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Abstract Several dehydration protocols were evaluated for
their ability to cryopreserve intact seeds and excised embry-
onic axes of Mimusops elengi and Manilkara zapota
(Sapotaceae). Both interspecific and intraspecific variations
in cryotolerance were found.M. zapota embryonic axes were
more tolerant of cryopreservation than those ofM. elengi , and
showed higher desiccation tolerance, higher post-thawing sur-
vival and development, and a much wider range of moisture
contents for cryopreservation. Maximum development rates
were 94% and 27% forM. zapota andM. elengi , respectively.
Intact seeds of both species tolerated desiccation to low mois-
ture levels, but were sensitive to liquid nitrogen exposure, and
cryopreserved seeds failed to germinate. Assessment of de-
veloping embryos excised from cryopreserved seeds associat-
ed nonviability of cotyledons and plumules with germination
failure. Other structures survived at variable rates; most hypo-
cotyls and radicles (up to 76% and 98% forM. elengi andM.
zapota , respectively) were viable. The different cryotolerance
between hypocotyls and cotyledons is a critical cause for
failure in cryopreservation, contributing to the difficulty in
developing protocols for such intermediate oily seeds.
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Introduction

The Sapotaceae family includes approximately 800 species of
tropical-adapted evergreen trees and shrubs in 65 genera.
These plants are of high socio-economic importance because
they produce edible fruits, luxurious wood, and folk medicine
(Malik et al. 2012). Most Sapotaceae species produce
recalcitrant/intermediate seeds, including two widely planted
fruit trees,Mimusops elengi andManilkara zapota (Mai-Hong
et al. 2006; Liu et al. 2008). The poor long-term viability of
such seed prevents conventional preservation methods in gene
banks, causing difficulties for forestry production and germ-
plasm conservation. As an example, seeds of M. elengi lost
viability within 6 mo under hermetic storage at room temper-
ature with 13±2% moisture content (Kaul 1979). Furthermore,
its seeds are sensitive to storage at low temperature (Mai-Hong
et al. 2006; National Gene Bank for Medicinal and Aromatic
Plants 2008; Luo et al. 2012).

As conventional methods for long-term storage of interme-
diate seeds are not suitable, the development of cryopreserva-
tion methods for such species may enable long-term germ-
plasm conservation (Hor et al. 2005). Because relatively few
species produce intermediate seeds (∼2% of the world flora;
Tweddle et al. 2003), these species are less extensively stud-
ied, and no methods for cryopreservation of M. elengi or M.
zapota have been developed.

In this study, we investigated the responses of whole seeds,
their components, and embryonic axes to several cryopreser-
vation protocols as a step towards developing suitable
methods for cryopreservation of M. elengi and M. zapota .

Materials and Methods

Plant material. Mature fruits of these two species were col-
lected from introduced trees growing in Xishuangbanna
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Tropical Botanical Garden, Chinese Academy of Sciences
(21° 41′N, 101° 25′E) in 2011 and 2012, with M. elengi in
April and M. zapota in early June, respectively, when fruits
began to fall. Seeds were extracted, cleaned manually in tap
water, air-dried for half a d, and stored in polyethylene bags at
15°C for up to 1 wk (except as mentioned otherwise below)
prior to use in experiments.

Moisture content determination. Moisture content was
expressed on a dry weight basis as gram of water per gram
of dry mass, calculated based on loss of weight after oven
drying at 103±2°C for 17 h. Moisture contents of different
seed constituents were measured separately as required.
Measurements were based on eight replicates, each containing
an intact seed, kernel, endosperm or testa, or containing five
embryos or embryonic axes.

Seed desiccation and subzero temperature storage. Two
methods of desiccation were investigated for seeds harvested
in 2011. In the fast desiccation (FD) method, intact seeds were
buried in silica gel desiccant for the duration of the desiccation
treatment. In the slow desiccation (SD) method, seeds were
first placed in a monolayer under 50% relative humidity (RH)
and 15°C for 2 wk, and then put into sandwich boxes, each
carrying 130 seeds, over 10–50 g silica gel for 1–5 d for
further desiccation. Samples were taken regularly to assess
viability and moisture content, and as materials for subsequent
treatments. For M. zapota , all experiments used only fresh
seeds (stored for up to 1 wk). ForM. elengi , experiments used
fresh seeds (treatments FD1 and SD1) or stored seeds (stored
for 1 mo; treatments FD2 and FD2).

A third method of desiccation was investigated using seeds
harvested in 2012. This equilibrium desiccation experiment
followed the methods of Hor et al. (2005). Seeds were equili-
brated for 5 wk in enclosed chambers over one of ten saturated
salt solutions (KOH, K-acetate, K2CO3, NH4NO3, NaCl,
NH4Cl, (NH4)2SO4, KCl, BaCl2, or KNO3). The relative hu-
midities provided by these treatments ranged from 8% to 95%.
Fifty seeds from each equilibration hydration treatment were
used to determine seed and seed constituent moisture contents.

From eachmethod of desiccation, seeds at variousmoisture
levels were obtained. Seed samples at each moisture level
were divided into two (or three, see below) 120-seed subsam-
ples; one subsample was used to assess viability following
desiccation. The other subsample was cryopreserved by plac-
ing seeds into 100 ml polypropylene tubes, hanging them over
LN on a cord for 1 h, and then immersing them in LN,
according to Wen et al. (2010). They were withdrawn from
LN after 1 d and thawed at ambient conditions. For the FD
treatment ofM. zapota seeds and SD1 and FD1 treatments of
M. elengi seeds, a third subsample was taken, sealed in
laminated aluminum foil packets, and held at −20°C in the
seed bank for 2 mo prior to assessing seed viability.

Viability of desiccated seeds and cryopreserved seeds was
assessed based on the responses of 120 seeds from each
treatment. Rehydration was accomplished by exposing seeds
to water-saturated air at 35°C for 24 h according to Wen et al.
(2010), sowing seeds on 1% plain agar, i.e., 1% agar in de-
ionized water, in Petri dishes, with 20 seeds each in six Petri
dishes, and incubating at 30°C. Seedling development was
used as the germination criterion. Embryos excised from
cryopreserved seeds were cultured on media and viability
assessed as described below.

Embryonic axes desiccation and cryopreservation. Newly-
harvested seeds were cleaned and crushed to extract kernels.
The kernels were surface-sterilized under aseptic conditions
with 75% ethanol for 90 s, followed by immersion in 10%
commercial bleach for 30 min, and then rinsed five times with
sterilized deionized water prior to removing the embryonic
axes. Embryonic axes (with 1/4 cotyledon attached) were
desiccated by the flash drying method (Wen et al. 2010).
After desiccation, embryonic axes were fast cooled by direct
LN immersion and rapid thawed in 40°C water.

Viability of excised embryonic axes was assessed after
culture on MSmedium (Murashige and Skoog 1962) contain-
ing 30 g l−1 sucrose, 0.1 mg l−1 2-naphthalene acetic acid and
0.1 mg l−1 6-benzylaminopurine, and solidified with 7 g l−1

agar. The medium was dispensed into 55-mm diameter Petri
dishes after autoclaving at 121°C for 15min. All cultures were
maintained at 24±2°C, with 40–50%RH and a photoperiod of
14 h light (66 μmol m−2 s−1) and 10 h dark for 6 mo.
“Development”was scored as the percentage of embryos with
hypocotyl and radicle growth during this period; “survival”
was scored as the percentage of embryos showing any visible
elongation.

Results

Water sorption properties of seeds and seed constituents. Seeds
of both species exhibited slight interannual variation in
hundred-seed weight and initial seed moisture content. For
M. elengi seeds, hundred-seed weight and initial seed mois-
ture content were 71.82 g and 0.528 g/g, respectively, in 2011
and 75.77 g and 0.584 g/g in 2012. For M. zapota seeds,
hundred-seed weight and initial seed moisture content were
69.23 g and 0.507 g/g in 2011 and 65.65 g and 0.443 g/g in
2012.

Seeds subjected to equilibration desiccation treatments were
sampled at 21, 28, and 35 d of exposure to various levels of RH
to determine when seed moistures reached equilibrium. The
moisture contents of seeds subjected to RH levels of <75%
showed no substantial changes after the third week, and only
slight variation was detected among seed samples subjected to
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RH levels of >80% (Figs. 1a, b). Thus, a 5-wk treatment was
determined adequate to reach moisture equilibrium.

Equilibrium desiccation treatments resulted in equilibration
of the seed samples to various discrete moisture contents. The
resultant water sorption isotherms described the relationship
between moisture contents and equilibrium relative humidity.
The typical reverse sigmoidal shape of moisture sorption
isotherms of whole seeds for either M. elengi or M. zapota
was not observed (Fig. 1a, b). This was not surprising because
only one treatment at <20% RH was employed. The equilib-
rium moisture contents ofM. elengi seeds were always higher
than those ofM. zapota seeds held at any given RH treatment
(Fig. 1a, b), suggesting different sorption characteristics for
seed of these two species. For example, seed moisture

contents resulting from equilibration in 22.5% RH were
0.062 and 0.052 g/g forM. elengi andM. zapota , respectively.

The sorption characteristics of different seed components
also varied (Fig. 1c, d). For both species, embryos always had
lower moisture contents than the other seed constituents,
suggesting that they are high in lipid content. Interspecific
variation in this trait was noted with the moisture contents of
M. zapota embryos being a little lower than those ofM. elengi .
At low RH, equilibration moisture contents of the testa were a
little higher than the endosperm, and vice versa at high RH.

Seed desiccation tolerance and subzero temperature
storage. Both species showed tolerance to desiccation, re-
gardless of the desiccation method used. M. zapota seeds

Figure 2. Seed viability of
Mimusops elengi (a) and
Manilkara zapota (b) after fast
desiccation (FD), slow
desiccation (SD) or equilibrium
desiccation (ED). All values are
expressed as means±SE.

Figure 1. Changes in moisture
content, and water sorption
isotherms of Mimusops elengi
seeds (a), Manilkara zapota
seeds (b), Mimusops elengi seed
constituents (c), andManilkara
zapota seed constituents (d)
equilibrated to various moisture
contents over saturated salt
solutions. All values are
expressed as means±SE.

DIFFERENTIAL RESPONSES OF MIMUSOPS ELENGI AND MANILKARA ZAPOTA 719



were slightly more tolerant thanM. elengi seeds. As expected,
seeds of both species exhibited intermediate storage behavior,
and seeds lost viability when stored at −20°C in a convention-
al seed bank for 2 mo or cryopreserved using a simplified
slow-cooling procedure regardless of the method and level of
desiccation (data not shown).

Since none of the desiccation treatments reduced M. zapota
seed viability to 50%, a kernel moisture content corresponding
to 80% germination was used as the critical moisture content to
assess desiccation tolerance. Probit analysis indicated that this
critical moisture content varied between 0.06 and 0.1 g/g forM.
elengi seeds and was around 0.05 g/g for M. zapota seeds,
depending on seed treatment and desiccation method used.
Storage for 1 mo increased critical moisture content inM. elengi
seeds (Fig. 2a). The higher percentage germination exhibited by
M. zapota seeds after equilibrium desiccation versus silica gel
desiccation may have been caused by different desiccation
methods and/or interannual variation in these seed lots (Fig. 2b).

Embryonic axis desiccation tolerance and cryopreservation. In
contrast to the failure of whole seed cryopreservation, devel-
opment and survival of cryopreserved axes was successful for
both M. elengi and M. zapota (Figs. 3 and 4), although the
latter species was more tolerant of cryopreservation. Slight
desiccation was safe for M. elengi embryonic axes (Fig. 4a).
After 90 min desiccation to 0.1 g/g,M. elengi embryonic axes
developed into normal seedlings; both plumules and radicals
grew, but some cotyledons did not turn green (Fig. 4b). No
cotyledons survived desiccation to 0.05 g/g. At this moisture
level, the outer layer of the radicals was also nonviable, with
the roots developing from their inner tissue, indicating sensi-
tivity to desiccation (Fig. 4c). Further desiccation resulted in
reduced development and survival of embryonic axes
(Fig. 3a). M. elengi embryonic axes survived LN exposure
only from a very narrow moisture window between 0.025 and
0.1 g/g. Maximum development (27%) and maximum surviv-
al (72.5%) occurred at 0.038 g/g. In these embryonic axes,
only hypocotyls and radicles showed development, but nei-
ther plumules nor cotyledons survived cryopreservation
(Figs. 3a and 4d).

Desiccation treatments did not reduce development or sur-
vival of M. zapota embryonic axes, with almost all unfrozen
axes recovering normal growth in media (Fig. 3b). Compared
to M. elengi , M. zapota embryos tolerated a wider range of
moisture contents for cryopreservation. Cryostorage was le-
thal to fully hydrated axes and slight desiccation enabled
development from a few frozen axes only. As moisture con-
tent decreased, development and survival increased quickly,
with the maximum development (94%) and maximum surviv-
al (100%) occurring around 0.081 g/g. Plumules growth was
observed neither, but different from M. elengi , cotyledon
portions can turn green in cryopreserved embryonic axes in
this species. Severe desiccation did not impair development of
unfrozen M. zapota axes, but greatly reduced development
and survival of cryopreserved axes (Fig. 3b).

Plant regeneration from embryos in cryopreserved
seeds. Recovery of intact embryos from frozen seeds for these
two species was difficult as most cotyledons were cracked and
detached from the embryonic axes when excised. One to eight
complete embryos from each treatment were cultured and ob-
served. Hypocotyls and radicles showed development, but plu-
mules did not grow and the cotyledons did not turn green
(Figs. 5a, b). Detached complete cotyledons from cryopreserved
seeds were completely nonviable as greening was not observed

Figure 3. Viability ofMimusops
elengi (a) and Manilkara zapota
(b) excised embryonic axes after
desiccation and/or freeze-thaw
treatment. Moisture contents were
determined using 8 replicates of 5
embryonic axes, survival and
development assessed using 4×
10 embryos each. All values are
expressed as means±SE.

Figure 4. Seedlings regenerated from desiccation control (a , b , c) and
cryopreserved (d) Mimusops elengi embryonic axes.
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when cultured in media. Therefore, only hypocotyl and radicle
development and survival were used to assess viability of em-
bryos excised from cryopreserved seeds. For M. elengi seeds,
equilibration at 81% RH resulted in maximum development
(Fig. 6a). Embryos derived from seeds equilibrated to lower
equilibrium relative humidity (eRH) levels showed reduced
development, and at 22.5% eRH, no development was ob-
served. Hypocotyl and radicle survival exhibited almost the
same pattern in this species (Fig. 6a).

Embryos derived from cryopreserved seeds of M. zapota
responded differently than those derived from M. elengi .
Progressively increasing levels of hypocotyl development
were observed between 85% and 78% eRH, with maximum
hypocotyl development (98%) occurring at 75% eRH. Further
reductions in eRH resulted in only slight reductions in devel-
opment, with nearly 80% hypocotyls developing from seed at
8% eRH; while hypocotyl and radicle survival in this species
kept above 85% in the eRH range of 8–80% (Fig. 6b).

Discussion

This study investigated parameters that affected the survival of
cryopreserved seed, seed components, and excised embryos
for M. elengi and M. zapota . Overall, M. zapota exhibited
greater tolerance to desiccation and cryopreservation than did
Mimusops elangi . However, whole seeds of either species that
were subjected to cryopreservation failed to germinate.
Development and survival after cryopreservation was ob-
served only for embryonic axes that were excised and desic-
cated prior to cryopreservation, or from embryonic axes de-
rived from cryopreserved seeds. Cotyledons, plumules, hypo-
cotyls and radicles exhibited different responses to
cryostorage within and between species in M. elengi and M.
zapota seeds.

M. elengi seeds have previously been desiccated to 8–12%
moisture content (fresh weight basis; Mai-Hong et al. 2006)
and stored at temperatures ranging from 5°C to −196°C (Mai-
Hong et al. 2006; National Gene Bank for Medicinal and
Aromatic Plants 2008). In this report, we show that excised
embryos show higher tolerance to cryopreservation, and pres-
ent data that will assist in the development of cryopreservation
protocols specific to both M. elengi and M. zapota.

Our results confirmed previous reports that bothM. elengi
(Mai-Hong et al. 2006) and M. zapota (Liu et al. 2008)
produce intermediate seeds (Ellis et al. 1990). Such seeds

Figure 6. Viability of embryos
excised from cryopreserved seeds
ofMimusops elengi (a) and
Manilkara zapota (b). Survival
and development were assessed
using 5×10 embryos each. All
values are expressed asmeans±SE.

Figure 5. Seedling regeneration of embryos excised from cryopreserved
seeds of Mimusops elengi (a) and Manilkara zapota (b). The arrows
indicate the nonviable cotyledons.
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often have relatively high levels of desiccation tolerance com-
pared to other non-orthodox seeds, but do not have the very
high desiccation tolerances of orthodox seeds (in equilibrium
with 15% RH). In contrast with orthodox seeds, intermediate
seeds show decreased seed longevity at low moisture con-
tents as storage temperatures are decreased (Ellis et al. 1990;
Dussert et al. 2006). The causes for sensitivity of interme-
diate seeds to LN exposure are largely unknown, and likely
to involve complex interactions related to oxidative stress
and/or imbibitional damage (Sacandé et al. 2000b; Dussert
et al. 2003, 2006). The extent of this kind of damage could
be influenced by the lipid composition of these seeds.
Species that produce intermediate seeds tend to produce seeds
with high oil content or unusual oil properties that may result
in an elevated gel-to-liquid crystalline phase transition tem-
perature of the membrane (Sacandé et al. 2000a, 2001; Crane
et al. 2003). Seed lipid reserves may also be damaged.
Hydration of seed containing crystallized triacylglycerols is
lethal (Crane et al. 2006), with massive cellular disruption
observed during early imbibition of Cuphea seeds containing
crystallized triacylglycerols (Volk et al. 2006).

The moisture content of seeds prior to cryopreservation is
critical for viability. Intermediate seeds usually have only a
narrow moisture content range that allows tolerance to LN
exposure. On the one hand, this is limited by desiccation
sensitivity—the lower limit—and on the other by the occur-
rence of intracellualar ice formation—the higher limit
(Dussert et al. 2001). Equilibration of seeds over saturated salt
solutions has been used to control seedmoisture contents prior
to cryopreservation of intermediate seeds, such as coffee
(Dussert and Engelmann 2006) and Citrus species (Hor
et al. 2005). However, species-specific methods must be de-
veloped for successful cryopreservation of intermediate seeds,
as seen in this and other studies (Malik et al. 2010).

The critical moisture content of seed kernels for 80% ger-
mination varied between 0.06 and 0.1 g/g for M. elengi and
was around 0.05 g/g forM. zapota (Fig. 2); while the observed
equilibrium moisture content of endosperms (equilibrated at
22.5% RH at 25°C) were 0.058 and 0.044 g/g inM. elengi and
M. zapota , respectively. Therefore, in the water sorption iso-
therm, seeds of these two species can be classed with other
species that can withstand removal of sorption type II water
only. In addition, because of their sensitivity to subzero tem-
peratures, these species conform to type II seeds (Pritchard
2004). Such seeds are expected to have a Tg (glass-to-liquid
transition temperature) of around 5°C. On the premise that a
safe temperature for seed storagemay be around Tg −70°C; it is
possible that such seeds could be stored around −70°C, with
cryopreservation the most promising method for their long-
term conservation.

Although cryopreservation of type II seeds of coffee
(Dussert and Engelmann 2006), oil palm (Grout et al. 1983;
Engelmann et al. 1995), neem (Berjak and Dumet 1996) and

papaya (Ashmore et al. 2008) have been reported, cryopreser-
vation of type II seeds remains difficult. Most type II seeds are
from tropical plants and may therefore not be innately
cryotolerant. The development of successful cryopreservation
protocols is complicated by interspecific and intraspecific var-
iation, variation among different parent plants, and variation in
the responses of different constituents from the same individual
seed (Abdelnour-Esquiel et al. 1992; Hong and Ellis 1995;
Dussert et al. 1998; Wen and Song 2007a, b; Wen et al. 2010).

Variation in cryotolerance within different constituents of
individual seeds is the most complex. For instance, we
showed that germination failure of cryopreserved seeds was
associated with nonviability of the cotyledon and plumule,
while hypocotyls and radicles retained some developmental
capacity. Previous reports of similar phenomena include sur-
vival of embryo axes but not of mature seed of hazelnut
(Normah et al. 1994), and higher sensitivities of some organs
to cryopreservation (Chin et al. 1988; Kuranuki and Yoshida
1996; Dussert et al. 1998, 2001; Vasquez et al. 2005).
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