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ABSTRACT
In vitro grown gametophytes of six species of ferns, which had been
cryopreserved using the encapsulation dehydration procedure, were evaluated for
survival after 20 yrs of storage in liquid nitrogen. Tissues were rewarmed and
transferred to a recovery medium with the same methods originally used to test
pre-storage viability. All six species resumed growth. Post-storage viability was
not consistently higher or lower than pre-storage viability of LN exposed tissues,
likely reflecting the small sample sizes. However, these results demonstrate that
long-term storage in liquid nitrogen is a viable option for preserving gametophytes
of at least some fern species and could be utilized as an additional tool for
preserving valuable gametophyte collections and for the ex situ conservation of
fern biodiversity.

INTRODUCTION
For many species of ferns, gametophyte tissues have proven to be highly adaptable to
growth in vitro (Table 1). Most of these have been initiated through the aseptic
germination of spores, although the aseptic germination of gemmae has also been
demonstrated (Raine & Sheffield, 1997). As in vitro cultures, gametophytes can provide
tissues for research and for propagation, both for ornamental ferns as well as for ferns of
conservation concern. The ex situ conservation of ferns has traditionally relied on living
collections and spore banks (Ballesteros, 2011). However, there are situations where it
may be desirable to conserve other types of fern tissues, particularly if spores are few or
are difficult to access. If only a few spores are available, they can be germinated in vitro
and multiplied to provide a theoretically unlimited supply of gametophytic tissue, which
can be used to generate sporophytes. 

Tissues of such in vitro-grown gametophytes have also been shown to be adaptable
to storage using cryopreservation, or storage in liquid nitrogen (LN) (Barnicoat et al.,
2011; Makowski et al., 2016, 2015, Mikula et al., 2010; Mikuła, Jata & Rybczyski, 2009;
Pence, 2015; 2000; Wilkinson, 2002). This can serve as an alternative to maintaining
active cultures, which requires a constant input of labor and resources. Gametophytes
appear to be particularly adaptable to cryostorage, largely due to their simplicity of form
and high regenerability (Maeda & Ito, 1981). However, results thus far have
demonstrated the ability of gametophytic tissues to survive only short-term exposure to
LN, generally 1 hr-3 days (Mikula et al., 2010; Pence, 2000). 

In this lab in the 1990s, tissues from in vitro cultures of gametophytes of several fern
species were shown to survive LN exposure (Pence, 2000). These common species were
chosen because they provided readily accessible material for experimentation, but three
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Species Family Methoda if
LN Exposed Reference

Adiantum capillus-veneris L. Adiantaceae Somer et al., 2009
Adiantum tenerum Sw. Adiantaceae ED Pence, 2000
Adiantum trapeziforme L. Adiantaceae ED Pence, 2000
Anemia phillitidis (L.) Sw. Schizaeaceae Kaźmierczak, 2003
Asplenium adiantum-nigrum L. Aspleniaceae Somer et al., 2009
Asplenium scolopendrium L. Aspleniaceae ED Pence, 2015
Ceratopteris richardii Brongn. Parkeriaceae Kamachi & Noguchi, 2012
Ceratopteris thalictroides (L.) Brongn. Parkeriacae ED Makowski et al., 2015
Ceterach officinarum DC. Aspleniaceae Somer et al., 2009
Cibotium glaucum (Sm.) Hook. & Arn. Dicksoniaceae ED, EV, V Mikula et al., 2010; Pence, 2000
Cibotium schiedei Schltdl. & Cham. Dicksoniaceae ED, EV, V Mikula et al., 2010
Ctenitis pauciflora (Kaulf.) Holttum Dryopteridaceae ED Barnicoat et al., 2011
Cyathea australis Domin. Cyatheaceae ED, EV, V Mikula et al., 2010; Mikuła, Jata & Rybczyski, 2009
Cyathea dealbata (G.Forst.) Sw. Cyatheaceae ED, EV, V Mikula et al., 2010
Cyathea delgadii Sternb. Cyatheaceae ED, EV, V Mikula et al., 2010
Cyathea smithii Hook.f. Cyatheaceae ED, EV, V Mikula et al., 2010
Davallia canariensis (L.) Sm. Davalliaceae Somer et al., 2009
Davallia fejeensis Hook. Davalliaceae ED Pence, 2000
Dicksonia fibrosa Colenso Dicksoniaceae ED, EV, V Mikula et al., 2010

TABLE 1.
Species of ferns that have been grown as gametophytes in vitro, some of which have also survived exposure to LN.
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Dicksonia sellowiana (Pr.) Hook. Dicksoniaceae Fiori, Santos & Randi, 2009
Drynaria quercifolia (L.) J.Sm. Polypodiaceae ED Pence, 2000
Dryopteris dilatata (Hoffm.) A.Gray Dryopteridaceae Somer et al., 2009
Dryopteris filix-mas (L.) Schott Dryopteridaceae Somer et al., 2009
Hymenophyllum tunbrigense (L.) Sm. Hymenophyllaceae ED Wilkinson, 2002
Lepisorus longifolius (Blume) Holttum Polypodiaceae ED Barnicoat et al., 2011
Macroglossum smithii (Rac.) Campbell Marattiaceae ED Barnicoat et al., 2011
Notholaena R.Br. ‘Sun Tuff’ Adiantaceae Rogers & Banister, 1992
Osmunda regalis L. Osmundaceae ED, EV, V Makowski et al., 2016 Mikula et al., 2010
Osmundastrum cinnamomeum (L.) C.Presl Osmundaceae Hollingsworth et al., 2012
Phlebodium aureum (L.) J.Sm. Polypodiaceae ED Pence, 2000
Phyllitis (Asplenium) scolopendrium (L.) Newman Aspleniaceae ED, EV, V Mikula et al., 2010
Polypodium cambricum L. Polypodiaceae Bertrand et al., 1999; Somer et al., 2009)
Pteridium aquilinum (L.) Kuhn Dennstaedtiaceae Whittier & Steeves, 1960
Pteris adscensionis Sw. Pteridaceae ED Barnicoat et al., 2011
Tectaria devexa (Kunze) Copel. Dryopteridaceae Ashmore et al., 2011
Thelypteris confluens (Thunb.) C.V.Morton Thelypteridaceae Sara & Manickam, 2007
Pronephrium triphyllum (Sw.) Holttum Thelypteridaceae Marimuthu & Manickam, 2011
Sphaerostephanos unitus (L.) Holttum Thelypteridaceae Marimuthu & Manickam, 2011
Trichomanes speciosum Willd. Hymenophyllaceae Raine & Sheffield, 1997
Woodwardia radicans (L.) Sm. Blechnaceae DeSoto et al., 2008

aMethods: ED = encapsulation dehydration; EV = encapsulation vitrification; V = vitrification



of the species are also congeneric with rare species (Kang et al., 2008; Kishida, 2015;
Yu et al., 2017). In those studies, in addition to testing the initial survival of the
gametophytes (Pence, 2000), samples were banked in the Frozen Garden™ of CREW’s
CryoBioBank™ for long-term storage. In a recent study to evaluate the viability of
numerous samples from the Frozen Garden after years of storage, several samples of
gametophytes of these six species were removed and evaluated for their viability after
20 yrs in LN. The results of that study are presented here.

METHODS
In vitro gametophyte cultures of Davallia fejeensis Hook., Drynaria quercifolia (L.) J.
Sm., Cibotium glaucum (Sm.) Hook & Arn., Adiantum trapeziforme L., Adiantum
tenerum Sw., and Phlebodium aureum L. were originally initiated by the aseptic
germination of spores in vitro, as previously described (Pence, 2000), and maintained
on a medium of half-strength Murashige and Skoog salts and minimal organics
(Linsmaier and Skoog, 1965) with 1.5% sucrose and 0.22% Phytagel (gellan gum, Sigma
Chemical Co., St. Louis, MO) (= ½ MS medium), in 60 x 15 mm Petri plates (Corning™
Falcon™, Durham, NC), approximately 15 ml of medium/plate. Cultures were
maintained at 26oC under cool white fluorescent lights at 10 – 20 µmol m-2 sec-1 PPFD,
with a 16:8 hr light:dark cycle.

Tissue banking took place between 6/21/1995 and 7/26/1995. Fragments of
gametophyte tissue were isolated by cutting the gametophyte with a scalpel into small
pieces from throughout the gametophyte thallus. Pieces ranged in size from 1-3 mm in
length and width. Gametophyte fragments were prepared for cryopreservation by
culturing for seven days on ½ MS medium with the addition of filter-sterilized 10 µM
abscisic acid (ABA). They were then cryopreserved using the encapsulation dehydration
procedure (Fabre & Dereuddre, 1990), in which the fragments were encapsulated in
alginate beads before an18 hr incubation in a 0.75 M sucrose solution, with more than
one fragment being encapsulated per bead. The encapsulated tissues were then dried for
3 or 5 hrs under the airflow of a laminar flow hood. The dried beads were stored in 2 ml
polypropylene cryovials (Corning®, Corning, NY), 6 to 19 beads per vial, the number
of beads varying depending on the amount of tissue available. The samples were stored
in a MVE XC 47/11, 900 vial capacity LN storage tank (Chart MVE, Ball Ground, GA),
submerged in LN (-196oC). As a control at the time of banking, one vial of each species
from each time of banking was rewarmed after a one-day exposure to LN and cultured
on ½ MS medium for recovery. Recovery growth was scored as the number of beads
showing green growing tissues, and data for the samples were taken between nine and
28 days after rewarming. In the case of three species, survival was also measured after
4.5 months of growth, with data taken after four weeks of growth. Samples from each
species were also removed after 3.5 yrs of storage in LN, and recovery data was taken
after two and seven weeks of growth. The data taken seven weeks after rewarming were
reported previously (Pence, 2000). 
Samples were removed from LN between 7/16/2015 and 8/14/2015 to evaluate 20-yr
survival. Recovery conditions in the present study replicated as much as possible the
original recovery conditions, using ½ MS medium, only with modification in the source
of the prepared MS salt mixture (Phytotechnology Laboratories, Overland Park, KS) and
the source and amount of the gellan gum (Gelzan, Caisson Labs, Smithfield, UT), added
at 0.33%. One vial representing each species and each banking time for that species was
removed (9 vials total) and rewarmed at ambient temperature (22oC) for 15 min. The
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beads were then plated on 1 – 4 plates of ½ MS medium, depending on the number of
beads, 4-6 beads/plate. Cultures were maintained under the same temperature and lighting
conditions originally used for growth. 
At the time of banking and at 3.5 yrs, survival was scored as the number of beads showing
some recovery growth of encapsulated tissues, regardless of the number of fragments
per bead. When tissues were evaluated after 20 years, survival was scored both as the
percent of fragments and the percent of beads showing green, growing tissue at 3 – 4
weeks. 

RESULTS
Growth from cryopreserved gametophyte tissue occurred from all of the species of ferns
tested in this study (Table 2). The values for the original survival data reported here are
those recorded for the specific samples that were banked and are different from those
reported previously (Pence, 2000), which were collected from experiments done in
preparation for the long-term banking of samples. In all but two species, the percent of
tissues showing growth after storage was greater than that observed before long-term
storage. In Drynaria quercifolia and both samples of A. trapeziforme, post-storage growth
was less than that observed originally, and in one sample of A. trapeziforme, there was
no post-storage growth. However, that sample produced fungal growth on a few beads
within the first few days of culture, and the remaining beads were transferred to fresh
plates. The transferred beads did not show any contamination, but they also did not show
any growth. Specific moisture levels of the banked samples used in this study are not
available, except for two of the three samples, D. quercifolia and A. trapeziforme, which
were dried for 5 hrs to 17.5% and 18.9% moisture, respectively. 

Samples recovered at 20 yrs were scored at 3 – 4 weeks. When these were compared
with samples recovered at 3.5 yrs, the percent survivals were, in most cases, more similar
to those recorded at two weeks from the 3.5 yr samples than with survivals recorded at
seven weeks for those samples, which in all cases were higher than two week survival
values (Table 2). 

Since pre-storage viability was based on growth per bead, post-storage measurements
were calculated both on growth per bead and on growth per fragment for seven of the
nine samples. The percent survival was very similar between the two measurements
(Table 2). Most fragments showed some damaged areas, but ultimately, those with any
surviving areas went on to regenerate gametophyte tissues (Figure 1). 

DISCUSSION
These results demonstrate that in vitro-grown gametophytes of at least some fern species
can survive up to 20 yrs in LN storage without appreciable deterioration using the
encapsulation dehydration procedure. This method has been applied by others in the
intervening yrs with good success (Table 1). There also have been reports of some
survival of fern gametophytes using the encapsulation vitrification method (Makowski
et al., 2016; Mikula et al., 2010), although when it was compared with encapsulation
dehydration, the latter resulted in higher survival. Studies using vitrification without the
protection of encapsulation have uniformly reported severe plasmolysis of the
gametophyte tissues and no survival after exposure to LN (Makowski et al., 2016; Mikula
et al., 2010).

When the successful cryopreservation of fern gametophytes was reported originally,
3 – 4 hrs of drying brought samples to 19-27% moisture (wet weight basis) (Pence, 2000).
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Species
Hrs of
Drying

Pre-storage 4.5 Mos 3.5 Yrs 20 Yrs 

Day Survival
aSurvival
(at 4 wks) 

Survival
(at 2 wks)

bSurvival
(at 7 wks) Day

Survival
per Bead

Survival
per Piece

Adiantum tenerum
3 12 41.7 63.0 88.0 28 66.7 66.7

3 16 60.0 73.3 28 80.0 79.5

Adiantum trapeziforme
3 12 25.0 33.0 50.0 28 0.0 0.0

5 4 84.6 20 39.3 nd

Cibotium glaucum 3 16 46.2 80 60.0 75.0 28 90.0 91.7

Davallia fejeensis
5 8 46.2 80.0 100.0 28 82.3 82.3

3 9 6.7 40 20 50.0 nd

Drynaria quercifolia 5 6 91.7 50.0 67.0 28 41.3 40.5

Phlebodium aureum 3 27 19.3 67.0 90.0 28 83.5 83.5

TABLE 2
Percent survival of six species of fern gametophytes, dried for 3 or 5 hrs, through LN exposure before storage and after 4.5 mos, 3.5 yrs, and 20
yrs of LN storage. Day of observation is given in adjacent column, if different for different samples, or in the heading, if the same for all samples.

aData available for three species only.
bSeven week survival data from Pence, 2000.



The moisture contents available for two of the samples in this study that had been dried
for five hrs were 18 – 19%. With seeds, a number of studies have been directed at
defining optimum storage moisture levels, which are related to the seed oil content (e.g.
Pritchard, 1995; Hor et al., 2005). Whether the moisture levels used is this study are
optimum for fern gametophytes will require further research, but they were sufficient to
allow regeneration of at least some of the tissues after cryostorage.

The fact that survival after long-term storage was greater in most cases than pre-
storage survival may have resulted from data being taken much earlier in the case of
some of the pre-storage samples, as these were done by different operators, at different
times, for various goals. The results of the 3.5 yr samples indicate that the initiation of
growth continued for several weeks, with more fragments growing at seven weeks than
at two weeks. Alternatively, the sample sizes in this study were small and may not be
large enough to clearly track any small changes in viability over the time of storage.
Similar increases in viability after LN exposure have been noted with small samples of
other species, by others, as well as in this laboratory (Mix-Wagner, Schumacher & Cross,
2003; Vanhove, Philpott & Pence, 2016).

The highly regenerative nature of fern gametophytes has been noted for several
species (Maeda & Ito, 1981; Ong & Ng, 1998), and this ability makes these tissues well
adapted to cryopreservation. Even if some tissues are damaged in the process of either
cryoprotection or LN exposure, only a small amount of tissue is required (possibly only
one cell) to regenerate the gametophyte tissue (Maeda & Ito, 1981). However, this ability
makes it more difficult to evaluate survival quantitatively, because fragments are of
different sizes and only portions of them may survive. Having more than one fragment
encapsulated in an alginate bead can increase the number of fragments available for
regrowth and minimize the number of beads needed, and survival per bead appears to
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Figure 1. Encapsulated gametophtyes from two fern species resuming growth after 20
yrs of storage in liquid nitrogen. A. Adiantum tenerum gametophytes, as well as
fragments that did not grow (arrow); B. Phlebodium aureum gametophytes. Scale bars
= 0.5 cm.



correlate well with fragment survival. When survival of the 20-yr old samples was
measured by both methods, the results were very similar.

Cryopreservation of fern gametophytes has thus far been applied to in vitro cultures
of gametophytes. This requires the initiation of gametophyte cultures by the aseptic
germination of spores or gemmae, and in vitro fern gametophyte cultures initiated in this
way have been established and reported for a number of species (Table 1). However, for
species known only from the gametophyte in nature, in vitro cultures would need to be
established directly from gametophytic tissue. Methods for this have been reported for
gametophytes of bryophytes (Rowntree & Ramsay, 2005; Segreto et al., 2010) but not
yet for fern gametophytes. Gametophytes of bryophytes are more complex structures
than those of ferns, and further research is needed to determine whether fern
gametophytes can survive the surface sterilization required for initiating in vitro cultures. 

The results of this study indicate gametophyte cryopreservation is an option for long-
term conservation of in vitro collections of fern gametophytes that have been developed
for horticultural or experimental purposes, as well as an option for the ex situ
conservation of fern biodiversity. Thus, it is a tool that can contribute to the ex situ
conservation goals (Target 8) of the Global Strategy for Plant Conservation (Convention
on Biological Diversity, 2010). Further research is needed to test the applicability of
encapsulation dehydration to more species with different habits and adaptations in order
to more clearly define the breadth of its potential use. In addition, more long-term studies
should be initiated to evaluate the effectiveness of cryopreservation in preserving tissues
over the course of decades. However, these results with six species clearly demonstrate
the potential of this method for fern conservation in the future.
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