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Summary

Many genebanks rely on cryopreservation as a meth-
od to preserve vulnerable field collections of vegetatively
propagated crops. Effective cryopreservation procedures
have been identified for Vitis; however, they usually
use in vitro plantlets as the shoot tip source materials.
It is costly to establish Vitis collections in vitro prior to
cryopreservation. We sought to determine if growth
chamber derived Vitis plants could serve as the source
of shoot tips for cryopreservation. Nodal sections from
growth chamber derived plants were surface-disinfected
and placed in tissue culture on pre-treatment medium
for 2 weeks. Uniform apical shoot tips (1 mm) were first
obtained from the nodal sections and then precultured
for 3 days on medium containing 0.3 M sucrose, salicyl-
ic acid, glutathione (reduced form), ascorbic acid and
plant preservative mixture. Half-strength PVS2 was
applied for 30 min at 22 °C, prior to full-strength PVS2
treatment at 0 °C. Cryopreserved shoot tips had the
highest average regrowth of 50 and 55 % without and
with cold-acclimation followed with a full-strength PVS2
exposure duration of 40 and 30 min at 0 °C, respectively.
This cryopreservation protocol achieved high percentag-
es of regrowth in V. vinifera 'Chardonnay' and 'Riesling'
and V. hybrid 'Oppenheim’'. Histological observations
revealed that shoot tips from growth chamber plants had
apical as well as multiple lateral meristems that survived
LN immersion. The preservation of multiple meristems
in each shoot tip may increase the capacity of shoot tip
regeneration in cryopreserved Vitis that originates from
ex vitro sources. The high percentage of regrowth after
shoot tip cryopreservation using Vitis shoot tips derived
from growth chamber source plants suggest that it may
be possible to cryopreserve Fitis shoot tips without first
introducing each accession into tissue culture.

Key words: grapevine; ex situ conservation; droplet
vitrification; germplasm.

Introduction

Grapevine is one of the most economically important
temperate fruit crops. In2017, grapevines covered 7.53 mil-
lion ha and produced 73.3 million t of fruit worldwide (OIV
2018). Grapes have a rich genetic diversity; there are about
70 species within the Vitis genus (L1 et al. 2017). This diver-
sity is conserved in genebanks primarily as field plantings,
and as such, these critical collections could be lost in the
event of biological or environmental disasters. It is essen-
tial to have methods such as cryopreservation available to
genebanks to securely conserve collections of Vitis genetic
resources for future generations.

Cryopreservation, the storage of biological materials in
liquid nitrogen (LN, -196 °C) or liquid nitrogen vapor (LNV,
-1651t0-190 °C), is a preferred method for the long-term stor-
age of plant germplasm, especially to maintain the genetic
integrity of genebank materials and to minimize the risk of
biotic and abiotic threats. Under cryopreserved conditions,
viable cells, tissues, organs and organisms are preserved in
a state whereby cellular divisions and metabolic processes
are stopped (BEnson 2008).

Although there are many established cryobanks that
preserve vegetative propagules, such as shoot tips or dormant
buds of clonally propagated genetic resources (JENDEREK and
ReED 2017, ReeED 2001, HoFER and REED 2010, PaNIS ef al.
2010, KeLLEr 2007, NmNvo and Arizaga 2015), to the best
of our knowledge, Vitis cryo-storage has not been fully im-
plemented within genebanks. Limited results were obtained
when Vitis dormant buds were cryopreserved (ESENSEE and
StusaNoOFF 1990). Although multiple Vitis shoot tip cryopre-
servation methods have been reported, it wasn't until recently
that a highly effective, widely applicable Vitis droplet vi-
trification techniques was published (B1 ef al. 2018a, VoLk
et al. 2018). This method uses Vitis source plants that have
been established in vitro, which is both time- and labor-in-
tensive. We sought to identify a method whereby Vitis shoot
tips could be cryopreserved directly from plants that were
not in tissue culture (BETTONI e al. 2019a).
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Previously, the study of Hassan and HacGac (2013)
simplified the cryo-procedure by sampling shoot tips directly
from greenhouse-grown plants and regrowth percentages of
40 % for V. vinifera for 'Black Matrouh' and 47 % for 'Bez
El-Anza' were obtained after liquid nitrogen immersion.
We found that shoot tips derived directly, without nodal
section preculture, exhibited a highly variable response to
cryoexposure (based on regrowth percentages), which we
hypothesized to be due to the use of shoot tips that were of
non-uniform developmental stages. The quality and physi-
ological state of the stock cultures and explants, as well as
the preculture conditions, play key roles and are determinant
to the success of Vitis cryopreservation techniques (B1 et al.
2017). Pre-treatments can differ by species and may include
cold treatment exposure, the addition of osmotic agents,
antioxidants and, elicitors of defense-related proteins in
plants (PATHIRANA et al. 2016, VoLk et al. 2018, MATHEW et
al. 2018). Reliable cryopreservation methods that result in
high degrees of viability (= 40 % after LN exposure) and
highly skilled staff are key to the development of successful
cryopreserved base collections of clonal crops (VoLk et al.
2016, REED ef al. 2004).

In addition to maintaining the viability of cryopreserved
materials for long-term storage, cryopreservation protocols
have been found to efficiently eradicate viruses in multi-
ple species of economic importance (BETTONI ef al. 2018,
BeTTONI et al. 2019b, VIEIRA et al. 2015, Y1 et al. 2014;
HELLIOT ef al. 2002, WANG et al. 2009; BrisoN et al. 1997),
including grapes (B1 et al. 2018b, PaTHIRANA et al. 2015,
MARkoVIC et al. 2015, Bavati et al. 2011, WANG et al. 2003).
Cryotherapy is a technique whereby shoot tips of infected
plants are pre-treated and then exposed to liquid nitrogen to
eliminate the cells that are infected with viruses and allow
the meristematic cells to regrow into healthy plants. When
successful widely-applicable cryopreservation methods
are available, cryotherapy procedures can be developed as
tools to eradicate pathogens from grapevines (Biet al. 2017,
BETTONI €t al. 2016).

We previously published a droplet vitrification protocol
that successfully cryopreserved a wide range of Vitis species
using in vitro plants (VoLk ef al. 2018). Herein, we modify
this method to make use of Vitis growth chamber plants as
source materials. In addition, cellular observations revealed
anatomical features of cryopreserved Vitis shoot tips derived
from growth chamber plants.

Materials and Methods

Plant materials and pre-treatments: Growth cham-
ber plants of V. vinifera 'Chardonnay' and 'Riesling' and
rootstock selection 'Oppenheim #4' (DVIT 8121 (SO4;
V. berlandieri x V. riparia)) were originally received from
the USDA-ARS National Clonal Germplasm Repository
for Tree Fruit, Nut Crops and Grapes in Davis, CA, USA.

Plants were grown in pots in commercial substrate Sun
Gro Professional Growing mix (Sunshine® VP Metro-Mix
250; Sun Gro Horticulture Ltd., Seba Beach, AB, Canada)
at 25 °C, in a growth chamber under a photoperiod of 16 h

light-day! provided by metal halide and high pressure
sodium lamps. Nodal sections, approximately 2 cm long
containing a single bud were harvested from the growth
chamber plants (Fig. 1A), treated with 70 % isopropanol for
1 minute and rinsed twice for 1 minute with distilled water.
They were then treated with 5 % sodium hypochlorite and
0.1 % Tween 20® (v/v) for 5 min and rinsed three times in
sterile distilled water.

Fig. 1: Some steps of droplet vitrification procedure of Fitis shoot
tips from growth chamber sourced plants. Nodal sections were
excised from growth chamber plants (A), surface-disinfected and
placed on pretreatment medium (B), and grown for 2 weeks (C).
Shoot tips were incubated on the preculture medium for 3 d (D).
Shoot tips were placed on foil strips in a thin layer of PVS2 prior
to LN immersion (E). Vitis vinifera 'Riesling' shoot tips 40 d after
cryoexposure exhibiting multiple shoots (F) and flower buds (G).
Petri plates of Vitis vinifera 'Riesling' shoot tips grown for two
months after cryoexposure (H) and without cryoexposure (I).
Arrows indicate multiple shoots in F and inflorescence in G. Scale
Bars: D, F and G=2 mm; E =5 mm.

Nodal sections were placed into 100 x 25 mm plastic
Petri dishes with 50 mL pre-treatment medium MURASHIGE
and SkooG (1962) (MS) containing 30 g-L-' sucrose,
0.2 mg-L" 6-benzyl aminopurine (BA?%), 0.1 mM salicylic
acid, 1 mM ascorbic acid, 1 mM glutathione (reduced form),
1.5 % (v/v) Plant Preservative Mixture (PPM; Plant Cell
Technology, WA), and 3 g-L' gellan gum (CultureGel™,
PhytoTechnology Laboratories, KS) at pH 5.7 (pH 6.4 prior
to autoclaving)) with 30 nodal sections per plate (Fig. 1B).
PPM™ is a broad-spectrum biocide/fungicide for plant tis-
sue culture and was included in the medium for the growth
chamber nodal sections to reduce microbial contamination.
Nodal sections were cultured on pre-treatment medium for
2 weeks in a growth room at 25 °C with a 16 h photoperiod
provided by fluorescent lights (40 uM m='s') (Fig. 1C).
After initial culture at 25 °C, the influence in the regrowth
percentages to cold acclimation pretreatment and without
cold acclimation pretreatment prior to shoot tip desiccation
was also assessed. Cold acclimation treatments were applied



Cryopreservation of grapevine shoot tips 73

by placing the plates with nodal sections in a growth chamber
maintained at a constant temperature of 5 °C with a 16 h
photoperiod with a light intensity of 35 uM-m-s"! for an
additional two weeks (when applied).

Preculture and droplet vitrification:
Uniform apical shoot tips (1 mm) (Fig. 1D) were excised
from nodal sections that either had or had not been cold
acclimated. Shoot tips were cultured on preculture medium
consisting of half-strength MS medium containing 0.3 M
sucrose, 0.1 mM salicylic acid, I mM ascorbic acid, | mM
glutathione (reduced form), 1.5 % (v/v) PPM and 3 g-L!
gellan gum at pH 5.7 (pH 6.4 prior to autoclaving) for 3 d
at 25°C in darkness. They were then placed in loading solu-
tion consisting of half-strength MS + 2M glycerol + 0.4 M
sucrose at pH 5.7 (pH 6.9 prior to autoclaving) for 20 min
at 22 °C followed by half-strength PVS2 (filter sterilized
solution consisting half-strength MS + 15 % (w/v) glycerol
+ 7.5 % (w/v) ethylene glycol (EG) +7.5 % (w/v) dimethyl
sulfoxide (DMSO) + 0.4 M sucrose at pH 5.8, (MATsumoTO
and Saxar 2003)) for 30 min at 22 °C and full-strength
PVS2 (filter sterilized solution, half-strength MS + 30 %
(w/v) glycerol + 15 % (w/v) EG +15 % (w/v) DMSO + 0.4
M sucrose at pH 5.8, (Saxat et al. 1990)) at 0 °C for 30, 40,
or 50 min. Two minutes before the end of each treatment,
PVS2-treated shoot tips were placed onto a thin layer of
PVS2 on sterile aluminum foil strips (~6 x 25 mm) (Fig. 1E)
and then plunged into LN.

After one hour of LN immersion, the aluminum foil
strips with shoot tips were warmed quickly by inverting the
strips into unloading solution (half-strength MS + 1.2 M
sucrose at pH 5.7 (pH 7.5 prior to autoclaving)) and incu-
bating at 22 °C for 20 min (25 mL unloading solution to
thaw four foil strips). For regrowth, shoot tips were placed
onto recovery medium 1 (half-strength MS macroelements
without ammonium, full strength MS microelements, and
Vitis vitamins (100 mg-L"' myo inositol, 10 mg-L! thiamine
HCI, 1 mg-L" nicotinic acid, 1 mg-L"' pyridoxine HCI,
1 mg-L! Ca pantothenate, 0.01 mg L' biotin, 2 mg L' gly-
cine), supplemented with 0.6 M sucrose and 8 g L' agar at
pH 5.7 (pH 7.0 prior to autoclaving)) overnight at 25 °C in
the dark. They were then transferred to recovery medium 2
(half-strength MS macroelements without ammonium, full
strength MS with Vitis vitamins), supplemented with 30 g-L"!
sucrose, 0.2 mg-L'' BA3and 8 g-L"'agar at pH 5.7 (pH 6.5
prior to autoclaving)) and cultured for 2 weeks at 25 °C in
darkness. They were then transferred onto recovery medi-
um 3 (half-strength MS macroelements and full-strength
MS microelements with Vitis vitamins supplemented with
30 g+ sucrose, 0.2 mg-L"' BA3and 8-g L agar at pH 5.7
(pH 6.5 prior to autoclaving)) and grown in the light at 25 °C
(40 uM-m=-s’!, 16 h photoperiod).

Regrowth and data analysis: Shoot tip
regrowth (organized shoots with at least one leaf) was as-
sessed 8 weeks after plating on regrowth medium 3. Each
experiment was performed with at least two replicates of
20 shoot tips for each treatment. Means and standard errors
were calculated across experimental replicates and analyzed
using one-directional ANOVA and Tukey. P < 0.05 was
considered significantly different. (P < 0.05).

Histological studies of cryopreserved
and intact shoot tips: Histological studies were
performed to observe cellular structural modifications pre-
and post-cryopreservation for V. vinifera 'Riesling' shoot
tips that originated from growth chamber sourced plants.
The shoot tips from following treatments were sampled
for control shoot tips (-LN): (1) control, shoot tips excised
from pre-treatment nodal sections, (2) shoot tips treated
on preculture medium for 3 d, (3) shoot tips treated with
cryoprotectants (30 min at 22 °C in half-strength PVS2
followed by full-strength PVS2 at 0 °C for 30 min), and
warmed with unloading solution at 22 °C for 20 min, (4)
shoot tips treated with cryoprotectants (30 min at 22 °C in
half-strength PVS2 followed by full-strength PVS2 at 0 °C
for 30 min), and warmed with unloading solution at 22 °C
for 20 min and incubated in recovery medium for 6 d. The
following treatments were sampled for shoot tips exposed
to LN for 1 h: (5) shoot tips treated with cryoprotectants
(30 min at 22 °C in half-strength PVS2 followed by full-
strength PVS2 at 0 °C for 30 min) immersed to LN, and
warmed with unloading solution at 22 °C for 20 min, (6)
shoot tips treated with cryoprotectants (30 min at 22 °C in
half-strength PVS2 followed by full-strength PVS2 at 0 °C
for 30 min), immersed to LN, and warmed with unloading
solution at 22 °C for 20 min and incubated in recovery
medium for 6 d.

Fifteen shoot tips per treatment were placed into fix-
ative (1.25 % glutaraldehyde, 2 % paraformaldehyde, and
50 mM Pipes buffer [piperazine N, N-bis (2-ethanesulfonic
acid)] overnight at 22 °C. Shoot tips were rinsed three times
(10 min each) in 50 mM Pipes buffer and post-fixed with 2 %
osmium tetroxide in 50 mM Pipes buffer overnight at 22 °C.
Shoot tips were then rinsed three times (10 min each) in
50 mM Pipes buffer and dehydrated with 30, 50, 70, 90, 100,
and 100 % ethanol for 15 min each. Samples were infiltrated
with Spurr resin (Electron Microscopy Sciences, Hatfield,
PA), in an ethanol: resin ratio of 3:1 for 4 h, followed 2:1
for 3 h, 1:1 for 4h, 1:2 for 4 h, 1:3 for 4h and kept in 100 %
resin for 72 h (fresh resin was added every 24 h). Samples
were then transferred to fresh resin, placed into embedding
containers, and the resin was polymerised at 65 °C for 24 h.
Thin sections (I um) were made with glass knives on an
RMC MT-X microtome (Ventana Medical Systems Inc.,
Tucson, AZ) and mounted on glass slides. Sections were
stained with methylene blue, visualized with an Olympus
BH-2 microscope (Olympus Optical Co., Tokyo, Japan) and
images captured using a Leica MC170 HD digital camera
(Wetzlar, Germany).

Results

The functionality of the Vitis cryopreservation method
described herein is dependent on the quality, uniformity,
and cleanliness of the shoot tip materials. Nodal sections
sampled from actively growing growth chamber plants
were surface sterilized and plated on a medium containing
PPM prior shoot tip excision. These strategies minimized
any possible contamination.
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Cryopreservation of Vitis shoot tips
from growth chamber-grown plants: Nod-
al sections derived from growth chamber plants provided
uniform shoot tips for cryopreservation. Shoot tips without
LN immersion had higher regrowth percentages than those
immersed in LN. There were no statistically significant
differences in regrowth percentages between shoot tips
that were cold acclimated at 5 °C for 2 weeks and those
that were not cold-acclimated for the corresponding PVS2
exposure durations (Tabs 1 and 2). For the non-cold ac-
climated shoot tips without LN there were no statistically
significant differences among three Vitis cultivars and the
average regrowth percentages were 73 % for 30 min, 72 %
for 40 min PVS2, and 63 % for 50 min PVS2 exposures.
Similarly, with cold acclimation and without LN there were
no statistically significant differences among three Vitis
cultivars and, the highest regrowth percentages (-LN) were
obtained for V. vinifera 'Riesling' after with 84 % after 30
min PVS2, V. vinifera'Chardonnay' with 73 % after 40 min
PVS2, V. vinifera 'Riesling' after with 64 % after 50 min
PVS2 (Tab. 2). The regrowth percentages of cold-acclimated
and non-cold-acclimated shoot tips after LN immersion were
similar; however, the cold-acclimated treatments were less
variable in regrowth percentages (Tab. 2).

The non-cold acclimated shoot tips, with LN, regrowth
percentages were 48 % for 30 min, 50 % for 40 min, and
41 % for 50 min PVS2 exposures (Tab. 1), with the highest
regrowth percentage obtained for V. vinifera 'Riesling' after
30 min PVS2 (62 %) and 40 min PVS2 (64 %) (Tab. 1). With
cold acclimation and LN, all three cultivars had regrowth
percentages of at least 40 % with a 30 min PVS2 exposure
(Tab. 2).

The optimal PVS2 treatment period was determined
to be a 30 min exposure to half-strength PVS2 at 22 °C,
followed by a 40 min (non-cold acclimated shoot tips) or
30 min (cold acclimated shoot tips) exposure to full-strength
PVS2 at 0 °C, which resulted in an average regrowth of
50 and 55 % for shoot tips exposed to LN without and with
cold-acclimation, respectively.

Histological studies of cryopreserved
shoot tips: Excisedshoottips of Vitis vinifera 'Riesling'
that originated from growth chamber plants were embedded
in resin for histological observations. All of the observed
shoot tips had apical meristems in addition to multiple
lateral meristems (Fig. 2C). Apical meristems exhibited a
characteristic dome shape and were often wider than the
lateral meristems. The apical portion of the dome appeared
to have cells that were smaller and more compact than those

Table 1

Regrowth percentages (%) of shoot tips excised from nodal sections sourced from V. vinifera cvs. 'Chardonnay' and

'Riesling' and rootstock selection 'Oppenheim' #4 grown in the growth chamber. Shoot tips were treated with half-

strength PVS2 for 30 min, followed by 30, 40 or 50 min of full-strength PVS2 without cold acclimation. Data repre-

sent mean + SE. Values followed by different letters within the set of -LN species/PVS2 exposure combinations and

within the set of +LN species/PVS2 exposure combinations are significantly different at P < 0.05 using the Tukey's
mean separation test

LN +LN

Species Plant identifier PVS2 exposure duration (min) PVS2 exposure duration (min)
30 40 50 30 40 50

V. vinifera ~ Chardonnay 72+4a 68+4a 63+6a 43+4bc 37+£3bc 30+3c

V. vinifera  Riesling 76+4a 72+4a 64+0a 62+2a 64+4a 50+2ab

V. hybrid Oppenheim #4 DVIT 8121 70+0a 75+0a 63+4a 38+3bc 48+3abc 43+3bc

Average 73+£2 72+£2 63+0 48 +7 50+£8 41+6

Table 2

Regrowth percentages (%) of shoot tips excised from nodal sections sourced from V. vinifera cvs. 'Chardonnay' and
'Riesling' and rootstock selection 'Oppenheim' #4 grown in the growth chamber. Shoot tips were treated with half-
strength PVS2 for 30 min, followed by 30, 40 or 50 min of full-strength PVS2 with cold acclimation. Data represent
mean + SE. Values followed by different letters within the set of —LN species/PVS2 exposure combinations and
within the set of +LN species/PVS2 exposure combinations are significantly different at P <0.05 using the Tukey's

mean separation test

-LN +LN
Species Plant identifier PVS2 exposure duration (min) PVS2 exposure duration (min)
30 40 50 30 40 50
V. vinifera ~ Chardonnay 70+0ab 73+3ab 55+5b 48+3ab 43+8ab 55+10ab
V. vinifera  Riesling 84+4a 70+2ab 64+4b 68+0a 60+4ab 46+ 6ab
V. hybrid Oppenheim #4 DVIT 8121 68+3ab 63+3b 60+5b 48+3ab 45+5ab 38+ 3b
Average 7445 69+3 60+3 55+7 49+£5 46+ 5




Cryopreservation of grapevine shoot tips 75

Fig. 2: Vertical section of Vitis vinifera 'Riesling' shoot tips sam-
pled at (A) control, shoot tips excised from pre-treatment nodal
sections; (B), a closer view of a lateral meristem in A; (C) shoot
tips precultured on medium for 3 d; (D) a closer view of an apical
meristem in C. Black arrows represent some cells showing nucleoli.
AM, apical meristem; LM, lateral meristems; LP, leaf primordium.
Scale Bars: A and C = 50 pm.

in the basal region (Fig. 2C). Many of the observed apical
and lateral meristematic cells showed signs of recent cellular
divisions and were highly cytoplasmic, with large nuclei,
some showing nucleoli (Fig. 2B, 2D).

Both apical and lateral meristems retained their cellular
integrity after PVS2 exposure, either with or without LN
(Fig. 3A, 3B, 3C, 3D). Differentiated, vacuolated cortex cells
in the PVS2-exposed meristems were plasmolyzed (Fig. 3E),
while the cortex cells in the PVS2+LN-exposed meristems
were lethally damaged, showing evidence of cell membrane
disruptions (Fig. 3F). After 6 days of recovery, we observed
signs of regrowth in the shoot tips that were either exposed
or not exposed to liquid nitrogen (Fig. 3G, 3H).

Discussion

We identified a cryopreservation protocol that did not
require Vitis source plants to be introduced and multiplied
in tissue culture prior to shoot tip excision. Nodal sections
from growth chamber plants were surface sterilized and
then plated on medium to produce uniform shoot tips. These
shoot tips were then excised and cryopreserved using a
droplet-vitrification procedure that was successfully applied
to V. vinifera 'Chardonnay' and 'Riesling' and V. hybrid 'Op-
penheim'. Average regrowth percentages were 48 % after
shoot tips were exposed to half-strength PVS2 at 22 °C for
30 min, then full-strength PVS2 at 0 °C for 30 min, followed
by liquid nitrogen immersion. Our results showed that the
use of a cold acclimation treatment did not significantly im-
prove the regrowth of Vitis shoot tips after cryopreservation.

The use of explants directly from the greenhouse, or
possibly even from field-grown plants, for cryopreserva-
tion would alleviate the laborious steps of in vitro culture
establishment and multiplication, thus reducing the time

Fig. 3: Histological observations in Vitis vinifera 'Riesling' shoot
tips after successive steps of cryopreservation procedure. Vertical
section of shoot tips treated with cryoprotectants (30 min at 22 °C
in half-strength PVS2 followed by full-strength PVS2 at 0 °C for
30 min), not exposed or exposed to LN, and then diluted with
1.2 M sucrose (A: without LN; B: with LN). A closer view of
apical meristem (C) and cortex cells (E) in the non-LN exposed
shoot tip from A. A closer view of apical meristem (D) and cortex
cells (F) in the LN exposed shoot tip from B. Shoot tips treated
with cryoprotectants and were either not exposed or exposed to
LN, diluted with 1.2 M sucrose and were incubated in recovery
medium for 6 d (G: without LN; H: with LN). Asterisks, regions
where plasmolysis has occurred. Black arrows represent damaged
cells. Scale Bars: A and B =50 pm, G and H =200 pm.

and increasing the efficiency of cryopreserving cultivars
in genebank collections (BETToNI ef al. 2019a,Voix et al.
2018, Biet al. 2017, TowiLL et al. 2004). Previously, Has-
saN and HaGGag (2013) reported the cryopreservation of
shoot tips from greenhouse grapevine plants of Egyptian
cultivars. These authors used shoot tips derived directly
from greenhouse-grown plants, without the incubation of
nodal sections on media to produce uniform shoot tips. We
found that shoot tips derived directly from growth chamber
plants did not exhibit uniform or repeatable responses to
cryopreservation treatments (data not shown). Our proposed
method of excising shoot tips from pre-treated nodal sections
improved the shoot tip quality and reduced the effects of
oxidation and microbial contamination.



76 J. C. BETTONI et al.

The quality of the explant source material is a key factor
for successful Vitis cryopreservation (Voik et al. 2018, Bi
etal. 2017, BETToNI et al. 2016, MaRKOVIC et al. 2014, ENGEL-
MANN 2011). In our protocol, nodal sections were harvested
from growth chamber plants, then surface sterilized and
placed on pre-treatment medium supplemented with PPM.
PPM was added during the pre-treatment and preculture steps
because contamination posed the greatest challenge to using
nodal sections from growth chamber plants. Preliminary
trials revealed that contamination could also be reduced
when nodal sections were shaken for 2 hin 5 % (v/v) PPM
solution supplemented with full-strength MS salts (no pH
adjustment), after nodal section sterilization and prior to
plating on to pre-treatment medium (data not shown).

Successful cryopreservation procedures are dependent
upon optimal pre-treatment conditions (Vork et al. 2018,
MatHEW et al. 2018). We included salicylic acid, glutathi-
one (reduced form) and ascorbic acid in the pre-treatment
medium to reduce the formation of reactive oxygen species
(ROS) during cryoprotectant and LN immersion because
oxidative damage may affect shoot tip regrowth after LN
immersion (UcHENDU et al. 2010a, JoHNSTON et al. 2007).
The positive effects of adding antioxidants and salicylic acid
to pre-treatment and preculture media during the cryopres-
ervation process have been reported with Vitis (VoLK et al.
2018, Bret al. 2018a, BETTONI ef al. 2019a, PATHIRANA et al.
2016, SHEPHERD et al. 2013) and other species (MATHEW ef al.
2018, Reep 2014, UcHENDU et al. 2010Db).

We found that experiments that used a cold acclimation
treatment (5 °C for 2 weeks) did not have higher overall
regrowth levels after cryoexposure than experiments that
did not include the cold acclimation treatment. For some
species, cold acclimation treatments improved the regrowth
and quality of regenerated plants after cryopreservation
(MaTHEW et al. 2018, PANTA et al. 2015, KUSHNARENKO ef al.
2009, Kaczmarczyk et al. 2008, CHanG and Reep 2000,
2001). This treatment step could be considered when cryo-
preserving other Fitis cultivars and/or species.

We describe a droplet-vitrification cryopreservation
technique for Vitis that makes use of shoot tips derived from
growth chamber source plants. Nodal sections were cultured
on pre-treatment medium for 2 weeks, uniform apical shoot
tips were excised and cultured on preculture medium for
3 d, then they were placed into loading solution for 20 min
followed by half-strength PVS2 for 30 min. The optimal full-
strength PVS2 exposure duration was 30 min for shoot tips
derived from growth chamber plants. Our results revealed
that shoot tips derived from growth chamber plants could not
tolerate PVS2 incubation durations that were as long as those
for shoot tips derived from in vitro source cultures (VoLk
etal. 2018; BETTONI et al. 2019a). We previously published a
droplet vitrification protocol that successfully cryopreserved
Vitis species using in vitro plants. In this work, V. vinifera cv.
'Chardonnay' had the highest regrowth percentage (43 %)
after 75 min PVS2 exposure at 0 °C (Voik et al. 2018).
Herein we demonstrate that shorter incubation times used
for the growth chamber plants were sufficient for adequate
percentages of shoot tip regrowth after LN immersion. This
may be because in vitro plants may be more hydrated and
need longer PVS2 exposures to remove the freezable water.

The high percentage of regrowth after cryoexposure sug-
gests that it may be possible to cryopreserve Vitis shoot tips
without first introducing each accession into tissue culture.

It is interesting to note that one of the cultivars included
in this work was the rootstock selection 'Oppenheim’, with
a similar genetic background as 'Kober SBB' (V. berlandieri
x V. riparia), which was shown by Ganmo et al. (2012) to
be recalcitrant to cryopreservation. Using our method, this
rootstock cultivar had regrowth percentages of 48 % after
cryoexposure.

Histological observations at the light microscope level
revealed that Vitis shoot tips isolated from growth chamber
source plants appeared to have a high degree of cellular
preservation in both the apical and lateral meristems. Sim-
ilarly highly preserved apical meristems were observed in
cryopreserved mint and citrus shoot tips (VoLk et al. 2007,
2017); however, in Vitis, we observed multiple preserved
lateral meristems within each excised shoot tip. We found
that multiple shoots elongated from each growth chamber
derived shoot tip, indicating that both the apical and lateral
shoot tips survived cryoexposure. This could increase the
capacity of shoot tip regeneration in cryopreserved Vitis
from ex vitro sources (Fig. 1F). Previous reports of Vitis
shoot tip cryopreservation using explants derived from in
vitro source plants exhibited the emergence of a single shoot
from the shoot tips, suggesting that only a single meristem
exhibited regrowth (Br1 ef al. 2018a, PATHIRANA ef al. 2016,
MARKOVIC et al. 2013).

In addition, we found that some lateral meristems devel-
oped floral buds (Fig. 1G). Although grape plants produce
fruit in the shoot that sprouts in the growth season, the
formation of the flower bud occurs over two seasons; where
the floral primordia are induced in the first vegetative year
and are then differentiated into the inflorescence (Li-MALLET
etal. 2015, VAScoNCELOs et al. 2009). Apparently, when nod-
al sections were excised from growth chamber plants, some
buds had already been induced to produce floral primordia.

Cryopreserved genebank collections require less space
and fewer resources than traditional field conservation
methods, particularly for clonally propagated crops (WaNG
et al. 2018, Bi et al. 2017, PATHIRANA et al. 2016, BETTONI
etal. 2016, BENELLI ef al. 2013, MarcoviC et al. 2013, REED
et al. 2004). To date, Vitis cryopreservation has been con-
sidered challenging due to the genotype-specific responses,
low percentages of regrowth after cryopreservation and the
difficulty in acquiring the same results as those that have
been published by other laboratories. These characteristics
have limited the implementation of grape cryopreservation
in genebanks (B1 ef al. 2017, BETTONI ef al. 2016, GANINO
et al. 2012, Bavati et al. 2011). With the application of op-
timized pre-treatment conditions, improvement of the shoot
tip quality and uniformity, and improved regrowth medium
conditions, the current challenges can be overcome.

Auvailability of a cryopreservation method for Vitis may
facilitate the use of cryotherapy methods to eradicate viruses
(Bret al. 2017, BETTONI et al. 2016). To date, 5 major Vitis
viral pathogens including Grapevine leafroll associated
virus-1 (GLRaV-1) (PATHIRANA ef al. 2015), GLRaV-2
(PATHIRANA et al. 2015), GLRaV-3 (Bi1 et al. 2018b, PatHI-
RANA et al. 2015, MarkovIC et al. 2015), Grapevine virus A
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(GVA) (Bavati et al. 2011, WaNG et al. 2003) and Grapevine

fanleafvirus (GFLV) (MarkovIC ef al. 2015) have been elim-
inated from grapevines using cryotherapy techniques. The
proposed Vitis cryopreservation procedure which makes use
of growth chamber source plants, possibly in combination
with thermotherapy, may further increase the success and
applicability of cryotherapy techniques.

Conclusion

We describe a droplet-vitrification cryopreservation
technique with high regrowth percentages for the cryopres-
ervation of Fitis that makes use of shoot tips derived from
growth chamber sourced plants. The high percentage of
regrowth that we obtained in cryopreserved shoot tips sug-
gests that it may be possible to cryopreserve Fitis shoot tips
without first introducing each accession into tissue culture.
Future work will focus on determining the applicability of
the method to additional V. vinifera cultivars and evaluating
the efficacy of using shoot tips derived from growth chamber
and field plants.
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