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Avocado genetic resources are currently maintained in the form of field repositories at great cost and risk of natural disasters, pest and diseases. 
Cryopreservation offers a necessary, complimentary method that is safe, cost-effective and long-term. Long-term maintenance and regeneration 
of plantlets from avocado somatic embryos has been a major barrier in the development of new avocado varieties due to low germination rates 
and loss of embryogenic competence.

Somatic embryo viability to different sucrose concentrations in loading solutions, the effect of Plant Vitrification Solution-2 (PVS2) incubation 
times and temperatures were optimised. Two protocols for vitrification-based cryopreservation (cryo-vial and droplet) of avocado somatic 
embryos were investigated. Globular somatic embryos of three avocado cultivars (‘A10’, ‘Reed’ and ‘Velvick’) were tested, and the ability to 
withstand cryopreservation is attributed to cultivar-dependent differences in desiccation tolerance and subsequent freezing resistance, possibly 
due to their size and culture age. Somatic embryos were stored in liquid nitrogen for 3 and 12 months. Somatic embryos were successfully 
recovered post liquid nitrogen using a rapid thawing system at 37ºC.  Higher frequencies of regrowth of somatic embryos ranging from 75 
-100% were obtained on MMSE after 5-10 weeks. Mature somatic embryos selected from MMSE plates were regenerated using a two-step 
regeneration system (Encina et al 2014).  The system developed for storing and regenerating avocado somatic embryos for multiple cultivars will 
add considerable value towards cryopreservation of avocado germplasm as well as the generation of new and improved avocado varieties.
Keywords: Droplet-vitrification, Loading solution, PVS2, Germplasm. 

INTRODUCTION
Avocado genetic resources across the globe are currently being maintained ex situ in field repositories. This allows researchers to physically 
evaluate and characterise the accessions for various phenotypic and genotypic parameters of importance to growers (Barrientos-Priego et al., 
1992; Benz, 2012).  Countries including the USA, Mexico, Israel and New Zealand have dedicated land-leased repositories to maintain avocado 
germplasm (Lopez et al., 1994; Ben Ya’acov et al., 2003; Ayala-Silva et al., 2004).  However, these repositories are exposed to natural disasters and 
always at the risk of abiotic and biotic stresses (Barrientos-Priego et al., 1992). The recent threat posed by Laurel Wilt to the avocado germplasm 
in the USA is a glaring example (FDACS, 2012). Wild avocado germplasm resources are also under threat due to deforestation; and according 
to some predictions we have already lost 40% of the forest cover in developing countries (Barrientos-Priego, 1999; Panis and Lambardi, 2005; 
Ayala-Silva et al. 2004).  Even under the best of circumstances, field repositories require considerable inputs in the form of land, labour and 
management. Consequently, many countries including Australia lack the capacity to maintain their own collections.  This exemplifies the urgent 
need for a long-term germplasm conservation method that is not exposed to the vagaries of climate change, disease or pest incursions (Barrientos-
Priego, 1999; Ben-Ya’Acrov and Barrientos, 2003).

Cryopreservation, that is storage at ultra low temperature (liquid nitrogen, −196oC), offers a more cost-effective and environmentally friendly 
alternative to field collections; greatly reducing the space required to store thousands of accessions and providing long-term storage of clean, 
disease-free material. To date, cryopreservation has been applied successfully to almost 40 different species of crop, fruit and forest trees (coffee, 
apple, dates, citrus etc.) by the use of somatic embryos (SE) (Engelmann, 2011).  However, only few studies have focused on the cryopreservation 
of avocado SE due to the loss of morphogenic competence of SE in as little as 3–4 months after induction, depending on cultivar (Witjaksono 
and Litz, 1999) and their incomplete maturation i.e. SE are unable to display bipolar regeneration (Ammirato, 1987).  Work from our laboratory 
has described an in vitro regeneration protocol for SE of avocado using a two-step system supplemented with glutamine.  For cultivar ‘Reed’, 
the two-step culture system resulted in the total regeneration of 58.5% and plant/shoot recovery of 36.7%; significantly higher than any other 
treatment investigated to date (Encina et al. 2014).

Efendi (2003) described the effect of cryogenic storage on five avocado cultivars (‘Booth 7’, ‘Hass’, ‘Suardia’, ‘Fuerte’, and ‘T362’) using two 
protocols, controlled-rate freezing and classical vitrification.  For controlled-rate freezing, three out of five embryogenic cultivars were successfully 
cryopreserved, with a recovery of 53 – 80 %.  Using classical vitrification, cultivar ‘Suardia’ showed 62 % recovery whereas ‘Fuerte’ had only a 5 
% recovery.  The ‘droplet-vitrification’ method is a new and highly valuable procedure with promising results, more than 300 and 540 accessions 
of potato and Musa, respectively, are successfully cryopreserved (Sakai and Engelmann, 2007; Kim et al. 2009).Guzmán-García et al., (2012) had 
promising results using droplet-vitrification on two ‘Duke-7’ embryogenic cell lines, with 77.78 – 100 % recovery.

 In this paper we demonstrate for the first time two cryopreservation protocols (cryovial and droplet vitrification) for the conservation of avocado 
SE that can be applied to multiple cultivars through the optimization of loading sucrose concentrations and PVS2 temperature and times. 
Furthermore, cryopreservation of SE will aid in the usage of avocado SE as research material for genetic improvement.
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MATERIALS AND METHODS

Plant materials 
Avocado (Persea americana) cultivars ‘A10’, ‘Reed’ and ‘Velvick’ were used in this study. ‘A10’ is a hybrid cross between Mexican and Guatemalan 
trees.  ‘Reed’ was introduced in 1960 from a chance seedling that was planted in 1948. It belongs to the Guatemalan race which evolved in upland 
mountain cloud forests. ‘Velvick’ belongs to the Mexican race which is both ‘tropical highland’ and borderline ‘cool subtropical’ in adaptation.  

Induction of embryogenic cultures 
Embryogenic cultures were induced from immature zygotic embryos. Immature fruits of avocado (5 – 15 mm in size) were surface-sterilised in 2 % 
sodium hypochlorite solution supplemented with 500 μL/L of Tween® 20 (Sigma-Aldrich, Missouri, USA) for 20 min. The sodium hypochlorite 
solution was then drained and fruits were rinsed three times with sterile deionised water in a laminar flow cabinet. These fruits were bisected 
longitudinally to extract the zygotic embryos. Zygotic embryos were placed in 90 x 15 mm Petri dishes containing solid B5P induction medium 
(Witjaksono and Litz, 1999). Petri dishes were sealed with Parafilm® (Pechiney, Illinois, USA) and cultures were maintained in the dark at 27 ± 1 °C.

Maintenance of embryogenic culture 
SE generated were transferred to Petri dishes (90 x 15 mm) containing 30 – 40 mL of mango somatic embryo medium (MMSE) which consisted 
of Gamborg’s B5 major salts (Gamborg et al., 1968), MS minor salts, MS vitamins and MS Fe-EDTA (Murashige and Skoog, 1962), 0.4 g/L 
glutamine, 0.5 mg/L 2, 4-dichlorophenoxyacetic acid, 100 mL/L coconut water, 60 g/L sucrose and 2.5 g/L gellan gum (Gelrite® Merck) pH 
5.7 (Pateña et al., 2002). Plates were sealed with Parafilm® and the cultures were maintained as previously described and subcultured every 4 – 5 
weeks. 

Culture conditions 
Approximately 100 mg of globular SE that were actively multiplying after 3-4 weeks of subculture were used in all cryopreservation experiments. 
The pH of all culture media and cryoprotective solutions was adjusted to 5.7 prior to autoclaving at 121 °C for 15 min. The only exception was 
in the case of plant vitrification solution 2 (PVS2) which was filter-sterilised using a 0.22 μm filter. SE were submerged in liquid nitrogen (LN) 
for 60 min for all experiments.

Pre-treatment of SE 
Before cryopreservation techniques could be compared, the effect of sucrose pre-treatment on SE was trialled with ‘A10’, ‘Reed’ and ‘Velvick.’ SE 
were incubated at 25 ± 1 °C for 0, 10, 20, 40, 60 or 90 min in various loading solutions (LS) containing 2 M glycerol and sucrose concentrations of 
0, 0.2, 0.4, 0.6, 0.8, 1 or 1.2 M. SE were then transferred to MMSE medium in clumps of 5 and grown as previously described and replicated twice.

Cryovial-vitrification of SE using PVS2 
i) The first series of cryovial-vitrification experiments were based on the procedures developed by Guzmán-García et al. (2012). SE of each 
cultivar were incubated at room temperature for 20 min in LS containing 2 M glycerol + 0.4 M sucrose. LS was then replaced by PVS2 at 0 ± 
1 °C and incubated for either 30 or 60 min. Before the completion of PVS2 dehydrated SE were transferred into 2 mL cryovials (100 mg SE 
per cryovial) containing 1 mL of fresh ice-cold PVS2 and after incubation were plunged directly in LN. After cryopreservation, cryovials were 
thawed in a water bath at 37 ± 1 °C for 80 sec. PVS2 was replaced by unloading solution (MMSE liquid + 1.2 M sucrose) and incubated for 30 
min. Subsequently, SE were transferred to MMSE medium in clumps of 5 per plate and placed in the dark as previously described. Samples were 
taken at each stage i.e. 1) untreated SE, 2) LS + PVS2 – LN and 3) LS + PVS2 + LN in order to determine viability and replicated three times. 
ii) A second series of experiments was conducted as above and replicated three times using the cryovial-vitrification method but with LS 
containing 0.6 M sucrose for ‘Reed’; 0.2 and 0.8 M sucrose for ‘A10’ and ‘Velvick’ respectively.

Droplet-vitrification of SE using PVS2 
Droplet-vitrification was also based on the protocol by Guzmán-García et al. (2012). SE were first incubated in LS containing 2 M glycerol + 0.2 
M sucrose at room temperature for 20 min. After removal of LS, dehydrated SE in PVS2 at 0 ± 1 °C for 60 min. 10 min before the completion 
of PVS2 incubation, dehydrated SE were placed individually into a 15 μL droplet of pre-chilled PVS2 on sterile aluminium foil strips (35 x 25 
mm). These manipulations were carried out on top of a cooling block and the aluminium strip and SE were placed into a 2 mL cryovial before 
being plunged directly into LN. For thawing, 1 mL of 37 ± 1 °C unloading solution (MMSE liquid + 1.2 M sucrose) was added to the cryovial 
before the strip and SE were poured into Petri dishes containing 15 mL of the same unloading solution. SE were left in unloading solution for 30 
min before being plated in the same manner as described for the cryovial-vitrification experiment.  Samples were taken at each stage in order to 
determine viability. All experiments were plated on MMSE media in clumps of 5 and grown in the dark as previously described and replicated 
three times.

Assessment of viability 
Cryopreserved SE were plated onto MMSE medium to encourage new growth. For cryovial and droplet-vitrification experiments, cryopreserved 
SE were divided into 5 clumps (approximately 100 mg per clump) on each Petri dish. Embryo viability was recorded and expressed as percentage 
viability. Viability corresponds to any manifestation of growth of SE and percentage viability was calculated as the percent of proliferating clumps 
out of the total number of clumps. 

Long-term cryopreservation storage 
Based on the most successful cryopreservation storage method, SE for the relevant cultivars was setup for long-term storage with assessment at 
the 3 and 12 months storage. SE will be assessed as previously described.
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RESULTS AND DISCUSSION

Cryovial-vitrification of SE using PVS2
SE of ‘A10’, ‘Reed’ and ‘Velvick’ were first cryopreserved using the method described by Guzmán-García et al. (2012).  The untreated SE of all 
cultivars demonstrated 100 % viability. For the LS + PVS2 – LN controls ‘Reed’ and ‘Velvick’ SE resulted in high viability (80 - 93 %) however 
no viability was recorded for ‘A10’.  No viability was also recorded for SE of ‘A10’ or ‘Reed’ after LN treatment.  However for ‘Velvick’ a viability 
of 32-48% was recorded after LN.

SE of ‘A10’, ‘Reed’, and ‘Velvick’ were trialled with the optimized LS sucrose concentrations and times from the pre-treatment experiment.  For 
‘A10’and ‘Velvick’ a LS with a sucrose concentration of 0.2 and 0.8 M was used and for ‘Reed’ 0.6 M was selected. SE were treated in the varying 
LS + PVS2 at 0 ± 1 °C - LN and 100 % viability was observed for all cultivars. Viable SE of all three cultivars was recorded after LN treatment. 
‘A10’ showed a viability of 82% (0.2 M) or 91% (0.8 M).  The same high viability was recorded for ‘Velvick’ at either sucrose concentration ie. 0.2 
M (80 %) and 0.8 M (86 %).   For ‘Reed’ SE a viability of 71% was recorded.  

Droplet-vitrification of SE using PVS2 
SE of ‘A10’, ‘Reed’and ‘Velvick’  were used in the first droplet-vitrification experiment following the method described by Guzmán-García et al. 
(2012). All untreated controls displayed 100 % viability.  For ‘Reed’ and ‘Velvick’ SE treated with LS + PVS2 – LN 80 % of SE remained viable, 
whereas the same treatment for ‘A10’ SE resulted in 0 % viability.  All three cultivars treated with LS + PVS2 + LN recorded 0 % viability. SE of 
‘A10’, ‘Reed’, and ‘Velvick’ were trialled with the optimized LS sucrose concentrations and times from the pre-treatment experiment. For ‘A10’, 
‘Reed’ and ‘Velvick’ a LS with a sucrose concentration of 0.2 M was selected.  	

SE of ‘A10’, ‘Reed’ and ‘Velvick’ all showed high viability (98 – 100 %) in the treatment LS + PVS2 – LN.  When SE were treated with LS + PVS2 
+ LN high viability was recorded for ‘A10’ (100 %) and ‘Reed’ (85 %) however only (45 %) of ‘Velvick’ SE could be recovered after LN storage.  

Long-term cryopreservation storage 
SE of ‘A10’, ‘Reed’ and ‘Velvick’ were successfully recovered after 3 months storage in LN using the best treatments for the cryovial and droplet-
vitrification treatments.  ‘Reed’ and ‘Velvick’ SE were the only cultivars tested for 12 months LN storage due to the time it took to optimize 
protocols. SE of ‘Reed’ and ‘Velvick’ were successfully recovered after 12 months storage using the cryovial treatment.  

CONCLUSIONS
To date, this is the first report on the application of the cryovial and droplet vitrification methods for cryopreservation of multiple avocado 
cultivars.  These findings demonstrated the feasibility of long-term storage in LN for avocado SE.  The two-step regeneration system (Encina 
et al., 2014) involving the transfer of white opaque SE to a liquid medium as an intermediate step for inducing germination can be applied to 
white SE as they become available. This work contributes towards the establishment of a standard cryopreservation protocol for avocado species. 
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