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Abstract

Panax ginseng Meyer is an important medicinal plant producing bioactive compounds. A droplet-vitrification method was
developed for cryopreserving adventitious root cultures of mountain ginseng, and variations of this procedure were tested
to determine their effects on regrowth rates and osmotic stress responses. Root regrowth rates were examined after exposing
root segments to two pre-culture treatments, three loading solutions, and two vitrification solutions with different exposure
periods. Pre-culturing excised segments of adventitious roots with 0.3 M sucrose produced the highest rate of regrowth after
cryopreservation. Loading for 20 min with 17.5% (w/v) sucrose and 17.5% (w/v) glycerol at room temperature increased the
regrowth rate of cryopreserved adventitious roots fourfold, compared with non-loaded samples. Treatments involving different
vitrification solutions and exposure periods were compared, and the highest rate of regrowth (15%) after cryopreservation
was achieved by incubating adventitious roots in modified plant vitrification solution 3 containing 40% (w/v) glycerol and
40% (w/v) sucrose for 10 min at room temperature, suggesting that ginseng adventitious root tips were sensitive to osmotic
stress. Further study is necessary to develop optimal vitrification solutions that enhance the survival rate of cryopreserved
adventitious roots of mountain ginseng.

Keywords Adventitious root - Cryopreservation - Droplet-vitrification - Panax ginseng - Long-term conservation -
Vitrification

1 Introduction

Panax ginseng Meyer, commonly known as ginseng, is an
important medicinal plant (Lee 1998). It is used in tradi-
tional medicines in many Asian countries because of its mul-
tiple pharmacological activities, which include anti-tumor,
anti-diabetic, anti-aging, and anti-stress effects (Xie et al.
2006; Lii et al. 2009). More than 150 ginsenosides, the prin-
cipal bioactive compounds produced by this plant, have been
isolated from ginseng. These compounds are classified into
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the protopanaxadiol, protopanaxatriol, and oleanolic acid
groups, based on their structures (Christensen 2008).
There have been successful pilot-scale trials for the com-
mercial production of ginsenosides from adventitious root
cultures (Hahn et al. 2003). Numerous recent studies have
focused on developing novel adventitious root lines that
enhance ginsenoside production (Kim et al. 2013). Main-
taining the adventitious root cultures and novel root lines
developed in pilot-scale trials may be difficult, however, and
presents the risk of losing the cultures to contamination;
moreover, long-term culture may alter the production of
bioactive compounds, leading to changes in the quality and
quantity of metabolites (Kiselev et al. 2011; Fu et al. 2012;
Turgut-Kara and Kahraman 2015). Cryopreservation to con-
serve biological materials in liquid nitrogen at ultra-low tem-
perature (— 196 °C) is therefore recommended, although it is
costly for long-term storage (Engelmann and Dussert 2013;
Kulus and Zalewska 2014). In recent decades, various types
of medicinal hairy root cultures have been cryopreserved
successfully by techniques including encapsulation-dehydra-
tion of Vinca minor (Hirata et al. 2002), Maesa lanceolata,
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and Medicago truncatula (Lambert and Geelen 2008; Lam-
bert et al. 2009); encapsulation-vitrification of Eruca sativa,
Astragalus membranaceus, and Gentiana macrophylla (Xue
et al. 2008); and vitrification of Angelica acutiloba (Yoshi-
matsu et al. 2000), Atropa belladonna (Touno et al. 2006),
and Rubia akane (Park et al. 2014).

There have been few previous studies of cryopreserva-
tion of adventitious root cultures (Jung et al. 2001; da Silva
Cordeiro et al. 2015). Oh et al. (2009) used vitrification
methods to cryopreserve adventitious roots and found that
12% of roots survived immersion in liquid nitrogen. The
droplet-vitrification method (Panis et al. 2005) is one of sev-
eral cryopreservation techniques that have been developed. It
increases the likelihood of survival of many plant materials
following long-term storage at ultra-low temperature (Kim
et al. 2010; Yiet al. 2012).

The droplet-vitrification procedure involves modifying
the vitrification method in several ways. Explants are pre-
treated in a sucrose-enriched solution, dehydrated in a load-
ing solution and a vitrification solution, placed on aluminum
foils strips with a drop of vitrification solution, and directly
immersed in liquid nitrogen. The high thermal conductiv-
ity of the aluminum foil enhances the freezing and thawing
rate; use of the foil strip also minimizes the damage done
to samples during insertion or extraction from cryotubes.
Nevertheless, the droplet-vitrification method is not in wide-
spread use as it requires a high level of technical skill (Kulus
and Zalewska 2014). In this study, the droplet-vitrification
method was used to improve cryopreservation of rare and
valuable adventitious root lines of ginseng to enhance long-
term storage.

2 Materials and methods

2.1 Adventitious root culture of mountain ginseng
Adventitious root formation of wild ginseng (P. ginseng
Meyer) was induced through callus culture. The prolifer-

ating roots were maintained in 0.75X MS medium, sup-
plemented with 0.25 M indole-3-butyric acid (IBA) and

50 g L™! sucrose, at 24+ 1 °C in the dark. The pH of the
medium was adjusted to 5.8 before autoclaving at 121 °C for
20 min. Adventitious roots were sub-cultured every 40 days,
and 3-week-old root tips were used as material in cryopreser-
vation treatments.

2.2 Droplet-vitrification technique

Root tips, 2-3 mm in length, were detached from 3-week-old
adventitious roots of P. ginseng. The root tips (20 segments,
four replicates) were immediately immersed in 15 mL lig-
uid 0.75% MS medium supplemented with 0.3 M sucrose
and pre-cultured for 24 h on a rotary shaker at 100 rpm.
The pre-cultured segments were transferred to C4 loading
solution, which contained 17.5% sucrose and 17.5% glycerol
(w/vw/v) (Table 1), for 20 min at room temperature. After
cryoprotection by C4, the root segments were dehydrated in
BS5 vitrification solution, containing 40% sucrose and 40%
glycerol (w/v) (Table 1), for 10 min with continuous shak-
ing at 100 rpm at room temperature. Before the end of the
dehydration process, the root tips were arranged on a foil
strip (6 X 30 mm; 10 root segments per strip). The root tips
were covered with a drop of BS5 vitrification solution and
immersed immediately in liquid nitrogen for at least 30 min.

Root tips were rewarmed by placing the foil strips in
15 mL unloading solution, pre-heated to 40 °C, and shaking
them gently for approximately 30 s to remove the root tips
from the foil. Next, 15 mL fresh unloading solution contain-
ing 0.8 M sucrose was added and root tips were incubated
at room temperature for 20 min. The segments were blotted
dry with filter paper and placed on solid 0.75x MS medium,
supplemented with 0.25 M IBA, 50 g L™! sucrose, and 0.2%
Gelrite, at 24+ 1 °C in the dark.

At each step in the cryopreservation and rewarming pro-
cess, half of the root segments were transferred to a fresh
tube containing 15 mL unloading solution and incubated at
room temperature for 20 min. The root tips were then blot-
ted dry and grown on solid MS medium to determine the
principal stage determining survival of ginseng roots after
cryopreservation.

Table 1 The component

. e . Solutions Composition (%, w/v) Total cryoprotectant con-  Notes References

of 102.1d1ng and yltr1ﬁcat10n centration (%, w/v)

solutions used in

ginseng adventitious root c3 15.0G+15.0S 30.0 30% PVS3 Kim et al. (20092)

cryopreservation experiments c4 17.5G+17.5S 35.0 35% PVS3 Kim et al. (2009a)
C6 20.0G+20.0S 40.0 40% PVS3 Kim et al. (2009a)
B5 40.0 G+40.0S 80.0 80% PVS3 Kim et al. (2009b)
A3 37.5G+15.0 90.0 90% PVS2 Kim et al. (2009b)

DMSO+15.0 EG+22.5

S

G glycerol, S sucrose, DMSO dimethylsulfoxide EG ethylene glycol
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2.3 Pre-culture treatments

To study the effect of pre-culture on the survival rate after
cryopreservation, root tips were not pre-cultured, pre-cul-
tured on 0.3 M sucrose for 24 h, or pre-cultured on 0.3 M
sucrose for 24 h and then transferred to 0.5 M sucrose for
5 h. Subsequent cryopreservation and rewarming treat-
ments followed the methodology described above.

2.4 Loading solution treatments

Three different loading solutions containing different con-
centrations of sucrose and glycerol were used to determine
the most appropriate cryoprotection solution for root tips
of P. ginseng. The loading solutions tested were C3 (15%
sucrose and 15% glycerol, w/v), C4 (17.5% sucrose and
17.5% glycerol, w/v), and C6 (20% sucrose and 20% glyc-
erol, w/v) (Table 1). Root tips were immersed in loading
solutions for 20 min at room temperature.

2.5 Vitrification solution treatments

The excised root tips were dehydrated in either modifi-
cation plant vitrification solutions (PVS) 2 as BS vitrifi-
cation solution (40% sucrose and 40% glycerol, w/v) for
10 or 20 min, or PVS3 as A3 solution [22.5% sucrose,
37.5% glycerol, 15.0% dimethylsulfoxide (DMSO), and
15.0% ethylene glycol (EG)] for 10 min at either room
temperature or 0 °C (Table 1). The vitrification solutions
were sterilized by filtration using a 0.2 um syringe filter
before use.

2.6 Malondialdehyde (MDA) assay

Root tissue was collected, and 0.1 g samples were dis-
rupted under liquid nitrogen and homogenized in 0.1%
trichloroacetic acid (TCA) using a TissueLyser II (Qia-
gen, Hilden, Germany). The homogenate was centrifuged
at 5000 rpm for 5 min. The supernatant was mixed with
0.6% TBA and placed in a water bath at 90 °C for 30 min.
Absorbance was measured at 532 and 600 nm using a spec-
trophotometer (Optizen POP, Mecasys Co., Ltd, Korea).

2.7 Antioxidant enzyme activity assays

Samples consisting of 1.0 g fresh adventitious root tis-
sue were disrupted in liquid nitrogen and homogenized
in 4 mL extraction buffer (50 mM potassium phosphate
buffer, 2.0% polyvinylpolypyrrolidone, and 1.0 mM phe-
nylmethylsulfonyl fluoride). The extracted samples were
centrifuged at 13,000 rpm for 10 min at 4 °C (Smart R17,

Hanil Science Co., Ltd, Korea). The supernatant was
stored at 2 °C and used for enzyme assays within 4 h.

Catalase (CAT, EC 1.11.1.6) activity was determined
in reactions containing 500 umol H,0, in 10 mL 100 mM
phosphate buffer (pH 7.0). CAT activity was determined by
monitoring H,O, consumption at 240 nm for 3 min. The
results were expressed as CAT U mg™! protein (1 mM H,0,
reduction min~! mg~! protein).

Peroxidase (POD, EC 1.11.1.7) activity was measured
using a modification of the method described by Bisht et al.
(1989). The reaction mixture consisted of 1.5 mL phosphate
buffer (pH 7.0), 1% guaiacol, and 1% H,0,. POD activity
was assessed as the change in absorption at 470 nm as a
result of guaiacol oxidation. The results were expressed as
U min~! mg~! protein. Three different loading solutions with
different concentrations of sucrose and glycerol were used to
determine the most appropriate cryoprotective solution for
root tips of P. ginseng; the solutions tested were C3 (15%
sucrose and 15% glycerol, w/v); C4 (17.5% sucrose and
17.5% glycerol, w/v); and C6 (20% sucrose and 20% glyc-
erol, w/v). The segments were immersed in loading solutions
for 20 min at room temperature.

2.8 Statistical analysis

All data were analyzed by one-way analysis of vari-
ance (ANOVA) followed by Duncan’s multiple range test
(DMRT) using SPSS statistical 16.0 software (SPSS Inc.,
Chicago, IL, USA). Data are presented as means and stand-
ard errors; different letters on the figures indicate significant
differences between results (p <0.05).

3 Results

3.1 Effect of sucrose concentration and duration
of exposure during pre-culture on survival rates
of adventitious roots after cryopreservation

The survival rates of cryopreserved root tips exposed to
different concentrations (0, 0.3, and 0.5 M) of sucrose for
different periods were measured (Fig. 1a). The highest sur-
vival rate was obtained after 24 h of pre-culture with 0.3 M
sucrose. Root segments that were not pre-cultured with
enriched sucrose solution also recovered well after storage in
liquid nitrogen (Fig. 1a). Root tips treated by pre-culture in
0.3 M sucrose followed by transfer to 0.5 M sucrose showed
the lowest survival rate (Fig. 1a).

3.2 Effect of loading solutions on survival rates
of adventitious roots after cryopreservation

Of the different loading treatments tested, the balanced
weight of glycerol and sucrose in loading solution C4
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Fig. 1 Regeneration rates of adventitious root tips of Panax ginseng
after 30 days’ regrowth on fresh medium after cryopreservation. a
Effect of pre-culture treatment on the regeneration rate. b Effect of
loading solution on the regeneration rate. ¢ Effect of vitrification

produced the highest regeneration rate of ginseng root tips
(Fig. 1b). Root segments that were not treated with a load-
ing solution also recovered well after cryopreservation, but
treatment with solutions C3 (15% glycerol and 15% sucrose,
w/v) and C6 (20% glycerol and 20% sucrose, w/v) resulted in
low recovery of root tips after treatment with liquid nitrogen.

3.3 Effect of vitrification solutions, and duration
and temperature of exposure, on survival rates
of adventitious roots after cryopreservation

Ginseng root tips, pre-dehydrated in loading solution, were
dehydrated further in highly concentrated cryoprotective
solutions. To measure the effects of the vitrification solution
composition, duration of exposure, and temperature of treat-
ment, root tips were vitrified with PVS3 for 10 or 20 min
or PVS2 at room temperature or on ice. Ginseng root tips
exposed to B5 solution, a dilution of PVS3 (80%), for 10 min
produced a root recovery rate of 15% after liquid nitrogen
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treatment; however, prolonged exposure to B5 for 20 min
resulted in death of almost all the root segments (Fig. 1c).
The recovery rate of root tips after treatment at room temper-
ature with A3 solution, a dilution of PVS2 (90%), was only
5%. The injurious effects of A3 solution were compounded
by conducting the treatment on ice, as no explants treated
under those conditions survived cryopreservation (Fig. 1c).
These results imply that ginseng root tips are extremely sen-
sitive to both chemical toxicity and osmotic stress.

The morphology of root tips was observed following
dehydration with vitrification solutions (Fig. 2). Surviv-
ing roots initially swelled at the root tips after roughly
2 weeks of regrowth on fresh medium (Fig. 2a). Next,
callus formed and developed from the root tips (Fig. 2b).
Adventitious roots were induced from callus after 3 weeks
of regrowth by the vitrified roots (Fig. 2c), and lateral
roots formed on the adventitious roots after 4 weeks of
culture (Fig. 2d). This study established a procedure for
the long-term culture of adventitious roots of P. ginseng;
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Fig.2 Morphology of adventi-
tious roots after cryopreserva-
tion. a Swollen tip of adventi-
tious root on regrowth medium.
b Formation of callus from
adventitious root cultures. ¢
Formation of adventitious
roots from callus cultures. d
Formation of lateral root from
adventitious roots

however, as root tips were sensitive to osmotic stress, the
next step was to identify the critical stage in the cryo-
preservation process during which the greatest damage to
tissue occurred.

3.4 Effects of pre-culture, loading solution,
vitrification solution, and liquid nitrogen
treatment on survival rates of adventitious
roots

To identify the most critical stage of the cryopreserva-
tion process, adventitious roots were collected after each
step of the protocol, washed with unloading solution, and
cultured on fresh solid medium; control plants were col-
lected before pre-culture. The survival rate and the extent
of lateral root formation were measured after 4 weeks of
culture (Fig. 3a, b). A regeneration rate of nearly 100% was
observed in ginseng root tips after pre-culture and treatment
with C4 loading solution (Fig. 3a). After exposure to B5
vitrification solution for 10 min, however, approximately
50% of the root segments became necrotic, resulting in a
low survival rate after cryopreservation treatment (Fig. 3a).
Formation of lateral roots was also gradually reduced after
each successive step in the protocol (Fig. 3b). Images of lat-
eral roots formed after control treatments and after exposure
to sucrose-enriched medium in pre-culture, loading solu-
tion, vitrification solution, and liquid nitrogen are shown in
Fig. 3c—g, respectively.

3.5 Malondialdehyde (MDA) levels and antioxidant
enzyme activities in adventitious roots
during the cryopreservation process

To determine the effects of osmotic stress on post-cryo-
preservation survival and regeneration of ginseng adventi-
tious roots, malondialdehyde (MDA) levels and antioxidant
enzyme (CAT and POD) activities were analyzed after each
step of the cryopreservation process (Fig. 4). MDA content
increased after the pre-culture, loading, and cryopreserva-
tion treatments, and peaked after treatment with B5 vitrifica-
tion solution (Fig. 4a). By contrast, CAT activity was at its
lowest level when root tips were exposed to solution B5 for
10 min (Fig. 4b). CAT activity after the pre-culture, loading,
and cryopreservation treatments did not differ significantly
from activity in control roots (Fig. 4b). POD activity in root
tips showed no significant differences between successive
stages of the cryopreservation process, or between treated
and control samples (Fig. 4c).

4 Discussion

To enhance the percentage of plant tissue that survives
cryopreservation by droplet-vitrification and is able subse-
quently to regenerate, it is necessary to determine the most
appropriate solution and optimum duration of exposure for
each stage of the procedure. Unlike in nature, where thermal
and photoperiodic factors enable plants to withstand winter
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umn indicate significant differences (p <0.05) according to Duncan’s

cold, tolerance of explants grown in vitro must be induced
by modifying culture conditions such as temperature, com-
ponents of the growth media, and light intensity (Kulus and
Zalewska 2014). Pre-culture with an enriching solution con-
taining various sucrose concentrations is an important factor
for increasing tolerance of explants during freezing stress
(Suzuki et al. 2006). Xue et al. (2008) showed that pre-cul-
ture treatment is essential for cryopreservation of hairy roots
of E. sativa and A. membranaceus but ineftective for G. mac-
rophylla hairy roots. Pre-culture with sucrose reduces the
size of the cell vacuoles and decreases the free water con-
tent, demonstrating that dehydration enhances the capacity
of the cell membrane to maintain a stable structure (Ibrahim
and Normah 2013; Kulus and Zalewska 2014). The current
study found that either increasing the sucrose concentration
to 0.3 M for 24 h or omitting the pre-culture step produced
better post-cryopreservation regrowth of P. ginseng adventi-
tious roots than a step-wise increase in sucrose concentra-
tion from 0.3 M for 24 h to 0.5 M for 5 h. This implied that
adventitious roots were sensitive to excess osmotic stress.
Engelman and Takagi (2000) showed that a pre-culture
stage is insufficient to enhance stress tolerance of explants
after cryopreservation, and direct exposure to a high
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multiple range test. ¢ Morphology of adventitious roots before cryo-
preservation (controls). d Regrowth of adventitious roots after pre-
culture on 0.3 M sucrose for 24 h. e Regrowth of adventitious roots
after loading with C4 solution. f Regrowth of adventitious roots after
vitrification with B5 solution. g Recovery of adventitious roots after
storage in liquid nitrogen. Scale bar: 1 cm

concentration of vitrification solution is toxic. A loading
treatment that exposes explants to a moderate amount of
cryoprotectant for 20 to 60 min is an important stage before
dehydration with highly concentrated vitrification solutions
(Nishizawa et al. 1993). The current study showed that the
composition of loading solution was an important factor
affecting the recovery rate of ginseng explants after cryo-
preservation. Of the three loading solutions tested, C4, a
mixture of 17.5% sucrose and 17.5% glycerol (w/v), was
most effective at enhancing tolerance to dehydration by the
vitrification solution. This loading solution is also the most
effective for cryopreserving Chrysanthemum shoot tips,
which are sensitive to osmotic stress (Kim et al. 2009a), and
produces the highest level of post-cryopreservation regen-
eration of R. akane, shown by Kim et al. (2010). Prolonged
exposure of ginseng root tips to loading solutions enabled
effective root formation after vitrification and cooling to
—196 °C.

The key to successful cryopreservation of plant materials
by the vitrification method is overcoming the major difficul-
ties posed by the high chemical toxicity and excess osmotic
stress of concentrated vitrification solutions (Fabian et al.
2008; San José et al. 2014). Although a highly concentrated
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ity in adventitious roots after each treatment. ¢ Level of POD activity
in adventitious roots after each treatment. Data are mean +SE from
three replicates; different letters on a column indicate significant dif-
ferences (p <0.05) according to Duncan’s multiple range test

vitrification mixture is required to produce the level of cyto-
plasmic dehydration essential for prevention of intracellular
ice crystal formation, prolonged exposure to such a solution
may be cytotoxic (Sakai et al. 1990; San José et al. 2014).
Damage caused by vitrification mixture toxicity results from
distinct changes to the cell ultra-structure, particularly to
the plasma membrane (Fujikawa and Steponkus 1991; Ste-
ponkus et al. 1992). For this reason, the duration of dehy-
dration treatment and the composition of the vitrification
solution, as well as other experimental conditions, must be
determined precisely. The composition of vitrification solu-
tions has been developed over time, and PVS2 and PVS3
are those used most regularly (Sakai and Engelmann 2007).

Both are glycerol-based solutions, but PVS2 also contains
EG and DMSO, cryoprotectants that perforate the cell wall
and membranes. As high concentrations of DMSO cause
destruction of the membrane bilayer (Hughes and Mancera
2014), PVS3 is used for explants sensitive to chemical tox-
icity (Kim et al. 2009b). Although PVS2 has been used for
successful cryopreservation of Hyoscyamus niger adven-
titious roots (Jung et al. 2001), A. acutiloba hairy roots
(Yoshimatsu et al. 2000), and A. belladonna hairy roots
(Touno et al. 2006), explants exposed to PVS2 are often
susceptible to its chemical toxicity. Lambert et al. (2009)
found that hairy roots of M. lanceolata and M. truncatula
are significantly damaged after incubation with PVS2 for
5 min; in addition, Xue et al. (2008) showed that PVS2 is
ineffective at preserving hairy roots of G. macrophylla and
A. membranaceus. Oh et al. (2009), however, found PVS2
to be a promising cryopreservative for adventitious roots of
P. ginseng, although regeneration rates are low. Kim et al.
(2010) reported a post-cryopreservation regeneration rate
of 79.5% in R. akane hairy roots after treatment with 80%
PVS3 solution (B5).

The present study tested the effect of two vitrification
solutions, B5 (an 80% solution of PVS3) and A3 (a 90%
solution of PVS2), on the post-cryopreservation regenera-
tion rate of ginseng adventitious roots. The regeneration rate
was higher after treatment with B5 than with A3 solution.
In addition, treatment of ginseng root tips with B5 solu-
tion for a short (10 min) period was more effective than a
longer (20 min) treatment. The balance between glycerol and
sucrose in B5 solution may affect the successful recovery of
cryopreserved materials, as a similar response was reported
by Makowska et al. (1999) and Kim et al. (2010). Rapid
exposure to PVS2 on ice is essential for reducing damage
caused by the vitrification solution, resulting in improved
regeneration rates in many plant species (Nishizawa et al.
1993; Kuranuki and Sakai 1995; Thinh 1997; Yoon et al.
2006; Sakai and Engelmann 2007). In the current study,
however, recovery of root segments treated with cooled A3
solution was lower than after treatment with room temper-
ature solution. This is consistent with previous studies of
many medicinal plants, which found that the optimal tem-
perature for exposure to PVS2 was 25 °C (Matsumoto et al.
1994; Takagi et al. 1997; Sakai and Engelmann 2007). The
vitrification solution was a major factor in the cryopreserva-
tion process, determining the survival rates of ginseng root
segments. Optimizing the composition of the cryoprotectant
mixture is thus of key importance for improving the post-
cryopreservation regeneration of ginseng adventitious roots.

Many previous studies have shown that plant cells are
damaged by cryopreservation treatments (Wesley-Smith
et al. 2013). We found that, when post-cryopreservation root
segments were regrown on fresh medium, swelling of pri-
mordia occurred first, followed by callus formation. Almost
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all the root tissue became necrotic, and the only surviving
zone appeared to be the meristematic region of the root tip.
Quain et al. (2009) also reported only callus development
from Dioscorea rotundata tissue exposed to liquid nitrogen.
Previous studies indicate that, infrequently, larger and more
differentiated cells than meristem cells may survive storage
in liquid nitrogen (Kulus et al. 2018). In Chrysanthemum,
however, only three layers of meristem cells were observed
to be viable after cryopreservation (Wang et al. 2014). Injury
to the meristem may cause indirect regeneration through cal-
lus (Kulus et al. 2018).

Even though the vitrification solution is a major factor
determining cell survival, cryopreservation exposes tissue
to multiplex stresses, including excision, osmotic damage,
dehydration, and temperature fluctuations (Uchendu et al.
2010; Ren et al. 2013). Recent studies have demonstrated
that oxidative stresses caused by cryopreservation acti-
vate the formation of reactive oxygen species (ROS). This
results in cryoinjury to cells, caused by protein denaturation,
nucleic acid decomposition, and cell membrane destruction
(Poobathy et al. 2013; Chen et al. 2015; Martinez-Montero
and Harding 2015; Zhang et al. 2015). The plasma mem-
brane is a primary target of cellular cryodamage (Wen et al.
2010). MDA, a breakdown product of lipid peroxidation,
acts adversely on proteins and DNA, leading to DNA muta-
tion and protein deactivation (Jia et al. 2017). Kaczmarczyk
et al. (2012) reported that production of MDA is a major
sign of lipid peroxidation and an indicator of oxidative stress
during cryopreservation. In this study, MDA gradually accu-
mulated in root segments during the pre-culture and loading
stages, and levels peaked after exposure to the vitrification
solution. Previous studies also show increases in MDA con-
tent during cryopreservation of Oryza sativa, Azadirachta
indica, Zea mays, Dendrobium wardianum, and Arabidopsis
thaliana (Benson et al. 1992; Varghese and Naithani 2008;
Wen et al. 2010; Wu and Shen 2011; Ren et al. 2013).

In addition, plants show complex antioxidant responses
to oxidative stress that involve a careful balance between
enzymatic antioxidants, such as CAT and POD, and many
non-enzymatic pathways involving flavones, anthocyanin,
vitamin C, and carotenoids (Apel and Hirt 2004; Halliwell
2006; Pandhair and Sekhon 2006). An analysis of CAT
activity in ginseng root segments during the cryopreserva-
tion process found that it was lowest during the vitrification
stage, indicating that the highest levels of oxidative stress
accumulated after cryopreservation. CAT is an enzyme that
converts hydrogen peroxide to water and oxygen, and is
thus essential for detoxifying ROS during stress (Ahmad
et al. 2008). Levels of CAT also decreased during the post-
cryopreservation stage in Dendrobium protocorm-like bod-
ies (PLBs), leading to a reduced regeneration percentage of
cryopreserved PLBs (Poobathy et al. 2013). Jia et al. (2017)
reported that exogenous CAT reduced oxidative injury
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during cryopreservation of Paeonia and Magnolia pollen.
We found that ROS-induced oxidative stress was closely
related to reductions in the regeneration rate of ginseng root
tips after cryopreservation. The optimal composition of the
vitrification solution and the application of exogenous anti-
oxidants should therefore be considered in further studies to
provide protection from oxidative stress and improve regen-
eration of cryopreserved ginseng roots.

5 Conclusions

This study established a droplet-vitrification protocol for
cryopreserving root tips of ginseng (P. ginseng). Pre-cul-
turing adventitious roots with 0.3 M sucrose produced the
highest level of regrowth after cryopreservation in liquid
nitrogen for 30 min. Regrowth of cryopreserved adventi-
tious roots was improved fourfold over untreated controls
by treatment with C4 loading solution for 20 min at room
temperature. The highest rate of regrowth (15% of roots
surviving after cryopreservation) was obtained by incubat-
ing adventitious roots in modified B5 solution for 10 min at
room temperature. Adventitious root tips of ginseng were
sensitive to osmotic stress. Future research will therefore
focus on improving the post-cryopreservation regeneration
rate by optimizing the composition of the vitrification solu-
tion and the application of exogenous antioxidative enzymes.
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