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Abstract. Lettuce (Lactuca sativa) is an important vegetable crop worldwide, and its seed
is commercially produced mainly under irrigation in arid and semiarid regions. The
objective of this study was to determine how water availability during seed development
affects lettuce seed productivity and quality. Three experiments were performed in the
greenhouse and growth chambers using lettuce (cv. Tango) cultivated in pots. When
watering volume was restricted (dry treatment) from bolting to seed harvest to 54% of
the well-watered control (wet treatment), plants were shorter, had reduced dry weight,
and produced fewer and heavier seeds. Water productivity (seed yield/watering volume)
was nearly 50% higher in the dry treatment. Seeds from the dry treatment had a modest
improvement in seed vigor (assessed by seedling growth) and decreased germinability
(higher sensitivity to exogenous abscisic acid and water potential) compared with the wet
treatment. In another experiment, water stress was applied abruptly to well-hydrated
lettuce plants with developing seeds. Seeds that were at one-third and two-thirds of
physiological maturity when water was withheld had lower germinability and greater
storability than seeds with no water restriction. These results provide information that
may be used for improvement of irrigation practices for lettuce seed production.

The availability of water to the mother
plant during seed production is important
because it affects seed yield and quality of
many species. In general, most of the research
on water requirements of different crops has
focused on optimizing yield of commodity
products and only rarely considered seed
yield or quality parameters (George, 1999).
Optimal water management for seed produc-
tion may be different from best management

practices for crop production, especially in
species for which the final products are not
grains (e.g., many vegetables and forages).

Effects of water stress on seed yield
depend on the crop and will vary depending
on the intensity, duration, and timing of the
water deficit (Izzeldin et al., 1980). In gen-
eral, water stress before and during flowering
has been observed to affect seed yield by
reducing the number of seeds produced per
plant (Bartels and Caesar, 1987; Champolivier
and Merrien, 1996; Oliva et al., 1994;
Žebrauskien _e et al., 2005), whereas individ-
ual seed weight has been affected by water
deficit after flowering (Castañeda et al., 2006;
Champolivier and Merrien, 1996; Fougereux
et al., 1997; Ludlow et al., 1990; Ramamoorthy
and Basu, 1996). However, there are cases in
which moderate water deficits have increased
seed yield or seed size. For instance, Shock
et al. (2007) reported that moderate deficit
irrigation from flowering to seed maturity
improved yield and individual weight of
alfalfa (Medicago sativa L.) seeds. Santos
et al. (2006) observed that seeds of wild
bushbean (Macroptilium lathyroides L.) were

heavier when produced under restricted
water availability (60% to 70% soil field
capacity). Less research has examined the
effects of water stress on other aspects of seed
quality such as germination, germinability,
and storability. In general, the consensus is
that water deficiency during seed develop-
ment reduces dormancy and improves ger-
mination of wild species (Fenner, 1991;
Gutterman, 2000; Hilhorst and Toorop,
1997). Water deficit had no effect on seed
germinability and vigor of onion (Allium
cepa L.) (Žebrauskien _e et al., 2005), peanut
(Arachis hypogaea L.) (Ramamoorthy and
Basu, 1996), and maize (Zea mays L.) and
sorghum [Sorghum bicolor (L.) Moench.]
(Ghassemi-Golezani et al., 1997). Zhao
et al. (1993) observed that seeds from
water-stressed cotton (Gossypium hirsutum
L.) plants had faster germination and higher
vigor. Ramamoorthy and Basu (1996) and
Sinniah et al. (1998) reported that water
deficit during seed production improved stor-
ability of peanut and rapid-cycling brassica
[Brassica campestris (rapa) L.] seeds,
respectively.

Lettuce (Lactuca sativa L.) is one of the
most important vegetables in the world. In
the United States, between 2001 and 2006,
lettuce was cultivated on over 121,000 ha per
year with an annual crop value of �2 billion
dollars, which makes it the most valuable
fresh vegetable in the country (U.S. Depart-
ment of Agriculture, 2007). Lettuce seed
quality is important because it affects estab-
lishment of the crop along with final yield and
quality (Smith et al., 1973b; Wurr and
Fellows, 1985). Working with pot-grown
lettuce plants in the greenhouse, Soffer and
Smith (1974) observed that withholding
water and nutrients during the last half
(20 to 25 d) of the seed production period
did not affect seed yield per plant, seed
weight distribution, or seedling vigor (mea-
sured as seedling root length). Izzeldin et al.
(1980) studied the effects of water stress on
lettuce seed yield and quality by applying
three levels of soil moisture deficit (–0.03, –
0.08, and –0.5 MPa) at different growth
stages of plants grown in a greenhouse. These
authors reported that lettuce plants under
moderate water deficit produced the highest
seed yields; however, the highest quality
(size and vigor measured as seedling radicle
elongation) occurred for seeds produced
under severe water stress treatments.

Because lettuce seeds are mainly pro-
duced in arid and semiarid conditions, under-
standing the effects that restricting water
has on seed yield and quality is important
to optimize the use of irrigation water. The
objective of this study was to determine how
water availability during seed development
affects lettuce seed production, especially
seed yield and quality.

Materials and Methods

Expt. 1
‘Tango’ (green leaf type) lettuce plants

were produced in the greenhouse in 1.75-L
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plastic pots filled with a soilless growth
medium (Metromix 360; Scotts, Marysville,
OH). Plants were irrigated daily and each
pot was fertilized weekly with 50 mL of a
solution containing 35 mg nitrogen, 15 mg
phosphorus, and 29 mg potassium (Peters
Professional; Scotts). At bolting (10 June),
plants were randomly assigned to one of three
treatments: 1) wet, 2) dry, and 3) very dry.
Daily watering volume for plants in the wet
treatment was between 300 and 450 mL,
depending on daily temperatures, whereas
plants from the dry and very dry treatment
received 200 and 100 mL of water per day,
respectively. Plants were grouped in four
replications or blocks (randomized complete
block design). Each replication consisted of
three plants, which were evaluated together.

Average air temperature in the green-
house from early flowering (25 June) up to
the last harvest (31 July) was 22.4 �C with
maximums that ranged between 29.4 and
21.6 �C and averaged 25.0 �C and minimums
that ranged from 23.1 to 18.1 �C and aver-
aged 20.0 �C. Plant evapotranspiration (ET)
was measured on 2 July (24.2 �C average
temperature) as the plant (including pot and
growth medium) weight lost after irrigation
in a 24-h period. Plant transpiration was
measured similarly, but evaporation was sup-
pressed by covering the soilless mix surface
of the pot with a layer of aluminum foil. For
each treatment, ET and transpiration mea-
surements were performed using one plant
per replication. Volumetric soil water content
was measured on each pot on 30 June and
3 July by using a time-domain reflectom-
eter (Soilmoisture Equipment Corp., Santa
Barbara, CA).

Several lettuce seed harvests were con-
ducted manually between 16 and 31 July,
cutting only fully mature flower heads (dry
with exposed seeds) with scissors. Once
harvested and cleaned, seeds were desiccated
to 8.4% water content using anhydrous
CaSO4 in a closed container and then stored
inside hermetic plastic bags at 10 �C until
evaluation (1 to 2 months after harvest). Seed
weight and water content were calculated
using 100 seeds per replication and drying
the seeds in an oven at 103 �C for 48 h. After
the last harvest, plant dry weight (excluding
roots) was determined by drying the plants
for 96 h at 60 �C.

Seed evaluation. The standard germina-
tion test was conducted with 50 seeds from
each replication. Seeds were planted over two
layers of blotter paper (Anchor Paper Co.,
St. Paul, MN), saturated in distilled water and
placed in transparent plastic boxes (11 · 11 ·
4 cm). These boxes were placed in a germi-
nation chamber at 20 �C and constant light.
After 4 and 7 d, only normal seedlings were
counted as germinated (International Seed
Testing Association, 1999).

Other germination tests were conducted
using 50 seeds per replication planted over
two layers of blotters saturated in 10 mL
distilled water or 10 mL of solution contain-
ing various concentrations of (±) abscisic
acid (ABA; 12.5, 25, 50, and 100 mM;

Sigma-Aldrich, St. Louis, MO) or polyethyl-
ene glycol (PEG 8000; Sigma-Aldrich) and
placed in petri dishes (9 cm diameter). The
PEG concentrations used were calculated to
obtain water potentials of –0.15, –0.30,
–0.45, and –0.60 MPa (Michel, 1983). Germi-
nation tests at different ABA and PEG con-
centrations were performed at 20 �C and
constant light with counts of germinated
seeds (radicle emergence) at 2, 4, 6, 8, 10,
and 12 d. The germination index (GI) was
calculated according to the following equa-
tion (adapted from Maguire, 1962):

GI = ðratio of germinated seeds day 2Þ=2 + . . .

+ ðratio of germinated seeds day ‘‘X’’Þ=‘‘X’’

+ . . . + ðratio of germinated seeds day 12Þ=12:

Germination at 30 �C–light and 20 �C–
dark was evaluated at 7 and 4 d after sowing,
respectively.

Vigor index and average radicle length
measurements were determined on 50 seeds
per replication using the Seedling Vigor
Image System (SVIS, Ohio State University,
Columbus, OH) according to methodology
described by Sako et al. (2001).

The data were analyzed as a randomized
complete block design using the analysis of
variance procedure of SAS (SAS Institute,
Cary, NC). Before the analysis, germination
percentages and GI values were transformed
to the arcsin of the square root of the fraction
value. When significant differences existed
(P < 0.05), the least significant difference (a
= 0.05) was calculated to establish differ-
ences among treatments.

Expt. 2
Vegetative stage lettuce plants were cul-

tivated in the greenhouse as described for
Expt. 1. At bolting (9 July), plants were
assigned randomly to one of two treatments:
1) wet or 2) dry. From bolting to flower
initiation, plants in the wet and dry treatments
were irrigated with 300 and 150 mL of water,
respectively. Plants were grouped in four
blocks or replications, each with six plants
per treatment. After flower initiation, two
plants per replication (including pot and
growth medium) were weighed each morning
before watering. Evapotranspiration was cal-
culated as the plant weight difference imme-
diately after irrigation and before irrigation
the next day. In this way, the watering
volume for each treatment was determined
daily as equivalent to the ET of the previous
day. On average, from flowering (29 July) to
the final harvest (1 Sept.), the watering
volume of the dry treatment was 54% of the
volume for the wet treatment.

Approximately 10 flower heads per plant
were labeled with a colored string on the day
of flowering (10 Aug.). Six flower heads per
replication were sampled at 4, 6, 8, 10, 12,
and 14 d after flowering (DAF), and fresh and
dry weight of seeds were determined.

Three harvests were conducted manually,
cutting with scissors only mature flower
heads, on 12 and 23 Aug. and 1 Sept. In each

harvest, the number of seeds per flower head
was calculated from a sample of 20 heads per
replication. Desiccation, storage, and weight
evaluation of the seeds was accomplished as
described in Expt. 1. After the last harvest,
plant height and dry weight (excluding roots)
were determined. For each replication, the
harvest index was calculated as the fraction
between the dry weight of seeds harvested
and dry weight of the plants (including seeds).

Seed evaluation. Only seeds from the
second harvest (23 Aug.) were used for
germination and germinability assessment.
Seed evaluation and data analysis were per-
formed according to methodology described
in Expt. 1. For the accelerated aging (AA)
test, lettuce seeds were aged at 41 �C and
�100% relative humidity (RH) for 72 h and
then germinated following the standard ger-
mination protocol; normal seedlings were
evaluated 11 d after planting.

Expt. 3
Twelve lettuce plants were cultivated in

the greenhouse as previously described and
moved to a growth chamber when bolting
occurred. Air temperature in the chamber was
25 and 15 �C for day (12 h, fluorescent light,
�310 mmol�m–2�s–1) and night, respectively.
Each plant was provided 200 mL water daily
until the treatments started. Approximately
10 d after flower initiation, �35 flower heads
per plant were labeled with a colored string
on the day of flowering. Four plants were
randomly assigned to one of three treatments:
1) no water restriction (200 mL water per
plant), 2) no watering from 8 DAF (last
watering 7 DAF with 100 mL water), and
3) no watering from 4 DAF (last watering
3 DAF with 100 mL water). For the control
treatment, seed weight accumulation was
determined by sampling flower heads at
different times after flowering as described
for Expt. 2. For each treatment, only labeled
flower heads were harvested 27 DAF, when
flower heads were dry and open and the seeds
had less than 8% water content. Seeds were
cleaned and placed in paper envelopes at 4 �C
and 25% RH until evaluation.

Seed evaluation. Seed dry weight and
germination data were collected using four
subsamples of 50 seeds per treatment. All
germination tests were performed as previ-
ously described. Normal seedling germina-
tion was evaluated 7 d after planting. Dark
germination was evaluated 4 d after planting.
All other germination evaluations were con-
ducted daily until 7 d after planting. The AA
test was performed as described in Expt. 2.
Data are presented as the average and SE

values from the four subsamples of 50 seeds
each.

Results

Expt. 1. Water available to the lettuce
plants differed for the treatments used with
volumetric soil water content for the wet
treatment being more than twice greater than
that of the dry and very dry treatments (Fig.
1A). For the three treatments, only small
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differences between ET and transpiration
volumes were noted (Fig. 1B), which could
be the result of the basal leaves of the lettuce
plants covering most of the upper surface of
the pots and poor water transmission to
evaporate from the surface of the medium,
thereby reducing the direct water evaporation
from the soilless mix. Water ET from pots of
each treatment was likely related to the
respective daily watering volume; i.e., for
the dry and very dry treatments, the values
were�200 and 100 mL per day, respectively
(Fig. 1B).

Plant dry weight at the end of seed harvest
was significantly reduced by the lower water-
ing treatment and was directly related to the
watering volume of each treatment (Table 1).
However, individual seed dry weight was
inversely related with the watering volume
and was significantly higher in seeds from the
very dry treatment followed by the dry and
wet treatments (Table 1). Despite the differ-
ences in weight, no significant differences in
seed germinability were observed among the
treatments, regardless of the temperature or
light condition (Table 1). The vigor index and
seedling radicle length values from the SVIS
analysis tended to increase with decreasing
watering volumes during seed production;
however, the differences were only signifi-
cant for radicle length (Table 1). When seed
germination was evaluated at different ABA
concentrations (Fig. 2A) or water potentials
(Fig. 2B), seeds from the wet and dry treat-
ments responded similarly, whereas seeds
from the very dry treatment tended to have
lower germination percentage and rate
(expressed as GI).

Expt. 2. The application of treatments
varied slightly from Expt. 1. Because of
variation in daily ET associated with the
greenhouse temperature, the watering vol-
ume of each treatment was determined daily
according to the evapotranspiration of the
previous day (Fig. 3). The average daily ET
and watering volumes for lettuce plants from
the dry treatment were 58% and 54%, respec-
tively, of the values for the wet treatment.

Rates of development and desiccation
for lettuce seeds from both treatments were
similar (Fig. 4). Seed physiological maturity
(defined as the moment of maximum seed
dry weight accumulation), determined by an
iterative regression analysis procedure (Pieta-
Filho and Ellis, 1991), occurred 10.8 ± 0.6 and
10.8 ± 0.3 DAF for plants from the wet and dry
treatments, respectively; however, individual
seeds from the dry treatment were 20% heavier
(P < 0.01) than seeds from the wet treatment
(Fig. 4; Table 2). Plants from the dry treatment
were more compact with height and dry weight
significantly lower than for the wet treatment
(Table 2). Plants from the wet treatment pro-
duced more seeds per plant than plants from
the dry treatment (Table 2), 47% more on a
number basis (P = 0.01) and 23% more on a
dry weight basis (P = 0.05). The number of
seeds per flower heads in plants from the wet
treatment was 10% higher (P = 0.05) than for
plants from the dry treatment (Table 2).
Despite these differences, the harvest index

Fig. 1. (A) Soil water content (volume of water/volume of soil) for wet, dry, and very dry irrigation
treatments (Expt. 1) on 30 June and 3 July. (B) Lettuce plant evapotranspiration (ET) and transpiration
(T) calculated for each treatment from 2 July to 3 July. Data are means ± SE of four replications.

Table 1. Parameters of growth and seed quality from lettuce plants grown under three daily watering
treatments: wet (300 to 450 mL per plant), dry (200 mL per plant), and very dry (100 mL per plant)
(Expt. 1).

Parameter

Treatment

P valuez
LSD

y (a = 0.05)Wet Dry Very dry

Plant dry weight (g/plant) 23.4 13.7 7.3 <0.01 2.0
Seed dry weight (mg/seed) 0.71 0.83 1.02 <0.01 0.05
Normal seedlings at 20 �C–light (%) 99 99 100 0.13
Germination at 20 �C–light (%) 100 100 100 —
Germination at 25 �C–light (%) 100 100 100 —
Germination at 30 �C–light (%) 95 99 99 0.21
Germination at 20 �C–dark (%) 6 16 16 0.43
Vigor indexx 515 565 598 0.16
Radicle length (pixels/seedling)x 214 216 227 0.01 8.4
zP value from analysis of variance.
yLeast significant difference.
xValues from SVIS (Seedling Vigor Image System).
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was similar (P = 0.47) for plants from both
treatments (Table 2). The water productivity
(seed yield per unit of water used; Oweis and
Hachum, 2006) was 50% higher (P = 0.01) for
plants from the dry treatment (Table 2). As
observed in Expt. 1, seed germinability was
similar for both treatments despite differences
in seed size (Table 2). The vigor index and
radicle length were higher for seedlings from
the dry treatment seed; however, these differ-
ences were not significant (Table 2). Germi-
nation percentages and rates from both
treatments were affected by exogenous ABA
(Fig. 5A) and reduced water potentials (Fig.
5B), similar to what was observed in Expt. 1
(Fig. 2). Germination of seeds from the wet
treatment tended to be less affected by ex-
ogenous ABA than seeds from the dry treat-
ment (Fig. 5A). At reduced water potentials,
reductions in GIs were similar for seeds from
both treatments, and little but consistent dif-
ferences in seed germination percentage
favored seeds from the wet treatment (Fig. 5B).

Expt. 3. Lettuce seeds produced by plants
under water stress tended to be heavier than
seeds from plants without water restriction
(Table 3). Percentage of normal seedlings
at 20 �C was higher for seeds from plants
without water restriction, although the total
germination (percentage and rate) at this
temperature (light or dark) was similar for
seed from the three treatments. Seed pro-
duced without water restriction performed
better when germinated at 30 �C (light or
dark) and with exogenous ABA; however, at
a –0.4 MPa water potential, this seed had a
lower percentage of germination (Table 3).
After 72 h of accelerated aging at 41 �C and
�100% RH, seeds from plants under water
stress, especially the no watering from 8 DAF
treatment, performed better.

Discussion

In Expts. 1 and 2, the watering treatments
were initiated at bolting, and reductions in

Fig. 2. Germination percentage (%) and germination index (GI) of lettuce seeds from wet (diamond), dry
(square), and very dry (triangle) irrigation treatments (Expt. 1) at five abscisic acid (ABA) concentrations
(A) and five water potentials (B). Data are means ± SE of four replications of 50 seeds each.

Fig. 3. Daily evapotranspiration (solid line) and watering (broken line) volumes for lettuce plants from wet (diamonds) and dry (squares) irrigation treatments
from early flowering to last seed harvest (Expt. 2).
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water availability and plant ET were
observed during seed production (Figs. 1
and 3). Consequently, lettuce plants under
water deficit had a significant reduction in dry
matter accumulation (Tables 1 and 2). This
reduction in growth may be explained by the
acclimation mechanisms activated in plants
as a response to water stress, which include
reduced growth of leaves, enhancement of
root extension, stomata closure, and osmotic
adjustment of cells (Wery, 2005). Izzeldin
et al. (1980) observed similar reduced size
and weight of lettuce plants grown under
severe water deficit conditions (soil moisture
–0.5 MPa) during vegetative or reproductive
growth compared with the less stressed
plants.

Despite the reduced growth, lettuce plants
from restricted watering treatments (Expts. 1
and 2) produced heavier seeds (Tables 1 and
2). According to Wery (2005), the effects of
water stress on seed yield and quality may be
explained by the relationship between vege-
tative sources and reproductive sinks. In our
experiments, ‘Tango’ lettuce plants under
water deficit reduced growth and produced
fewer seeds (Table 2). Consequently, plants
grown under water deficit had fewer repro-
ductive sinks (seeds), reducing competition
and increasing the resources available for
growth of each seed compared with plants
from the wet treatment. Similar results have
been observed in seed production of lettuce
(Izzeldin et al., 1980), alfalfa (Shock et al.,

2007), and wild bushbean (Santos et al.,
2006).

In Expt. 2, plants from the dry treatment
produced nearly 20% fewer seeds (g) per
plant (P = 0.051; Table 2), which was
sufficient to biologically compensate for the
reduction in size of dry plants and cause the
wet and dry-treated lettuce plants to have
similar harvest indices (Table 2). When
evaluating crop management strategies in
dry areas, water productivity may be more
important than yield per unit area (Oweis and
Hachum, 2006). The water productivity in
lettuce plants from the dry treatment was
�50% higher than for plants from the wet
treatment. Globally, the principal areas of
lettuce seed production are located in semi-
arid regions (Ryder, 1999), where irrigation
is required. The substantial increase in water
productivity attained by restricting watering
represents information with the potential of
being used for development of more efficient
irrigation practices during lettuce seed pro-
duction.

Seed weight has been positively corre-
lated with seed vigor (Smith et al., 1973a) and
seedling growth after emergence (Smith
et al., 1973b). In our study, lettuce seed
performance was evaluated as the ability to
produce normal seedlings under optimal con-
ditions (standard germination), to germinate
at different conditions (germinability), by
seedling growth and uniformity (SVIS), and
by the AA test. Despite the differences in
seed weight, there were no significant differ-
ences in the percentage of normal seedlings
after standard germination and the germina-
bility at different temperatures and light
conditions for seeds from the different treat-
ments in Expts. 1 and 2. Germination of
‘Tango’ lettuce seed was drastically reduced
in the dark for treatments from Expts. 1 and 2.
Although seed produced by plants under
water deficit tended to have higher dark
germination, light requirements were still
evident and germination values in dark did
not exceed 25% (Tables 1 and 2).

The average seedling radicle length after
3 d of germination has been used for vigor
evaluation of lettuce seeds (Smith et al.,
1973a), and a good correlation of this
parameter with lettuce field emergence and
yield has been observed (Contreras and
Barros, 2005; Smith et al., 1973b; Wurr
and Fellows, 1985). The SVIS integrates
parameters of seedling growth (radicle and
hypocotyl) and uniformity (standard devia-
tion from seedling lengths) to produce a
vigor index from 0 (minimum vigor) to
1000 (maximum vigor) (Sako et al., 2001).
In Expts. 1 and 2, the seed vigor index and
average radicle length tended to be higher in
seeds from plants under water deficit (Tables
1 and 2); however, significant differences
were only observed for radicle length in
Expt. 1. Seeds from the very dry treatment
produced seedlings with significantly longer
radicles than seeds from the wet and dry
treatments. A similar result was reported by
Izzeldin et al. (1980) who observed that
‘Calmar’ (crisphead type) lettuce seeds from

Fig. 4. Fresh weight (squares), dry weight (triangles), and water content (diamonds) of individual lettuce
seeds from wet (solid line) and dry (broken line) irrigation treatments during seed development from
4 to 16 d after flowering (Expt. 2). Data are means ± SE calculated from four replications (seeds from
six flower heads were evaluated in each replication).

Table 2. Parameters of growth, seed yield, and seed quality from lettuce plants grown under different
treatments of water availability: wet (daily watering volume equivalent to evapotranspiration volume)
and dry (watering volume �54% of wet treatment) (Expt. 2).

Parameter

Treatment

P valuezWet Dry

Growth
Plant height (cm) 121.0 110.0 0.02
Plant dry weight (g/plant) 30.8 23.5 0.01

Seed yield
Seeds per flower head 19.4 17.7 0.05
Estimated number of seeds per plant 8,211 5,587 0.01
Seed dry weight (mg/seed) 0.64 0.77 <0.01
Seeds per plant (g dry weight/plant) 5.27 4.29 0.05
Harvest indexy 0.17 0.18 0.47
Water productivity (g/Lt)x 0.61 0.92 0.01

Seed germination and vigor
At 20 �C—light (%) 100 100 0.39
At 25 �C—light (%) 99 100 0.39
At 30 �C—light (%) 99 98 0.66
At 20 �C—dark (%) 12 23 0.05
Normal seedlings after AAw (%) 97 99 0.08
Vigor indexv 697 722 0.52
Radicle length (pixels/seedling)v 262 290 0.21

zP value from analysis of variance.
yHarvest index = (total seed dry weight per plant)/(plant dry weight + total seed dry weight per plant).
xWater productivity = (total seed dry weight per plant, grams)/(total watering volume per plant, liters).
wAA = accelerated aging of the seeds at 41 �C and �100% relative humidity for 72 h.
vValues from SVIS (Seedling Vigor Image System).
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plants under severe water stress were
heavier and produced seedlings with longer
radicle lengths than seeds from plants with
moderate or no water deficit.

The AA test has been used for evaluation
of seed storability and vigor (Copeland and
McDonald, 2001). Treatments from Expt. 2
did not differ significantly for the AA test

results (P = 0.09), although seeds from the
dry treatment performed better after the aging
(Table 2). Therefore, although results from
Expts. 1 and 2 support the idea that lettuce
seeds produced by plants under water deficit
are heavier and more vigorous (Izzeldin et al.,
1980), differences in seed vigor were of little
or no significance.

Seed dormancy has been positively
related with ABA presence or sensitivity of
seeds to this phytohormone (Benech-Arnold
et al., 1991; Finch-Savage and Leubner-
Metzger, 2006; Ni and Bradford, 1993;
Yogeesha et al., 2006) and also sensitivity
of germination to water potential (Ni and
Bradford, 1993). In general, seeds from
Expts. 1 and 2 performed similarly when
germinated in increased exogenous ABA and
decreased water potential; however, accord-
ing to the small but consistent differences
observed, seeds from the very dry (Expt. 1)
and dry (Expt. 2) treatments tended to be
more sensitive (Figs. 2 and 5). Thus, seeds
from plants with restricted irrigation would
be more dormant than those from well-
hydrated plants. These results differed from
the reported trend that associates water stress
with production of less dormant seeds
(Fenner, 1991; Gutterman, 2000; Hilhorst
and Toorop, 1997), which could be explained
by species differences or an effective accli-
mation of the plants to reduced availability of
water before the seed production period.
In Expts. 1 and 2, the differences in watering
volumes started at bolting, and plants
adjusted to the water available by reducing
their size and producing fewer seeds per plant
(Tables 1 and 2). In this way, availability of
water and nutrients would not be restricted
for the growing seeds during the period of
seed development; in fact, seeds from the
treatments with reduced water availability
were able to accumulate more individual
weight and tended to be more vigorous than
those from the wet treatments (Tables 1 and
2).

The methodology used in Expt. 3 differed
from Expts. 1 and 2 because water stress
was applied abruptly to well-hydrated lettuce
plants grown in growth chambers and the
effects were evaluated only on seeds at 4 or 8
DAF when water was withheld. Curves of dry

Fig. 5. Germination percentage (squares) and germination index (triangles) of lettuce seeds from wet (solid
line) and dry (broken line) irrigation treatments (Expt. 2) at five abscisic acid (ABA) concentrations
(A) and five water potentials (B). Data are means ± SE of four replications of 50 seeds each.

Table 3. Parameters of quality for lettuce seeds produced under different water restriction treatments (Expt. 3).z

Parameter

Treatment

No water restriction No watering from 8 DAFy No watering from 4 DAF
Seed dry weight (mg/seed) 0.782 ± 0.005 0.854 ± 0.001 0.819 ± 0.008
Normal seedlings at 20 �C (%) 98.6 ± 0.5 94.3 ± 2.0 94.3 ± 1.7
Germination at 20 �C (%) 100.0 ± 0.0 99.5 ± 0.5 100.0 ± 0.0
Germination index at 20 �C 1.00 ± 0.00 0.98 ± 0.01 0.99 ± 0.01
Germination at 30 �C (%) 100.0 ± 0.0 99.0 ± 1.0 98.5 ± 1.0
Germination index at 30 �C 1.00 ± 0.00 0.90 ± 0.02 0.90 ± 0.02
Dark germination at 20 �C (%) 100.0 ± 0.00 98.5 ± 0.5 99.5 ± 0.5
Dark germination at 30 �C (%) 88.4 ± 3.7 31.0 ± 5.1 15.0 ± 1.3
Normal seedlings after AAx (%) 2.0 ± 1.2 77.0 ± 2.4 49.0 ± 6.6
Germination at 20 �C with ABA, 50 mM (%) 97.5 ± 1.3 78.9 ± 3.6 74.8 ± 2.6
Germination at 20 �C in –0.4 MPa osmotic solution (%) 78.3 ± 5.0 94.5 ± 0.9 91.5 ± 2.2
zData are presented as average ± SE values from four subsamples of 50 seeds each.
yDAF = days after flowering.
xAA = accelerated aging of the seeds at 41 �C and �100% relative humidity for 72 h.
ABA = abscisic acid.
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matter accumulation for developing seeds
from the control plants (no water restriction)
were performed (data not shown), and phys-
iological maturity was estimated to occur 13
DAF. Therefore, 4 and 8 DAF represented
approximately one-third and two-thirds of
seed physiological maturity, respectively.

Dry weight tended to be higher for indi-
vidual lettuce seeds from plants with water
restriction, which could be explained by more
flowering and competition for resources in
plants without water deficit. However, seeds
from lettuce plants that received the last
watering 4 DAF were smaller than those that
received the last watering 8 DAF, which
could be the result of less resources being
available for filling seeds at the earlier water
deficit.

Standard seed germination from the treat-
ments without watering from 8 and 4 DAF
produced 94% normal seedlings, which was
lower than the control, which had 99%
normal seedlings (Table 3). This difference
in germination results may be interpreted as a
reduction in seed quality resulting from the
applied water stress. The control also out-
performed the water stress treatments in GI at
30 �C, dark germination percentage at 30 �C,
and germination percentage at 50 mM ABA
(Table 3). These results suggest a reduction
in seed germinability as a consequence of
reduced water availability to the mother plant
during seed development. However, seed
germinability (percentage and rate) at –0.4
MPa water potential was better for seeds
from the water deficit treatments than for
seeds from the control. These results showed
that germination sensitivity to external ABA
and negative water potential are not neces-
sarily correlated and both aspects should be
tested when specific germinability aspects of
a seed lot need to be evaluated.

Light requirement for lettuce seed germi-
nation has been reported and extensively
studied (Ikuma and Thimann, 1964; McArthur,
1978; Toyomasu et al., 1998; van der Woude
and Toole, 1980). The degree of light sensi-
tiveness in lettuce varies among cultivars and
‘Tango’ is described as a very photosensitive
genotype (H.J. Hill, Seed Dynamics, per.
comm.). In fact, in Expts. 1 and 2 lettuce
seeds did not germinate more than 25% in the
dark (Tables 1 and 2). However, in Expt. 3,
dark germination at 20 �C was close to 100%
for seed from all the treatments (Table 3).
Seed production in Expt. 3 was performed in
growth chambers with artificial fluorescent
light, which has a red to far-red (R:FR) ratio
over 6, which is much higher than the natural
light used in the greenhouse during seed
production in Expts. 1 and 2 (R:FR ratio
between 0.9 and 1.2) (Contreras, 2007). Dark
germination of mouseear cress [Arabidopsis
thaliana (L.) Heynh.] seeds varied depending
on light quality during seed production, and
seed developed under light with a high R:FR
ratio germinated better in the dark (Hayes and
Klein, 1974). We have observed a similar
result with ‘Tango’ lettuce seeds (Contreras,
2007), and the greater dark germination of
seeds in this experiment can be explained by

the modified light quality inside the growth
chambers compared with the greenhouse
seed production environment.

Interestingly, results from the AA test
showed that lettuce seeds from the water
stress treatments performed better than seeds
from the control (Table 3). In other experi-
ments, we have observed that the AA test
works as a good predictor for storability of
‘Tango’ lettuce seed (Contreras, 2007),
which suggests that seeds from water stress
treatments had better storability. Similar
results have been reported for seeds of peanut
(Ramamoorthy and Basu, 1996) and rapid-
cycling brassica (Sinniah et al., 1998), in
which seed produced under water stress
had better storability than seed from well-
hydrated controls. From an ecological point
of view, producing seed with better longevity
under conditions of stress could ensure sur-
vival of the seeds in the soil for prolonged
periods of time until more favorable emer-
gence conditions are present.

In summary, the effects of restricted water
availability during lettuce seed development
depended on how the water deficit was
imposed. When the volume of water avail-
able to the plants was reduced before flower-
ing, plants produced fewer but heavier seeds.
The increase in individual seed weight was
accompanied by improvements in seed vigor
(assessed by seedling growth and AA) of
little or no significance. Additionally, an
important increase in water productivity (let-
tuce seed yield per volume of water applied)
can be attained by restricting watering vol-
umes. Lettuce plants under water deficit were
more compact and produced fewer seeds per
plant, suggesting that field plant populations
should be increased when restricted watering
occurs. The potential and feasibility of apply-
ing this information for improving irrigation
management in lettuce seed production re-
quires evaluation in field experiments and
may depend on the conditions of particular
seed production areas and producers.

When water stress was applied abruptly to
lettuce plants with seeds in the early stages of
development, germinability was negatively
affected. Total and sudden withholding of
watering to lettuce plants during seed pro-
duction should be avoided because of the
potential reduction in quality that can affect
individual seeds.
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Žebrauskien _e, A., L. Kmitien_e, Č. Bobinas,
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