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ABSTRACT: High temperatures during lettuce seed imbibition can delay or completely inhibit germination
and the endosperm layer appears to restrict the radicle protrusion. The role of endo-b-mannanase during
lettuce seed germination at 35°C and the influence of ethylene in endo-b-mannanase regulation were
investigated. Seeds of ‘Dark Green Boston' (DGB) and ‘Everglades (EVE) were germinated in water, or
10 mmol L™ of 1-aminocyclopropane-1-carboxylic acid (ACC), or 10 mmol L™ of aminoethoxyvinylglycine
(AVG), or 20 mmol L™ of silver thiosulphate (STS). Seeds were also primed in polyethylene glycol (PEG),
or PEG + ACC, PEG + AVG, or PEG + STS. Untreated seeds germinated 100% at 20°C. At 35°C, EVE seeds
germinated 100%, whereas DGB seeds germinated only 33%. Seed priming or adding ACC during incubation
increased germination at 35°C. Higher ethylene evolution was detected in EV E thanin DGB during germination
at 35°C. AVG did not inhibit seed germination of DGB at 35°C, but STS did. Higher endo-b-mannanase
activity was observed in EVE compared with DGB seeds. Providing ACC either during priming or during
germination increased endo-b-mannanase activity, whereas AVG and STS led to decreased or no activity.
Ethylene may overcome the inhibitory effect of high temperature in thermosensitive lettuce seeds due to
increased endo-b-mannanase, possibly leading to weakening of the endosperm.
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EVOLUCAO DE ETILENO E ATIVIDADE DA ENZIMA ENDO-b-
MANANASE DURANTE A GERMINACAO DE SEMENTES DE
ALFACE SOB ALTAS TEMPERATURAS

RESUMO: Altas temperaturas durante a embebicdo das sementes de aface podem atrasar ou inibir a
germinacdo e o endosperma parece ser o responsdvel narestri¢do da protrusdo daradicula. O envolvimento
da enzima endo-b-mananase durante a germinacéo de sementes de alface a 35°C eainfluénciado etileno na
regulagem desta enzima foram estudados. Sementes das cultivares Dark Green Boston (DGB) e Everglades
(EVE) foram germinadas em &gua ou em solugdes de 10 mmol L™ de 1-aminocicl opropano-1- &cido carboxilico
(ACC), 10 mmol L™ de amino-etoxi-vinil-glicina (AVG), ou 20 mmol L™ de tiossulfato de prata (STS).
Sementes foram ainda osmoticamente condicionadas em solugdes de polietilenoglicol (PEG), ou PEG +
ACC, PEG + AVG, ou PEG + STS. Sementes ndo tratadas germinaram 100% a20°C. A 35°C, EVE germinou
100%, enquanto DGB germinou somente 33%. A germinag&o a35°C aumentou em sementes osmoticamente
condicionadas ou sementes que receberam ACC durante aincubagdo. Maior evolucdo deetileno foi detectada
em EVE do que em DGB durante a germinagdo a 35°C. AV G ndo inibiu a germinagdo de DGB a 35°C,
enquanto que STSinibiu. Maior atividade de endo-b-mananase nas sementes foi observadaem EVE quando
comparado com DGB. Fornecimento de ACC tanto durante o condicionamento osmético como durante a
germinagdo, aumentou a atividade de endo-b-mananase, enquanto que AVG e STS proporcionaram um
decréscimo ou auséncia da atividade enzimatica. O etileno pode minimizar o efeito inibitério de altas
temperaturas na germinacdo de sementes de gendtipos sensivels de aface devido ao aumento da enzima
endo-b-mananase, possivelmente levando ao enfraguecimento do endosperma.

Palavras-chave: Lactuca sativa, termo-inibi¢do, termo-dorméncia, enfraquecimento do endosperma,
condicionamento osmaético

INTRODUCTION through which the radicle must penetrate to grow and com-

plete germination. The lettuce endosperm layer appears to

High temperatures during lettuce seed imbibition  restrict radicle protrusion, especialy at high temperature

can delay or completely inhibit germination. The lettuce  (Sung et al., 1998a). Ikuma & Thimann (1963) proposed
embryo is completely enclosed within an endosperm  that the action of an enzyme produced by the embryo en-
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abled the radicle tip to penetrate through the restricting
tissues. They did not isolate or identify the enzyme. Dutta
et al. (1997) reported that a cell-wall-bound endo-b-
mannanase was expressed in lettuce seed endosperm prior
to radicle protrusion and was regulated by the same con-
ditions that govern seed germination. These authors sug-
gested that endo-b-mannanase was involved in wesken-
ing of the lettuce endosperm cell walls.

Ethylene overcomes the inhibitory effect of high
temperature on lettuce seed germination (Abeles, 1986;
Abeles & Lonski, 1969; Burdett, 1972a; Dunlap & Mor-
gan, 1977; Fu & Yang, 1983; Huang & Khan, 1992; Keys
et a., 1975; Khan & Prusinski, 1989; Negm et d., 1972;
Rao et a., 1975; Saini et a., 1986; 1989). However, the
mechanism of ethylene action during seed germination is
not understood. High temperatures (35 to 40°C) inhibited
ethylene production in various plant tissues, such as apple
and mung bean (Yu et al., 1980). Burdett (1972b) reported
that the pretreatment of seeds at high temperature reduced
germination primarily through its inhibitory effect on eth-
ylene production by the seeds. Ethylene is specifically
needed for germination of thermosensitive lettuce geno-
types at high temperature (Nascimento et a., 2000).

Severa authors reported that ethylene synthesis or
sensitivity to ethylene action in lettuce was decreased dur-
ing seed imbibition at high temperature (Abeles, 1986;
Burdett, 1972a; Dunlap & Morgan, 1977; Khan & Huang,
1988). High temperature stress may inhibit ethylene produc-
tion and/or action and raise the threshold concentration of
ethylene needed for lettuce seed germination. Abeles &
Lonski (1969) however, could not increase germination of
thermotolerant lettuce seeds with exogenous ethylene. They
could, however, stimulate lettuce seeds to germinate a high
temperature before they become thermodormant. However,
Burdett (1972a) reported an increase in ethylene production
in lettuce seeds as temperature increased from 20 to 30°C.

Ethylene appears to have a “softening effect” on
lettuce endosperm tissue (Abeles, 1986). This author re-
ported that the action of ethylene on lettuce seed germi-
nation was the promotion of radicle cell expansion in the
embryonic hypocotyl; as the radicle cells expanded they
pushed through the endosperm and seed coat.

Ethylene has aso been reported to stimulate the
synthesis of some enzymes in various species (Cervantes
et a., 1994; Hasegawa et d., 1995). Separation of pepper
and peach cells in the abscission zones due to the activa
tion of cell wall enzymes, such as endo-b-1,4-glucanases,
was reported as a ethylene effect (Casadoro et d., 1999).
Moreover, endo-b-mannanase was suggested to be regu-
lated by ethylene (Nascimento et a., 1999; 2000).

Based on previous studies and assuming that
weskening of the endosperm must occur for lettuce seed
to germinate at high temperature (Nascimento et a., 2000;
2001), ethylene might overcome the inhibitory effect of
high temperature by activating a cell wall enzyme respon-

sible for endosperm digestion. The objective of the
present study was to determine the association of ethyl-
ene with endo-b-mannanase activity during lettuce seed
germination at high temperature.

MATERIAL AND METHODS

Plant Material - Lettuce (Lactuca sativa L.) seeds
(achenes) from thermosensitive ‘Dark Green Boston’
(DGB) and thermatolerant ‘ Everglades (EVE) genotypes
were used in this study. Thermotolerance was defined as
the ability of seeds to germinate above 90% at tempera-
tures up to 35°C in the light (Guzman et al., 1992). Geno-
types DBG and EVE were chosen because of their ge-
netic relationship (Guzman et al., 1992). All seeds were
produced in the same season and region of San Joaguin
Valley, Cdifornia, in 1994. Seeds were stored at 10°C,
40% RH prior to use.

Seed Priming - Seeds were primed in 200 mm test tubes
for 3 days at 15°C with constant light (~26 mmol m* s*)
in an aerated solution of polyethylene glycol (PEG), (os-
motic potential of -1.2 MPa), or PEG + 10 mmol L™ of
1-aminocyclopropane-1-carboxylic acid (ACC), or PEG
+ 10 mmol L™ of aminoethoxyvinylglycine (AVG), or
PEG + 20 mmol L™ of silver thiosulphate (STS) (30 mL
of solution per g of seed). An aguarium pump provided
aeration. The air was pre-hydrated by bubbling through
water to minimize evaporation from the priming solution.
Afterwards, seeds were placed in a Buchner funnel, rinsed
three times with 100 mL of distilled water, and redried
in an incubator at 15°C and 45% RH for 3 days
(Nascimento, 1998).

Seed Moisture Content - Seed moisture content was de-
termined by drying seeds for 1 hour at 130°C. The seeds
were then placed in a desiccator at room temperature for
20 min before weighing (AOSA, 1993). Samples were
replicated twice.

Seed Germination - Four replications of 25 seeds were
placed on two layers of 5 cm diameter blotter paper (An-
chor Paper, Hudson, WI) moistened with 3 mL of distilled
water. Distilled water was added as needed to keep the
filter paper moist. Blotters were covered with 5.5 cm Petri
dishes lids and incubated at 20 or 35°C under constant
light (=26 nmol m? s') on a one-dimensional
thermogradient table (Type DB 5000, Van Dok & De
Boer, B.V., Holland). Seeds were also germinated in ACC
(20 mmol L™), AVG (10 mmol L™, and STS (20 mmol
L™) solutions. Germinated seeds were counted daily at the
same time. In addition, in the first 24 hours, seed germi-
nation was observed periodically. Germination rate was
calculated according to the formula S Ti Ni / S Ni, where
Ni is the number of newly germinated seed at time Ti
(Maguire, 1962).
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Enzyme Activity - A gel-diffusion assay (Downie et al.,
1994; Still et al., 1997) was used to measure endo-b-
mannanase (EC 3.2.1.78) activity after seed priming and
during seed germination. Gel plates were prepared by dis-
solving 0.05% (w/v) galactomannan (locust bean gum,
Sigma Chemica Co., St. Louis, MO) in incubation buffer
(0.1 mol L™ citric acid, 0.2 mol L™ sodium phosphate, pH
5.0), stirring and heating for 30 min. Afterward the solu-
tion was clarified by centrifugation at 11,000 g for 15 min
at 4°C. Phytagar (Gibco Lab., Grand Island, NY) at 0.7%
(w/v) was added to the clarified solution and stirred and
heated to boiling. Thirty mL of the solution were dis-
pensed into 150 x 25 mm disposable Petri dishes (Fal-
con, Franklin Lakes, NJ). After solidification, 32 wells
per plate were made using a 2-mm disposable plastic pi-
pette and removing the excised gel by aspiration.
Twenty-eight whole individual endosperms from
lettuce seeds imbibed at different temperatures for differ-
ent periods of time were used on each plate. Radicle pro-
trusion was previously determined in both temperatures
for each genotype. Three replications were utilized for
each treatment. Endosperms were excised by pressing the
cotyledon end using the tip of a conical glass rod. Mi-
cropylar and lateral regions were separated with a surgi-
cal blade. Each endosperm or endosperm part was placed
into an individual microtiter plate (Nalge Nunc,
Naperville, IL) well containing 20 nL of incubation buffer
(0.1 mol L™ citric acid, 0.2 mol L™ sodium phosphate,
pH 5.0) and incubated in the dark for 2 hours at 20°C.
After incubation, 10 L of buffer from each well
was transferred to the gel-diffusion plates and incubated
for 24 hours. Petri dishes were covered with lid and
wrapped in Parafilm (American National Can., Green-
wich, CT). Gels were stained by adding 10 mL of Congo
Red (Sigma Chemical Co., St. Louis, MO) in water
(0.4%, wiv) to each plate. Plates were shaken for 20 min
at 60 rpm during staining. The Congo red solution was
decanted and the gel was gently washed (1 min) in dis-
tilled water, then 10 mL of the citrate-phosphate at pH
7.0 were added. After 2-3 min on an orbital shaker at 60
rpm, the buffer was decanted. Plates were scanned within
5-10 min using a Hewlett Packard Scan Jet 3c/T. The di-
ameters of cleared areas were measured using
MacRhizo™ (Regent Instruments Inc., Quebec, Canada)
software. Enzyme activity was calculated from standard
curves using regression analysis. Purified endo-b-
mannanase (Megazyme, Ireland) was used as standard.

Ethylene Determination - Three replications of 0.2 g of
dry seeds were placed on two layers of 3.0 cm diameter
germination paper (Anchor Paper, Hudson, WI) which
were at the base of 38 mL volume vials sealed with rub-
ber septa. The seeds in the vials were moistened with
3 mL of distilled water, and incubated under the same
conditions as the standard germination procedures. After

6, 9, 12, and 24 h of imbibition, ethylene evolution was
determined. One mL gas sample was withdrawn using a
gas-tight hypodermic syringe. After sample withdrawdl, vi-
als were flushed with air and sealed again for additional
sampling. Ethylene was assayed using a gas chromatograph
(Hewlett-Packard 5890 Series 1) equipped with an alumina
column and a flame ionization detector. The carrier gas was
nitrogen and the column temperature was 100°C.

Experimental Design and Statistical Analysis - Ethyl-
ene evolution, enzyme activity and germination tests were
conducted using a randomized complete block design,
using three replications per treatment. Germination per-
centages were transformed to a square root arc sine ba
sis prior to statistical analysis. Analysis of variance
(ANOVA) of data was performed by means of Statistical
Analysis System (SAS) software (SAS, 1987). Treatment
means were separated by the Duncan Multiple Range test.

RESULTSAND DISCUSSION

Seeds of thermosensitive ‘Dark Green Boston’
germinated only 33% in water at 35°C, whereas incuba-
tion in ACC solution increased seed germination to 92%
(Table 1). In DGB, STS reduced both germination and
germination rate in the light at 20°C (Table 1). Seeds with
ACC began to germinate after 12 h whereas in water and
AVG treatments, germination began after 16 h. At 35°C,
STS completely inhibited germination of DGB seeds, but
AVG did not affect seed germination.

ACC, the immediate precursor of ethylene bio-
synthesis (Yang & Hoffman, 1984), has been implicated
in the alleviation of high temperature on lettuce seed
germination (Abeles, 1986; Saini et al., 1986; Khan &
Prusinski, 1989; Huang & Khan, 1992). Dutta & Bradford
(1994) reported that ACC (via conversion to ethylene)
extended the high temperature limit for lettuce seed ger-
mination by acting in the embryo to maintain a lower wa-
ter potential threshold for the initiation of growth as tem-
perature was increased. By doing so, the embryo could
grow and push through the endosperm and seed coat.

STS, a putative specific inhibitor of ethylene ac-
tion, interacts with the binding site for ethylene (Beyer
Jr., 1976; Veen, 1983). STS decreased seed germination
of DGB at both temperatures, and of EVE at 35°C. There-
fore, ethylene is in fact involved in lettuce seed germi-
nation at high temperature and is specificaly needed for
germination of thermosensitive genotypes (Nascimento et
al., 2000).

Abeles (1986) reported that ‘Grand Rapids’ |et-
tuce seeds germinated approximately 25% at 30°C in the
dark, but only 10% germinated in AVG. Huang & Khan
(1992) reported a reduction of 50% in germination using
AVG during ‘Mesa 659 lettuce germination at 35°C in
the light, and the inhibitory effect of AVG was completely
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reversed by adding ACC. When non-treated |ettuce seeds
were imbibed at 35°C, no ACC synthesis was detected.
ACC synthase, which converts S-adenosylmethionine
(SAM) to ACC, is an important site of control of ethyl-
ene biosynthesis (Yang, 1980). ACC synthase, apyroxidal
enzyme, isinhibited by AVG, an inhibitor of al pyridoxal
phosphate-dependent enzymes (Yu et al., 1980).

At 20°C, thermotolerant EVE germinated 100%,
even in the presence of AVG and STS (Table 1). At 35°C,
control seeds of EVE germinated 98% after 12 h but STS
reduced germination to 49%. Germination rate was re-
duced by STS at 20°C. Germination in AVG or ACC was
the same as the control. Abeles (1986) also found an in-
hibitory effect of 50% of STS on seeds germinated at
30°C compared to those germinated at 25°C. In the
present study, AVG did not inhibit lettuce germination,
possibly because endogenous amounts of ACC were con-
verted to ethylene in the light at high enough levels for
germination to occur. AVG, an inhibitor of ethylene syn-
thesis, generally had little influence on lettuce seed ger-
mination. For example, germination at 25°C (Huang &
Khan, 1992) or 35°C (Khan & Prusinski, 1989) was not
inhibited by AVG even though ethylene production was.

159

Moreover, the concentration of ethylene needed for ac-
tion was maintained within the embryonic tissues encased
by the endosperm and seed coat might have been suffi-
cient to allow seed germination at 20 and 35°C in |ettuce,
even when AVG was added. A critical factor in ethylene
studies is the use of inhibitors of ethylene synthesis or
action to study germination.

In untreated seeds of DGB at 20°C, ethylene evo-
Iution was first observed during the 9-12 h collection pe-
riod (Table 2). At 35°C, ethylene was detected only dur-
ing the 12-24 h collection period. Adding ACC led to
early detection of ethylene in both genotypes at both tem-
peratures (Tables 2 and 3). AVG completely inhibited eth-
ylene evolution at both temperatures in both genotypes.
STS delayed ethylene evolution at both temperatures in
both genotypes. Ethylene was detected in EVE during the
9-12 himbibition time at either 20 or 35°C (Table 3). Pre-
viously, EVE was shown to have the ability to produce
ethylene during seed germination, even at high tempera-
ture (Nascimento et al., 1999; 2000). Prusinski & Khan
(1990) reported that the ability of lettuce genotypes to
produce ethylene during high temperature stress gener-
ally corresponded with their ability to germinate.

Table 1 - Germination of lettuce ‘ Dark Green Boston’ (DGB) and ‘ Everglades' (EVE) seedsincubated in different solutions

inlight at 20 and 35°C.

Germination Temperature

Treatment DGB EVE
20°C 35°C 20°C 35°C
Total Germ  Germ Rate  Total Germ  Germ Rate Total Germ  Germ Rate Total Germ Germ Rate
% h % h % h % h
Control 98 & 24 a 33b 43 a 100 a 24 a 98 a 24 a
ACC 100 a 24 a 92 a 38 a 100 a 24 a 100 a 24 a
AVG 100 a 24 a 48 b 43 a 100 a 24 a 98 a 24 a
STS 77b 48 b Oc NAY 100 a 25 a 49 b 24 a
“Means within a column followed by the same letter were not different by Duncan’s Multiple Range test at P £ 0.05.
YNoO germination.
ACC = aminocyclopropane-1-carboxylic acid, AVG = aminoethoxyvinylglycine, STS = silver thiosulphate.
Table 2 - Ethylene evolution during lettuce ‘ Dark Green Boston’ seed germination in light at 20 and 35°C.
Germination Temperature (°C)
20 35
Time of Ethylene Collection (hours)
Treatment 0-6 6-9 9-12 12-24 0-6 6-9 9-12 12-24
Ethylene Concentration
------------------------------------------------ NL h gl seed ------mmmmm oo

Control 0 b? 0b 25b 64 b 0b 0b 0b 5b
ACC 21 a 168 a 215 a 542 a 108 a 179 a 250 a 579 a
AVG 0b 0b Oc Oc 0b 0b 0b 0b
STS 0b 0b Oc 18 ¢ 0b 0b 0b 2b

“Means within a column followed by the same letter were not different by Duncan’s Multiple Range test at P £ 0.05.
ACC = aminocyclopropane-1-carboxylic acid, AVG = aminoethoxyvinylglycine, STS = silver thiosulphate.
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Table 3 - Ethylene evolution during lettuce ‘ Everglades seed germination in light at 20 and 35°C.

Germination Temperature (°C)

20 35
Time of Ethylene Collection (hours)
Treatment 0-6 6-9 9-12 12-24 0-6 6-9 9-12 12-24
Ethylene Concentration

----------------------------------------------- NL ht gl seed -----=-mmmmm o
Control 0 0 b? 27 b 100 b 0b 0b 8b 59 b
ACC 0 121 a 253 a 2048 a 187 a 360 a 643 a 1716 a
AVG 0 0b 0b Oc 0b 0b 0b Oc
STS 0 0b 0b 40 c 0b 0b 0b 3c

z Means within a column followed by the same letter were not different by Duncan’s Multiple Range test at P £ 0.05.
ACC = aminocyclopropane-1-carboxylic acid, AVG = aminoethoxyvinylglycine, STS = silver thiosulphate.

In the present study, ethylene evolution was not
detected under the limits of the experimental procedures
when AVG was applied, although germination did occur
even at 35°C. Apparently, either threshold levels for eth-
ylene evolution/action were not detectable (possibly due
to restriction of ethylene from the seed coverings, pro-
duction at lower levels than detectable, or immediate uti-
lization) or ethylene was not absolutely necessary for ger-
mination.

When it was detected, ethylene production in-
creased as time of imbibition increased (Tables 2 and 3).
Ethylene evolution prior to radicle protrusion was low and
not detected before the 9-12 h collection period in seeds
imbibed in water or with ethylene inhibitors (Tables 2 and
3). Severd authors (Fu & Yang, 1983; Saini et al., 1986;
Khan, 1994) reported that little or no ethylene was pro-
duced before radicle protrusion. In the present study, little
or no ethylene was detected in seeds at 16 and 12 h at
20 and 35°C, respectively, and relatively large amounts
of ethylene were produced at or after radicle protrusion.
Perhaps the low amount of ethylene observed prior to
radicle protrusion was because ethylene could be
“trapped” within the seed by the seed coverings. During
radicle protrusion the rupture of endosperm and seed coat
might allow release of trapped ethylene. Also, gas ex-
change may be impaired by the seed coverings, thus re-
ducing ethylene production. Prusinski & Khan (1990)
hypothesized that the lettuce seed coverings might cre-
ate a hypoxic environment, unfavorable for the conver-
sion of ACC to ethylene.

Ethylene has been reported to regulate synthesis
of cell wall enzymes (Casadoro et a., 1999; Moya et a.,
1999; Pech et al., 1999). Endo-b-mannanase was involved
in weakening of the lettuce endosperm cell walls at high
temperatures (Dutta et al., 1997). Therefore, endo-b-
mannanase activity was assayed during seed germination
at 35°C (Table 4). More endo-b-mannanase activity was
detected prior to radicle protrusion in seeds from
thermotolerant EVE than thermosensitive DGB. No endo-

Table 4 - Endo-b-mannanase activity at 1 hour beforeradicle
protrusion of ‘Dark Green Boston’ (DGB) and
‘Everglades (EVE) lettuce seedsgerminatedinlight
at 35°Cinwater (control) , ACC (10mmol L1),AVG
(20 mmol L), and STS (20 mmol L) solutions.

Endo-b-mannanase activity

Treatment DGB EVE
----------------- pmol mint--------unmumamo-
Control 0.0 b? 1.1b
ACC 10a 17 a
AVG 0.0b 1.0b
STS 0.0b 0.0c

ZMeans within a column followed by the same letter were not
different by Duncan’s Multiple Range test at P £ 0.05.
ACC aminocyclopropane-1-carboxylic acid, AVG
aminoethoxyvinylglycine, STS = silver thiosulphate.

b-mannanase activity was detected 1 h before radicle pro-
trusion when seeds were imbibed in AVG or STSin DGB
(Table 4). Perhaps the amount of endo-b-mannanase ac-
tivity in those seeds was not enough to be detected by
the gel-diffusion assay used in the present study. Con-
versaly, adding ACC during imbibition lead to increased
endo-b-mannanase activity over the control. In EVE,
endo-b-mannanase activity at 35°C was associated with
98% germination in the control and 100% germination
when ACC was added. Lack of endo-b-mannanase activ-
ity 1 h before radicle protrusion in thermosensitive DGB
was associated with 33% germination in the control.
When ACC was added and endo-b-mannanase activity
was detected, 92% germination was recorded. When STS
was added, little or no endo-b-mannanase activity was de-
tected and little or no germination ensued at 35°C in both
genotypes.

Seed priming overcomes thermoinhibition and/or
thermodormancy of lettuce seeds (Guedes & Cantliffe,
1980; Cantliffe et al., 1981; Khan, 1980/81). The mecha-
nism of seed priming in thermosensitive lettuce was sug-
gested to result from the weakening of endosperm be-
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cause of increased endo-b-mannanase activity
(Nascimento et al., 2001). A study was thus conducted
to investigate whether ethylene could be involved in the
weakening of the endosperm. Seeds were primed in so-
lutions of PEG, or PEG + ACC (10 mmol L™), or PEG +
AVG (10 mmol L%, or PEG + STS (20 mmol L™).

The original seed moisture content (SMC) of
DGB and EVE before priming was 5.9 and 5.6%, re-
spectively. After drying, SMC varied from 4.7 to 6.5%.
In DGB, differences in SMC were observed among
priming treatments after soaking (data not shown) but
probably there was no practical significance to these
findings. No radicle protrusion occurred during the
priming treatment. During priming, seeds of both geno-
types attained approximately 40% water content after
48 h. Normally these seeds would attain over 100% in-
crease in fresh weight if soaked in water only. Adding
ACC to the priming solution had no significant effect
on germination, but the seeds from both genotypes ger-
minated slightly faster than those primed in PEG solu-
tions (Table 5).

Seed germination of both genotypes was de-
creased by priming in AVG. Huang & Khan (1992) veri-
fied an inhibition of seed germination when AVG was
applied during either priming or imbibition but AVG ap-
plied only during priming had less of an inhibitory ef-
fect on lettuce seed germination presumably because of
some absorbency by osmotic solution (Micro-Cel E).
They also found more ACC content during germination
at 35°C in primed seeds compared to non-primed seeds.
In addition, the ability of primed lettuce seed to germi-
nate at high temperature was related to high vigor and
greater capacity to produce ethylene (Huang & Khan,
1992).

Priming with STS reduced germination of both
genotypes (Table 5). In DGB, priming in PEG + STS
completely inhibited subsequent germination at 35°C, but

Table 5 - Seed germination of lettuce ‘ Dark Green Boston’
(DGB) and ‘ Everglades (EVE) after priming, seed
dry back, and reimbibitioninwater inlight at 35°C.

o Genotype
Priming
DGB EVE
Imbibition Time (h)
5 24 5 24

PEG 40 ay 99 a 49 a 99 a
PEG + ACC 56a 100 a 50 a 100 a
PEG + AVG 26 b 93 b 0b 91 b
PEG + STS Oc Oc 0b 96 a

Means within a column followed by the same letter were not
different by Duncan’s Multiple Range test at P £ 0.05.

PEG = polyethylene glycol, ACC = aminocyclopropane-1-
carboxylic acid, AVG = aminoethoxyvinylglycine, STS = silver
thiosulphate.

Table 6 - Endo-b-mannanase activity at 1 hour beforeradicle
protrusion of ‘Dark Green Boston’ (DGB) and
‘Everglades (EVE) lettuce seeds primed in PEG
solutions, PEG + ACC (10 mmol L), PEG + AVG
(20 mmol L), and PEG + STS (20 mmol L) and,
after dry back, germinatedinlight at 35°C in water.

Endo-b-mannanase activity

Treatment DGB EVE
--------------- pmol mint--------oono--
PEG 1.3 b? 81 ab
PEG + ACC 21la 100 a
PEG + AVG 1.1b 48 c
PEG + STS 00c 0.0d

Means within a column followed by the same letter were not
different by Duncan’s Multiple Range test at P £ 0.05.

PEG = polyethylene glycol, ACC = aminocyclopropane-1-
carboxylic acid, AVG = aminoethoxyvinylglycine, STS = silver
thiosul phate.

only slowed germination in EVE. The beneficial effects
of seed priming in alleviating thermoinhibition in
thermosensitive lettuce genotypes could thus be negated
by the absence of ethylene action. AVG and STS treat-
ments during seed priming led to reduced endo-b-
mannanase activity before radicle protrusion in both geno-
types (Table 6). Thus, an increase of endo-b-mannanase
caused by priming was negated by STS. Higher enzyme
activity was observed in seeds primed with ACC com-
pared to AVG or STS. An association between ethylene
evolution, endo-b-mannanase activity and seed germina-
tion at high temperature was observed.

To conclude on the exact role of ethylene in let-
tuce seed germination at high temperature, further stud-
ies are needed. The use of other specific inhibitors of eth-
ylene action might be a good approach. 1-
Methylcyclopropane (1-MCP), a gas releasing compound,
is a competitive inhibitor of ethylene action, which binds
to the ethylene receptor to regulate tissue responses to eth-
ylene (Tian, 1999). In addition, the use of transgenic
plants and/or mutants could facilitate the elucidation of
the mechanisms of ethylene biosynthesis as well as the
role of ethylene in seed germination.

Endo-b-mannanase might be regulated by eth-
ylene, and that increased endo-b-mannanase activity be-
fore radicle protrusion might contribute to lettuce en-
dosperm weakening, leading to a germination at high
temperature. Sung et a. (1998b) reported that seeds from
thermotol erant genotypes required less force to penetrate
the lettuce endosperm than did thermosensitive geno-
types, and suggested that weakening of the endosperm
layer of lettuce seeds was a pre-requisite to radicle pro-
trusion at high temperatures. These findings correlated
directly with the findings for control of endo-b-
mannanase activity.
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