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1. Introduction
Conventionally, citrus germplasm is conserved in orchards 
and greenhouses, where it is subjected to losses due to 
pests, diseases, and climatic hazards (Duran-Vila, 1995). 
Germplasm storage at ultralow temperatures has proven to 
be an economic and reliable method for long-term storage 
of genetic resources of several plant species. In recent years, 
many studies have been conducted on cryopreservation 
of citrus genetic resources. As a result, effective freezing 
protocols have been developed for different types of plant 
tissues and organs such as shoot tips (Wang and Deng, 2004; 
Kaya et al., 2013), embryonic axes (Cho et al., 2001, 2002a, 
2002b), seeds (Cho et al., 2002c; Lambardi et al., 2004), 
somatic embryos (Marin and Duran-Vila, 1988), ovules 
(Gonzales-Arnao et al., 2003), nucellar cells (Sakai et al., 
1991), and embryogenic calli (Olivares-Fuster et al., 2000).

According to desiccation responses, seeds have been 
divided into two main categories: desiccation-tolerant 
(orthodox) and desiccation-sensitive (recalcitrant). A 
third category has been known as suborthodox, which 
are relatively desiccation-tolerant seeds, but they cannot 
resist desiccation down to water contents as low as 
those tolerated by orthodox seeds and they are freezing-
sensitive. The suborthodox seeds are represented by many 

tropical and subtropical species (oil palm, coffee, and citrus 
species). Thus, the only effective technique for long-term 
germplasm conservation of polyembryonic seeds that are 
grouped among suborthodox and recalcitrant seed species 
is cryopreservation (Roberts, 1973; Ellis et al., 1990; Hor 
et al., 2005). 

Cryopreservation of polyembryonic citrus seed allows 
long-term preservation of seeds that contain both nucellar 
and zygotic embryos. While zygotic embryos are the 
product of controlled or open pollination and are desired 
in conventional breeding, nucellar embryos originate from 
maternal cells and seedlings derived from such embryos 
have the same genotype as the female plant. Seedlings 
originating from nucellar embryos are of great value in 
citrus rootstock production (Koltunow, 1993, 1995; Ruiz 
et al., 2000). 

Polyembryonic seeds might be a valuable material 
for long-term conservation of citrus germplasm. Citrus 
seeds are considered primarily suborthodox and good 
germination can be maintained after controlled drying 
(King et al., 1981; Bonner, 1990). This gives a good 
premise for their long-term storage after dehydration 
and direct plunging in liquid nitrogen. The traditional 
seed preservation system in seed banks at above-zero 
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temperatures (5 °C) is not reliable, because low above-zero 
temperatures slow down the loss of viability but fail to 
provide long-term preservation (Kholina and Voronkova, 
2012). Seed moisture content is considered the most 
crucial factor for maintaining viability after exposure 
to liquid nitrogen (–196 °C) (Stanwood, 1985). Seed 
moisture should be decreased to a content that prevents 
intracellular ice crystal formations during ultrarapid 
freezing (occurring by the direct immersion of seeds in 
liquid nitrogen), thus conserving the integrity of seed 
tissues (Benson, 1999).

The aim of the present research was to evaluate the time 
of desiccation and moisture content in seed that would 
maintain the highest germination after cryopreservation 
for selected Turkish citrus cultivars that are under risks of 
orchard conditions (pests, diseases, and climatic hazards) 
at the West Mediterranean Agricultural Research Institute. 

2. Materials and methods
2.1. Plant Materials
Seeds of six different cultivars of citrus species (Citrus limon 
(L.) Burm.f. ‘Kara Limon’; C. limonia Osbeck ‘Volkamer 
Limon’; C. jambhiri Lush. ‘Kaba Limon’; C. aurantium L. 
‘Yerli Turunc’; Poncirus trifoliata Raf. × C. sinensis Osb. 
‘Troyer’; Fortunella margarita (Lour.) Swingle ‘Kamkat’) 
were provided by the West Mediterranean Agricultural 
Research Institute, Antalya, Turkey. The study was carried 
out with 28 accessions (each accession belonged to one 
different rootstock), with three accessions for the Kamkat 
cultivar and 25 accessions belonging to the other five 
cultivars from the collection orchards (five accessions 
were used for each cultivar). At least 70 seeds were used for 
moisture content (MC) determination, cryopreservation, 
and control treatments of each accession and each 
treatment was repeated at least three times (totally at least 
210 seeds for each accession).
2.2. Surface sterilization of Citrus spp. cultivars seeds
The seeds were surface sterilized using a modified 
procedure developed for Thymus spp. seeds (Ozudogru et 
al., 2011). In short, the seeds were soaked in 70% ethanol 
for 4 to 5 min, then exposed to 10% H2O2 for 4 to 5 min 
and subsequently disinfected twice in 20% commercial 
bleach (Domestos, Turkey, 30% NaClO) for 10 min and 
rinsed in sterile distilled H2O (at least three times) after the 
exposure to bleach.
2.3. Culture conditions and seed germination assay
Surface-sterilized seeds were germinated in vitro in petri 
dishes (100 × 15 mm) on semisolid (1.5 g L–1 Phytagel 
(Sigma-Aldrich, Turkey), 3.5 g L–1 agar (Sigma-Aldrich)) 
MS medium (Murashige and Skoog, 1962; Sigma-Aldrich, 
pH 5.8) supplemented with 0.1 µM gibberellic acid (GA) 
(Phytotech Laboratories, filter-sterilized) and 20 g L–1 
sucrose (Phytotech Laboratories). The seeds were kept 
at 27 ± 2 °C with a 16-h photoperiod, under white cool 

fluorescent light of 50 µmol–1 m–2 s–1, at a laboratory in 
Gebze, Turkey. 

Germination was evaluated 6 weeks after the seeds 
were recovered from liquid nitrogen (for cryopreserved 
seeds) and dehydration treatment (control group seeds). 
Seeds that produced at least one morphologically 
normal seedling were considered germinated. Percent 
germination and the average number of seedlings per seed 
were calculated using at least 30–45 seeds per treatment, 
and each experiment was repeated at least three times for 
each accession. Levels of seed germination and viability 
(seeds that did not germinate but were alive) were based 
on a 2,3,5-triphenyltetrazolium (TZ) test; samples were 
incubated overnight with 1% TZ solution (pH 7.4) at 30 °C 
in the dark and observed for the appearance of red staining 
(Van Waes and Debergh, 1986).
2.4. Determination of the moisture content (MC)
In a preliminary trial, MC was determined for ten different 
seeds (these seeds were used only for determination of 
MC for each accession) by using Pixton’s (1966) formula: 
moisture content (%) = (AC – BD) / AC × 100 (where A is 
the original weight of the portion of sample, B is the weight 
after drying, C is the initial weight of ground sample, and 
D is the final weight of dried ground sample). The seeds 
were placed on top of open petri dishes under the air 
current of a laminar flow hood. The MC (%) of the ten 
seeds was established every 3 h until a MC below 10% was 
reached. During the dehydration process, the temperature 
in the laboratory was 32 to 35 °C and relative humidity 
was 16%–23%. The seed type and the initial moisture 
content for the six species tested were different; hence, the 
dehydration times in the Table are also different.
2.5. Cryopreservation by dehydration technique
After the preliminary dehydration trial, seeds were 
exposed directly to liquid nitrogen. The seeds were placed 
in 1.5-mL cryovials (NALGENE, Turkey), with five 
seeds per cryovial, and were directly plunged into liquid 
nitrogen. After at least 24 h of storage at –196 °C, the 
seeds were rewarmed in the cryovials under laminar flow 
hood at room temperature for 15 min. After 15 min, seeds 
were transferred to the germination medium, under the 
conditions stated above. 
2.6. Statistical analysis
Statistical analysis of the nonparametric data (frequencies) 
was carried out either by the chi-square test to make 
comparisons between two percentage values or the test for 
homogeneity ratios. Significant differences of treatments 
were selected using a nonparametric statistical test, the 
post hoc multiple comparisons test, to compare multiple 
percentage values (Marascuilo and McSweeney, 1977). 
Discrete data were subjected to ANOVA to compare 
means followed by the least significant difference test 
at P ≤ 0.05. Data of all accessions for each cultivar were 
evaluated together.
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2.7. Acclimatization of cryopreserved seedlings
Rooted seedlings were acclimatized under greenhouse 
conditions. The seedlings were planted into 250-mL 
plastic pots under high relative humidity (65% or more). 
The humidity level, kept by using transparent plastic pots 
with a hole over the seedlings, was checked daily and was 
gradually decreased. As a planting substrate (Plantistanbul 
Tropical, Turkey) nitrogen-rich peat with high nutrient 
retention and water-holding capacity, free of weed seeds 
and pathogens, was used. Plants were irrigated daily (50 
mL of sterilized tap water) for the first 3 days, at 2-day 
intervals between the 4th and 7th days, and at 3-day 
intervals for the rest of the acclimatization period.

3. Results and discussion
3.1. Dehydration effect on citrus seed viability and 
germination 
For all accessions, the initial seed germination rate was 
100%. Although seeds of all cultivars were collected from 
the same area and date, and kept in the same conditions 
(temperature, moisture), the initial moisture content in 
seeds with different shapes and sizes of the cultivars varied, 
ranging from a minimum of 25.1% (Fortunella margarita 
(Lour.) Swingle ‘Kamkat’) to a maximum of 56.3% (P. 
trifoliata Raf. × C. sinensis Osb. ‘Troyer’). The MC in the 
seeds desiccated over time also varied between the species 
but was similar for C. jambhiri and C. limon (Figure 1); the 
difference between the initial MC in seeds of the two species 

was only 1.4%. According to Baümler et al. (2006), the 
volume and weight of the seed, the expansion coefficient, 
the equivalent diameter, and the sphericity increase lineally 
with the increase in the seed MC, as was also observed in 
this study. After dehydration in a sterile air flow, the seed 
viability and germination ranged from 76.6% viability and 
70% germination for C. limon (L.) Burm.f. to 100% viability 
and germination for C. limonia Osbeck, C. jambhiri Lush., 
C. aurantium L., and F. margarita (Lour.) Swingle. With the 
exceptions of P. trifoliata, C. jambhiri, and C. limon, the effect 
of MC on the viability and germination was not statistically 
significant for the control seeds, i.e. those without exposure 
to liquid nitrogen (Table).

Our study results are similar to those obtained by Hor et 
al. (2005) for seeds of three different Citrus species, Dussert 
et al. (2001) for seeds of five species of Coffea, and Michalak 
et al. (2015a, 2015b) for mazzard cherry (Prunus avium L.) 
and wild apple (Malus sylvestris) seeds. They observed that 
there was a decline in seed survival after liquid nitrogen 
exposure with dehydrating seeds to water content below 
the specific high-moisture freezing limit (MC around or 
under 20%). On the basis of our results and previous studies 
we could conclude that oil-rich seeds better tolerate the 
temperature of liquid nitrogen at higher MCs and for long-
term storage they should be cryopreserved at their specific 
high-moisture freezing limit. On the other hand, Michalak 
et al. (2013) investigated the sensitivity of Corylus avellana 
seeds to extreme desiccation and cryopreservation in 
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Figure 1. Seed moisture content of six citrus species after 9, 15, and 30 h of dehydration under laminar air flow conditions. Ten seeds 
of each accession were used for moisture content determination (these seeds were used only for determination of MC) and results of all 
accessions for each cultivar were evaluated together. 
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liquid nitrogen (–196 °C). Their results demonstrated 
the feasibility of long-term cryopreservation of European 
hazelnut seeds. As the seeds of this species have been 
classified in several different categories (orthodox, 
suborthodox, and recalcitrant), based on their response 
to desiccation and low temperature, the assignment of 
the seeds of hazelnut to a specific category was provided 
and discussed. The present data indicate that citrus seeds 
should be classified as suborthodox (intermediate) rather 

than orthodox, due to the fact that these seeds are not 
resistant to drying.
3.2. Cryopreservation of citrus seeds
Maximum tolerance to the cryopreservation procedure, in 
terms of viability and germination, was observed for seeds 
of C. jambhiri Lush., in which 93.3% of seeds germinated 
after 12 h of dehydration to 21.1% MC, followed by 
direct immersion in liquid nitrogen, thawing, and plating 
on germination medium (Figure 2A). Conversely, the 

     

     

    

A                                                 B                                                  C 
 
 
 
 
 
 
 
 
 
 
D                                                 E                                              F 
 
 
 
 
 
 
 
 
 
 
G                                              H                                                  I 

Figure 2. Germinated and acclimatized seedlings derived from cryopreserved citrus seeds: A) seedlings of Citrus jambhiri Lush. 
germinated after 12 h of dehydration and B) Fortunella margarita (Lour.) Swingle germinated after 3 h of dehydration, followed by 
direct immersion in liquid nitrogen, thawing, and plating on germination medium. C–H) Plantlets derived from seeds 4 or 6 weeks 
after cryopreservation: C- Citrus limonia Osbeck, D- Poncirus trifoliata Raf. × C. sinensis Osb., E- C. jambhiri Lush., F- C. limon (L.) 
Burm.f., G- C. aurantium L., H- Fortunella margarita (Lour.) Swingle. I) Acclimatized plantlets of Citrus limonia Osbeck in greenhouse 
conditions (bars: 1 cm).
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minimum tolerance was observed for seeds of F. margarita 
(Lour.) Swingle, in which only 43.3% of seeds germinated 
after 3 h of dehydration to a MC of 24.2%, followed by 
direct immersion in liquid nitrogen, thawing, and plating 
on germination medium (Figure 2B). However, this 
species showed 73.3% germination after the seeds were 
dehydrated for 6 h to a MC of 19.0%. In the other tested 
species, the best germination was obtained at 17.6% MC 
in C. limonia Osbeck (83.3%), at 21.8% MC in P. trifoliata 
Raf. × C. sinensis Osb. (73.3%), at 12.0% MC for C. limon 
(L.) Burm.f. (83.3%), and at 19.5% MC for C. aurantium 
L. (86.7%). Reducing the MC below 20% benefited 
postcryopreservation seed germination of C. limonia 
Osbeck, C. aurantium L., and F. margarita (Lour.) Swingle, 
while P. trifoliata Raf. × C. sinensis Osb., C. jambhiri Lush., 
and C. limon (L.) Burm.f. seeds performed similarly when 
the MC was in the range of 21.1%–21.8% (73.3%–93.3% 
germination; Table).

Marzalina and Krishnapillay (1999) reported that the 
MC of citrus seeds should be reduced to 20% or less in 
order to achieve high germination after storage in liquid 
nitrogen. In the present study, seeds of all six cultivars 
benefited from dehydration in terms of germination after 
cryopreservation. However, their responses to increasing 
levels of dehydration varied. As confirmation, Mumford 
and Grout (1979), Normah and Serimala (1995), and 
Lambardi et al. (2007) reported high tolerance of C. limon, 
C. halimii, and C. volkameriana seeds to dehydration below 
10% MC, and, in the present study, C. aurantium L. showed 
similar results (9.6% and 8.9% MC, 76.7% germination); 
however, seeds with a MC of 19.5% germinated at 
significantly higher rates (86.7%). For all tested cultivars, 
4 to 6 weeks after germination, the seedlings originating 
from cryopreserved seeds developed healthy shoots and 
long, well-formed roots (Figures 2C–2H). Subsequent 
plantlet acclimatization to in vivo conditions was easily 

obtained by means of a gradual reduction of the relative 
humidity (Figure 2I).

Seeds with high lipid contents can provide high 
germination rates after liquid nitrogen treatment from 
seeds with high MC (Hor et al., 2005). The same results for 
oil-rich seeds considered as intermediate were obtained 
from citrus (Graiver et al., 2011) and coffee (Dussert et 
al., 2001) species for liquid nitrogen at higher MCs. The 
capability of oily seeds to survive at low temperatures 
is strictly connected to avoidance of intracellular ice 
formation (Chien and Chen, 2008). In this study results 
are similar to the results of Graiver et al. (2011) for citrus 
species (C. reticulata, C. sinensis, and C. paradisi). They 
observed that seed MC under the high-moisture freezing 
limit caused a decrease in seed survival after liquid 
nitrogen exposure. We may deduce from previous studies 
and our results that seeds with high oil contents resist low 
temperature better and for long-term storage they should 
be cryopreserved at their high-moisture freezing limit.

The dehydration process before liquid nitrogen 
treatment provides a satisfactory method by which 
nonorthodox oily citrus seeds might resist cryopreservation 
damage. The results of this study demonstrated a simple 
and rapid technique that might be used to predict the 
tolerance of citrus seeds to liquid nitrogen treatment. 
All six citrus species benefited from dehydration before 
storage in liquid nitrogen in terms of germination after 
cryopreservation. Seedlings derived from cryopreserved 
seeds had well-formed roots and shoots and acclimated 
easily to in vivo conditions.
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