 8.08 0.50 0.50 35.68 57.52

Ginseng roots were collected from Samcheok-kun of Kangwon province.
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Figure 7. HPLC chromatogram of ginsenosides accumulated in MCG

Ginsenoside Accumulation

HPLC analysis revealed that MCG roots contained higher
amounts of ginsenosides compared with the FCG roots
(Table 4). Total contents also slightly increased with root age
(Table 4; Fig. 7). Interestingly, ginsenoside Rh2 was accumu-
lated specifically in the MCG roots but not in those of FCG
(Table 3; Fig. 7). That compound has been proposed to
have a growth-suppressive effect on various cancer cells
(Fujikawa-Yamamoto et al., 1987; Ota et al., 1997). When
ginseng roots are treated with heat-steaming, the glucosyl
moiety at C (20)-OH is partly lost to yield ginsenoside Rh2
as the artifact (Shibata, 2001). Ginsenoside Rh2 also can be
produced by acid hydrolysis (Shibata, 2001). Nevertheless, it
is stifl unclear why ginsenoside Rh2 accumulates only in
mountain-cultivated ginseng,.

To summarize, we have now demonstrated that, com-
pared with field-cultivated ginseng roots, those grown on
mountain sites have unique morphological and physiological
characteristics, perhaps as a consequence of those particular

Retention time (min)

and FCC roots.

environmental conditions. The heavy accumulation of Ca
crystals in their rhizomes might be an adaptive mechanism
for survival against herbivory attack. Furthermore, the age-
dependent increase in MCG ginsenoside content can con-
tribute to greater medicinal value from older roots.
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