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It is generally accepted that fern spores contain all the elements that are
needed for germination because spores germinate on distilled water in the ab-
sence of added nutrients (Raghavan, 1980). Here we present the first quantitative
data on the atomic composition of Onoclea spores that permit one to know which
elements are present in the spore. The presence of an element does not imply
its essentiality as a nutrient; rather, it allows for the possibility that this element
could be involved with development.

One element of particular interest to us is calcium, which is essential for spore
germination (Wayne & Hepler, 1984a). Ninety percent of the calcium present in
Onoclea spores resides in their walls, whereas 10% is intracellular (Wayne &
Hepler, 1984b). By selectively removing calcium from the spores, we show that
the wall-associated calcium is required for Onoclea germination in calcium-free
media.

MATERIALS AND METHODS

Mature sporophylls of Onoclea sensibilis L. were collected in Amherst and
Pelham, Massachusetts in January, 1981 and February, 1982 and stored in plastic
bags in the freezer at —15°C. Prior to an experiment, sporangia were wetted
with a 0.1% solution of Aerosol O. T. (Fisher Scientific Co., Pittsburgh, PA)
sterilized for 1 min with 1 1 of a 20% (v/v) solution of commercial bleach (5.25%
NaOCl), and rinsed with 500 ml of sterile water in a manner modified from
Stockwell and Miller (1974). For germination assays, approximately 2 mg of ster-
ilized spores were sown on either 10 ml of the standard medium containing 1
mM Ca(NO,),, 0.81 mM MgSO,, and 3.45 mM KNO, (pH 5.2), or on 10 ml of 2.5
mM EGTA (ethylene glycol-bis(8-amino-ethyl ether)-N,N,N’,N'-tetraacetic acid,
PH 6.8) for 24 h then transferred to 10 ml of the standard medium plus or minus
Ca(NO;), one hour prior to irradiation. Spores were irradiated to induce germi-
nation for 5 minutes with broad band red light (energy fluence rate = 2.4 ] -m™
s7'). All manipulations were carried out in sterile plasticware in the dark or
under a dim green safelight (Wayne & Hepler, 1984a).

Percent germination was determined 48 h after irradiation by the acetocar-
mine-chloral hydrate method of Edwards and Miller (1972). Data are expressed
as the mean + two standard errors of the mean.

In order to analyze the elements contained in the spores, sterilized spores
were dried at 105°C for 2 h and weighed immediately. For the determination of
calcium, magnesium, potassium, cobalt, nickel, iron, copper, manganese, sodium;
zinc, mercury, cadmium, chromium, silver, molybdenum, vanadium, and lead.
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spore samples were dissolved in hot concentrated sulfuric acid (1 ml) plus 10
drops of concentrated nitric acid, diluted with water to a 25-50 ml volume de-
pending on weight (usually 10 mg), and then analyzed for metals using a Perkin-
Elmer 403 Atomic Absorption Spectrophotometer following the Perkin-Elmer
standard methods guide. Carbon, hydrogen, and nitrogen analyses were per-
formed on a Perkin-Elmer 240 Elemental Analyser according to the modified
Pregl-Dumas technique. Sulfur analysis was done by classical BaSO, titration
using Thorin indicator after Schoniger oxygen flask combustion. Phosphorus was
analyzed by forming phosphomolybdic acid from orthophosphate after conver-
sion by hot H,SO, and HNO, digestion. Phosphomolybdic acid was then mea-
sured spectrophotometrically at a wavelength of 882 nm. Oxygen analysis was
done by a modified Unterzaucher procedure. Chlorine was analyzed as Cl- after
a Schéniger oxygen flask combustion followed by a coulometric titration with
silver.

Culcita coniifolia, Cycas taiwaniana, Nothoscordum bivalve, Psilotum nudum,
Selaginella kraussiana, and Tradescantia virginiana were grown in the green-
house of the University of Massachusetts, Amherst. Voucher specimens are on
deposit in the University of Massachusetts Herbarium, Amherst. Funaria hygro-
metica was grown in Laetsch’s medium under continuous white light (Laetsch,
1967).

RESULTS AND DISCUSSION

The atomic composition of spores of Onoclea sensibilis is shown in Table 1.
The spores contain all the macro- and micronutrients needed for higher plant
growth (Clarkson & Hanson, 1980). The relative atomic composition of Onoclea
Spores is similar to that reported for leaves of a variety of ferns (Hohne & Richter,
1981) and corn plants (Epstein, 1972). The high levels of minerals found in On-
oclea spores contrast with the very low levels found in corn microspores (Pfahler
& Linskins, 1973). The difference in the mineral content of corn microspores and
Onoclea spores may reflect the functional differentiation of fern spores as prop-
agules. Onoclea spores may carry sufficient nutrients to ensure the proper de-
velopment of the gametophyte, whereas the style provides the nutrition for an-
giosperm microgametophytes. Consistent with their role as propagules, the spores
can withstand considerable desiccation (cf. Barker & White, 1964) as evidenced
by their low water content. In Onoclea, the dry weight accounts for 95.43 +
1.02% of the fresh weight of the spore, whereas the dry weight of a plant cell
may be only 7% of the fresh weight (Burling & Jackson, 1965; Ray, 1962).

Carbon, hydrogen, and oxygen are the most common elements in the spores.
The carbon/hydrogen/oxygen molar ratio of 1/1.6/0.3 is a result of the abun-
dance of storage lipids and proteins in the spores (DeMaggio & Stetler, 1980;
Towill & Tkuma, 1975). This ratio remains nearly constant for 24 h following
hydration. The carbon/hydrogen/oxygen ratio changes to 1/1.3/0.9 in week-old
gametophytes indicating that in this later developmental stage carbon is mainly
present as carbohydrate (Table 2).

Potassium, magnesium, sodium, and calcium are the major cations in the spores.
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TaBLE 1. The Atomic Composition of Onoclea sensibilis Spores.

Number of atoms

Element Percent dry weight nmol/mg dry weight  relative to calcium
C 58.59 + 2.00 48,784.35 977.64
O 21.25 + 1.90 13,281.75 266.17
H 7.76 + 0.55 76,942.16 1541.93
N 4.59 *+ 0.28 3277.00 65.67
P 0.82 + 0.18 254.74 5.31
K 0.70 + 0.00 179.04 3.59
S 0.53 * 0.07 163.76 3.28
Mg 0.34 * 0.07 139.89 2.80
Na 0.23 + 0.07 100.04 2.00
Ca 0.20 * 0.07 49.90 1.00
Cl 0.110 £ 0.020 31.027 0.622
Co 0.040 = 0.037 6.787 0.136
Fe 0.024 =+ 0.006 4.297 0.086
Ni 0.011 = 0.020 1.874 0.038
Pb 0.010 = 0.018 0.483 0.010
Mn 0.008 = 0.002 1.456 0.029
Zn 0.006 = 0.003 0.918 0.018
Cu 0.005 = 0.003 0.787 0.016
Cr 0.002 + 0.000 0.385 0.008
Ag 0.002 =+ 0.001 0.185 0.004
Cd 0.0004 = 0.0006 0.035 0.0007
Hg 0.00001 + 0.00001 0.0005 0.00001
A" <0.001 <0.196 <0.004
Mo <0.0007 <0.073 <0.001
Unknown 48
Total 100.0

Calcium has been shown to be essential for the normal spore development. It is
required for germination (Wayne & Hepler, 1984a), rhizoid growth (Miller et al.,
1983), and normal protonema development (Cooke & Racusen., 1982). Calcium is
also required for archegonium, antheridium, and sporophyte formation in Wood-
sia obtusa (Bryan & O’Kelley, 1967), and spermatogenesis in Marsilea (Wick,
1979). In Onoclea, the amount of calcium in the spores is similar to the levels of
calcium found in the fiddlehead, expanded leaf, rachis, and empty sporangia;
however, there is considerably more calcium found in gametophytes growing in
a calcium-sufficient medium (Table 3). The average calcium content in the var-
ious tissues of Onoclea is 0.24% which is similar to that found in a variety of
greenhouse-grown plants (Table 3).

Calcium, primarily localized in spore walls, is necessary for germination (Wayne
:& Hepler, 1984b). Onoclea spores, for example, germinate readily when placed
in deionized water plus MgSO, and KNO;, but not if they are prewashed with
EGTA, a chelating agent that removes the wall bound calcium. The ability to
germinate can be regained by adding exogenous calcium (Table 4), indicating
thfe importance of external calcium. The potential of unwashed spores to ger-
minate in calcium-free media depends on the spore density. We have found that
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TaBLE 2. The Carbon, Hydrogen, and Oxygen Ratios of Several Developmental Stages of Onoclea.

Atomic content Ratio with re-
Developmental stage Element (umol/mg dry wt) spect to carbon
Dry spores C 48.78 + 1.66 1
H 76.94 + 546 1.6
(@] 13.28 + 1.19 0.3
Hydrated spores (dark) C 48.40 = 1.77 1
H 81.56 + 3.37 1.7
(0] 15.00 £+ 0.13 0.3
Hydrated spores (5 min red) C 49.07 + 1.03 1
H 81.61 £ 1.49 1.7
0] 13.91 + 1.44 0.3
Gametophytes (1 week old) C 34.03 £ 3.36 1
H 44,55 + 2.56 13
O 29.75 £ 9.75 0.9

germination is promoted by high spore density, probably as a result of pooling
sufficient calcium from many cell walls (Wayne & Hepler, 1984a). Other studies
also show that plants are capable of adding nutrients to “nutrient free,” media
thereby masking the requirement for a given nutrient (Miller et al., 1983: Pfahler
& Linskins, 1973; Saunders & Hepler, 1983; Wayne & Hepler, 1984a).

The concentrations of the transition metals cobalt, nickel, lead, chromium,
silver, and copper are relatively high (cf. Gauch, 1972). These trace elements
may accumulate in the spores in order to provide a reservoir for the growing

TABLE 3. The Calcium Content of Plant Tissues.

Calcium content

Species Tissue or organ (%0 dry weight)
Onoclea sensibilis gametophyte 0.46
empty sporangia 0.26
rachis 0.22
spore 0.20°
expanded leaf 0.17
fiddlehead 0.11
Onoclea sensibilis average of all parts 0.24
Psilotum nudum frond 0.06
Culcita coniifolia frond 0.12
Selaginella kraussiana shoot 0.42
Cycas taiwaniana leaf 0.47
Nothoscordum bivalve leaf 0.52
Funaria hygrometica protonema 0.64
Tradescantia virginiana leaf 1.10®

* The range is 0.1-0.4% dry weight.
*The high calcium content of T. virginiana is a consequence of the presence of calcium oxalate
crystals.
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TaBLE 4. The Effect of Washing with EGTA on Germination of Onoclea.

Treatment Percent germination
Control 89.00 = 1.00
EGTA-washed 0.75 + 1.50
EGTA-washed + 1 mM Ca(NO,), 87.25 + 4.50

gametophyte and young sporophyte before a sufficiently large root system can
be produced. Alternatively, the accumulation of these heavy metals may be
fortuitous but not essential (especially in the case of cobalt), indicating that On-
oclea may be a bio-accumulator of heavy metals from the environment and thus
may serve as a bio-indicator. Other ferns have been shown to accumulate heavy
metals from the environment (see Puckett & Burton, 1981, for a review; Hunter,
1953). This would provide yet a new way in which a fern can be utilized as an
environmental monitor (Klekowski & Poppel, 1976: Petersen et al., 1980; Petersen
& Francis, 1980). Interestingly, many of these bivalent metals can act as calcium
antagonists (Hagiwara, 1973) and thus as inhibitors of germination (Petersen et
al., 1980; Petersen & Francis, 1980; Wayne & Hepler, 1984a).

The concentration of chloride is too low for it to serve as the only counter ion
for potassium. The positive charges are probably neutralized by organic acids
such as malic acid, which would account for the low intracellular pH we have
observed in Onoclea.

The high level of phosphorus is probably due to the presence of phytic acid
(inositol hexaphosphate) in the spores (DeMaggio et al., 1983). Inositol polyphos-
phate is usually considered to be a storage form of phosphate, although recently
it has been shown to interact with calcium ions in triggering cell responses
(Rasmussen, 1981).

Silicon is present in high concentrations in the spores of Selaginella (Tryon &
Lugardon, 1978) and the leaves of many true ferns (Héhne & Richter, 1981). It
1fnay also be part of the spores of Onoclea. We, however, were unable to assay

or it.

Here we have presented the natural abundance of elements in the spores of
Onoclea. We have shown how the C/H/0O ratio in particular reveals the devel-
opmental state of the cells and that there is sufficient calcium associated with
the cells to facilitate germination. By removing the wall-bound calcium, we have
also shown that the germination response requires external calcium. A bio-in-
organic chemical analysis of spores complements other methods of analysis such
as light (Vogelmann & Miller, 1980) and electron (Bassel et al., 1981) microscopy.
biochemical studies (Huckaby & Miller, 1984;: Towill & Tkuma, 1975; DeMaggio
& Stetler, 1980) as well as physiological investigations (Vogelmann et al., 1981;
Wayne & Hepler, 1984a), in understanding Onoclea spores and their develop-
ment.

Elemental analyses were performed by Dr. G. Dabkowski, Director of the
Microanalysis Laboratory, University of Massachusetts, Amherst. Support for

tl?is research was provided in part by NSF grant PCM 840 2414 to P.K.H. and a
Sigma Xi grant in aid of research to RW.



WAYNE & HEPLER: ONOCLEA SPORES 17

LITERATURE CITED

BARKER, W. G. and R. G. WHITE. 1964. Retention of viability in lyophilized spores of the fiddlehead
fern, Matteuccia pensylvanica. Amer. Fern ]. 54:87-89.

BassiL, A. R, C. C. KUEHNERT, and ]. H. MiLLER. 1981. Nuclear migration and asymmetric cell
division in Onoclea sensibilis spores: an ultrastructural and cytochemical study. Amer. |.
Bot. 68:350-360.

BRYAN, A. L. and J. C. O’KELLEY. 1967. The influence of replacing calcium with strontium on the
development of Woodsia obtusa. Amer. Fern ]. 57:27-31.

BURLING, E. and W. T. JacksoN. 1965. Changes in calcium levels in cell walls during elongation of
oat coleoptile cells. P1. Physiol. 40:138-141.

CLARKsON, D. T. and J. B. HANSON. 1980. The mineral nutrition of higher plants. Annual Rev. Pl.
Physiol. 31:239-298.

Cookk, T. J. and R. H. RAcUseN. 1982. Cell expansion in the filamentous gametophyte of the fern
Onoclea sensibilis L. Planta 155:449-458.

DeEMaAccIo, A. E. and D. STETLER. 1980. Storage products in spores of Onoclea sensibilis L. Amer.
J. Bot. 67:452-455.

» T. TEMPLEMAN, ]. SOLDATIS, and D. A. STETLER. 1983. Ultrastructure and biochemistry of
fern spore germination: protein and phytic acid. (Abstr.) Pl. Physiol. 72(Suppl.):99.
Epwarps, M. F. and J. H. MiLLER. 1972. Growth regulation by ethylene in fern gametophytes. III.

Inhibition of spore germination. Amer. J. Bot. 59:458-465. ;

EpsTEIN, E. 1972. Mineral nutrition of plants: principles and perspectives. New York: John Wiley
& Sons.

Gauch, H. G. 1972. Inorganic plant nutrition. Stroudsburg, Pa.: Dowden, Hutchinson, & Ross.

HAGIwARA, S. 1973. Ca spike. Adv. Biophys. 4:71-102.

HOHNE, H. and B. RICHTER. 1981. Untersuchungen iiber den Mineralstoff- und Stickstoffgehalt von
Farnkrautern. Flora 171:1-10.

Huckasy, C. S. and J. H. MILLER. 1984. Spore germination and rhizoid differentiation in Onoclea
sensibilis. Pl. Physiol. 74:656-662.

HUNTER, ]. G. 1953. The composition of bracken: some major- and trace-element constituents. .
Sci. Food Agric. 4:10-20.

Kiekowski, E. J., Jr. and D. M. PoppeL. 1976. Ferns: potential in situ bioassay system for aquatic
borne mutagens. Amer. Fern . 66:75-79.

LAETscH, W. M. 1967. Ferns. In Methods in developmental biology, eds. F. H. Wilt and N. K.
Wessells. New York: Thomas Y. Crowell.

MILLER, . H., T. C. VOGELMANN, and A. R. BasseL. 1983. Promotion of fern rhizoid elongation by
metal ions and the function of the spore coat as an ion reservoir. Pl. Physiol. 71:828-834.

PETERSEN, R. L., D. ArNoLD, D. G. LyNncH, and S. A. PrRICE. 1980. A heavy metal bioassay based on
percent germination of the sensitive fern, Onoclea sensibilis. Bull. Environm. Contam. Tox-
icol. 24:489-495.

— and P. C. Francis. 1980. Differential germination of fern and moss spores in response to
mercuric chloride. Amer. Fern |. 66:75-79.

PFAHLER, P. L. and H. F. Linskins. 1973. Ash percentage and mineral content of maize (Zea mays
L.) pollen and style. Theor. Appl. Genet. 45:32-36.

Pucker, K. J. and M. A. 8. BurtoN. 1981. The effect of trace elements on lower plants. Pp. 213-
238 in Effect of heavy metal pollution on plants, vol. 2, ed. N. W. Lepp. London: Applied
Science Publishers.

RacHAvaN, V. 1980. Cytology, physiology and biochemistry of germination of fern spores. Int. Rev.
Cytol. 62:69-118.

Rasmussen, H. 1981, Calcium and cAMP as synarchic messengers. New York: Wiley.

Ray, P. M. 1962. Cell wall synthesis and cell elongation in oat coleoptile tissue. Amer. ]. Bot. 49:
928-939.

SAUNDERs, M. |. and P. K. HepLer., 1983. Calcium antagonists and calmodulin inhibitors block
cytokinin-induced bud formation in Funaria. Developm. Biol. 99:41-49.

STockwELL, C. R. and J. H. MiLLer. 1974. Regions of cell wall expansion in the protonema of a
fern. Amer. |. Bot. 61:375-378.



18 AMERICAN FERN JOURNAL: VOLUME 75 NUMBER 1 (1983

TowiLL, L. R. and H. IkuUMA. 1975. Photocontrol of the germination of Onoclea spores. IV. Metabolic
changes during germination. P1. Physiol. 56:468-473.

TrYON, A. F. and B. LucarDON. 1978. Wall structure and mineral content in Selaginella spores
Pollen & Spores 20:315-340.
VocGeLManN, T. C,, A. R. BassEL, and ]. H. MiLLER. 1981. Effects of microtubule-inhibitors on nuclear
migration and rhizoid differentiation in germinating fern spores (Onoclea sensibilis). Pro-
toplasma 109:295-316. -
and J. H. MiLLER. 1980. Nuclear migration in germinating spores of Onoclea sensibilis: the
path and kinetics of movement. Amer. . Bot. 67:648-652.
WAYNE, R. and P. K. HEPLER. 1984a. The role of calcium ions in phytochrome-mediated germination
of spores of Onoclea sensibilis L. Planta 160:12-20,

—— and P. K. HEPLER. 1984b. Red light stimulates an increase in intracellular calcium in the
spores of Onoclea sensibilis. Pl. Physiol. 77:8-11.

Wick, S. M. 1979. The localization and possible role of calcium ions during mitosis. Dissertation,
Stanford University. .

.-

REVIEW

“Gametophytes of Ophioglossaceae,” by D. D. Pant, D. D. Nautiyal, and D. R
Misra. Phyta Monograph 1:1-111, 1984.

This is a report on the gametophytes and young embryos of the Ophioglossa-
ceae in India. Six species of Ophioglossum, 4 species of Botrychium, and Hel
minthostachys were studied from extensive collections of gametophytes. A help-
ful introduction to the literature initiates this conventional morphological study.
Observations on the structure and development of these gametophytes and em-
bryos expand our knowledge about the gametophytes from India. New and in-
teresting information presented includes: meristems of the gametophyte lobes of
Helminthostachys that suggest that the lobes are short lateral branches; slight
lignification of the central strand of elongated parenchyma cells in the cylindri-
cal gametophytes of Ophioglossum and Helminthostachys; absence of a ventral
canal cell in Ophioglossum archegonia; and endoscopic embryo development in
O. nudicaule. The concluding section of the monograph summarizes the new
o.bservations and incorporates them into a useful review of the literature. Per-
tinent information from the literature is also tabulated in a 12 page table at the
end of the text. There is an abundance of illustrations (over half of the mono-
graph). The line drawings are excellent but the halftones are in need of improve:
ment. The quality of the halftones is not a serious detraction from the papér
because much of the illustrated material is presented as both line drawings and
halfto'nes. “Gametophytes of Ophioglossaceae” is an informative paper that wil
be of interest to pteridologists, especially those interested in the morphology and
anatomy of gametophytes. This monograph may be purchased from the Society
of Indian Plant Taxonomists, Department of Botany, University of Allahabad,

Alls'lhab.:ad 211002, India.—DEAN P. WHITTIER, Department of Biology, Vanderbil
University, Nashville, TN 37235.
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