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ABSTRACT 

In land plants, two distinct generations, gametophyte and sporophyte, alternate to complete the life cycle. Sporophytes 
undergo meiosis to produce spores, from which gametophytes develop. Gametophytes produce gametes, which partici- 
pate in fertilization to produce the zygote, the first cell of the sporophyte generation. In addition to this sexual reproduc- 
tion pathway, some fern species can undergo apospory or apogamy, processes that bypass meiosis or fertilization, re- 
spectively, to alternate between the two generations without changing the chromosome number. Apospory is inducible 
in the laboratory in various fern species simply by altering the sugar level in the media. In sporophytes induced to un- 
dergo apospory, sporophyte regeneration is also observed. The ratio of aposporous gametophytes to regenerated sporo- 
phytes varies, in a manner consistent with being dependent on sugar level. Whereas the sugar signaling pathway is yet 
to be elucidated in lower plants, in angiosperms it has been shown to play a regulatory role in controlling essential 
processes including flowering and embryo development, which give rise to the gametophyte and the next sporophyte 
generation, respectively. Here, we present evidence for the role of different sugar levels on the balance of apospory and 
regeneration in the fern Ceratopteris richardii. The demonstration of crosstalk between sugar signaling and the hor- 
mone ethylene signaling in angiosperms prompted us to test the effects of this hormone in combination with sugar on 
apospory vs. regeneration. These results provide insight into how a group of redifferentiating cells determines which 
generation to become and lay the groundwork for further analysis of this asexual pathway.  
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1. Introduction 

In all land plants, the life cycle is characterized by an 
alternation between two generations; each develops into 
a multicellular body. Together the two generations, the 
haploid gametophyte and the diploid sporophyte, un- 
dergo the core events of sexual reproduction to complete 
the life cycle. Sporophytes produce haploid spores by 
specialized cells undergoing meiosis; these spores de- 
velop into multicellular gametophytes which produce 
gametes. The fusion of male and female gametes during 
fertilization produces the zygote, the first cell of the 
sporophyte generation, as well as restoring ploidy levels. 
In angiosperms, spores and resulting gametophytes are 
ephemeral, embedded deep in the flower, and dependent 
on the sporophyte. In ferns, mature spores are shed from 
the sporophytes into the environment where, upon ger- 
mination, they develop into photosynthetic gametophytes, 
from which gametes are produced. Thus, in contrast to 
angiosperms, both generations of ferns are free-living 

entities. 
In addition to sexual reproduction pathway via meiosis 

and fertilization, some fern species can reproduce asexu- 
ally through apogamy or apospory. In nature, many fern 
species are obligately apogamous: gametophytes lack 
functional archegonia or antheridia and sporophytes arise 
directly from the gametophyte asexually [1,2]. During 
sporogenesis, a compensatory mechanism with formation 
of restitution nuclei acts to give rise to diplospores with 
the same chromosome numbers as the apogamous sporo- 
phytes [3]. Obligate apospory also occurs in ferns [4], 
albeit rarely [3]. In apospory, diploid gametophytes are 
produced from somatic cells of sporophytes in the ab- 
sence of meiosis. Both processes can be induced in the 
laboratory in the homosporous fern Ceratopteris rich- 
ardii simply by altering the level of sugar supplement in 
the growth media, and in the case of apogamy, by also 
preventing fertilization [5]. Glucose at 2.5% (w/v) was 
found to be optimal for the induction of apogamy [5] and 
medium with no sugar or 0.01% (w/v) glucose supple- 
ment was used in apospory [6-8] in C. richardii. Neither *Corresponding author. 
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apogamy nor apospory, even under the optimum condi- 
tions, is exclusively so; gametophytes and sporophytes 
regenerate in large numbers during apogamy and apo- 
spory, respectively (Cordle and Bui, unpublished results). 
This observation is well known and in many species, 
both gametophytes and young sporophytes have been 
used in regenerative propagation (for a recent review, see 
[9]).  

All sugars found in plants ultimately come from pho- 
tosynthesis. Many are essential structural and metabolic 
molecules supporting plant growth and development. 
Beyond these functions, hexose and some disaccharides 
have been shown to participate in signaling pathways in 
vascular plants leading to processes such as seed germi- 
nation, seedling growth, leaf morphogenesis, embryo 
development, flowering and senescence (for reviews, see 
[10,11]). Much of the hexose signaling in vascular plants 
has been through specific members of the hexokinases 
[11,12]. In the seedless plants Physcomitrella and 
Ceratopteris, many more hexokinase genes exist and 
their roles in signaling have yet to be defined ([13]; 
Cheng, unpublished results); to date, a stromal HXK was 
shown to be responsible for glucose-mediated growth of 
caulonema of the Physcomitrella gametophytes [14]. 
Although sucrose can be converted to hexose in the plant, 
it may also act as a signal itself: for example, in Vicia 
faba, sucrose accumulation correlates with the switch 
from cell division to differentiation during embryo de- 
velopment [15]. 

The discovery that 1-aminocyclopropane-1-carboxylic 
acid (ACC) is able to counteract the inhibition of seed- 
ling greening in Arabidopsis caused by high concentra- 
tion of exogenous glucose prompted the investigation of 
a possible crosstalk between ethylene and sugar signaling 
[16,17]. Examination of mutants defective in or hyper- 
sensitive to glucose and ethylene signaling further sup- 
ports the occurrence of crosstalk [18-20]. In general, eth- 
ylene antagonizes the effect of sugar responses; however, 
the crosstalk between glucose and ethylene signaling 
depends on the glucose level applied and the develop- 
mental stage of the plant [21]. In ferns, ethylene has been 
reported to promote the elongation of dark-grown fila- 
ments and to inhibit rhizoid growth in gametophytes [22], 
and regeneration of sporophytes [23]. The major pathway 
of ethylene biosynthesis in some fern species, however, 
is not through methionine and ACC but by a yet uniden- 
tified pathway [24,25]. Nonetheless, ethylene is produced 
in seed and seedless plants alike [26]. To study the effect 
of ethylene on developmental processes in seedless 
plants, researchers have used ethephon (2-chloroethyl- 
phosphonic acid) and silver thiosulfate (STS) to increase 
ethylene level or block ethylene action, respectively [23, 
27]. Ethephon degrades to yield ethylene in an alkaline 
solution, and has been shown to be effective in causing 

responses unique for ethylene treatment when applied to 
plants and in tissue culture [28]. On the other hand, STS 
is an inhibitor that blocks ethylene action. Silver ions in 
STS replace the copper or zinc of the ethylene receptors 
and hence prevent them from responding to ethylene, 
exogenous or endogenous [29].  

Here, we used the model fern C. richardii to investi- 
gate the effects of different sugar concentrations on the 
production of aposporous gametophytes and on sporo- 
phyte regeneration from excised sporophyte leaves. The 
demonstration of crosstalk between sugar signaling and 
the hormone ethylene signaling in angiosperms prompted 
us to test the effects of this hormone in combination with 
low levels of sugars on apospory and on regeneration. 

2. Materials and Methods 

2.1. Plant Material and Growth Condition  

C. richardii plants used in these experiments were of the 
wild-type genotypes Rn3 or Hnn (Carolina Biological 
Supply, Burlington, NC). Spore germination and ga- 
metophyte culture conditions were as described by 
Hickok et al. (1995) [30] and Cordle et al. (2007) [5]. 
Spores were inoculated at a density of 150 - 300 spores 
per plate containing a basal medium (BM) which is half- 
strength Murashige and Skoog salts (MS) at pH 6.0 with 
0.8% agarose. Gametophyte culture plates were main- 
tained at 28˚C in humidity domes under 16-h light/8-h 
dark cycle. Light was provided by Philips Agro-Lite 
fluorescent bulbs (Philips Lightning Company, Somerset, 
NJ) at 90 - 100 μM·m−2·s−1. 14 days after germination, 
water was added to the gametophyte culture plates to 
initiate fertilization. 7 days after fertilization, young 
sporophyte leaves (leaf one after fertilization) were used 
for apospory induction experiments.  

2.2. Apospory Induction Experiment 

Young sporophyte leaves were excised from the gameto- 
phytes and placed on an apospory-inductive medium 
[BM supplemented with 0.5% (w/v) sugar, either sucrose 
or glucose]. Plates were sealed with micropore tape (3 M 
Health Care, MN, USA) and put inside a humidity dome. 
The same light conditions used for spore germination and 
gametophyte growth was used here. The number of ex- 
plants having either aposporous gametophytes or regen- 
erative sporophytes or both was counted at different time 
points from week 2 to week 7 using a dissecting micro- 
scope (Leica Wild MC3). Aposporous gametophytes are 
distinguished from regenerative sporophytes by the dif- 
ference in thickness of the thalli, as gametophytes are 
single-cell-layered and sporophytes are multilayered, as 
well as the appearance of archegonia and antheridia, ga- 
metophyte-specific organs. Frequency of apospory was 

Copyright © 2012 SciRes.                                                                                 AJPS 



The Effects of Sugars and Ethylene on Apospory and Regeneration in Ceratopteris richardii 955

calculated based on the number of explants having apo- 
sporous gametophytes divided by the total number of 
explants on the plates multiplied by 100. Frequency of 
regeneration was calculated based on the number of ex- 
plants having regenerative sporophytes divided by the 
total number of explants on the plates multiplied by 100. 
Explants that had both aposporous gametophytes and 
regenerative sporophytes were counted in both calcula- 
tions. The total numbers of aposporous gametophytes 
and regenerative sporophytes were counted at the end of 
each experiment (day 56 after plating on apospory-in- 
ductive medium).  

2.3. Histology 

Images of aposporous gametophytes and regenerative 
sporophytes were taken using a dissecting microscope 
and a Dino-Lite digital camera. Five explants having 
aposporous gametophytes were chosen to observe ga- 
metophyte structures by scanning electron microscopy 
(SEM) in the University of Iowa Central Microscopy 
Research Facility.  

For ploidy level determination using Hoechst dye, at 
least five aposporous gametophytes, young sporophytes 
(diploid standard), and spore-derived gametophytes 
(haploid standard) were used. Sample treatment was as 
described in detail in Cordle et al., 2007 [5]. Briefly, 
each cohort of samples were cleared in 95% ethanol 
overnight at 4˚C, rinsed in water and immersed in 40 
µg·mL−1 Hoechst 33342 dye for 2.5 h, rinsed twice in 
distilled water, mounted on slides with glycerol, and im- 
aged under DAPI filtered UV light. Fluorescence inten- 
sity was quantified using ImageJ 1.37 j software (http:// 
rsb.info.nih.gov/ij/). The images were converted to 8-bit 
gray scale and binarized using the intensity thresholding 
function. The selected fluorescing nuclei were regions of 
interest. Mean gray values were then obtained from the 
defined regions of interest and converted into relative 
intensities. Mean pixel intensities of 7 to 18 in-focus nu- 
clei from each putatively apogamous, haploid standard, 
and diploid standard were compared to quantify ploidy of 
the corresponding tissues (Cordle et al., 2007) [5]. 

2.4. Ethylene Experiments 

Ethephon (2-chloroethylphosphonic acid, Sigma) was 
added to the media after filter sterilization. STS solution 
was prepared according to manufacturer’s instructions 
(PhytoTechnology Laboratories, Inc.) Briefly, a 0.02 M 
STS solution was prepared by slowly pouring 20 mL of 
0.1 M silver nitrate stock solution into 80 mL of 0.1 M 
STS stock solution prior to use and then filter sterilized. 
Numbers of sporophyte leaves bearing at least one apo- 
sporous gametophyte and those with regenerative sporo- 
phytes were determined weekly. The total number of 

gametophytes and sporophytes were tallied at day 56 and 
the ratios calculated as described in the section Apospory 
Induction Experiment.  

2.5. Statistical Analysis 

The JMP9 program (SAS Institute Inc.), specifically one- 
way ANOVA and T-student test, was applied to ascertain 
the significant differences between the total numbers of 
aposporous gametophytes and regenerative sporophytes 
in different media at the end of each experiment. Graphs 
were plotted using RStudio (RStudio, Inc.) and Excel 
programs. 

3. Results 

3.1. Apospory and Regeneration Can Occur on 
the Same Explants  

The first leaf of 7d old sporophytes, when placed on in- 
ductive medium, regenerated sporophytes (Figures 1(a), 
(c), (e)) and also produced aposporous gametophytes 
(Figures 1(a)-(c)). Sugar supplemented at low concentra- 
tion (0.5% glucose) promoted apospory (Figure 1(a)) 
and at high concentration (2.5% glucose) promoted re- 
generation (Figure 1(e)). The majority of the gameto- 
phytes formed on low concentration of glucose had nor- 
mal cordate morphology (Figure 1(b)) in contrast to the 
abnormal, elongated morphology when formed on high 
concentration of glucose (Figure 1(d)). Both cordate and 
elongated gametophytes developed archegonia and an- 
theridia (Figures 1(f), (g)). The antheridia produced sperm 
(Figure 1(k)) and archegonia produced eggs that formed 
zygotes that developed into sporophytes after fertilization 
(data not shown). Shoot morphology of the regenerative 
sporophytes were similar on high and low concentrations 
of glucose (data not shown) but root growth was more 
pronounced in high concentration of glucose (Figure 
1(e)). Results shown here were conducted with strain 
Rn3. When strain Hnn was used, there was no apparent 
difference in efficiency of regeneration and apospory and 
their respective morphology (data not shown).  

Unlike spore-derived gametophytes, which are haploid 
(Figure 1(h)), having been produced without meiosis, 
aposporous gametophytes were diploid (Figure 1(i)) 
having fluorescence intensity (Figure 2) similar to that 
of zygote-derived sporophytes (Figure 1(j)).  

3.2. Sugar Levels Affect Regeneration and  
Apospory in C. richardii  

Our observation that both regeneration and apospory 
often occurred on the same explant (Figure 1(c)) and that 
the likelihood of one over the other was affected by the 
levels of glucose (Figures 1(a), (e)) prompted us to carry 
out a time-course study of regeneration and apospory on  
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Figure 1. Apospory and regeneration from sporophyte 
leaves. Explants grown on BM supplemented with 0.5% 
glucose (a), (b), (f) or with 2.5% glucose (c), (d), (e) for 56 d 
(a), (c), (d) or for 49 d (b), (e) showing aposporous gameto- 
phytes and regenerative sporophytes from explants (a), an 
aposporous gametophyte attaching to a nearly dead sporo- 
phyte explant (b), regenerative sporophytes and aposporous 
gametophytes arising from the same explants (c), elongated 
aposporous gametophytes (d), regenerative sporophytes with 
proliferating roots (e), and aposporous gametophytes with 
well developed archegonia (f) and antheridia (g). Hoechst 
DNA dye intensity was used as a ploidy marker by com- 
paring nuclear fluorescence of spore derived gametophytes 
(h), aposporous gametophytes (i) and zygote derived sporo- 
phyte tissues (j), and Hoechst DNA dye staining of the an- 
theridia containing sperm on the edge of an aposporous 
gametophyte (k). White, black, and red arrows indicate 
aposporous gametophytes, regenerative sporophytes, and 
proliferating roots, respectively; blue and orange arrows 
indicate archegonia and antheridia, respectively. Bar = 1 
mm (a)-(g), bar = 5 µm (h)-(j), bar = 0.05 mm (k). 
 

 

Figure 2. Quantitative determination of ploidy levels by 
Hoechst dye intensity. Using Image J, the mean pixel inten- 
sity was calculated from at least 21 in-focus nuclei from 
each of the aposporous gametophytes, normal (spore-de- 
rived) gametophytes, and normal (zygote-derived) sporo- 
phytes, with the highest mean value set at 100. Bars repre- 
sent the relative intensity. Vertical lines represent standard 
deviation. 

high (2.5%) and low (0.5%) levels of glucose and su- 
crose. After explants were placed on media, the number 
of gametophytes and sporophytes was counted weekly. 
No signs of regeneration or apospory could be observed 
in week 1, but both could be detected and distinguished 
starting at week 2. At that time, the majority of the ex- 
plants (45% - 55% on low concentration of sugars and 
70% - 80% on high concentration of sugars) had already 
given rise to at least one detectable sporophyte when 
compared with the maximum number of explants bearing 
sporophytes at week 5 (85% of the explants on high 
sugar concentration; 55% and 72% on low concentration 
of glucose and sucrose, respectively) (Figure 3(a)). In 
contrast, apospory proceeded more slowly than regenera- 
tion; in week 2, gametophytes were detected on fewer 
than half of the explants (20% on low concentration of 
sugars and 10% on high concentration of sugars) when 
compared with the maximum number of explants show- 
ing apospory at week 5 (40% of the explants on low 
concentration of sugars; 27% on high concentration of 
sugars) (Figure 3(b)). 

Compared with basal medium without supplemented 
sugar, low sugar level increased both regeneration and 
apospory but favored apospory. At high levels, sugar had 
differential effects on apospory and regeneration, pro- 
moting regeneration but inhibiting apospory. At day 56, 
the ratios of total gametophyte number/sporophyte num- 
ber on low concentration of sugars are much higher than 
those on high concentration of sugars (p < 0.1) (Figure 
3(c)). Under all growth conditions, regeneration occurred 
more efficiently than did apospory. Not only did more 
explants bear sporophytes than bear gametophytes (Fig- 
ures 3(a), (b)), but individual explants also bore more 
sporophytes (average 5.6 per explant) than gametophytes 
(average 2.5) (data not shown; Figure 3(c)). The two 
sugars tested showed no significant difference on apo- 
spory and regeneration except that sucrose at 2.5% 
seemed to be more effective than glucose at 2.5% in 
promoting regeneration after week 4 (Figures 3(a), (c)).  

3.3. Ethylene Plays an Inductive Role on  
Apospory and Regeneration in C. richardii  

Ethylene has been shown to accumulate in wounded tis- 
sues in tissue culture [29] and is involved in various plant 
developmental pathways, including female gametophyte 
development [31]. Therefore, we conducted the follow- 
ing experiments to examine the role of ethylene in apo- 
spory and regeneration in C. richardii. Two different 
chemicals, ethephon and STS, were added to 0.5% glu- 
cose medium, the concentration optimal for apospory 
induction (Figure 3), either to increase the ethylene con- 
centration inside the plant cells or to block ethylene ac- 
tion, respectively. Both ethephon and STS have been  
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Figure 3. Effects of sugar concentration on apospory and 
regeneration. Frequency of regeneration is defined as per- 
centage of explants among total explants plated on each 
medium that have produced 1 or more sporophyte at any 
time point; these explants may have any number of ga- 
metophytes (a). Frequency of apospory is defined as per- 
centage of explants among total explants plated on each 
medium that have produced 1 or more gametophyte at any 
time point; these explants may have any number of sporo- 
phytes (b). At the end of the experiment (d 56), total num- 
ber of sporophytes and total number of gametophytes on all 
the explants were counted (c). Means (light and medium 
gray bars) are averages from three different experiments: 
lines represent standard errors.  

used widely to study ethylene effects in lower plants with 
little or no toxic effects on plant tissues reported [7,23]. 

There was no sign of apospory or regeneration ob- 
served in any kind of media in week 1. In week 2, regen- 
eration occurred in all media tested, ranging from 3% 
(100 mg/L ethephon) to 23% (0 mg/L ethephon) (Figure 
4(a)). However, apospory did not occur on any explants 
until week 3 in most media tested. In week 3, 10% of the 
explants on media with 20 mg/L ethephon showed apo- 
sporous gametophytes, the highest percentage of all the 
media combination (Figure 4(b)). From week 4 to week 
8, more detectable gametophytes were observed on all 
media, with the highest number observed on medium 
with 60 mg/L ethephon (Figure 4(b)). The total number 
of gametophytes at day 56 (end of the experiment) was 
also highest on this medium with an average of 45 apo- 
sporous gametophytes per plate (Figure 4(c)). Ethephon 
also induces regeneration since the percentage of regen- 
eration was significantly different among all the media 
tested, with 20 mg/L ethephon resulted in the highest 
amount of detectable sporophytes (Figures 4(b), (c)). 
However, a high ethephon concentration (100 mg/L) in- 
hibited both apospory (Figures 4(a), (c)) and regenera-
tion (Figures 4(b), (c)).  

To further confirm the promoting role of ethylene in 
both apospory and regeneration, we used STS to block 
ethylene action. As in the ethephon experiment, neither 
apospory nor regeneration could be observed during the 
first week of this experiment. Regeneration occurred at 
week 2 with the appearance of newly formed sporo- 
phytes on most of the media. There was a decreasing 
number of explants showed regeneration with the in- 
creasing concentration of STS; at 80 μM STS only 2% of 
the explants showed any regeneration compared to 35% 
of the explants showing regeneration as early as week 5 
when grown on medium without STS (Figure 5(a)). 
Similarly, STS inhibited apospory in a dosage-dependent 
manner; however, the effect is more potent: at 20 μM 
STS, apospory is completely inhibited until week 8 
(Figure 5(b)). Interestingly, 5 μM STS in the medium 
seemed to hasten apospory initially (at week 3) compared 
with no STS treatment.  

4. Discussion 

Here we have provided evidence for the effects of sugars 
and ethylene on both apospory and regeneration in the 
fern Ceratopteris richardii. The aposporous gametophytes 
appear in many different forms, ranging from an inter- 
mediate between sporophyte and gametophyte to an elon- 
gated cordate shape to a normal form. All mature cordate 
aposporous gametophytes examined had all the hall- 
marks of spore-derived gametophytes such as single cell 
layer thickness, well-developed archegonia and antheridia,  
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Figure 4. Effects of ethephon on apospory and regeneration. 
Explants were treated with increasing amounts of ethephon 
(μM). Frequency of regeneration is defined as in Figure 3(a) 
(a). Frequency of apospory is defined as in Figure 3(b) (b). 
At the end of the experiment (d 56), all sporophytes and 
gametophytes were counted and frequency was calculated 
as described in Figure 3(c) (c). Means (light and medium 
gray bars) are averages from three different experiments: 
lines represent standard errors.  

 

Figure 5. Effects of STS on apospory and regeneration. 
Explants were treated with increasing amounts of STS (μM). 
Frequency of regeneration is defined as in Figure 3(a) (a). 
Frequency of apospory is defined as in Figure 3(b) (b). At 
the end of the experiment (d 56), total numbers of sporo- 
phytes and gametophytes were counted and calculated as 
described in Figure 3(c) (c). Means (light and medium gray 
bars) are averages from three different experiments; lines 
represent standard errors. 
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and the lack of stomata. In fact, they are indistinguish- 
able from the spore-derived, haploid gametophytes ex- 
cept may be slightly larger (data not shown). They are 
sexually competent: when fertilized, they form zygote- 
derived sporophytes, which are presumably tetraploid. 
Relative DNA content when compared with haploid ga- 
metophytes and sporophyte tissues confirmed the diploid 
state of all aposporous gametophytes examined, indicat- 
ing an alternation of generations in the absence of meio- 
sis. Most regenerated sporophytes were identical to zy- 
gote-derived sporophytes and develop normally into ma- 
ture ferns with functional roots and leaves (not shown). 

Sugars have been shown to play a role as a signaling 
molecule in various processes during development of 
seed plants (for reviews, see [10,11]). Previous studies 
have shown that the concentration of sugar in the media 
is also an important factor in promoting or inhibiting the 
two asexual pathways, apogamy and apospory, in many 
fern species [5,7,8,32,33]. In C. richardii, high sugar 
level (2.5% glucose) promotes the formation of haploid 
apogamous sporophytes from gametophytes in the ab-
sence of fertilization [5] while low sugar level (0.01% 
glucose) or no sugar in the medium promotes the forma-
tion of diploid aposporous gametophytes from sporo-
phytes [7,8]. Here we showed that sugars (glucose and 
sucrose) at low (0.5%) and high (2.5%) levels have op-
posite effects in promoting regeneration and apospory in 
the fern C. richardii. High sugar levels promote regen-
eration but inhibit apospory while low sucrose or glucose 
at 0.5% favors apospory over regeneration. Note that 
high sugar levels favor sporophyte development, whether 
through regeneration from a sporophyte leaf or through 
apogamy, independent of the ploidy of the explant. That 
basal medium is probably as poor in promoting regenera-
tion as in promoting apospory from lack of sufficient 
carbohydrates is suggested by the browning explants 
during long periods of culture on the agar plates.  

The nutritional effect of sugar on both apospory and 
regeneration has been suspected because the differences 
between the two generations imply different nutrient re- 
quirement [32]. Gametophytes are small, simple and lim- 
ited to moist environment while sporophytes are highly 
complex plants. In addition, on high sugar media with 
2.5% sucrose or glucose, most explants turned to dark 
brown color and showed necrosis after six weeks in con- 
trast to explants grown on 0.5% sucrose or glucose (data 
not shown), indicating that high levels of sugar hasten 
senescence. High sugar levels also have been shown to 
trigger the overexpression of the HXK signaling pathway 
resulting on promoting cell division (for a recent review 
see [34]). Thus, it is possible that low sugar levels pro- 
mote apospory by retarding senescence and high sugar 
promotes regeneration by promoting cell division. 

Ethylene plays an important role in many develop- 

mental processes in higher plants and ethylene synthesis 
is regulated not only by developmental cues but also by 
other hormones namely auxin, gibberellins and cytokinin 
and is significantly enhanced by stresses such as wound- 
ing, drought, cold or pathogen and insect attack [35]. 
Although the ethylene-signaling pathway in lower plants 
has not yet been elucidated, it was shown that ethylene 
plays a positive role in several developmental processes 
including spore germination [36], gametophyte growth 
[22], the production of apogamous buds in various ferns 
[37] and in sporophyte regeneration from fronds and 
rhizomes [23]. Because glucose at 0.5% level gave the 
best result in promoting apospory (Figure 3(a)), this 
concentration was chosen to determine whether ethylene 
could further promote this pathway. The initial hint that 
ethylene might promote apospory came from our obser- 
vation in which explants produced more gametophytes 
when the plates were sealed with paraffin compared with 
those that were not sealed (data not shown). Indeed, the 
results shown here indicate an enhancing role of ethylene 
in both regeneration and apospory on detached leaves of 
C. richardii. Adding ethephon in the media increased not 
only the number of explants showing regeneration or 
apospory or both but also the total number of regenera- 
tive sporophytes and aposporous gametophytes. Ethephon 
at high concentration inhibits both processes, which is 
consistent with previous reports on megasporogenesis in 
Selaginella [27] and sporophyte regeneration in Platyce- 
rium coronarium [23]. Conversely, 5 µM STS in the me- 
dium reduced regeneration significantly and inhibited 
apospory completely, presumably by blocking ethylene 
effects. 

The enhancing role of ethylene on apospory is consis- 
tent with the known effects of ethylene during early 
stages of female gametophyte development in land plants. 
In tobacco, silencing of the gene encoding the ethylene 
synthesis enzyme, ACC oxidase, or blocking ethylene 
action by STS, causes ovule development to arrest and 
megasporocytes abolishment [38]. In Arabidopsis, an 
ethylene-responsive mutant, constitutive triple response 
1 (ctr1), is defective in female gametophyte development 
[39] and genes encoding ethylene synthesis enzymes are 
highly expressed during ovule development [40]. In 
lower plants, spraying Selaginella leaves with 7.6 mg/L 
ethephon causes sporangia that would normally produce 
microspores to produce megaspores instead [27]. There- 
fore, it is tempting to speculate that ethylene has a com- 
parable role in apospory, which, after all, is the formation 
of a new gametophyte from a sporophyte, albeit without 
a spore. 
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