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Abstract: Coffee (Coffea spp.) is an important tropical agricultural crop that has significant economic
and social importance in the world. The ex situ conservation of plant genetic resources through seeds
is not feasible due to the sensitivity of coffee seed to desiccation and low temperatures. The cryop-
reservation of zygotic embryos may allow for an efficient and long-term storage of coffee germplasm.
This study describes the cryopreservation methods for conserving zygotic embryos of Coffea arabica L.
for the long-term conservation of currently available germplasm. Zygotic embryos were successfully
cryopreserved in liquid nitrogen at −196 ◦C under controlled environmental conditions with either
droplet-vitrification or encapsulation–vitrification protocols without dehydration. Zygotic embryos
had the highest regrowth (100%) following droplet-vitrification cryopreservation using the Plant Vit-
rification Solution 3 (PVS3) for 40 min at 23 ◦C. In the case of encapsulation–vitrification using PVS3
for 40 min at 23 ◦C, the embryo regeneration response was 78%. Plantlets were recovered following
shoot multiplication using a temporary immersion system (TIS) and in vitro rooting. The prolific
rooting of shoots was observed after 4 weeks of culture in the liquid medium with plugs made of
the inert substrate Oasis® in vitro Express (IVE) compared to the semi-solid medium. The successful
cryopreservation of coffee zygotic embryos using droplet vitrification and encapsulation–vitrification
followed by micropropagation in temporary immersion culture system has not been reported earlier
and together these technologies are anticipated to further facilitate the initiatives for the conservation
and distribution of coffee germplasm.

Keywords: coffee seed; zygotic embryo; cryopreservation; droplet vitrification; encapsulation–
vitrification; micropropagation; rocker culture system; acclimatization

1. Introduction

Coffee (Coffea spp.) plays an important economic role worldwide, as it represents a
major source of foreign income in about 80 coffee-producing countries [1]. Global coffee
production reached 163.7 million 60 kg bags as of 2019/2020 (https://www.statista.com/
statistics/263311/worldwide-production-of-coffee/ (accessed on 10 September 2021). The
majority of the world’s coffee, around 80%, is produced by Brazil, Colombia, and Costa
Rica [2,3]. In Cuba, the coffee crop constitutes a priority in the agricultural sector because
of its status as a preferred beverage of consumption and the high economic significance of
the crop for export revenue [4].

The traditional varieties of C. arabica in Latin America are mostly propagated by seed,
and the vegetative propagation is less frequently used [5]. These varieties typically have
a very narrow genetic base, since they are derived from genealogical selections based on
very few individuals [2]. C. arabica is predominantly self-pollinated and thus, the progenies
arising from the seeds are very uniform [6]. Therefore, seeds are considered a good starting
material in the in vitro establishment and propagation of this species [7]. However, the
seed viability of C. arabica decreases rapidly after 4–6 months at ambient temperatures [8],
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and the loss of germination during storage is one of the major issues for the propagation
and conservation of coffee genetic resources [9]. The coffee seeds are cold-sensitive, and
desiccation does not improve their longevity [10]. However, zygotic embryos culture is an
effective way to recover the plant material from the seeds with low viability in storage [9].

Cryopreservation, the storage of living explants at cryogenic temperatures (below
−140 ◦C), is a complementary alternative to ex situ germplasm collection, which enables
plant genetic resources to be conserved long term, safely, and cost effectively, with minimal
requirements of space and routine maintenance [11–14]. Moreover, cryopreservation
eliminates the need of regular seed collection and renewal, thus reducing the risk of genetic
erosion caused by pests, diseases, weather conditions, pollution, and genetic variations [15].

Several studies have been reported for coffee zygotic embryo cryopreservation with
varying results. Abdelnour et al. reported a 41.6 to 95.8% survival rate for zygotic embryos
after the desiccation cryopreservation of three Coffea genotypes following dehydration
for 30 min [16]. Higher zygotic embryo germination (98%) was found after dehydration
in silica gel for 1 h to achieve 23% moisture content followed by cryopreservation [17].
However, a very low germination (3.3%) of C. arabica zygotic embryos was reported by
Martinez et al. [18]. The germination percentage in the range of 30–66% was observed in
two separate studies of the cryopreservation of C. canephora and C. arabica zygotic embryos
with the vitrification method, using Plant Vitrification Solution 2 (PVS2) and Plant Vitrifica-
tion Solution 3 (PVS3) [19,20]. Similarly, de Freitas et al. reported a successful vitrification
protocol for the zygotic embryo of C. arabica with higher germination percentage (90%) after
dehydration with PVS2 for 100 min at 0 ◦C followed by liquid nitrogen (LN) treatment [21].

Vitrification has the advantage of allowing the explant freezing within a short period
and requires a precise control of the duration of dehydration. Therefore, it may limit the
treatment of a large number of samples [22–25]. However, it has been possible to overcome
this issue in recent methods of plant cryopreservation using V-cryoplates [26].

Several stress-related factors are associated with the cryoinjury, which occurs during
the treatment with liquid nitrogen due to the failure of tissues in tolerating the extreme
conditions of dehydration and temperature [27]. The adverse effects of dehydration and
oxidation may be minimized by incorporating antioxidants in cryopreservation protocols.
Many antioxidants have been found to improve the recovery of cryopreserved plant
tissues [22,28–31]. Antioxidant application is considered a potential protective measure for
minimizing cell damage at low temperatures presumably by modulating the physiological
and biological properties of the membranes and the cytoplasm [32].

The main objective of the present study was to evaluate the droplet-vitrification
and encapsulation–vitrification methods for the cryopreservation of zygotic embryos of
C. arabica L. We examined the effect of PVS3 exposure time and temperature during droplet-
vitrification protocol. In addition, we evaluated the effect of the addition of melatonin
during the preculture and regrowth stages in the encapsulation–vitrification-based cryop-
reservation method. An additional objective of this study was to develop an efficient micro-
propagation technique for shoot multiplication and in vitro rooting using the rocker-based
temporary immersion system for the propagation of plants from cryopreserved tissues.

2. Materials and Methods
2.1. Plant Material

Coffea arabica L. mature fruits were obtained from the greenhouse of the Edmund
C. Bovey building, Department of Plant Agriculture, University of Guelph, Guelph, ON,
Canada. The fruits were placed in closed paper bags for five days to remove the pericarp,
mesocarp, and endocarp. The seed moisture content (MC) was measured according to the
formula MC = (Fw − Dw/Fw)×100, where Fw is the fresh weight of 30 seeds and Dw is
the dry weight of 30 seeds after desiccation at 100 ◦C for 48 h in an oven. The seeds were
surface sterilized with 2.4% (v/v) commercial bleach (Clorox; 5.4% sodium hypochlorite)
for 90 min followed by three rinses in sterile-distilled water, each rinse lasting 3 min.
Sterilized seeds were transferred to a 125 mL Erlenmeyer flask containing 0.5% boric acid
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solution and kept on a rotary shaker (150 rpm, Thermo Fisher Scientific, Ottawa, Canada)
under standard growth room condition for 72 h. All cultures were kept in the culture room
at 23 ± 2 ◦C under a 16/8 h photoperiod provided by cool white florescent lamps (Osram
Sylvania, Mississauga, ON, Canada) at a light intensity of 40 µmolm−2 s−1. Seeds were
rinsed with sterile distilled water and embryo extracted from the seeds in sterile conditions
(Figure 1A). Extracted embryos were placed in Petri dishes (60 mm × 15 mm) containing
10 mL of semi-solid germination medium consisting of MS (Murashige and Skoog) [33]
basal salts with vitamins (Phytotechnology Laboratory, Shawnee Mission, KS), 3% (w/v)
sucrose, and 2.2 gL−1 Phytagel (Sigma-Aldrich, Oakville, Canada). The pH was adjusted
to 5.75 using 0.1 N NaOH or HCL prior to autoclaving at 121 ◦C and 118 kPa for 20 min.
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Figure 1. In vitro germination of coffee (C. arabica L.) seed and embryos. Sterilized seed (A) were
used to extract the zygotic embryo (B) for encapsulation–vitrification (C) and droplet-vitrification
cryopreservation (D) methods. Zygotic embryo survived after cryopreservation using droplet-
vitrification protocol (E) and shoots developed after 3 weeks (F). Zygotic embryos cryopreserved by
encapsulation–vitrification survived and continued to grow after 3 weeks of cryopreservation in both
melatonin-rich medium (G) and control medium (H).

2.2. Encapsulation–Vitrification

All cryoprotectant solutions used in different steps of the protocols were prepared in
liquid MS medium (salts and vitamins, pH 5.7) and sterilized by vacuum filtration through
0.2 µm filters (Nalgene™, ThermoFisher Scientific®, Burlington, ON, Canada). All the
chemicals used in the present study were purchased from Sigma-Aldrich®, Oakville, ON,
Canada, unless otherwise mentioned.

Embryos cultured on the germination medium for 24 h were used for encapsulation
according to the protocol described by Dereuddre et al. [34]. Briefly, the zygotic embryos
were suspended in 3% sodium alginate (Sigma-Aldrich, Oakville, ON, Canada) in liquid
MS medium without calcium salt at pH 5.7. Alginate droplets, each containing one explant,
were transferred into MS medium with 100 mM CaCl2 solution (pH 5.7) using a wide
mouth, 10 mL serological pipette (CorningTM, Thermo Fisher Scientific, Ottawa, ON,
Canada) and left for 20 min at room temperature with gentle agitation to form beads that
were ca. 4 mm in diameter (Figure 1C) [35]. Beads were desiccated over a filter paper
for 30 min in sterile conditions using the laminar flow cabinet. Then, the beads were
precultured in 0.3 M sucrose solution for 18 h and transferred into loading solution (2.0 M
glycerol + 0.4 M sucrose) for 25 min at room temperature [36]. Afterwards, the beads were
suspended in the Plant Vitrification Solution 3 (PVS3) for 45 min at room temperature on a
rotary shaker (90 rpm). The PVS3 consisted of 50% glycerol + 50% sucrose (w/v) in basal
culture medium [36]. For cryopreservation, the beads were placed in 2 mL cryovials filled
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with 1 mL fresh PVS3 solution. Cryovials were sealed and quickly immersed in liquid
nitrogen (LN) for 1 h and rewarmed in a 40 ◦C water bath for 2 min. Rewarmed beads were
transferred to unloading solution containing liquid MS medium with 1.2 M sucrose for
20 min and placed on germination medium for regrowth. Embryos in beads not exposed
to LN were also directly immersed in unloading solution, placed on germination medium,
and considered as the control. After cryopreservation, the embryos were placed on semi-
solid basal medium as described earlier and kept in the dark at 23 ± 2 ◦C (Figure 1B).
After seven days of cryopreservation, the embryos were sub-cultured on the MS basal
medium supplemented with 2.2 µM 6-Benzylaminopurine (BA), 0.3 µM Naphthaleneacetic
acid (NAA), 1.0 µM Gibberellic acid (GA3), 3% (w/v) sucrose, and 2.2 gL−1 Phytagel.
Culture growth room conditions were same as described above. Further treatments for the
optimization of cryopreservation techniques included (i) changing the preculture step by
the desiccation of the beads for 16 h in capped Petri dishes and (ii) skipping the 30 min
desiccation over filter paper and changing the preculture step with the desiccation of the
beads for 15 h in the Petri dish. All materials were cultured in darkness for the initial
five days after rewarming and then were moved to low light (5 ± 2 µmolm−2 s−1). The
germination percentage was evaluated after seven days of inoculation on the medium.
Germinated embryos became turgid and turned green. The embryos that continued growth
and development for 3 weeks were included in the determination of “regrowth”.

An experiment was conducted with 10 µM melatonin in the preculture and postcry-
oculture medium to evaluate the advantage of its antioxidant properties in improving the
survival and regrowth of the zygotic embryo. Embryos were cultured on the MS basal
medium containing 10 µM melatonin (pH 5.7) for 24 h before encapsulation and then
washed with MS liquid basal medium containing 10 µM melatonin for 3 min. The embryos
encapsulated as described above were desiccated for 30 and 60 min before suspending
them in the liquid preculture medium containing 0.5 M sucrose for 18 h. All embryos from
the cryopreservation and non-cryopreservation treatments were cultured on the medium
with and without 10 µM melatonin following the same protocol of encapsulation cryop-
reservation as described above. Embryos cultured without melatonin were considered as
the control for preculture and postcryoculture treatments with melatonin.

After cryopreservation, the embryos were placed on semi-solid basal medium as
described earlier and kept in the dark at 23 ± 2 ◦C (Figure 1B). After seven days of
cryopreservation, the embryos were sub-cultured on MS basal medium supplemented
with 2.2 µM 6-benzylaminopurine (BA), 0.3 µM naphthaleneacetic acid (NAA), 1.0 µM
gibberellic acid (GA3), 3% (w/v) sucrose, and 2.2 gL−1 Phytagel and kept in the culture
growth room as described above.

2.3. Droplet Vitrification

Extracted embryos were placed on the germination medium for 24 h and kept in
the dark at 23 ± 2 ◦C. Before conducting cryopreservation experiments, different steps
of the protocol (preculture, osmoprotection, and dehydration) were evaluated without
freezing the samples in LN. The standard conditions followed were according to Nishizawa
et al. [36] and included preculture (0.3 M sucrose for 18 h), osmoprotection (2.0 M glycerol
+ 0.4 M sucrose at 23 ± 2 ◦C for 20 min), and vitrification (PVS3 with 50% glycerol +50%
sucrose (w/v) at 23 ± 2 ◦C for 40 min). The zygotic embryos were kept on a rotary shaker
(90 rpm, ThermoFisher Scientific) between the steps involved in cryopreservation. After
the vitrification step, the embryos were placed in individual drops of PVS3 solution on the
aluminum foil strips (6 × 30 mm; Western Plastics, Mississauga, ON, Canada) (Figure 1D).
Foil strips with embryos were quickly immersed in LN for at least 1 h. Based on the
preliminary results of the experiment with PVS3 at 40 min, the embryos were exposed in
PVS3 for 30, 40, and 50 min at 4 ◦C and 23 ◦C to optimize the exposure time.

For rewarming, the foil strips were plunged into preheated (40 ± 1 ◦C) 1.2 M sucrose
solution for 30 s, after which an equivalent volume of unloading solution was added
at room temperature. Foils were removed with forceps, and the zygotic embryos were
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kept in the unloading solution for 20 min on a rotary shaker (90 rpm). Zygotic embryos
not exposed to LN were also directly immersed in unloading solution and considered
as the control. Then, the zygotic embryos were dried on a sterile filter paper, plated on
the germination medium, and kept in the dark for 72 h in the culture room at 23 ± 2 ◦C.
Later, the embryo cultures were transferred to standard growth conditions as described
above. The zygotic embryos that became turgid and green after seven days were counted as
germinated and those that continued growth and development for 3 weeks were counted
as the embryos showing regrowth.

2.4. Shoot Multiplication, In Vitro Rooting, and Acclimatization

The rocker-based Temporary Immersion System (TIS; Culture shift; VRE System,
Grassie, ON, Canada) was used for shoot multiplication and rooting experiments. This
rocker is programmable for controlling the immersion interval as well as the rocking speed
with a separate timer for the controlling light duration [37].

Seedlings developed from the cryopreserved zygotic embryos were multiplied to
increase the number of shoots by sub-culturing 10–15 shoot explants per bioreactor vessel
containing 50 mL of the liquid medium [38]. The multiplication medium consisted of
MS basal medium supplemented with 2.2 µM BA, 0.3 µM NAA, 1.0 µM GA3, and 3%
(w/v) sucrose with a pH of 5.7. Liquid cultures were placed on the TIS with an immersion
interval of 25 S and a 7 S transfer time in between the two immersion periods. Plantlets
were grown under cool white fluorescent lamps (EiKO®, Barrie, ON, Canada) with an
intensity of 40–60 µmolm−2 s−1 at 22 ◦C with a 16/8 h photoperiod. After 5 weeks, shoots
were sub-cultured into fresh bioreactor vessels each containing 50 mL of multiplication
medium. Explant cultures were sub-cultured at 5-week intervals until enough shoots were
produced for the in vitro rooting experiments.

The in vitro rooting efficiency of micropropagated coffee shoots was evaluated using
liquid rooting medium with Oasis® IVE foam (Oasis® Grower Solutions, Kent, OH, USA)
using the TIS and the semi-solid medium (2.2 gL−1 Phytagel) as the control. The rooting
medium (pH 5.7) consisted of 3% sucrose, 1/2 strength MS salts with vitamins, and 20 µM
IBA. The bioreactor vessels with Oasis® IVE foam contained 250 mL of the rooting medium,
and the same volume was used for the semi-solid medium.

Rooted plantlets were transplanted into cell trays (4 × 10) filled with Sunshine profes-
sional growing medium #4 (Sun Gro Horticulture Canada Ltd., Brantford, ON, Canada).
Plantlets were initially acclimatized in the mist bed at 24 ◦C for 16 h light and 20 ◦C for
8 h darkness, with 85% humidity for two weeks and later transferred to the greenhouse at
24 ◦C for 16 h light and 20 ◦C for 8 h darkness with light intensity at 110 µmolm−2 s−1. The
survival rate (surviving plants/total rooted plants) was recorded after 4 weeks of growth
in the greenhouse.

2.5. Differential Scanning Calorimetry (DSC) Analysis

The differential scanning calorimetry technique was used to identify and quantify the
events of crystallization and vitreous transition in cryopreservation. The phase transitions
in zygotic embryos of coffee were investigated using the differential scanning calorimeter
(DSC, Mettler Toledo, Leicester, UK), calibrated with zinc (422.81 ◦C, 115.57 Jg−1) and
indium (156.85 ◦C, 29.03 Jg−1) standards. Zygotic embryos were sealed in 40 µL aluminum
pans. Samples were placed in the DSC at 22 ◦C and cooled at a rate of −10 ◦C min−1 to
−80 ◦C, at which point the sample was held isothermally for 5 min before rewarming to
25 ◦C at a rate of 10 ◦C min−1. The samples tested included (i) control zygotic embryos
without any treatment, (ii) zygotic embryos precultured in 0.3 M sucrose for 18 h, (iii)
zygotic embryos precultured in 0.3 M sucrose for 18 h and exposed to LS for 20 min, and
(iv) zygotic embryos precultured in 0.3 M sucrose for 18 h and exposed to LS for 20 min
followed by PVS3 for 40 min. Each treatment was replicated three times. Thermograms
were analyzed using STARe thermal analysis software (Mettler Toledo, Leicester, UK).
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2.6. Statistical Analysis

Experiments were performed in three independent replications with each replication
consisting of 10 to 30 zygotic embryos. Results were expressed as a proportion of germi-
nated zygotic embryos/preserved zygotic embryos, and data were analyzed by proportion
comparison analysis, using the program SPSS V. 21.0 (IBM Canada Ltd., Markham, ON,
Canada). Figures present proportion values with Standard Error of the proportion. Values
followed by different letters are significantly different at p < 0.05.

3. Results
3.1. Zygotic Embryo Culture

The viability of coffee zygotic embryos was tested through the germination of intact
seeds and extracted zygotic embryos. Surface-sterilized coffee seeds and the extracted
zygotic embryos showed no contamination on the culture medium, indicating the efficiency
of the sterilization method. Both the seeds with 40% moisture content and the extracted
zygotic embryos showed 100% germination (Figure 1A,B).

3.2. Cryopreservation Using Encapsulation–Vitrification

The germination percentage of the embryo after cryopreservation (+LN) by
encapsulation–vitrification following 30 and 60 min desiccation over a filter paper in
the laminar flow cabinet was 83 and 79%, respectively (Figure 2). However, the difference
for germination percentage over the desiccation period was not significant. The addition
of melatonin in the preculture and postcryoculture steps did not increase the germina-
tion percentage of cryopreserved zygotic embryos in both desiccation exposure times
(Figure 2). The addition of melatonin in the preculture and postcryoculture was not found
to be beneficial in promoting germination percentage (54–55%) after cryopreservation with
both desiccation exposure times. However, healthier growth and root development were
observed in the seedlings recovered following the cryopreservation treatment of zygotic
embryos cultured on the melatonin-supplemented medium compared to the control treat-
ment (Figure 1G–H). The values for the regrowth of zygotic embryos after 3 weeks of
cryopreservation treatment corresponded with the values of germination, since zygotic
embryos that survived continued further development.

3.3. Cryopreservation Using Droplet Vitrification

Embryos not stored in LN that were treated with all of the solutions used showed 100%
germination, regardless of their immersion time in PVS3 at room temperature. Droplet-
vitrification cryopreserved embryos showed 100% germination after dehydration with
PVS3 for 30, 40, and 50 min at 23 ◦C followed by LN exposure (Figure 1E). However, the
differences with PVS3 exposure time (30, 40, and 50 min) were found to be non-significant
for the germination of zygotic embryos after cryopreservation at 23 ◦C (Figure 3). The
highest percentage of embryo germination (60%) was observed after dehydration in PVS3
for 40 min at 4 ◦C followed by LN treatment compared to 30 as well as 50 min exposure
treatments at 4 ◦C. For controls (-LN), the highest germination percentage (75%) was
observed when embryos were exposed to PVS3 for 50 min at 4 ◦C (Figure 3). The results
for different PVS3 exposure at 4 ◦C during the cryopreservation of zygotic embryos did
not show higher germination using the droplet-vitrification method as well as in control
treatment compared to the treatment at 23 ◦C. All the zygotic embryos that survived after
3 weeks of cryopreservation treatment continued further development and were able to
produce healthy seedlings (Figure 1F).
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Figure 2. Germination of coffee (C. arabica L.) zygotic embryos after encapsulation–vitrification
with desiccation for 30 or 60 min over filter paper in the laminar flow cabinet, with preculture and
postcryoculture on the medium containing melatonin (10 µM). Results are presented as percentages
of germination of cryopreserved zygotic embryos (LN) and non-cryopreserved zygotic embryos
(LNC). Data with different letters indicate significant difference at p < 0.05.
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Figure 3. Germination of coffee (C. arabica L.) zygotic embryos after droplet vitrification with 30,
40, or 50 min in Plant Vitrification Solution 3 (PVS3) at 4 ◦C and 23 ◦C. Results are presented as the
percentage of germination of cryopreserved zygotic embryos (LN) and non-cryopreserved zygotic
embryos (LNC). Data with different letters indicate significant differences at p < 0.05.
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3.4. Differential Scanning Calorimetry

The DSC analysis confirmed the absence of ice crystallization in the coffee zygotic
embryos during cryopreservation by the droplet-vitrification method, which showed
100% germination (Figure 4). Thermograms were interpreted for critical cryopreservation
parameters such as crystallization and melting during onset temperatures. Exothermal
and endothermal peaks were observed in zygotic embryos without any treatment (con-
trol), with preculture treatment and with loading treatments indicating ice crystalliza-
tion during cooling and ice melting during rewarming. However, no crystallization or
melting events were detected when zygotic embryos were treated with PVS3 for 40 min
(Figure 4). These studies showed that the PVS3 exposure for 40 min was optimal for zygotic
embryo cryopreservation.
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treatment with loading solution, and three samples after treatment with Plant Vitrification Solution 3
(PVS 3) for 40 min.

3.5. Shoot Multiplication and Acclimatization

In liquid TIS, shoots multiplied with good shoot growth compared to semi-solid
medium using the same multiplication medium (Figure 5A–C). The multiplication rate was
significantly higher in liquid TIS (4.2 shoot per explant) compared to semi-solid medium
(1.3 shoots per explant). Shoots grown in TIS were significantly longer than those in semi-
solid medium. Leaves of shoots from liquid medium were larger and darker green in
color compared to those from shoots grown on the semi-solid medium. The results of root
initiation experiments showed that 90% of the shoots developed roots in the liquid medium
with half-strength MS basal salt mixture containing 20 µM IBA (Figure 5D–G). All shoots
showed two to three primary roots with an average root length of 5.5 cm after 6 weeks
(Figure 5G). Shoots cultured in the semi-solid medium did not develop roots until 4 weeks,
and only 15% of the shoots were observed to have roots in the sixth week. After two weeks
of acclimatization in the mist bed, rooted plantlets transplanted in the greenhouse showed
a survival rate of 95% after one month of growth in ex vitro conditions (Figure 5H,I).
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Figure 5. Shoot multiplication and plant development from cryopreserved zygotic embryos of coffee
(C. arabica L.). Cryopreserved embryos were cultured on shoot development medium and 6-week-old
shoots (A) were transferred to a liquid-based temporary immersion system. Shoot multiplication was
observed after 8 weeks (top view (B) and side view (C)) in the bioreactor vessel. Single shoots were
transferred to rooting medium using Oasis® IVE foam placed into the TIS (D) and on the semi-solid
medium (E). Six-week-old rooted shoots (F,G) were transferred to the greenhouse for acclimatization
and observed for plant growth after one (H) and three months (I).

4. Discussion

The objective of this study was to develop an integrated strategy for the long-term
conservation and large-scale propagation of coffee germplasm. Our approach consisted of
two major components: cryopreservation using zygotic embryos and the development of
an efficient micropropagation system. Generally, seed-based propagation in coffee is most
common due to the occurrence of little variability among the seedling populations [39].
In this study, we optimized the droplet-vitrification as well as encapsulation–vitrification
methods for the cryopreservation of zygotic embryos as a strategy for the long-term
conservation of coffee germplasm. A micropropagation method was also developed for
the multiplication of shoots from cryopreserved coffee embryos using a rocker-based
temporary immersion system.

Our results demonstrated that 100% embryo germination was possible after exposure
to LN following the optimization of the basic steps of the cryopreservation procedure.
Cryopreservation through the encapsulation–vitrification method was found to be highly
effective with 30 min desiccation over a filter paper in the laminar flow cabinet followed by
40 min in PVS3 before immersion in LN. More than 80% embryo germination was observed
after cryopreservation using the encapsulation–vitrification method. The germination
percentage of the zygotic embryos with an extended period of desiccation (60 min) did not
show further improvement. A lower zygotic embryo germination percentage with a longer
desiccation period suggests that the injury due to desiccation stress may be the reason
for low germination. Additional reasons may include a detrimental effect of the alginate
matrix that can suppress the growth of regenerating plantlets out of the beads or insufficient
dehydration of alginate-coated shoot tips [40]. The desiccation injury has been shown to
reduce the survival of somatic embryos of C. canephora after cryopreservation using the
encapsulation–dehydration method [41]. The encapsulation–dehydration of shoot apices of
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two species, C. racemosa and C. sessiliflora, also showed low survival rates of 27% and 37%,
respectively, after cryopreservation following a progressive increase in the sucrose concen-
tration from 0.5 to 1 M [42]. Encapsulation–dehydration and encapsulation–vitrification
methods have been applied successfully for the long-term storage of Hladnikia pastinacifo-
lia Rchb. germplasm through cryopreservation although encapsulation–vitrification was
faster and resulted in normal regrowth [43].

Tropical species are usually low-temperature sensitive and present one of the most
difficult challenges in developing preconditioning treatments to stimulate physiological re-
sponses that can enhance the tolerance to dehydration and cryogenic procedures [29,44,45].
In most cases, the critical storage temperature is much higher, between 8 and 15 ◦C, for
tropical cold-sensitive species, in comparison with that of the species from temperate
climates [31]. During the in vitro preservation of C. arabica shoots, the temperature of 12 ◦C
was lethal for the explants, and 100% of explants survived when they were exposed to
higher temperature of 12 to 27 ◦C [46]. Low-temperature (0 ◦C) exposure during vitrifi-
cation with PVS2 showed 73% viability and 93% germination of zygotic embryos of C.
arabica when the zygotic embryos were exposed for 100 to 250 min [21]. In the present
study, the zygotic embryos were exposed to PVS3 solution for 30 to 50 min at 4 ◦C to reduce
the cryoprotectant solution toxicity; the results showed no beneficial effect of reducing
temperature of PVS3 treatment for the cryopreserved as well as non-cryopreserved zy-
gotic embryo germination compared to room temperature (23 ◦C). The permeability of the
cryoprotectant (PVS) increases at room temperature, but it can increase the risk of tissue
damage compared to that at low temperatures [47,48]. This indicated that the PVS3 solution
was not toxic to the zygotic embryo during the process of cryopreservation, and the low
germination percentage might be due to the cold sensitivity of the embryos, which were
not cold hardened before the cryopreservation process. However, cold hardening can be
replaced by preculturing the explants on a sucrose-enriched medium to provide sufficient
cryoprotection during the cryopreservation process and stimulate 100% germination of
zygotic embryo after cryopreservation [25,49]. Generally, the explants of some species may
be particularly sensitive to the toxic effects of penetrating cryoprotectant compounds such
as ethylene glycol and dimethyl sulfoxide (DMSO), which are essential components of
PVS2 [49,50]. For such sensitive materials, modification of the traditional PVS2 solution,
treatment conditions, or the use of two-component cryoprotectant solutions composed of
only glycerol and sucrose, such as in PVS3, may be beneficial [40,49]. Cryopreservation
through the droplet-vitrification method had 100% germination of zygotic embryos when
exposed to PVS3 solution for 30 min at 23 ◦C followed by LN exposure. A low zygotic
embryo germination rate of 66% was reported for C. arabica and C. canephora after vitrifi-
cation cryopreservation, using PVS3 for 60 min at room temperature [20]. This was the
first attempt to use the droplet-vitrification method for the cryopreservation of Coffea spp.,
which showed 100% survival of zygotic embryo compared to other vitrification-based
methods of cryopreservation [20,21].

Melatonin in the preculture or postcryoculture medium has been found to be very
effective in enhancing the survival as well as regrowth of explants after cryopreservation
in many species, including American Elm, St. John Wort, and tobacco [50,51]. However,
the melatonin effect is a dose-dependent response that is mainly based on explant type and
plant species [52,53]. The melatonin content in green fruit (6.8 µg/g DW) and roasted grains
(9.6 µg/g DW) of coffee is quite high, and it is possible that zygotic embryos may have an
endogenous level of melatonin [54]. In this case, the exogenous application of melatonin
may have little or an inhibitory effect on germination of zygotic embryos (Figure 2). Lupinus
albus showed a 2.5-fold increase in melatonin levels in a cold environment as compared
plants growing at 24 ◦C, indicating that the biosynthesis of melatonin is upregulated in
stress situations [54]. Cryopreservation is a process associated with extreme cold stress [29],
which can increase the endogenous levels of melatonin [55].

We developed a nodal explant-based micropropagation method, which allowed the
clonal propagation of shoots developed from cryopreserved embryos. Our earlier study
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demonstrated the beneficial effects of a rocker-based temporary immersion bioreactor sys-
tem (TIS) on shoot multiplication as well as the root formation of hazelnut cultivars [37,56].
The results of this study using rocker-based TIS also showed that the liquid medium
can significantly improve the effectiveness of in vitro shoot multiplication and overall
plantlet growth (Figure 5B,C). Similarly, the TIS was found to be suitable for embryo
development and shoot multiplication in coffee species [57–60]. The micropropagation
method developed in this study relied on the use of BA as a cytokinin along with GA3.
BA is the most commonly used cytokinin for shoot development and multiplication in a
range of species [37,56]. The combination of cytokinin and gibberellic acid is known to
improve shoot growth in the in vitro grown cultures, which is likely due to increased cell
elongation [61,62].

The successful in vitro rooting was observed in TIS with the use of the inert substrate
Oasis® IVE foam. The foam placed in the liquid medium can hold shoot explants in an
upright position during the rooting stage [63]. The main advantage of Oasis® IVE foam is
that it allows the shoot explants to easily interact with the liquid rooting medium while also
acting as a well-aerated substrate to enhance oxygen availability and cellular respiration of
the roots [64]. The use of inert substrates (e.g., foam, rockwool, vermiculite, and perlite) to
enhance aeration has been reported to be a very effective technique for improving in vitro
rooting in many woody species compared with semi-solid medium-based rooting [65].
Therefore, the use of liquid medium in the TIS along with Oasis® IVE foam may have
improved the interaction of rooting medium and oxygen with the shoot explants resulting
in enhanced root development and healthy plantlet formation. Rooting can be successfully
achieved with the exogenous application of auxin. In our study, a maximum of 90% of
the shoots formed roots in the presence of IBA at 20 µM, while significantly lower rooting
was observed on semi-solid medium. Similarly, Oasis® IVE foam in combination with
1/2 strength DKW, 10 µM IBA also improved rooting in hazelnut shoot explants [37]. The
coffee plantlets resulting from TIS showed higher survival rates during acclimatization
and greenhouse transplant.

5. Conclusions

In conclusion, this study further highlights the utility and wide applicability of the
droplet-vitrification and encapsulation–vitrification methods for the cryopreservation of
coffee zygotic embryo as well as the efficacy of a rocker-based TIS for micropropagation.
The optimized cryopreservation protocol is simple and can be widely adopted even with
limited resources. The availability of these methods of cryopreservation strengthens the
ex situ preservation of coffee genetic resources and can also complement the in situ con-
servation of germplasm. The droplet-vitrification method for cryopreservation with high
survival of the explants may be useful for the conservation of other related plant species.
Our results demonstrate that efficient shoot multiplication and rooting can be obtained
using rocker-based TIS compared to traditional micropropagation methods and may fa-
cilitate mass production and the field transplanting of coffee germplasms. Collectively,
these accomplishments may have significant potential for improved coffee germplasm
conservation and the production of high-quality plants at commercial scale.
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