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A B S T R A C T

Chrysanthemum stunt viroid (CSVd) and chrysanthemum chlorotic mottle viroid (CChMVd) are the two viroids
most frequently infecting chrysanthemum. This study attempted to cryopreserve in vitro shoot tips of
Chrysanthemum morifolium ‘Piato’ infected with high or low titers of CSVd, and co-infected with CSVd and
CChMVd. By optimizing several key factors including the time and light regimes during cold-hardening of stock
shoots, and the size of shoot tips, an encapsulation-vitrification procedure was established for cryopreservation
of viroid-infected shoot tips. Viroid-infected stock shoots were cold-hardened in vitro at 4 °C in a 16-h photo-
period for 6 weeks. Shoot tips (1.5 mm in size) containing 3-4 LPs were excised from the cold-hardened stock
shoots and subjected to encapsulation-vitrification cryopreservation. With this protocol, about 65%, 45% and
42% of shoot regrowth levels were obtained in cryopreserved shoot tips derived from in vitro stock shoots
infected with low or high titers of CSVd, and co-infected with CSVd and CChMVd, respectively. All regenerants
from cryopreservation maintained their viroid-infected status, identical to those of their in vitro stock shoots.
Histological observations and in situ hybridization elucidated why cryopreservation could maintain viroids in
cryopreserved shoot tips. Cryopreservation of viroid-infected plant materials has potential applications to all
types of viroid-related basic and applied studies.

1. Introduction

Chrysanthemum (Chrysanthemum morifolium), the second most
economically important ornamental crop worldwide, is mainly used as
cut and potted flowers (Anderson, 2006), as medicine (China
Pharmacopoeia Commission, 2010), edible flowers and important ad-
ditives to many beverages (Wang et al., 2014a).

Availability of and easy access to diverse genetic resources are ne-
cessary for genetic improvements to obtain novel cultivars in both
traditional and biotechnological programs (Wang et al., 2014b). Cryo-
preservation is at present time considered an ideal mean for the long-
term conservation of plant genetic resources (Engelmann, 2011; Wang
et al., 2014b; Li et al., 2017a). Since 1990s, various cryogenic proce-
dures have been developed for cryopreservation of chrysanthemum
shoot tips, including two-step cooling (Fukai, 1990), preculture-de-
siccation (Hitmi et al., 1999, 2000) and dimethyl sulfoxide (DMSO)
droplet (Halmagyi et al., 2004), and vitrification-based methods such as
encapsulation–dehydration (Sakai et al., 2000; Halmagyi et al., 2004;

Martín and González-Benito, 2005; Martín et al., 2011), vitrification
(Martín and González-Benito, 2005; Jeon et al., 2015) and droplet-vi-
trification (Halmagyi et al., 2004; Lee et al., 2011; Wang et al., 2014c;
Bi et al., 2017). Plant growth, flower production, genetic stability and
biochemical compounds have been assessed in the regenerants of
chrysanthemum following cryopreservation (Martín and González-
Benito, 2005; Martín et al., 2011; Lee et al., 2011; Wang et al., 2014c;
Bi et al., 2017), and the results were quite promising. These studies
made chrysanthemum one of ornamental crops most amenable to
cryopreservation.

Viroids are small pathogens consisting of a small (250–400 nu-
cleotides), nonprotein-coding, single-stranded, circular RNA that cause
infectious diseases in various crops including chrysanthemum (Flores
et al., 2005). Chrysanthemum stunt viroid (CSVd) and chrysanthemum
chlorotic mottle viroid (CChMVd) are two viroids that infect chry-
santhemum widely distributed in many of the chrysanthemum-growing
countries (Liu et al., 2014; Flores et al., 2017; Palukaitis et al., 2017).
CSVd is a member of the genus Pospiviroid in the family Pospiviroidae
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(Palukaitis et al., 2017), while CChMVd belongs to the genus Pelamo-
viroid in the family Avsunviroidae (Navarro and Flores, 1997; Flores
et al., 2017). CSVd and CChMVd can be transmitted by mechanical
inoculation, vegetative propagation and seeds, making chrysanthemum
prone to viroid infection and accumulations from generation to gen-
eration by vegetative propagation (Palukaitis et al., 2017). Field-grown
chrysanthemum plants are frequently infected by viroids, often in
mixed infection (Liu et al., 2014). Surveys conducted in field-grown
chrysanthemum showed CChMVd infection on 20% of cultivars in
Akita, Japan (Yamamoto and Sano, 2006) and 10% in Karnataka, India
(Adkar-Purushothama et al., 2015a), while those of CSVd infection
were 11.5% in China (Zhang et al., 2011), 9.7–66.8% in South Korea
(Chung et al., 2005), and 70% in India (Singh et al., 2010). Like other
plants, in shoot tip cryopreservation of chrysanthemum, the source
plants are collected from the field and maintained in greenhouse con-
ditions. Then, explants are taken from the greenhouse-maintained
source plants and introduced into in vitro cultures to establish stock
shoots, from which shoot tips are excised and used for cryopreservation
(Fukai, 1990; Fukai et al., 1994; Jeon et al., 2015). In all previous
studies on cryopreservation of chrysanthemum, the sanitary status of in
vitro stock cultures was never clarified, except in the study of Jeon et al.
(2016), in which cryopreservation was tested for viroid eradication.
Cryopreservation of viroid-infected plant materials has potential ap-
plications to all types of viroid-related basic and applied studies (Gómez
et al., 2009; Adkar-Purushothama et al., 2015b).

The present study attempted to cryopreserve shoot tips of in vitro-
grown chrysanthemum shoots infected with low or high titers of CSVd,
and co-infected with CSVd and CChMVd. Histological observations and
in situ hybridization were conducted to investigate the mechanism
making possible viroids that could be maintained in the regenerants
recovered from cryopreserved shoot tips.

2. Materials and methods

2.1. Plant materials

In vitro stock shoots of Chrysanthemum morifolium ‘Piato’ single-in-
fected with low titer of CSVd (low), high titer of CSVd (high) and co-
infected with CSVd and CChMVd, established by Hosokawa et al., 2004,
2005, were used. The viroid-infected status of the in vitro stock shoots
was confirmed using reverse transcription PCR (RT-PCR), in situ hy-
bridization and real-time RT-qPCR (supplementary material 1), as de-
scribed below. Viroid-free ‘Piato’ in vitro stock shoots were not avail-
able. The cultures were maintained on a basic medium (BM) composed
of Murashige and Skoog (1962) medium (MS) supplemented with 20 g/
l sucrose and 8 g/l agar (pH 5.8), and placed at 23 ± 3 °C under a 16-h
photoperiod of light intensity of 40.5 μmol m–2s–1 provided by white
fluorescent tubes, according to Hosokawa et al. (2004). Subculture was
done every 3 weeks.

2.2. Cold-hardening of in vitro stock shoots

Terminal shoot segments (3 cm in length) with two fully-opened
leaves (Fig. 1A) were excised from 3-weeks old in vitro stock shoots and
cultured on MS medium. The cultures were cold-hardened for up to 6
weeks at 4 °C under two light regimes: 16-h photoperiod with
40.5 μmol m–2s–1 intensity (light) and consistent darkness (dark). Shoot
growth and morphologies were recorded after 4 and 6 weeks of the
cold-hardening treatments.

2.3. Encapsulation-vitrification cryopreservation

Shoot tips excised from viroid-infected stock shoots that had been
cold-hardened were used for cryopreservation, as described by Li et al.
(2017b), with some modifications. Shoot tips were precultured on MS
medium supplemented with 0.5 M sucrose at 25 °C in the dark for 16 h.

Precultured shoot tips were encapsulated with 3% (w/v) Na-alginate
solution to form beads, each being 4–5mm in diameter and containing
one shoot tip. The beads were treated with a loading solution composed
of MS supplemented with 0.4M sucrose and 2M glycerol at 25 °C in the
dark for 1.5 h, followed by exposure to plant vitrification solution 2
(PVS2, Sakai et al., 1990) on ice for 5 h. PVS2 is composed of MS
supplemented with 0.4M sucrose, 30% (w/v) glycerol, 15% (w/v) di-
methyl sulfoxide (DMSO) and 15% (w/v) ethylene glycol (pH 5.8).
Following PVS2 dehydration, 10 beads were transferred into each of 2-
ml cryovials (Sarstedt, Nümbrecht, Germany) containing 1.0 ml PVS2,
prior to direct immersion in liquid nitrogen (LN) for at least 1 h.
Cryopreserved shoot tips were thawed by removing the frozen beads
and immediately placing those at 38 °C for 2–3min. Thawed beads were
incubated in an unloading solution at room temperature for 20min.
Unloading solution is composed of MS containing 1.2 M sucrose.
Cryopreserved, thawed shoot tips were extracted from the beads and
post-thaw cultured on half-strength Knop medium (Knop, 1965) sup-
plemented with 0.05mg/l gibberellic acid (GA3) in the dark for 1 day,
and then transferred onto MS in the light conditions for shoot regrowth.
Shoot regrowth was defined as the percentage of the total number of
shoot tips regenerating into normal shoots (≥5mm) 4 weeks after post-
thaw culture.

Three experiments were conducted to optimize some key factors
affecting shoot regrowth in cryopreserved shoot tips, including time
durations and light regimes of cold-hardening, and shoot tip sizes.

2.4. Histological observations

Histological observations were performed on cryopreserved shoot
tips derived from CSVd (low)-infected in vitro stock shoots cold-har-
dened in the light and dark for 6 weeks, as described by Li et al.
(2017b), with some modifications. Shoot tips were collected 3 days
after post-thaw culture and fixed overnight in FAA [3.7% paraf-
ormaldehyde (w/v), 5% acetic acid (v/v), and 50% ethanol (v/v)],
dehydrated with ethanol series (50%, 70%, 90% and 95%, 2 h for each
concentration) and stored in 100% ethanol. After embedding in par-
affin, sections (5 μm) were cut with a microtome (RM2155, Leica,
Germany) and stained with 0.05% toluidine blue (TB) (Sakai, 1973).
Stained sections were observed under a microscope (BX53, Olympus,
Japan). The total number of cells and the number of cells that appeared
to be living were observed in cryopreserved shoot tips and recorded in
each of the shoot tip cross sections by two operators and the resulting
data were subjected to blind analysis. Shoot-tips that were freshly ex-
cised from in vitro stock shoots served as a positive control, while those
that were freshly excised, directly immersed in LN were the negative
control. Both positive and negative controls underwent the same his-
tological processes as described above.

2.5. Viroid detection by RT-PCR

Viroid detection was performed twice in the present study. The first
time was conducted in in vitro stock shoots, to confirm their viroid
status. The second was performed in the regenerants after two months
of post-thaw culture following cryopreservation.

CSVd and CChMVd detection by RT-PCR was conducted, according
to Hosokawa et al. (2004) and Nabeshima et al. (2012), respectively.
RNA was extracted from fresh leaves (0.1 mg) using sepasol-RNA I
super G (Nakarai tesque, Kyoto, Japan), according to manufactory in-
structions. cDNA synthesis was conducted at 42 °C for 30min in reac-
tion solution containing 0.5 μL of 20 μM random primer (6–9 mer), 1 μg
of total RNA, 1 μL of 10mM dNTP mixture, 0.5 μL of 20 U RNase in-
hibitor (Toyobo Co., Ltd., Osaka, Japan), 0.5 μL of reverse transcriptase
(Toyobo Co., Ltd., Osaka, Japan) and 2 μL of buffer, with RNase-free
water added to reach a total volume of 10 μL. PCR reaction was done in
10 μL reaction volume containing 0.1 μL of each primer (20 μM each),
1 μL of 2mM dNTPs, 0.1 μL of 2U Blend Taq DNA polymerase (Toyobo
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