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Can Ethylene Induce Heterophyll in Marsilea quadrifolia?
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ABSTRACT: Individuals of Marsilea quadrifolia, an amphibious fern, experiencing extreme variations
in environment develop heterophyll with different morphological characteristics. The objective of this
study is to investigate if ethylene can induce floating type of leaves in this fern. To achieve this goal,
ratio of stomatal density on abaxial and adaxial leaf surfaces (stomatal ratio) and the mass per unit length
of petiole (PML), on leaves of terrestrial shoots sprayed with an ethylene gas releaser, Ethephon, were
compared with those of leaves produced by submergence of terrestrial shoots. Leaves with different
stomatal ratio and PML, corresponding to that of terrestrial type and floating type of leaves, were
produced when terrestrial shoots of M. quadrifolia were submerged. The result reveals that the plasticity
of leaves to respond to submergence depends on leaf’s age. Application of Ethephon significantly altered
the stomatal ratio of young leaves on terrestrial shoot but not their PML. Leaves response to Ethephon
treatment was also age dependent. These results indicate that ethylene might be involved in the
formation of floating leaves in M. quadrifolia.
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INTRODUCTION

Marsilea is a genus of amphibious fern which
has the ability to develop heterophyll. Researchers
have studied the formation of leaflets produced under
water surface (submerged leaves) and those raised
above the surface of water (usually referred to land
leaves) of this genus (Allosopp, 1953; Bristow and
Looi, 1968; Gaudet, 1963; Liu, 1984; Lin and Yang,
1999). It has been shown that submerged shoots can
be induced to produce land leaves (Liu, 1984) and
vice versa (Allsopp, 1962). In addition to produce
submerged and land leaves, Marsilea has been
observed to produce floating leaves in field (Lin et
al., 2007). In contrast to submerged and land leaves,
floating leaves receive much less attention. In a
previous study, we found that floating leaves have
characteristics significantly different from land and
submerged leaves (Lin et al., 2007).

Factors and mechanisms related to the switch of
submerged and land leaves in M. quadrifolia have
been studied (Liu, 1984; Lin and Yang, 1999; Hsu et
al., 2001; Lin et al., 2005). Studies have found that
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phytohormones play important roles in mediating the
development of heterophyll (Wallenstein and Albert,
1963; Liu, 1984; Young et al., 1987; Goliber and
Feldman, 1989). For example, treatment with ABA
induced formation of land leaves on submerged
shoots of M. quadrifolia (Liu, 1984; Lin and Yang,
1999). In contrast, exogenous application of GA
elicited submerged-types leaves on shoots of M.
drummondii grown aerially  (Allsopp, 1962).
Mechanisms related to the formation of floating
leaves have not been studied. Many semi-aquatic
plants possess the capacity to elongate upon
submergence (Ridge, 1987), and in many cases, this
response is mediated by ethylene. M. quadrifolia has
been shown to be capable of producing ethylene
under submergence (Chernys and Kende, 1996).
However, the effect of ethylene on formation of
heterophyll in Marsilea has not been studied. Is it
possible that ethylene also participates in inducing
heterophyll of Marsilea? To answer this question, we
compared leaf characteristics of terrestrial shoots
sprayed with Ethephon, an ethylene gas releaser, with
those of leaves produced by submergence of
terrestrial shoots.

MATERIALS AND METHODS

Materials

Aseptic cultures of M. quadrifolia L. were
established from sporocarps and propagated by
subculturing according to the method of Liu (1984).
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The aseptic cultures of M. quadrifolia were
transplanted into 10 cm pot filled with potting soil
and well watered. Plants were grown in the
greenhouse and fertilized with Hyponex 2 (N: P: K =
20: 20: 20) once a week. The transplants started
producing, ca.10 days after being transferred into
potting soil, and continuously produced land leaves
in the terrestrial condition.

Methods
Effect of submergence on terrestrial grown shoot
bearing land leaves

Clones of terrestrial-grown rhizomes were
transferred into six plastic trays (41 cm * 36 cm * 36
cm) each filled with 2 cm depth of soil and kept in a
greenhouse for one month. Before submergence
treatment, rhizomes with 6 leaves, age recorded from
0 (the youngest primodium) to 11 days old were
marked. Water was then injected into the plastic trays
and maintained at a depth of 15 cm above soil
surface. The whole plants were immersed into the
water. The treatment continued for 12 days until the
newly produced leaves were fully developed. The
new leaves that developed after the treatment were
designated as 0, -1 and -2 days old. The old and the
new, fully developed leaves and their petiole were
excised for further measurements as followings.

Measurements of leaf characteristics

In a previous study, we found that mass per unit
length of petiole (PML) and the ratio of stomatal
density of abaxial to adaxial leaf surface (stomatal
ratio) are good morphological characteristics to
distinguish leaf types of M. quadrifolia (Lin et al.,
2007). Hence, in this study we also used these two
parameters to identify leaf types. The dry weight
(DW) and the length of petiole (PL) of fully
developed leaves (older than 12 days) were measured
then PML calculated as the ratio of DW to PL. A thin
layer of nail polish was applied to the upper and
lower surfaces of one of the four leaflets from each
plant (n = 6). After drying, the nail polish was peeled
and scan at 100 x magnification with a light
microscope equipped with a calibrated ocular
micrometer for estimates of stomatal density. The
stomatal ratio was calculated.

Effect of Ethephon on terrestrial grown shoot
bearing land leaves

Clones of terrestrial-grown plants were
transferred into three plastic trays (41 cm * 36 cm *
36 cm) each filled with 4 cm depth of soil and kept in
a greenhouse for one month. Before treatment,
rhizomes with 11 leaves, age recorded from 0 (the
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youngest primodium) to 11 days old, were marked.
Plants in the four plastic trays were sprayed with 45
ml of de-ioned water containing 0, 0.01, and 0.05 %
of Ethephon, which releases ethylene at neutral pH,
in two days. The new leaves developed after 2 days of
treatment and were designated as -2 days old. The old
and the new, fully developed (about 10 days old)
leaves with petiole were excised. Leaf and petiole
characteristics were then measured.

Statistical test

All statistical tests were performed with the
computer software SYSTAT (statistical solution,
Cork, Ireland). Significant differences are reported as
P <0.05.

RESULTS

The effect of submergence

Based on the stomatal ratio, leaves on terrestrial
grown shoot after being submerged can be easily
classified into two types. One type of leaves, age
older than 2 days when the treatment started, had the
stomatal ratio higher than 0.6, while the other, age
younger than 3 days when the treatment started, the
ratio lower than 0.1 (Fig. 1A).

Leaves also had significant difference in their
PML (Fig. 1B), however, the pattern was not as
distinct as that of stomatal ratio. Among leaves of the
treatment shoot, those age of 11 days old had the
highest PML, while leaves already one day old and
those newly produced when the treatment applied
had similar lowest PML. Leaves ages ranging from 3
to 9 days when submerged had the intermediate
values of PML and their PML increased with leaf
age.

The effect of application of Ethephon

Total density of stomata was not affected by
Ethephon application (data not presented). The
stomatal ratio of leaves younger than 4 days was
significantly reduced by treatment of Ethephon.
Though the distribution of stomata on leaves age
younger than 4 days responded to Ethephon
application, while that on leaves older than 4 days did
not (Fig. 2A).

In contrast to the distinct response of stomatal
distribution to ethephon application, PML of most of
the treatment leaves showed no significant response,
while only that of leaves of 3 days old was significant
reduced by the application of Ethephon (Fig. 2B).

DISCUSSION

It has been reported that submerged leaves can be
distinguished from land leaves by = stomatal
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Fig. 1. Effects of submergence on the ratio of stomatal density of
abaxial to adaxial surface (stomatal ratio) (A) and petiole mass per
unit length (PML) (B) of terrestrial grown M. quadrifolia leaves
with different age. Dash line indicates the beginning of the
treatment. Data presented are mean £ S.E.M.

distribution on leaf surface, the former have few
stomata mainly distributed on the upper surface (Liu,
1984). In comparison to land leaves, floating leaves
have significantly lower stomatal ratio and less PML
(Lin et al., 2007). In this study, when terrestrial
shoots of M. quadrifolia were submerged, two types
of leaves with different stomatal ratio were formed
(Fig. 1A). In reference to previous studies (Liu, 1984;
Lin et al., 2007), stomatal ratio of these two types of
leaf corresponds to that of terrestrial and floating
leaves. Hence, terrestrial grown M. quadrifolia could
be induced to produce floating type of leaves
characterized by significantly lower stomatal ratio
(Fig. 1A) and lower PML than land leaves (Fig. 1B).
However, the plasticity of changing leaf types is age
dependent. Leaves older than 4 days did not respond
to the changes in water level. The formation of
floating leaves can also be triggered by an increase in
water level in terrestrial plants such as Ranunculus
sceleratus and Sparganium eurycarpum (Kaul, 1976;
Maberly and Spence, 1989).
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Fig. 2. Effects of different concentration of Ethephon, 0, 0.01 and
0.05 % on the ratio of stomatal density of abaxial to adaxial surface
(stomatal ratio) (A) and petiole mass per unit length (PML) (B) of
terrestrial grown M. quadrifolia leaves with different ages. Dash
line indicates the beginning of the treatment. Data presented are
mean £ S.E.M.

Treatment with Ethephon significantly reduced
the stomatal ratio of some leaves of terrestrial shoots
(Fig. 2B). The stomatal ratio of these leaves is
comparable to that of floating leaves reported by Lin
et al. (2007). The plasticity of leaves to respond to
Ethephon treatment also depends on the leaf’s age,
leaves younger than 4 days but not those older than 4
days showed the response. This result is consistent
with results from submergence treatment that only
leaves younger than 4 days are responsive to
submergence (Fig. 1A). It indicates that ethylene
might be one of the endogenous factors responsible
for the changes in leaf type when terrestrial grown M.
quadrfolia were submerged.

The other parameter that can be used to
distinguish floating vs land leaves is PML, the former
have significantly lower PML than the later (Lin et
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al., 2007). Submergence also induced leaves with
different PML, although the pattern was not as
distinct as that of the stomatal distribution. In contrast
to the effect of submergence on PML (Fig. 1B),
application of Ethephon did not affect PML (Fig.
2B). Since we have applied Ethephon only twice in
two days, the concentration of Ethephon or the
duration of the treatment might not be sufficient to
induce changes in PML. Alternatively, other factors
or other phytohormones in addition to ethylene might
be also involved in mediating the changes in leaf
types. For example, it has been shown that in addition
to ethylene buoyancy also controls rachis elongation
in the semi-aquatic fern Regnillidium diphyllum
(Musgrave and Walters, 1974). In Callitriche
platyarpa and Ranunculus sceleratus the petiole
response to ethylene was GA-dependent (Musgrave
et al., 1972; Musgrave and Walters, 1973).

It has been reported that applied ethylene gas on
terrestrial shoots of Ludwigia arcuata resulted in the
formation of submerged-type leaves (Kuwabara et
al., 2001; Kuwabara et al., 2003). Instead of inducing
submerged leaves, ethylene gas induces floating type
of leaves on terrestrial grown M. quadrifoloia. In
comparison to leaves completely submerged, floating
leaves should have more access to light, CO, and O,
(Maberly and Spence, 1989), and may represent an
intermediate form between submerged and land
leaves. The ability to produce a third type of leaves in
addition to two may represent adaptive strategy
allowing the plant to explore another ecological
niche, in this case, the interface between underwater
and air. The distinct diversity in the genus of
Marsilea may originate through an adaptive radiation
of sympatric taxa into various ecological niches
(Kornas, 1988). Accordingly, a complete study of
different types of leaves will not only allow us to
understand how Marsilea adjust to accommodate the
fluctuating of water levels, but also will improve our
understanding of the evolutionary process driving the
diversification of this genus.
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