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ABSTRACT: Ethylene can stimulate seed germination and overcome dormancy in many species. For instance,
the inhibitory effect of high temperature on lettuce seed germination can be overcome by exogenous ethylene.
Involvement of ethylene in seed germination is a widely accepted fact, but the mechanistic details are poorly
understood. A critical factor in ethylene studies is the response of seed germination properties to various
ethylene inhibitors. Lettuce seed has been used as a model to study the role of ethylene in seed germination at
high temperature. The role of ethylene in germination is not known but either ethylene evolution or addition
of 1-aminocyclopropane-1-carboxilic acid (ACC) have been associated with increased activity of endo-f3-
mannanase, a cell-wall enzyme that weakens the endosperm and allows lettuce seed to germinate at high
temperature. This review describes some results on seed germination studies in response to ethylene and its
possible role in promoting germination at high temperature.
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ETILENO E A GERMINACAO DE SEMENTES DE ALFACE

RESUMO: Etileno pode estimular a germinagdo e superar a dorméncia de sementes em varias espécies. O
efeito inibitorio de altas temperaturas na germinagdo de sementes de alface, por exemplo, pode ser superado
pela aplicacdo de etileno. Embora o envolvimento deste hormonio na germinagdo seja aceito, os seus
mecanismos nao sao bem entendidos. Um fator critico nos estudos com etileno € a germinagdo em resposta
aos diferentes inibidores de etileno. A semente de alface tem sido utilizada como modelo nos estudos com
etileno, principalmente sob condigdes de altas temperaturas. O papel exato deste hormonio ndo é conhecido,
mas tanto a producdo do mesmo como a adi¢do de seu precursor (1-aminociclopropano-1- acido carboxilico
- ACC) tém sido associados ao aumento da atividade da endo-f3-mananase, uma enzima da parede celular que
enfraquece o endosperma e permite as sementes de alface germinarem sob condigdes de altas temperaturas.
Este artigo descreve alguns resultados de estudos com germinacdo de sementes de alface em resposta ao

etileno e seu possivel papel na germinagao.
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INTRODUCTION

Ethylene can stimulate germination and overcome
dormancy in many seeds (Abeles et al., 1992; Esashi,
1991). For instance, the inhibitory effect of high tempera-
ture on lettuce seed germination can be overcome by ex-
ogenous ethylene (Abeles & Lonski, 1969; Burdett,
1972a; Negm et al., 1972; Keys et al., 1975; Rao et al.,
1975; Dunlap & Morgan, 1977; Fu & Yang, 1983;
Abeles, 1986; Saini et al., 1986; Khan & Prusinski, 1989;
Saini et al., 1989; Huang & Khan, 1992, Nascimento,
1998; Nascimento et al., 1999a; 1999b). Involvement of
ethylene in seed germination is a widely accepted fact,
but the mechanistic details are poorly understood.

Ethylene, high temperature and seed germination
High temperatures (35°C) may inhibit seed ger-
mination of most lettuce cultivars (Cantliffe et al., 2000).
High temperatures (35 to 40°C) also inhibit ethylene pro-
duction in a number of plant tissues (Yu et al., 1980). For
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instance, the negative effect of high temperature on
chickpea seed germination reported by Gallardo et al.
(1991) was related to low ethylene production. These au-
thors also reported that treating seeds with ethylene alle-
viated the inhibitory effects of supraoptimal temperatures,
and observed that high temperatures decreased the lev-
els of free ACC in chickpea seeds. In lettuce, ethylene
evolution as well as sensitivity to ethylene decreased at
high temperature imbibition (Burdett, 1972a; Dunlap &
Morgan, 1977; Abeles, 1986; Khan & Huang, 1988;
Nascimento, 1998). High temperature appears to inhibit
the conversion of 1-aminocyclopropane-1-carboxylic acid
(ACC) to ethylene in lettuce seed (Khan & Prusinski,
1989).

Stress-induced, ethylene-like symptoms have re-
vealed a complex interplay of effects on biosynthesis of
and sensitivity to ethylene (Morgan & Drew, 1997).
Therefore, the requirement for endogenous ethylene pro-
duction in lettuce seeds may be minimal for germination
at temperatures between 20 and 25°C. However, lettuce
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seeds imbibed at stress conditions (i.e., directly at 35°C),
do not germinate unless ethylene is added, and ACC syn-
thesis is not detectable at this temperature (Huang &
Khan, 1992). Likewise, the conversion of ACC to ethyl-
ene decreased as the imbibition temperature of lettuce
seed increased from 25 to 35°C. The conversion of ACC
to ethylene was inhibited at high temperatures and the
conversion of ACC to ethylene was more sensitive to in-
activation by high temperature than by ACC synthesis.
Conversion of ACC to ethylene might in fact be the pri-
mary site of high temperature inactivation of this process
which, in turn, does not allow germination to proceed at
high temperatures (Prusinski & Khan, 1990).

High temperatures may inhibit ethylene produc-
tion, but may also raise the threshold concentration of eth-
ylene required for lettuce seed germination. Several au-
thors reported that ethylene synthesis or sensitivity to eth-
ylene action in lettuce decreased during seed imbibition
at high temperature (Burdett, 1972a; Dunlap & Morgan,
1977; Abeles, 1986; Khan & Huang, 1988). Abeles
(1986) reported that exogenous ethylene overcame
thermoinhibition at 30°C, but not at 33°C in the dark.
Similar results were also reported by Dunlap & Morgan
(1977), who reported that exogenous ethylene promoted
germination at 32°C but not at 36°C. However, early work
by Abeles & Lonski (1969) reported that ethylene did not
overcome thermodormancy in lettuce seeds when dor-
mancy resulted from action of high temperature. They
could, however, stimulate lettuce seed to germinate at
high temperature before they become thermodormant,
thus bypassing thermodormancy.

Ethylene action appears to be limited to the early
steps of germination, since treatment of dormant seeds with
ethylene had no effect on germination (Abeles & Lonski,
1969). Burdett (1972a) reported an increase in ethylene
production in lettuce seeds as temperature increased from
20° to 30°C; thus ethylene production was not though to
be a limiting factor for germination at temperatures up to
30°C. Ethylene led to some softening of the endosperm tis-
sue; however this effect was not correlated with the effect
of ethylene as a germination promoter (Abeles, 1986).

Abeles (1986) suggested that the action of ethyl-
ene in lettuce seed germination was the promotion of em-
bryonic hypocotyl cell expansion. Dutta & Bradford
(1994) also suggested that ethylene acts primarily on the
embryo rather than on enveloping tissues and that ACC
(via conversion to ethylene) extended the high tempera-
ture limit for lettuce seed germination by acting in the
embryo as to maintain a water potential low enough to
promote the initiation of growth at higher temperatures.

Possible mechanisms of ethylene action during seed
germination

Ketring (1977) suggested some possibilities for
the mechanism of ethylene action during seed germina-
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tion: a) by interaction with endogenous hormones (e.g.,
abscisic acid - ABA); b) by interaction with growth pro-
moters required to maximize a given physiology response;
¢) by interaction in physiological response not specific
for a single growth promoter; and d) by affecting enzyme
synthesis and secretion.

ABA reduces ethylene production by dormant,
imbibed and after-ripened non-dormant peanut seeds
(Ketring & Morgan, 1970). ABA also inhibits both eth-
ylene production and germination of chickpea seeds
(Gallardo et al., 1991). Exogenous ethylene overcome the
inhibitory effects of ABA on germination of dormant pea-
nut seeds (Ketring & Morgan, 1970). The release of dor-
mancy in lettuce seeds by ethylene, however, was not a
result of decreasing on ABA-like compounds (Rao et al.,
1975), since that ethrel-induced germination during seed
imbibition was impaired in the presence of ABA. In re-
cent studies using ethylene response mutants of
Arabidopsis sp., endogenous ethylene promoted seed ger-
mination by decreasing sensitivity to endogenous ABA
(Beaudoin et al., 2002). Other mutants, defective in their
response to ethylene, also showed altered ABA synthe-
sis. Ethylene appears to be a negative regulator of ABA
during germination (Ghassemian et al., 2002).

Ethylene may interact with light or gibberellin to
promote germination at high temperature. For example,
ethylene promoted germination of lettuce in the dark only
in the presence of gibberellin (Dunlap & Morgan, 1977).
Gibberellin slightly stimulates ethylene production in pea-
nut seeds at 28°C (Ketring & Morgan, 1970). The action
of gibberellin in lettuce seed germination might be
through promotion of ethylene synthesis, and ethylene
might then stimulate germination by other mechanism
(Stewart & Freebairn, 1969). Burdett & Vidaver (1971)
found that both ethylene and gibberellin were necessary
to stimulate germination of lettuce at high temperature.

Heat treatment of Spergula arvensis at 30°C pre-
vented ethylene-promoted germination in the dark, but the
inhibition was reversed by red light (Olatoye & Hall,
1972). The inability of lettuce seeds to germinate at
supraoptimal temperatures was not related to a rapid loss
of far red-absorbing phytochrome, nor to inadequate
ethylene synthesis (Burdett, 1972b). Moreover, Abeles &
Lonskin (1969) reported that the ability of ethylene ini-
tiating small increases in germination of lettuce did not
result from phytochrome control of ethylene production,
apparently. More likely red light does not promote ger-
mination of lettuce seeds by influencing ethylene produc-
tion. However, ethylene produced by lettuce seeds in the
light was slightly higher than in the dark at 20, 27.5 and
35°C, and seeds imbibed at 35°C in the dark did not ger-
minate and did not produce ethylene. Under the light, ger-
mination was 94% and the seeds produced abundant eth-
ylene. The amount of ethylene produced after 10 hours
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imbibition (before radicle protrusion) was positively cor-
related with germination (r=0.90) (Nascimento &
Cantliffe, 1999; 2000).

Ethylene evolution from light-treated lettuce
seeds began to increase two hours prior to radicle pro-
trusion, whereas the dark-incubated (nongerminating)
seeds produced a low, constant amount of ethylene (Saini
et al., 1989). Therefore, a higher amount of endogenous
ethylene was essential for the light-induced relief of
thermoinhibition of germination of lettuce seed. Under
osmotic conditions, the promotive effect of ethylene in
the germination of lettuce seed was controlled by phyto-
chrome (Negm & Smith, 1978). Ethylene might contrib-
ute to the enhancement of the seed priming effect by
abundant supply of amino acids in cocklebur seeds
(Yoshiyama et al., 1996).

Ethylene synthesis and action are essential for the
alleviation of thermoinhibition of lettuce seeds by combi-
nations of GA,, kinetin, and CO, (Saini et al., 1986). Negm
et al. (1972) reported that CO, was required for ethylene
action to overcome thermodormancy in lettuce seeds, but
ethylene did not enhance respiration. Cytokinins stimulate
ethylene production by some seeds (Khan & Huang, 1988).
The relief of salt stress and thermoinhibition of lettuce seed
germination by kinetin was accompanied by enhancement
of ethylene production at pregermination. When cytokinins
and ethylene are used together, the stress of high tempera-
ture is alleviated in a synergistic fashion (Braun & Khan,
1976; Rao et al., 1975).

It has also been reported that ethylene stimulates
the synthesis of some enzymes (Cervantes et al., 1994;
Hasegawa et al., 1995). Separation of cells because acti-
vation of cell wall degrading enzymes, such as endo-3-
1,4-glucanases, has been studied in other process, such
as fruit softening (Casadoro et al., 1999). Other cell wall-
degrading enzymes, such as endopolygalacturonase, some
isoforms of da-galactosidase, [3-arabinosidase, and
galactanase, appear to have ethylene-dependency (Pech
et al., 1999). In some fruits, the climacteric rise in ethyl-
ene is accompanied by an increase in 0-galactosidase and
[B-mannosidase activities (Moya et al., 1999). Possibly,
ethylene might overcome the inhibitory effect of high
temperature on lettuce seed germination by activating cell
wall enzymes responsible for endosperm digestion.

Lettuce endosperm acts as a physical barrier to
radicle protrusion at high temperatures (Sung, 1996). At
high temperature, thresholds for enzymatic weakening of
the endosperm may not be attained because of sub-opti-
mal enzyme activity. Since the lettuce endosperm cell
walls are composed largely of mannans, endo-[3-
mannanase might be a enzyme likely involved in cell wall
degradation, leading to weakening of the endosperm and
subsequent radicle protrusion. Recently, Nascimento et al.
(1999a, 1999b, 2000a, 2000b) reported a relationship be-
tween ethylene evolution and endo-[3-mannanase activ-
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ity before radicle protrusion. These authors suggested that
the activity of endo-f3-mannanase may be regulated by
ethylene.

Ethylene production

The timing of ethylene synthesis during seed ger-
mination may be essential to clarify the role of ethylene
in lettuce germination. Ethylene production by seeds be-
gins immediately after the onset of imbibition and in-
creases with time. However, the pattern of ethylene pro-
duction by seeds during germination differs among spe-
cies. For example, Takayanagi & Harrington (1971) found
a peak of ethylene evolution during germination of rape-
seed coinciding with the emergence and elongation of the
radicle, cotyledon expansion, and splitting of the seed
coat. In oat seeds, ethylene production initiated prior to
radicle protrusion and gradually increased (Meheriuk &
Spencer, 1964). In lettuce, a major surge in ethylene evo-
lution was observed at the time of visible radicle protru-
sion (Fu & Yang, 1983; Saini et al., 1986). However,
Small et al. (1993) reported major increases in ethylene
evolution after lettuce radicle protrusion. Nascimento et
al. (2000a) observed that ethylene production in some let-
tuce genotypes was first detectable between 6 and 9 hours
after imbibition at 20°C, and between 9 and 12 hours af-
ter imbibition at 35°C, before radicle protrusion. Perhaps,
ethylene produced prior to radicle protrusion may be
trapped beneath the integuments of the seed, reducing its
detectability during radicle protrusion; subsequent rupture
of the endosperm allows ethylene to be released.

The embryo is the major site of ethylene produc-
tion (Ketring & Morgan, 1969; Esashi & Katoh, 1975).
Ethylene concentrations which effectively stimulate seed
germination of dormant seeds range on 0.1 — 200 pL L
depending on the species (Corbineau & Come, 1995). As
for lettuce, 10 UL L™ of ethylene has been reported to be
optimal for promoting seed germination (Burdett &
Vidaver, 1971). The differential capacity of different cul-
tivars to produce ethylene during stress generally corre-
sponds to their ability to germinate at high temperature
(Prusinski & Khan, 1990). Genotypic variability in seed
coat characteristics might influence ethylene production
and performance of seeds under stressful conditions, ei-
ther by reducing the performance of the growing embryo;
by serving as a mechanical barrier; or by creating a hy-
poxic environment that impaired the conversion of ACC
to ethylene (Prusinski & Khan, 1990). In another study,
Nascimento et al. (2000a) verified that thermotolerant let-
tuce genotypes produced more ethylene during seed ger-
mination at high temperatures than thermosensitive geno-

types.
Ethylene and seed vigor

Improved performance of preconditioned lettuce
seeds at high temperature is related to high vigor and
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greater capacity to produce ethylene (Huang & Khan,
1992). Early studies suggested that ethylene may en-
hance vigor of some seeds and stimulate metabolism of
seeds. In peanut and cotton seeds, decrease in vigor par-
allels the maximum amount of ethylene produced dur-
ing germination (Ketring et al., 1974). Takayanagi &
Harrington (1971) observed that aged rapeseed produced
less ethylene than did young seeds. As rapeseed vigor
declined, a delay to reach maximum ethylene produc-
tion occurred, and the germination rate of aged rapeseed
was enhanced by exogenous ethylene. These authors
suggested that aging affects ethylene-producing capabil-
ity of the seeds and, apparently, also attenuate ethylene
action since exogenous ethylene would no longer stimu-
late growth.

In lettuce, seed germination rate was accelerated
by ethephon treatment, and practically all of germina-
tion increasing occurred during the first 24 hours
after imbibition (Sharples, 1973). Nascimento et al.
(1999c¢) observed lower ethylene levels at 35°C in
aged seeds compared to non-aged lettuce seeds. These
observations allow to infer that aging can lead to re-
duced ethylene and, consequently, lead to
thermoinhibition.

Ethylene inhibitors

Involvement of ethylene in lettuce seed germina-
tion, particularly at high temperature, needs elucidative
studies. A critical factor is the response of seed germi-
nation to various ethylene inhibitors. Aminoethoxy-
vinylglycine (AVG), an inhibitor of ethylene synthesis,
has little influence on lettuce seed germination
(Nascimento et al., 1999b). For example, germination of
lettuce seeds at 35°C (Khan & Prusinski, 1989) or at 25°C
(Huang & Khan, 1992) was not inhibited by AVG even
though it inhibited ethylene production. These results sug-
gest that, probably, seeds that germinated had a very low
ethylene requirement, fulfilled by the residual ethylene
synthesis occurring in the presence of AVG (Saini et al.,
1986).

In addition, the threshold levels for ethylene ac-
tion were not detectable possibly due to either restriction
of ethylene from the seed coverings or production at
lower levels than detectable or immediate utilization, or
both. However, AVG and cobalt ions, reduce lettuce seed
germination and the effect can be overcome by the addi-
tion of ethylene (Abeles, 1986).

Providing ACC either during priming or during
lettuce seed germination increased endo-f-mannanase
activity, whereas AVG and silver thiosulphate (STS) lead
to a decrease or no activity (Nascimento et al., 1999b).
Inhibitors of ethylene action, such as STS and 2,5-
norbornadiene, reduced lettuce seed germination and their
effect can also be reversed by ethylene. For example, sil-
ver thiosulfate reduced lettuce seed germination of
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thermosensitive and thermotolerant genotypes at high
temperature (Nascimento et al., 1999b). In recent study,
STS-induced reduction in lettuce seed germination was
found to be both temperature and concentration depen-
dent (Kozareva et al., 2002). Increasing molarity of STS
from 1 to 5, 20 and 50 mmol L, reduced germination
from 97% to 0% at 35°C and provided evidence for eth-
ylene involvement in lettuce seed germination at
supraoptimal temperature. Finally, these discrepancies
have contributed to the consensus that ethylene plays a
vital but still inconclusive role in lettuce seed germina-
tion.

CONCLUSIONS AND PROSPECTS

Ethylene can stimulate seed germination and
overcome dormancy in lettuce. The inhibitory effect of
high temperature on lettuce seed germination can be over-
come by exogenous ethylene. The exact role for ethyl-
ene in germination is not known but ethylene evolution,
ethylene addition and/or addition of ACC are associated
with increased endo-f3-mannanase, a cell-wall degrading
enzyme that weakens the endosperm and allows the let-
tuce seed to germinate at high temperature. To elucidate
the exact role of ethylene in lettuce seed germination at
high temperature, further studies are needed. The use of
other specific inhibitors of ethylene action might be a
good approach. For instance, 1-methylcyclopropane (1-
MCP), a gas-releasing compound, is a competitive inhibi-
tor of ethylene action which binds to the ethylene recep-
tor and suppress tissue responses to ethylene (Tian, 1998).
In addition, the use of transgenic plants and/or mutants
could facilitate the elucidation of the mechanisms of eth-
ylene biosynthesis as well as the role of ethylene in seed
germination.
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