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Abstract Seed and seedling traits related to germination
and stand establishment are important in the production
of cultivated lettuce (Lactuca sativa L.). Six seed and
seedling traits segregating in a L. sativa cv. Salinas x
L. serriola recombinant inbred line population consist-
ing of 103 F8 families revealed a total of 17 significant
quantitative trait loci (QTL) resulting from three seed
production environments. Significant QTL were identi-
fied for germination in darkness, germination at 25 and
35�C, median maximum temperature of germination,
hypocotyl length at 72 h post-imbibition, and plant
(seedling) quality. Some QTL for germination and early
seedling growth characteristics were co-located, sugges-
tive of pleiotropic loci regulating these traits. A single
QTL (Htg6.1) described 25 and 23% of the total phe-
notypic variation for high temperature germination in

California- and Netherlands-grown populations,
respectively, and was significant between 33 and 37�C.
Additionally, Htg6.1 showed significant epistatic inter-
actions with other Htg QTL and a consistent effect
across all the three seed production environments.
L. serriola alleles increased germination at these QTL.
The estimate of narrow-sense heritability (h2) of Htg6.1
was 0.84, indicating potential for L. serriola as a source
of germination thermotolerance for lettuce introgression
programs.

Introduction

The development of molecular maps using DNA
markers has enabled quantitative trait loci (QTL) for
morphological and physiological traits to be identified in
cultivated plant species. The degree of dormancy in seed
populations can be problematic; too little or too much
can result in an economic loss or a delay in the use of the
seed lot (Gale et al. 2002). Accordingly, a number of
QTL studies have focused specifically on seed dormancy
and germination, including those in Arabidopsis thaliana
L. (van der Schaar et al. 1997; Alonso-Blanco et al.
2003; Clerkx et al. 2004), tomato (Lycopersicon escu-
lentum Mill.) (Foolad et al. 1999), wheat (Triticum aes-
tivum L.) (Anderson et al. 1993; Kato et al. 2001), wild
oat (Avena fatua L.) (Fennimore et al. 1999), barley
(Hordeum vulgare L.) and rice (Foley 2002). Alonso-
Blanco et al. (2003) identified seven loci affecting the
after-ripening requirement to alleviate seed dormancy in
a cross between dormant and non-dormant accessions of
Arabidopsis. A major and two minor QTL controlling
approximately 80% of phenotypic variation in seed
dormancy of wheat have also been identified (Kato et al.
2001).

Inhibition of lettuce (Lactuca sativa L.) seed (achene)
germination by high temperature (termed thermoinhibi-
tion) can lead to poor field emergence and stand estab-
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lishment (Valdes et al. 1985), and reduced yield (Cantliffe
et al. 1981). The maximum germination temperature is
affected by cultivar (Gray 1975; Thompson et al. 1979),
production environment (Reynolds 1973; Sung et al.
1998), light (Fielding et al. 1992; Toyomasu et al. 1998;
Roth-Bejerano et al. 1999), and hormones such as eth-
ylene, gibberellic acid (GA) and abscisic acid (ABA)
(Yoshioka et al. 1998; Nascimento et al. 2000; Gonai
et al; 2004). In general, exposure of lettuce seeds to light,
ethylene, and GA tends to increase the temperature at
which thermoinhibition occurs, while darkness and ABA
lower the inhibitory temperature (Cantliffe et al. 2000).
Similar responses of germination to temperature, light,
and hormones have also been documented in L. serriola,
the progenitor species of cultivated lettuce (Marks and
Prince 1982; Small and Gutterman 1992).

Because many crops are propagated by seeds, and
seeds often represent a significant investment as the
delivery system for improved germplasm, a number of
QTL analyses have focused specifically on seed traits
associated with their role as propagules. Doganlar et al.
(2000) summarized several studies that describe 24 QTL
responsible for seed weight variation in tomato. Seed
weight and oil content QTL have also been reported in
sunflower (Helianthus annuus L.) and soybean (Glycine
max [L.] Merr.) (Csanadi et al. 2001; Bert et al. 2003;
Gandhi et al. 2005). QTL associated with seed and
seedling vigour were identified in cabbage (Brassica
oleracea L.) (Bettey et al. 2000), tomato (Foolad et al.
1999) and rice (Oryza sativa L.) (Redoña and Mackill
1998; Cui et al. 2002).

The pronounced germination/dormancy phenotype
at high temperatures as well as the availability of
genotyped recombinant inbred lines (RILs) derived from
an interspecific L. sativa x L. serriola cross (Johnson
et al. 2000) make lettuce an attractive candidate for
QTL analysis of seed and seedling traits. The present
study identified 17 QTL associated with seed and seed-
ling traits segregating in this population. This QTL
analysis provides a new approach for elucidating the
physiological factors controlling the imposition and re-
lease of lettuce seed thermoinhibition.

Materials and Methods

Seed production environments

Replicate samples of seed of an existing RIL mapping
population comprised of 103 F8 families derived by
single-seed descent from a L. sativa cv. Salinas x
L. serriola (UC96US23) F2 population (Johnson et al.
2000) were produced at three separate locations. In the
summer of 2002 at Davis, California, the RILs were
transplanted to the field in rows of 10 to 15 plants per
genotype. Plants were irrigated by sprinklers after
transplanting and thereafter by furrow irrigation as no
rain fell during growth and seed production. Average
daily minimum and maximum temperatures from the

first to last seed harvest (79 days) were 12 and 32�C,
respectively. At 50% flowering, inflorescences from 5 to
10 plants of each family were covered with air-permeable
plastic-mesh pollination bags (Vilutis and Co., Inc.,
Frankfort, IL) and allowed to mature for 14–21 days.
Seed of the earliest flowering lines was harvested
beginning 30 July and harvesting continued thereafter as
RILs matured until 16 October. Following harvest,
seeds were bulked together for each RIL, cleaned, and
stored in canvas bags at 10�C and 50% relative humidity
(RH) until moisture content (MC) equilibration at
6–8%, at which time they were transferred to plastic
bottles and stored at 5�C.

The same RIL population was also grown at the
University of Arizona Research Center in Yuma. Plants
were transplanted to the field on 22 October 2001. Seeds
were hand-harvested beginning 5 March 2002 and
continuing until 20 July 2002. Average daily minimum
and maximum temperatures from the first to last seed
harvest (�130 days) were 11 and 29�C, respectively.
Some plants were harvested for seed up to three times;
seeds from the final harvest, in which all RILs were
represented, were used for phenotypic analysis. Fol-
lowing harvest, seeds were kept at room temperature in
paper bags from 1–14 days, transferred to sealed plastic
bottles, and held at 5�C until evaluated.

The RIL population was grown a third time in The
Netherlands in 2002 by the seed company Rijk Zwaan
Zaadteelt en Zaadhandel B.V. (De Lier, The Nether-
lands). Seed production was performed in a glasshouse
with temperatures ranging between 15 and 35�C during
the day and between 10 and 15�C at night. Seeds were
sown in April, transplanted to a greenhouse in May, and
harvested in August–September, according to maturity.

Accumulated degree days (DD) (single sine method
and horizontal cutoff; http://www.ipm.ucdavis.edu)
from flowering to harvest in the Davis and Yuma seed
production environments were calculated to assess pos-
sible effects of temperature during seed development and
maturation on germination characteristics. DD were
used to integrate the heat units accumulated during the
seed development period. DD data were not available
for Netherlands-grown seed.

Map construction and genotyping

Plant material was prepared and genotyped as described
previously (Kesseli et al. 1994; Johnson et al. 2000). A
genetic linkage map based on the F7 RIL population
comprising over 1,700 AFLP, SSR, and EST markers
consisting of nine chromosomal linkage groups and
spanning 1,254 cM was constructed using JOINMAP
v2.0 (Stam 1993; http://cgpdb.ucdavis.edu/database/
genome_viewer/viewer/; M. Truco, unpublished). A
subset of 224 robust markers approximately 10–15 cM
apart were chosen as the framework map for QTL
analysis of the F7 generation (http://cgpdb.ucdavis.edu/
database/supplemental_data).
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Phenotypic analyses

Germination assays

Tests for germination at 25 (low-temperature germina-
tion, LTG) and 35�C (high-temperature germination,
HTG) were performed. A temperature of 25�C is not
‘‘low’’ with respect to germination per se, as the base
temperature for lettuce seed germination is near 0�C.
However, it is at the lower end of the temperature range
at which thermoinhibition occurs and therefore is
termed LTG here. LTG and HTG tests were conducted
on three replicates of 25 seeds each from all three pro-
duction environments. Seeds were distributed on two
absorbent blotter paper discs (VWR Scientific Products,
West Chester, PA) saturated with 5 ml of de-ionized
water in 5 cm-diameter Petri dishes (Gelman Sciences,
Ann Arbor, MI). Seeds were placed into a germination
cabinet (Hoffman Manufacturing, Albany, OR) under
continuous fluorescent light and constant temperature
conditions and evaluated for germination (radicle
emergence) at 72 h.

Germination in light-requiring lettuce seeds is con-
trolled by photoreversible phytochromes, the active
form of which (Pfr) results in synthesis of gibberellins
that stimulate germination (Toyomasu et al 1998). To
test for light requirements for germination, assays for
germination in darkness after exposure to far-red light
(GFR) were performed on four replicates of 50 seeds
produced in the Davis and Yuma environments.
Exposing the seeds to far-red light should drive all
phytochrome into the non-active Pr form. Therefore,
germination after exposure to far-red light (GFR) as-
sesses the extent to which germination is under the
control of photoreversible (low-fluence response) phy-
tochrome. The very low fluence response (VLFR) is
controlled by phytochrome A, is irreversible, and can be
triggered by far-red light (Botto et al. 1996). The VLFR
could also contribute to germination following far-red
light exposure. Seeds were exposed to far-red light
(intensity 22.5 mW/nm) during imbibition for 24 h at
20�C, and then incubated in the dark at the same tem-
perature and evaluated for radicle emergence beginning
24 h after transfer to the dark and every 24 h thereafter
for a total of 7 days.

To further characterize the temperature response,
two experiments were performed on a thermogradient
table with subsets of the Davis RIL population to
determine the median maximum temperature of germi-
nation (T50), or the temperature at which germination
was reduced to 50% in a given RIL. The first subset was
composed of 57 families tested at 2�C intervals from 27
to 33�C and the second subset was composed of 35
families tested from 33 to 39�C. The temperature range
over which to test RIL families was based on their ger-
mination percentages in the 35�C test. Germination
protocols were as described above, except with two
replicates of 25 seeds per RIL.

Seedling growth

Lengths of radicles (RDL) and hypocotyls (HYL) of 3-
day old seedlings were evaluated using OSUSVIS soft-
ware as detailed in Sako et al. (2001). Two replicates of
50 seeds of each family were placed onto water-saturated
blue blotter paper (Anchor Paper Co., St. Paul, MN) on
Plexiglass slant boards. Slant boards were held at a 10�
angle from vertically in sealed plastic bags at 100% RH
and 20�C and exposed to 24 h of continuous fluorescent
light followed by 48 h of darkness. Slant boards were
then placed under an inverted flatbed scanner (UMax
Data Systems, Inc., Dallas, Texas) and digital images
were captured using VistaScan v3.77 software (Umax).
Images were imported into OSUSVIS for measurements
of hypocotyl and radicle lengths of individual seedlings.

Plant quality (PQ)

Plant quality assessments were performed by Rijk
Zwaan on seeds produced in the Davis and Netherlands
environments. Seeds (150) of each RIL family were sown
on peat soil in trays. Trays were held in a climate room
at 15�C for 72 h to ensure optimal germination. Subse-
quently, trays were placed in a greenhouse at 15�C under
natural light (8 h/day). PQ was evaluated visually 7 days
after sowing by counting the number of seedlings that
had acceptable commercial quality, i.e., seedlings of
adequate size and uniformity, lacking aberrations or
deformed leaves, and which experience indicates will
develop into marketable plants.

Statistical analyses

Mean percent germination was transformed by the
probit method (PROC PROBIT, SAS Institute, Inc.,
Cary, NC) to normalize variances in germination per-
centage and data distribution. Data for seedling trait
assays were not transformed. Transformed germination
data were used to detect QTL with Windows QTL
Cartographer V. 2.0 (Basten et al. 2001). QTL analyses
were performed first using composite interval mapping
(CIM) and subsequently using multilocus mixed model
ANOVA (PROC MIXED). QTL and additive effects
were identified by CIM utilizing standard model 6 with
the following options: (1) five markers were chosen to
control for genetic background at testing positions; (2)
forward and backward regression method was selected
with a window size of 5 cM flanking the test site; (3) a
2 cM walking speed along chromosomes was used. QTL
were identified initially at a LOD threshold of 2.5+.
Subsequently, QTL were verified by 1,000 permutations
of phenotypic data and declared significant (p = 0.05)
above the permutated LOD threshold value. Untrans-
formed data were used to estimate additive effects of
QTL for germination traits from CIM results and to
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estimate additive effects of QTL for all other seed and
seedling traits.

Multilocus QTL analysis was performed to identify
intralocus and interlocus effects of QTL for germination
traits within and across environments, and to further
define significant single effects and interactions of QTL
found to be nonsignificant in CIM (below permutated
threshold values, but LOD ‡ 2.5+). Homozygous RIL
genotypes at the AFLP marker loci that maximized
LOD scores for QTLs in CIM analysis were used as an
independent variable in a mixed linear model analysis
(SAS PROC MIXED) according to the method of
Gandhi et al. (2005). Significant epistatic effects were
identified for up to 23 factorial models where location,
rep and genotype x location were random and genotype
effects were fixed. The magnitude of Type III multilocus
additive interactions were identified using the ESTI-
MATE statements in PROC MIXED. Least squares
means, and Type III sums of squares and F-tests were
estimated for genotypes. Linear contrasts among least
square means were used to calculate intralocus and in-
terlocus effects among loci as in Gandhi et al. (2005). An

analysis of covariance (ANCOVA) was conducted for
germination (HTG, LTG, and GFR) and production
environment (DD from flowering to harvest) to deter-
mine whether temperature during seed development was
a significant source of variation for germination. When
DD was detected as a significant covariate, mean ger-
mination values were estimated by least squares means,
and adjusted according to the mean of DD.

RIL-mean narrow sense heritabilities were estimated
for germination at 25 and 35�C in light and in darkness
at 20�C following far-red light exposure. Heritabilities
were estimated by

h2 ¼ r2
g=r

2
p ¼ r2

g=ðr2
e=rlþ r2

gl=lþ r2
gÞ;

where r2
g is the between-RIL variance component, r2

p is
the phenotypic variance component, r2

e is the residual
variance component, r2

gl is the between-RIL x location
variance component, r is the number of replications, and
l is the number of locations. The linear model was
completely random and restricted maximum likelihood
method (REML) estimates of the variance components

Fig. 1 Frequency distributions of germination percentages at 25�C (LTG), 35�C (HTG), and germination in darkness following 24-h
exposure to far-red light (GFR) for seed from bulked samples of 6–8 plants each of RILs grown in Davis (A, C, and E), Yuma (B, D, and
F) and The Netherlands (E). Filled circle (filled circle) represents trait value of the Salinas parent and inverted triangle (filled inverted
triangle) is the trait value of the L. serriola parent. Parental data were available only for Davis-grown seed
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were found using SAS PROC VARCOMP. The
between-RIL variance component is equal to twice the
additive genetic variance when epistasis is absent; hence,
h2 is a narrow-sense heritability estimator (Bernardo
2002). Phenotypic correlations for measured traits were
calculated using SAS PROC CORR.

Results

Germination phenotypes

Temperature and light conditions during seed imbibition
had large effects on distributions of phenotypic variation
for germination traits of the RIL populations produced
in three different environments (Davis, Yuma, and The
Netherlands) (Fig. 1). Seeds of the parental lines were
produced only in the Davis environment. Seed from
RILs grown in the Davis environment germinated well
at 25�C (LTG) with 78 families germinating >90% and
no RILs germinating <60% (Fig. 1). Parental germi-
nation means were 96 and 99% for L. serriola and cv.
Salinas, respectively, and population mean germination
was 92.5%. Yuma-grown seed exhibited a more uniform
phenotypic distribution and lower mean population
germination value at 25�C (60.1%) (Fig. 1). Sixty lines
grown in Yuma had <70% germination in contrast to
only one line grown in Davis.

A 10�C increase in temperature from 25 to 35�C
(HTG) for seed from the Davis environment completely
reversed the population distribution, with 49 lines (54%)
germinating <10% due to thermoinhibition (Fig. 1).
The phenotypic distribution of the RIL population
could be characterized as bi-modal, with two peaks
associated with widely dispersed parental means, 2%
germination for cv. Salinas and 95% for L. serriola at
35�C. Most notably, 30 RIL families had germination
values ‡70% at 35�C, far in excess of the population
mean of 32.6%. The Yuma-grown seed also exhibited a
skewed population distribution toward thermoinhibi-
tion, though not as extreme as observed in the Davis
environment, with 28 of 78 families having <10% ger-
mination (Fig. 1). The bi-modal trend for HTG appar-
ent in the Davis-grown population was absent in the
Yuma-grown population and mean germination per-
centage (26.3%) was significantly lower in the latter. The
phenotypic distribution for HTG from the Netherlands-
grown population (Fig. 1) strongly resembled that of the
Davis-grown population, being bimodal with 28 RILs
germinating >70% and 43 lines germinating <10%.
Mean germination percentages (33.3%) for the Nether-
lands- and Davis-grown populations did not differ sig-
nificantly.

Histograms for germination after exposure to far-red
light (GFR) showed ranges of 0–100% and 0–80% for
seeds grown in the Davis and Yuma environments,
respectively (Fig. 1). Distributions were highly skewed
toward low germination percentages, with over half of

the population in each environment germinating
<10%. Mean germination of the Davis-grown RIL
population was significantly higher (20.2%) compared
to the Yuma-grown population (12.2%). When grown
in the Davis environment, seeds of the Salinas parent
germinated significantly better under these conditions
(65%) compared to the L. serriola parent (1.2%), with
very little transgressive segregation outside these
parental means.

Following initial testing at 25 and 35�C, RILs pro-
duced in Davis were tested over two temperature ranges
(27–33�C and 33–39�C in 2�C increments) to further
characterize germination response to increasing tem-
perature (Fig. 2, left column). The parental lines used to
generate the mapping population exhibited large differ-
ences in their ability to germinate at high temperature.
The Salinas parent germinated near 100% at 27�C, but
germination declined to 43% at 29�C and was 0 at
‡31�C. Germination remained above 94% in L. serriola
at temperatures up to 37�C before declining to 60% at
39�C and 0 at �40�C. Some transgressive segregation
was present at the two lowest (27 and 29�C) and the
highest (39�C) germination temperatures. Incremental
increases in temperature (2�C) gradually shifted the
population distributions from germinative to thermoin-
hibited, with mean germination of 94.6% (72 families
germinating ‡90%) at 27�C declining to 12% (50 lines
£ 10% germination) at 39�C. The bi-modal distribution
previously observed at 35�C in the Davis- and Nether-
lands-grown populations (Fig. 1) was clearly evident at
31�C and more pronounced at 33�C, where 25 lines re-
tained germination ‡90% and 40 lines were £ 10%
(Fig. 2). These two categories coincided with the
L. serriola and Salinas means, respectively, and defined
78% of the population at 33�C; the remaining families
were classified as intermediate germination categories.
The bi-modal distribution was not present at 39�C.

The T50 values also demonstrated a bi-modal phe-
notypic distribution, with 31 families having T50 values
between 29–31�C near the Salinas mean (29.2�C) and a
second large group (23 RILs) having values between 37–
41�C located nearer the L. serriola mean (39.8�C)
(Fig. 3).

Phenotypic correlations among all measured traits
were calculated for families within the RIL mapping
population (Table 1). As expected, highly significant
correlations were observed between T50 and HTG for
the Davis-grown seeds. HTG values were also highly
correlated among seeds produced in Davis, Yuma, and
The Netherlands, indicating that RIL germination
rankings at 35�C were conserved across production
environments. While the correlation for LTG between
Davis- and Yuma-grown populations was not signifi-
cant, a significant correlation was observed for GFR
between the Davis and Yuma environments (r=0.49,
P<0.001). There was also a highly significant (P<0.01)
correlation between LTG and HTG for Yuma-grown
seed.
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Fig. 2 Frequency distributions of germination percentages for Davis-grown RILs over a 12�C temperature interval (left column of
panels) and corresponding QTL LOD score profiles with permutated significance threshold (dashed lines) for Htg6.1 at the same
temperatures (right column of panels). Filled circle (filled circle) represents trait value of the Salinas parent and inverted triangle
(filled inverted triangle) is the value of the L. serriola parent
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Significant genotypic (G), environmental (E), and
G · E effects were observed for germination traits LTG,
HTG, and GFR, with the exception of a nonsignificant
environmental effect at high temperature. Heritabilities
were 0.30, 0.84, and 0.74 for LTG, HTG, and GFR
respectively.

Seedling traits

Phenotypic distributions for plant quality revealed dif-
ferences in seed lots produced in Davis and The Neth-
erlands. Davis-grown RILs ranged from 0–100% quality
seedlings, and showed an even distribution across cate-
gories with a population mean of 50.4% (Fig. 4). In
contrast, RILs grown in The Netherlands showed a
highly skewed distribution, with 50 RILs having high
quality (90–100%) and a population mean of 80.2%
(Fig. 4).

The hypocotyl length (HYL) attained after 72 h of
imbibition in Davis-grown seed results from both the
speed of germination and the seedling growth rate
(Fig. 4). HYL varied by less than 1 mm between the
parental lines. Among RILs, HYL ranged between 4 and
12 mm with a mean of 6.71 mm. Population mean val-
ues exceeded parental mean values by a large degree,
indicating transgressive segregation.

QTL analyses

Composite interval mapping and multilocus QTL anal-
ysis revealed a total of 12 significant QTL for six traits
measured using seed produced in Davis (Table 2).
Individual QTL explained from 9 to 25% of the phe-
notypic variation of a given trait and were found on six
different linkage groups (LG) (Fig. 5). Fewer phenotypic
analyses were conducted on the seeds produced in Yuma

LTG LTG HTG HTG HTG HYL T50 GFR GFR PQ PQ

Davis Yuma Davis Yuma Netherlands Davis Davis Davis Yuma Davis Netherlands
LTG Davis 0.19 0.06 0.1 0.08 �0.09 0.08 �0.08 0.06 0.1 0.02
LTG Yuma 0.1 0.35** 0.06 0.05 0.1 �0.07 �0.05 �0.13 �0.1
HTG Davis 0.58*** 0.86*** 0.17 0.85*** 0.17 0.23 �0.13 �0.08
HTG Yuma 0.52*** 0.07 0.52*** �0.23* 0.07 �0.2 �0.28*
HTG Netherlands 0.14 0.78*** 0.08 0.04 �0.17 �0.12
HYL Davis 0.08 0.24* 0.09 0.16 0.21
T50 Davis 0.16 0.23 �0.17 �0.2
GFR Davis 0.49*** 0.39*** 0.23*
GFR Yuma 0.36 0.09
PQ Davis 0.61***

* Significant at P < 0.05; ** Significant at P < 0.01; *** Significant at P < 0.0001

Table 1 Phenotypic trait correlations between germination at 25�C
low-temperature germination (LTG), germination at 35�C high
temperature germination (HTG), hypocotyl length (HYL), median

germination-inhibiting temperature (T50), germination in darkness
after exposure to far-red light (GFR), and plant quality (PQ) ofRILs
grown in three environments (Davis, Yuma, and The Netherlands)

Fig. 3 Frequency distribu-
tions of median germination
inhibitory temperature (T50)
values for all Davis-grown
RILs (solid bars) and number
of lines homozygous at L.
serriola Htg6.1-linked AFLP
marker 1A12-330<N> within
each category (hatched bars).
Open circle (open circle) repre-
sents trait value of the Salinas
parent and inverted triangle
(open inverted triangle) is the
trait value of the L. serriola
parent
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and The Netherlands. However, three additional QTL
for LTG were identified using the Yuma-grown seeds,
one of which was coincident with a QTL identified using
the Davis-grown seeds (Ltg7.1) (Table 2). A QTL for
HTG (Htg6.1) was identified in both the Davis- and
Netherlands-grown seeds and two additional QTL for
PQ were also significant for the Netherlands-grown
seeds (Table 2).

Germination QTL

Germination-related QTL were detected using seed
produced in multiple environments and were associated
with more than one trait. CIM and multilocus QTL
analysis of HTG using Davis-grown seed revealed
Htg4.1,Htg6.1, and Htg7.1, collectively accounting for
37% of total phenotypic variation among RILs (Ta-
ble 2). Htg6.1 alone explained 25% of the phenotypic
variance for germination at 35�C, with the QTL allele
being transmitted by the L. serriola parent. The
appearance of Htg6.1 in Davis-grown seed was evident
at 31�C and was highly significant over a 5�C interval
(33–37�C) that peaked at 35�C (LOD 7.8) before
declining and becoming non-significant at 39�C (Fig. 2,
right column). When genotypes of RILs were examined

at the Htg6.1-linked AFLP marker 1A12–330<N> and
compared to T50values, all (22 of 22) of the lines with a
T50 threshold above 37�C possessed the L. serriola allele
(Fig. 3). Htg6.1 was detected in seeds produced in The
Netherlands environment (R2=0.23) within the same 1
LOD confidence interval, with the QTL allele of the
same parental origin (Table 2; Fig. 5). The multilocus
QTL analysis revealed significant epistatic interactions
among Htg loci (Table 2). L. serriola alleles at Htg6.1
and Htg7.1 synergistically interacted to increase germi-
nation (58.1% compared to 65.1% in single and double
homozygotes, respectively). Furthermore, the effect of
Htg6.1 was significant when data for all three seed
production environments were combined (P=0.03) and
resulted in a 43% increase in germination (data not
shown).

Two QTL for LTG were detected by CIM using seeds
produced in Davis that together explained 21% of the
phenotypic variation (Table 2). The alleles from L.
serriola at Ltg2.1 and Ltg7.1 increased germination.
Three QTL for LTG were detected using seed produced
in Yuma, collectively explaining 39% of the phenotypic
variation. Ltg7.1 was detected within the same 1 LOD
genomic interval as Htg7.1, the QTL-linked locus being
of the same parental origin and describing 13% of the
phenotypic variation in the Yuma-grown seeds.

CIM QTL Analysis Multilocus analysis

Trait QTL Closest
Marker

1-LOD confidence
interval (cM)

Additive
effecta

LOD R2 Effect Pr>F

Davis
HTG Htg4.1 E35/M49-F-223 99–116 7.5 A 2.59 0.06 7.71 A 0.027

Htg6.1 1A12-330<N> 62–78 24.4 B 9.87 0.25
Htg7.1 E44/M49-F-151 15–30 10.1 B 2.67 0.06 9.55 B <0.0001
Htg4.1 x Htg6.1 -10.49 0.003
Htg6.1 x Htg7.1 7.68 0.027

LTG Ltg2.1 E33/M59-F-222<N> 10–25 12.8 B 3.75 0.12
Ltg7.1 E44/M49-F-151 15–30 9.9 B 3.25 0.09

T50 T501.1 E35/F60-F-146 98–115 5.16 A 3.25 0.1
T506.1 E33/F59-F-125 71–87 4.45 B 2.79 0.08 5.06 B <0.0001
T507.1 E44/M49-F-151 11–30 4.77 B 3.08 0.1

GFR Gfr4.1 E45/M49-F-203 1–32 4.3 A 2.57 0.07 10.1 A 0.004
Gfr6.1 E33/F59-F-125 72–87 3.1 B 3.08 0.09

PQ Pq2.1 E33/M59-F-222<N> 9–25 12.1 B 3.84 0.12
HYL Hyl5.1 L2283 115–133 1.68 A 3.37 0.13
Yuma
LTG Ltg4.1 1A04-F-291 98–115 6.8 B 2.87 0.09 19 B 0.0002

Ltg6.1 E35/M59-F-204 1–13 12.8 A 4.95 0.17
Ltg7.1 E44/M49-F-151 10–25 12.2 B 4.34 0.13
Ltg4.1 x Ltg6.1 10.2 0.045

GFR Gfr6.2 E44/M49-F-475 122–139 2.6 0.08 5.05 B 0.016
The Netherlands
HTG Htg6.1 1A12-330<N> 62–78 23.4 B 6.91 0.23
PQ Pq2.2 E44/M48-F-311 58–78 13 A 3.62 0.13
PQ Pq5.2 E38/M54-F-272 122–135 23.2 B 5.39 0.19

a Mean effect (in trait unit of untransformed data) of the allele that increased the trait value at each locus (suffix A = Salinas, B = L.
serriola)

Table 2 Quantitative trait loci (QTL) detected for seed and
seedling traits in recombinant inbred line (RIL) populations
grown in Davis, Yuma, and The Netherlands. QTL acronyms
have a three-letter trait designation followed by a number indi-

cating the linkage group on which the QTL was detected.
Multiple QTL for the same trait and on the same linkage group
but at different locations are indicated by an additional number
following a period
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Three QTL for T50 values were identified among
Davis-grown RILs, two of which, T506.1 and T507.1,
collocated within previously identified 1 LOD QTL
support intervals at Htg6.1 and Ltg7.1 (Table 2). Col-
lectively, these QTL explained 28% of phenotypic vari-
ation for T50 values. RILs homozygous for the L.
serriola allele at a T506.1-linked marker germinated at a
median temperature of 36�C compared to 31�C for RILs
homozygous for the Salinas allele at this marker.

Two QTL for GFR explaining 16% of total pheno-
typic variation were found using Davis-grown seeds
(Table 2). The Gfr4.1-linked allele was from Salinas and
the Gfr6.1-linked allele was from the L. serriola parent.
Gfr6.1 co-located to the same 1-LOD confidence interval
as Htg6.1 (Fig. 5); both Gfr6.1 and Htg6.1 alleles were
transmitted from the L. serriola parent. A single small-
effect QTL for GFR (Gfr6.2) was detected in Yuma-
grown seed, accounting for 8% of the phenotypic vari-
ation.

To assess possible effects of temperature during seed
maturation on seed germination behavior, DD from
flowering to harvest were determined for RILs grown in
the Davis environment. For the Yuma-grown seeds,
since the seeds used represented different harvests
among different RILs, the DD for 30 days prior to the
final harvest were accumulated. An analysis of covari-
ance for transformed HTG and LTG values and the
combined Davis and Yuma production environments
indicated that DD was not a significant source of vari-
ation for germination (P=0.23 and 0.07 for HTG and
LTG, respectively). Degree days were a significant
source of variation for GFR (P=0.02), but differences
between adjusted and unadjusted mean germination
values were very small and unlikely to affect QTL
analyses. Insufficient degrees of freedom were available
to test for DD by RIL interactions.

Seedling trait QTL

Two QTL for PQ were identified in the Netherlands-
grown population and one in the Davis-grown popula-
tion. For seed produced in The Netherlands, PQ QTL
were located on LG2 and LG5, explaining 13 and 19%
of the phenotypic variation, respectively. The PQ QTL
for Davis-grown seed was located on LG2, explaining
12% of the phenotypic variation. QTL alleles that in-
creased PQ originated from both Salinas and L. serriola.
A single QTL for HYL was detected on LG5, explaining
13% of the phenotypic variation. Hyl5.1 and Pq5.2 co-
located to the same 1 LOD genomic interval on LG5,
but were of opposite effect, with Salinas alleles increas-
ing HYL, and L. serriola alleles increasing PQ.

Discussion

Seed-related traits such as germination and seedling
vigor are of considerable economic importance in let-
tuce. In particular, failure to germinate at warm tem-
peratures (thermoinhibition) can result in reduced or
delayed seedling emergence, poor crop stand establish-
ment, and lower yield (Cantliffe et al. 1981; Valdes et al.
1985). Ten QTL associated with germination tempera-
ture were identified in the Salinas x L. serriola RIL
population grown in three environments. The sensitivity
of germination to temperature in L. sativa is known to
be influenced by the temperature at which the seeds
developed (Sung et al. 1998). Thus, it is not surprising

Fig. 4 Frequency distributions of plant quality (PQ) and hypocotyl
length (HYL) of RILs produced in Davis and The Netherlands.
Filled circle (filled circle) represents mean trait value of the Salinas
parent and inverted triangle (filled inverted triangle) is the mean
value of the L. serriola parent. No parental data were available for
panels a and b
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that not all QTL were detected in seeds produced in all
three environments. However, while the environment
could contribute to the expression of seed thermoinhi-
bition or light requirements for germination, covariate
analysis indicated that temperature (DD) during seed
maturation was not a major factor in the QTL analysis.
Some QTL, particularly Htg6.1, showed strong effects
on germination in two environments in the CIM anal-
ysis, accounting for 25 and 23% of the phenotypic
variation for germination at 35�C in Davis- and Neth-
erlands-grown seed, respectively (Table 2).

In many cases, loss of dormancy and a relaxation of
environmental controls on germination are associated
with domestication. However, in the present case, ger-
mination sensitivity to temperature was greater in the
cultivated cv. Salinas (T50=30�C) than in the wild L.
serriolaaccession (T50=39�C).TheT50 for germinationof
this L. serriola accession is significantly higher than pre-
viously reported thermoinhibitory temperatures of 25–
27�C for this species (Marks and Prince 1982; Small and
Gutterman 1992). However, the high T50 and high ger-
mination percentage of L. serriola seeds is consistent with
previous reports that seeds of this species lack primary
dormancy (Weaver and Downs 2003)

Thermotolerance of lettuce seed germination is heri-
table and has been improved by selection in high-tem-
perature environments (Guzman et al. 1992; Sung et al.
1998). L. serriola alleles promoted germination at high

temperatures, and a small group of RIL families pos-
sessing the L. serriola allele at Htg6.1 consistently exhib-
ited the ability to germinate at high temperature (Fig. 3).
As thermotolerance was highly heritable (h2=0.84), Htg
alleles originating from L. serriola could be utilized for
introgression of this trait into cultivated lettuce.

Heritabilities for GFR and LTG were lower com-
pared to HTG due to large environmental variances,
especially for LTG. Significant differences were apparent
in phenotypic distributions for LTG and HTG in Davis-
and Yuma-grown seeds (Fig. 1). Differences could be
due to diurnal temperature regimes, to variations in
harvests from the different RILs due to the spread of
flowering times or to post-harvest handling of the seeds.
Notably, the phenotypic correlation between HTG and
LTG was not significant for seeds grown in Davis but
was highly significant for Yuma-grown seed. At 25�C,
Yuma-grown seed also had significantly lower germi-
nation in comparison to Davis-grown seed, indicating
that some members of the Yuma-grown population were
thermoinhibited at this temperature. Consequently, the
collocation of Ltg7.1 detected using both the Yuma- and
Davis-grown populations with the Htg7.1 interval de-
tected using Davis- and Netherlands-grown seed and the
fact that the favorable alleles for both Ltg7.1 and Htg7.1
are derived from the L. serriola parent could indicate
that Ltg7.1 is actually a Htg QTL detected at a lower
germination temperature. Collocation of these QTL

Fig. 5 Genomic locations of QTL for seed and seedling traits detected using seeds grown in three environments. Numbers indicate
locations (in cM) of genetic markers used in CIM analyses. Solid bars = Davis; diagonal lined bars = Netherlands; vertical and
horizontal lined bars = Yuma. Lengths of bars denote 1-LOD confidence intervals
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could be suggestive of a common site that is responsive
to environmental factors and determines the maximum
germination temperature in lettuce.

The multilocus QTL model-building methodology
described in Gandhi et al. (2005) utilizes DNA markers
as independent variables in a mixed model analysis of
variance. The analysis takes advantage of raw data and
greater degrees of freedom to increase statistical power
beyond that available in CIM and can describe epistatic
interactions and stability of QTL linked to DNA
markers having significant intralocus effects across
locations or years. The effect of the Htg6.1 locus on
germination of lettuce seed at high temperature was
significant using germination data for seed from three
production locations, suggesting that it is stable across
environments. This analysis also resulted in the detec-
tion of a significant 2-way epistatic interactions for Htg
loci that functioned to increase germination in the Davis
seed production environment, illustrating additional
sources of variation for HTG that would likely be
undetected using CIM. Specifically, L. serriola alleles at
both Htg6.1 and Htg7.1 resulted in a 7% increase in
germination over RILs homozygous for Htg6.1 alone.
Multilocus epistatic interactions affecting seed dor-
mancy have also been described in Arabidopsis (Alonso-
Blanco et al. 2003).

Collocation of QTL for different traits can be an
indication that a locus has pleiotropic effects on
multiple traits due to a common mechanistic basis
(Clerkx et al. 2004). A portion of the 1 LOD interval
for Gfr6.1 collocated with the Htg6.1 interval, and
favorable alleles at both QTL were from the L.
serriola parent, suggesting a potential common regu-
latory mechanism for these traits. Such a regulatory
mechanism could involve the action of GA or ABA.
The red/far-red reversible phytochrome system con-
trols the synthesis of gibberellins that are required for
germination (Toyomasu et al. 1998). Roth-Bejerano
et al. (1999) showed that the sensitivity of thermoin-
hibited seeds to ABA was increased and that light
decreased this sensitivity, perhaps through the action
of GA on ABA catabolism and catabolite export
(Gonai et al. 2004). The collocation of T50 QTL
within 1 LOD confidence intervals for QTL previously
identified in single-temperature analyses was expected;
however, T501.1 was not detected in 25 and 35�C tests
and may indicate an additional genetic component
regulating germination.

Collocation also occurred for QTL for HYL and PQ
(an estimate of uniformity of growth and standquality) on
LG5 (Fig. 5), providing evidence for pleiotropic effects of
this locus in controlling germination and early seedling
growth. The QTL allele for hypocotyl length originated
from the Salinas parent, and collocated to the same
genomic region as a QTL allele previously identified from
L. serriola for increased taproot length per gram of plant
biomass at 30 days post-emergence (Johnson et al. 2000).
Conceivably, alleles in cv. Salinas enhance early post-
germinative seedling growth parameters such as

hypocotyl length, while alleles from L. serriola enhance
root architecture and growth later in development.

A more detailed analysis, and ultimately, isolation
and functional analysis of candidate genes are necessary
to understand the molecular functions of Htg and other
QTL related to seed germination and seedling growth.
Near-isogenic lines containing these introgressed QTL in
a uniform Salinas background are being developed to
confirm and characterize the effects of Htg loci. In
addition, specific candidate genes related to germination
and dormancy are being mapped to the lettuce consen-
sus map using this RIL population.
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