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ABSTRACT
Short-lived chlorophyllous spores need special treatment to extend their
longevity and vigour for ex situ conservation. Germination rates, mean longevity
and germination times of chlorophyllous spores of the rare fern Osmundastrum
cinnamomeum were determined to assess their viability, lifespan and vigour at
18–25°C (room temperature, RT), 4°C and -80°C during 96 weeks of storage.
Results showed that at the low temperatures, the viability and vigour were
significantly maintained, and the lifespan of O. cinnamomeum spores was
extended. Spores stored at RT had completely lost all ability to germinate within
12 weeks. Some spores retained their viability for more than 96 weeks at 4°C
and -80°C. Mean longevities were 6.1, 41.8, and >96 weeks with storage at RT,
4°C and -80°C respectively. The mean spore germination time (MGT), herein
regarded as an indicator of vigour, was affected by both storage temperature and
time. Spores stored at RT and 4°C began to lose their vigour after three weeks.
However, it did not decline at -80°C until 24 weeks of storage. This study
demonstrates that low temperature (4°C) and cryopreservation (-80°C)
significantly extended the longevity and vigour of chlorophyllous spores of O.
cinnamomeum.
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INTRODUCTION
As plants are threatened by habitat loss, pollution, invasive species, and other factors,
in situ conservation is considered as the primary focus for conserving threatened
species. Ex situ germplasm storage, on the other hand, is an important complementary
aspect of plant conservation (Pence, 2004). A germplasm bank, storing living
propagules in a small space, can efficiently maintain genetic variability (Dickie et al.,
1990; Smith et al., 2003; Pence, 2008). Conservation plans for a number of threatened
fern species include propagation from spores (e.g., Estrelles et al., 2001; Lusby et al.,
2002; Simabukuro et al., 1998). Spore banks have low financial costs and have been
developed for more than 20 years to conserve ferns ex situ (Page et al., 1992; Ibars &
Estrelles, 2012).

Most fern spores can typically retain their viability for a long period but there is
great disparity among species (Okada, 1929). One of the principal features causing such
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variation is the presence of chlorophyll pigments. Fern spores are primarily divided into
chlorophyllous spores (also called green spores) and non-chlorophyllous spores (non-
green spores), depending on whether or not chlorophyll pigments exist in them (Gabriel
y Galán & Prada, 2011). Compared with non-chlorophyllous spores, which retain their
viability for several months to years, chlorophyllous spores are relatively short-lived,
surviving for only a few weeks or months at room temperature (Lloyd & Klekowski,
1970).

Chlorophyllous spores quickly lose their viability because of a lack of desiccation
tolerance, a high metabolic rate, and the absence of dormancy (Kato, 1976; Li & Shi,
2014). Therefore they require specialised treatment for long-term conservation in
germplasm banks (Ballesteros et al., 2011). It is well documented that the viability of
chlorophyllous spores can usually be extended under low temperatures (Ballesteros,
2011; Gabriel y Galán & Prada, 2011). The longevity of chlorophyllous and non-
chlorophyllous spores has been studied for over 50 years, and some protocols have been
established to optimise spore preservation in fern spore banks (Ibars & Estrelles, 2012).
For example, low temperature (-70°C) storage substantially prolonged chlorophyllous
spore viability of Equisetum hyemale L. for over 16 months (Whittier, 1996), and
at -20°C for more than 28 months for Osmunda regalis L. (Magrini & Scoppola, 2012).
The “viability” of spores has been variously defined, such as the length of time that
spores retain their ability to germinate (Raghavan, 1989; Gabriel y Galán & Prada,
2011), or the capacity of a spore to germinate (Qunitanilla et al., 2002). The former one
is mutually used with the term “longevity” (e.g., Aragón & Pangua, 2004, Pence, 2004).
We herein define “spore longevity” (the lifespan of a spore) to be the period from spore
harvest to loss of germination ability as per Windham et al. (1986) and Ballesteros et al.
(2011). “Spore viability” is defined as the spore germination ability as indicated by the
germination rate (%) (Gabriel y Galán & Prada, 2011).

The quality of spores (spore vigour) is related to the germination rate and ageing
during storage. Because spore germination time is prolonged with storage time (Smith
& Robinson, 1975; Camloh, 1999), germination time was used to indicate spore vigour
in this study.

Osmundastrum cinnamomeum (L.) C.Presl is a temperate fern, usually growing in
swamps and widely distributed from Asia to the Americas (Metzgar et al., 2008).
However, the population number is low (≤4) and relatively small (<200 mature
individuals in the largest population) in Taiwan (Chiu et al., 2013). It was evaluated to
be a vulnerable species based on IUCN red list categories and criteria (Wang et al.,
2012). The goal of this study was to determine the effect of various storage
temperatures on the longevity and vigour of chlorophyllous spores of O. cinnamomeum.
The results provide useful information for long-term ex situ conservation of this rare
fern in spore banks.

MATERIALS AND METHODS
Fresh spores of O. cinnamomeum were obtained from 12 fertile fronds of six plants
growing in a marsh at Tsaopi (24°46'03"N, 121°36'26"E, elev. 809m), Yilan County,
northeastern Taiwan, in March 2012. The fertile fronds released spores after being
air-dried for three days. Spores were isolated from sporangia and transferred to
microtubes (Labcon Screw-Cap Microcentrifuge Tubes, 2.0ml) for dry storage.
Microtubes of spores were stored at 18−25°C (room temperature, RT), 4°C or -80°C for
up to 96 weeks.
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Spores stored at RT, 4°C and -80°C were sown separately onto four sheets of
membrane filters (with a pore size of 0.45µm and diameter of 47mm; Gelman
Laboratory) after 0 (fresh spores), 1, 2, 3, 4, 8, 12, 24, 48 and 96 weeks of storage. Each
sheet was laid on a 4cm thick layer of moist sphagnum moss in a plastic box
(114×86×102mm, PHYTATRAY IITM, Sigma). All cultures were incubated under
white fluorescent illumination at approximately 25−35µmol m-2 s-1 for 12h d-1 at 20
± 1°C.

Germination refers to the breakage of the spore wall and the appearance of the first
rhizoid or gametophyte cell (Lloyd & Klekowski, 1970). To calculate the germination
rate (%), 200 spores (50 spores/filter × 4 filters) were randomly observed under a
microscope (Leica, Wild M8) every week after sowing until no more germination was
detected.

The mean germination time (MGT) was calculated for each replication per
treatment according to the equation: MGT = Σ(tn)/(Σn), where t is the time in weeks
starting from spore sowing and n is the number of spores that had germinated in week
t (modified from De Brum & Randi, 2006). The spore lifespan was indicated by the
spores’ mean longevity calculated by the equation: ML = Σti (pi − pi+1), where ti is the
spore storage time (ith week), pi is the germination rate in the ith week, and pi+1 is the
germination rate for the next storage time (i+1th week).

Germination rates and mean germination times for each temperature were analysed
by a one-way analysis of variance (ANOVA) and Fisher's least significant difference
(LSD) test (p<0.05) to estimate significant differences of means among different
storage times.

RESULTS
All (100%) fresh spores of O. cinnamomeum germinated within one week. With RT
storage, the spore germination rate remained at almost 100% for four weeks in storage.
Then it decreased significantly to nearly 50% after eight weeks in storage, and spores
had completely lost viability after 12 weeks in storage. When the storage temperature
was lowered to 4°C, spores retained almost all of their viability for 24 weeks in storage.
Then it decreased significantly to 69.5% and 3.0% after 48 and 96 weeks of storage,
respectively. For spores stored at -80°C, the germination percentage was almost 100%
during 48 weeks of storage and still remained at 91.5% even after 96 weeks of storage
(Table 1).

The MGT of fresh spores was one week. Under RT storage, the MGT increased
significantly to 1.4 weeks after three weeks in storage, and up to 2.0 and 2.1 weeks after
four and eight weeks in storage, respectively. The MGT of spores stored at 4°C did not
increase within two weeks of storage, then slightly (but significantly) increased to
1.3−1.5 weeks during 3−12 weeks of storage, and again significantly increased to
2.4−2.5 weeks after 24−48 weeks of storage. However MGT was found to have
decreased to 2.0 weeks after 96 weeks of storage. The MGT was ≤1.2 weeks when
spores were stored at -80°C after 12 weeks in storage, but significantly increased to 2.2
weeks after 24 weeks of storage, then decreased to 1.9 and 1.7 weeks respectively when
spores were stored for 48 and 96 weeks (Table 2).

Spores had completely lost their viability after 12 weeks of storage at RT, whereas
some viability was retained at 4°C and -80°C storage at the end of the observation
period (96 weeks) (Table 2). Thus the lifespan of at least some proportion of spores at
4°C and -80°C was more than 96 weeks. The mean longevity of spores significantly
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Table 1. Germination rates of spores of Osmundastrum cinnamomeum at different
storage times and temperatures

1) Data are the mean±standard deviation (n=4).
2) Means with the same superscript letter do not significantly differ within a
temperature (p<0.05; LSD test).
3) Room temperature of 18−25°C.

Germination rate (%)1,2)

Storage time

(weeks)

Storage temperature

RT3) 4°C - 80°C

0 100a -- --

1 100a 100a 100a

2 100a 100a 100a

3 100a 100a 100a

4 99.5±1.0a 100a 100a

8 51.5±4.4b 100a 100a

12 0c 100a 100a

24 0c 97.0±3.5a 96.5±4.7a

48 0c 69.5±10b 98.5±1.9a

96 0 c 3.0±1.2c 91.5±5.3b
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Table 2. Mean germination times of spores of Osmundastrum cinnamomeum at
different storage times and temperatures

1) Data are the mean±standard deviation (n=4).
2) Means with the same superscript letter do not significantly differ within a
temperature (p<0.05; LSD test).
3) Room temperature of 18−25°C.
4) -, no data.
5) --, spores did not germinate.

Mean germination time (weeks)1,2)

Storage time

(weeks)

Storage temperature

RT3) 4°C - 80°C

0 1.0a -4) -

1 1.1±0.0a 1.1±0.0a 1.1±0.0a

2 1.1±0.1a 1.1±0.0a 1.1±0.1a

3 1.4±0.2b 1.3±0.1b 1.1±0.0a

4 2.0±0.2c 1.3±0.0b 1.2±0.1a

8 2.1±0.2c 1.5±0.0c 1.1±0.0a

12 --5) 1.4±0.1bc 1.1±0.0a

24 -- 2.5±0.2e 2.2±0.3d

48 -- 2.4±0.2e 1.9±0.1c

96 -- 2.0± 0.0d 1.7±0.2b



differed among the three temperature treatments, with 6.1, 41.8, and >96 weeks at RT,
4°C and -80°C storage, respectively.

DISCUSSION
The viability of chlorophyllous spores under RT conditions is known to be lost rapidly
but there are great disparities among species. For example, longevity of chlorophyllous
spores of Equisetum hyemale, Osmunda regalis, and Matteuccia sp. are two weeks, ca.
one month, and more than one year, respectively (Stokey, 1951; Lloyd & Klekowski,
1970; Lebkuecher, 1997). This study demonstrated that the lifespan of a proportion of
spores of O. cinnamomeum at RT reached eight weeks, slightly longer than previous
records from Japan (1.4–1.8 months) (Okada, 1929). This difference may have resulted
from plant genetic variations and/or spore maturity. Fully mature spores usually have
greater longevity than do immature ones (Huang et al., 2014). Some physiological
mechanisms and compounds, including the respiration rate, water content, catalase
content and granules of lipids and lipoproteins, were documented to affect
chlorophyllous spore viability (Okada, 1929; Gullvåg, 1969; Olsen & Gullvåg, 1973).
The decay of fern spore viability might also result from the loss of some housekeeping
substances, such as sugars, amino acids and proteins (Beri & Bir, 1993; Ballesteros et
al., 2004). Spore viability is also related to various kinds of sulphur metabolites, such
as glutathione (GSH), glutathione disulphide (GSSG), S-adenosylmethionine (SAM),
and S-adenosylhomocysteine (SAH), which are involved in modulating protein
activities or other metabolites under stress (Giovanelli et al., 1985; Dixon et al., 2005;
Michelet et al., 2005; Loenen, 2006; Roje, 2006). Chang et al. (2013) further
documented that GSH/GSSG and SAM/SAH ratios of spores of O. cinnamomeum
significantly declined as they lost viability. Apparently those physiochemical changes
affect the germination rates of O. cinnamomea spores and probably are correlated with
the loss of viability in other chlorophyllous fern spores.

Chlorophyllous spores tend to germinate quickly because their photosynthetically
active chloroplasts can rapidly transform light energy to metabolic activity (Raghavan,
1989). The MGT of chlorophyllous spores at RT is ca. 1.5 days for the Equisetaceae,
Osmundaceae, Grammitidaceae, Hymenophyllaceae, Blechnum nudum (Labill.) Mett.
ex Luerss., Lomariopsis sorbifolia (L.) Fée, and some species of Christiopteris,
Marginariopsis, Matteuccia, Onoclea and Onocleopsis (Lloyd & Klekowski, 1970). It
is obvious that the germination rate of chlorophyllous spores should be measured at
short intervals. Daily observations would provide more accurate data than the weekly
observations that were used in this study. Nevertheless, correlations between spore
vigour and different storage temperatures were distinguishable.

The results of this study show that the MGT increased before the germination rate
declined. However, the MGT of O. cinnamomeum spores increased significantly after
three weeks of storage at 4°C, then decreased after 96 weeks of storage. A similar
situation also occurred with storage at -80°C. The increase and decrease in the MGT
may have resulted from the self-regulation of spores in response to stress during storage
(Chang et al., 2013). More studies are needed to determine whether the MGT is a good
indicator for evaluating the germination vigour of fern spores.

The successful establishment of individuals and populations of a species in a new
habitat after spore dispersal depends on how long the spores retain their viability and
vigour (Sheffield, 1996; Shorina, 2001; Gabriel y Galán & Prada, 2011). When the
spore vigour decreases, subsequent gametophytes may grow abnormally and even
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affect subsequent sporophyte production (Smith & Robinson, 1975; Beri & Bir, 1993)
and population establishment (Gabriel y Galán & Prada, 2011).

An increase in the storage time results in decline in spore viability and vigour as
previously reported for O. cinnamomeum and a few other ferns (Smith & Robinson,
1975; Ballesteros et al., 2011, 2012). Evidence was presented that suggests spore age
may be partly attributable to the declining ability of spores to synthesise metabolites
essential for germination (Gabriel y Galán & Prada, 2011). It is well known that
chlorophyllous spores have shorter lifespans compared with non-chlorophyllous spores
(Lloyd & Klekowski, 1970). Using low temperature to prolong their lifespan and vigour
was documented (Pence, 2000, 2008; Ballesteros et al., 2006, 2011, 2012; Ballesteros,
2011; Gabriel y Galán & Prada, 2011). It was reported that chlorophyllous spores of
Osmunda regalis and O. japonica Thunb. stored at low temperatures (-25 and 4°C) also
retained viability for up to 24 and 12 months respectively (Ballesteros et al., 2011; Li
& Shi, 2014). This study also showed that spores of O. cinnamomeum rapidly lost
viability at RT storage, and the lowest temperature of -80°C provided the best
conditions to retain their spore viability and vigour. Cryopreservation is, therefore,
recommended for the long-term storage of spores of this species, and this procedure
may be applicable to other fern spores in terms of ex situ conservation.

CONCLUSIONS
Chlorophyllous spores of ferns have shorter lifespans at room temperature storage
compared with non-chlorophyllous spores. However, cryogenic temperatures might
suppress metabolic activities and effectively extend their longevity and retain the vigour
of chlorophyllous spores as shown in this study. It is suggested that cryopreservation is
a feasible method for establishing long-term germplasm of the chlorophyllous spores of
Osmundastrum cinnamomeum.
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