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A B S T R A C T

This work characterized mechanisms controlling cadmium (Cd) tolerance and accumulation in lettuce at both
the physiological and genetic levels. These traits were evaluated in 18 Lactuca accessions representing a large
genetic diversity. Cd tolerance and accumulation in roots and shoots as well as Cd translocation from roots to the
shoot varied independently, and with a significant range of variation. Analyses of F1 progenies of crosses be-
tween cultivars with contrasted phenotypes showed that high tolerance to Cd, low Cd accumulation and low Cd
root-shoot translocation were recessive traits. Results of analyses of F2 progenies of different crosses suggest that
root Cd concentration and root-shoot Cd translocation were under a complex genetic determinism involving at
least two loci. This work thus revealed that limiting both Cd accumulation and Cd root-shoot translocation in
lettuce is possible and depends on recessive loci. Differences in the ability to accumulate Cd in roots in the long
term could not be linked to differences in short-term 109Cd uptake into, or efflux from, roots. In contrast, the
cultivar with the highest root-shoot Cd translocation was the same in the long term and in the short term, which
suggests that this trait relies on processes that are implemented quickly (i.e. in less than three days) after the
start of Cd exposure.

1. Introduction

Anthropogenic activities such as urban traffic, heating systems, the
use of electric batteries or agricultural fertilizers have been increasing
both organic and inorganic pollution, including Cd pollution, since the
industrial revolution. Inorganic pollutants, in particular heavy metals,
cannot be degraded. As a result, their concentrations are continuously
increasing in water resources and in the upper horizons of soils.
Cadmium is a non-essential, heavy metal with an extremely long bio-
logical half-life of more than 20 years. Chronic Cd poisoning can da-
mage the kidneys and bones as well as cause cancer (Godt et al., 2006;
IARC, 1993).

Cadmium concentrations are also increasing in cultivated soils,
notably due to the use of Cd-containing P fertilizers (Alloway and
Steinnes, 1999). Crops absorb and accumulate Cd including in their
edible parts. As a result, Cd enters the food chain and contaminates
human beings. For instance, between 1 and 5% of French durum wheat
grains contain more than the European regulatory limit of 0.2 mg kg−1

fresh weight fixed for Cd (Mench and Baize, 2004). Several other crops
including rice, sunflower, potato and soybean also accumulate sig-
nificant levels of Cd (Grant et al., 2008). Lettuce (Lactuca sativa) ac-
cumulates high concentrations of Cd in its leaves (Costa and Morel,
1994; Mench and Baize, 2004; Zare et al., 2018; Zorrig et al., 2013) so
that the leaf Cd concentration in lettuce sometimes surpasses the Eur-
opean regulatory limit fixed for Cd, even in Cd-uncontaminated fields
(Baldantoni et al., 2016; Tang et al., 2016). Appropriate agronomic
practices can contribute to reduce the uptake and accumulation of Cd in
plant tissues (Rizwan et al., 2017). However, it is also extremely im-
portant to breed new commercial varieties that accumulate less Cd in
their edible parts (Grant et al., 2008).

Diversity in Cd accumulation has already been reported in several
plant species including Arabidopsis thaliana (Chao et al., 2012), rice
(Huang et al., 2015), durum wheat (Perrier et al., 2016), barley (Wu
et al., 2015), Brassica napus (Chen et al., 2018), maize (Zhao et al.,
2018) or lettuce (Zhang et al., 2013). As a result, new low-Cd varieties
of wheat (Clarke et al., 2006) and sunflower (Miller et al., 2006),
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among other species, have already been bred. In several instances, the
main reason for low Cd accumulation in grain or in shoot was a re-
duction in the root-shoot translocation of Cd. This was particularly clear
in rice (Uraguchi et al., 2009), in which the tonoplastic transporter
OsHMA3 is hypothesized to be the genetic factor controlling this trait
(Miyadate et al., 2011; Ueno et al., 2010). It was also clear in A. thaliana
and in maize, in which orthologues of the HMA family controlling Cd
root-shoot translocation were found to be responsible for the variations
in the shoot Cd concentration (Chao et al., 2012; Zhao et al., 2018). In
contrast, in B. napus and in poplar, the variation in Cd translocation was
not underlying the variation in Cd accumulation observed in the shoot
(Chen et al., 2018; Induri et al., 2012). Other transporters such as IRT1,
CAX or NRAMP as well as phytochelatins were, in those cases, con-
tributing to the observed variation in shoot Cd.

In contrast with all the above-mentioned species, and although Cd is
a real problem in lettuce, very few information is available on the di-
versity of the Cd response within the lettuce species as well as on the
genetic architecture underlying this diversity. Only one report com-
paring more than four different accessions details the response to Cd in
lettuce (Zhang et al., 2013). This work enlightened the existence of a
great diversity within the lettuce species, but did not go further to
identify mechanisms underlying the observed diversity. In this work,
we started to analyze the response of lettuce to Cd through the devel-
opment of a genetic approach. First, a diversity analysis was performed
to characterize Cd tolerance, accumulation and root-shoot translocation
in a set of 18 Lactuca accessions including 16 lettuce cultivars and 2
wild accessions. Subsequently, genetic and physiological analyses were
conducted in order to gain information on the mechanisms that could
be responsible for the variation observed for these traits.

2. Materials and methods

2.1. Plant materials

Sixteen old commercial cultivars of lettuce (Lactuca sativa) were
used in this work (Table 1). Fenja, Pia, Remus and Roxette are from Rijk
Zwaan, Divina from Vilmorin, Cobham Green from Tozer, Delsay and

Kordaat from Sluis & Groot, Oresto from Royal Sluis, GL659, Parris
Island Cos and Saladin from USA, Mélina from INRA, Pierre Bénite from
France, Ruby from USDA and Red Salad Bowl is an old European cul-
tivar. In addition, two accessions of the wild Lactuca serriola species
were used (Table 1). CR01 was given to INRA by I. Crute (Well-
esbourne, GB) in 1981 and LS239 was collected in the Parisian basin
(France) by INRA in 1982. Seeds of all these accessions were provided
by B. Maisonneuve from INRA genetic resources (UR GAFL, Montfavet,
France). All the accessions are pure lines.

F1 progenies were produced by manual crosses between cultivars of
contrasted phenotypes. F1 from Kordaat and Parris Island Cos was
studied for cadmium accumulation, F1 from Kordaat and Red Salad
Bowl for cadmium translocation and F1 from Roxette and Delsay for
cadmium tolerance. Morphological characters such as anthocyanin or
leaf shape were used to control that the F1 plants were hybrids and not
issued from the female parent by self-pollination. For each of the two F1
hybrids made from Kordaat, a F2 population was obtained by self-
pollination. In each experiment performed with that material, F1 hy-
brids and F2 progenies were compared with the parents.

2.2. Growing conditions

The following growing conditions were used for all the analyses
performed in this work, including the analysis of the different Lactuca
accessions, as well as the analysis of F1 and F2 progenies. For germi-
nation, the seeds were placed on sterile Whatman paper previously
moistened with distilled water for five days at 20 °C in the dark and
then with a nutrient solution for five more days. The nutrient solution
contained 2.5 mM KNO3, 0.5mM NaH2PO4, 2.5mM Ca(NO3)2, 0.5 mM
MgSO4, 0.1mM Fe(III)NaEDTA, 0.05mM H3BO3, 0.05mM MnSO4,
15 μM ZnSO4, 3 μM Na2MoO4, 2.5 μM KI, 0.05 μM CuSO4 and 0.044 μM
CoCl2. Ten-day-old plantlets were transferred onto a floating support
and grown hydroponically. Eight liters of nutrient solution aerated by
air bubbling were used for each set of 24 plantlets. After a further four
days, CdCl2 was added to the culture medium at a final concentration of
15 μM and the plantlets were left for eight more days. In the Cd-free
control, no CdCl2 was added to the nutrient solution. The nutrient

Table 1
Complete set of data showing the relative growth of roots and shoot, the concentration of Cd in roots and shoot and the root-shoot Cd translocation measured in 16
lettuce (Lactuca sativa) cultivars and two wild lettuce (L. serriola) accessions exposed to 15 μM Cd for eight days. The relative shoot (resp. root) growth was
determined as the ratio of the shoot (resp. root) dry weight (DW) measured in presence of Cd to the shoot (resp. root) dry weight measured in the Cd-free control.
Values are means ± SE of 7 individual plants.

Genotype Species Cultigroup Shoot growth Root growth Cd accumulation Cd translocated

DW in the
control

DW in
15 μM Cd

Relative
growth

DW in the
control

DW in
15 μM Cd

Relative
growth

Shoot Cd Root Cd %

mg mg % mg mg % μg g−1 DW μg g−1 DW

Divina L. sativa butterhead 71 ± 5 41 ± 4 58 15 ± 2 11 ± 1 76 327 ± 21 747 ± 63 60 ± 1
Fenja L. sativa butterhead 90 ± 5 43 ± 4 48 21 ± 1 12 ± 1 58 369 ± 27 1001 ± 70 58 ± 1
Cobham Green L. sativa butterhead 90 ± 12 36 ± 4 40 20 ± 2 9 ± 1 46 351 ± 33 748 ± 80 65 ± 2
Kordaat L. sativa butterhead 83 ± 4 41 ± 4 49 19 ± 1 11 ± 1 61 375 ± 32 1029 ± 134 57 ± 2
Mélina L. sativa butterhead 79 ± 6 38 ± 3 48 18 ± 3 11 ± 1 60 361 ± 36 852 ± 85 60 ± 2
Oresto L. sativa butterhead 44 ± 4 31 ± 2 70 9 ± 1 8 ± 1 96 369 ± 23 820 ± 22 62 ± 1
Pia L. sativa butterhead 60 ± 3 32 ± 3 53 13 ± 1 9 ± 1 72 372 ± 28 805 ± 63 63 ± 1
Parris Island

Cos
L. sativa cos 106 ± 6 54 ± 9 51 20 ± 1 13 ± 2 67 251 ± 28 507 ± 20 67 ± 1

Remus L. sativa cos 71 ± 4 37 ± 8 52 13 ± 1 10 ± 1 73 295 ± 44 654 ± 74 62 ± 2
Delsay L. sativa batavia 66 ± 3 54 ± 3 82 14 ± 1 18 ± 1 135 366 ± 39 659 ± 75 63 ± 2
Pierre Bénite L. sativa batavia 78 ± 9 44 ± 6 57 18 ± 4 13 ± 2 74 373 ± 37 817 ± 82 61 ± 1
GL 659 L. sativa iceberg 82 ± 8 35 ± 5 43 17 ± 2 8 ± 1 50 325 ± 17 733 ± 40 65 ± 1
Roxette L. sativa iceberg 70 ± 5 24 ± 6 34 14 ± 1 6 ± 2 42 267 ± 27 662 ± 82 64 ± 2
Saladin L. sativa iceberg 78 ± 7 42 ± 4 54 15 ± 2 9 ± 1 60 300 ± 19 731 ± 44 65 ± 1
Red Salad

Bowl
L. sativa cutting 72 ± 5 35 ± 4 48 15 ± 1 8 ± 1 58 379 ± 42 597 ± 64 72 ± 1

Ruby L. sativa cutting 53 ± 4 30 ± 4 57 10 ± 1 7 ± 1 70 273 ± 23 602 ± 35 65 ± 1
LS239 L. serriola 26 ± 4 17 ± 3 65 8 ± 2 6 ± 1 71 422 ± 42 788 ± 91 62 ± 2
CR01 L. serriola 26 ± 4 10 ± 1 40 6 ± 1 3 ± 1 51 542 ± 37 896 ± 33 68 ± 2
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medium was changed at four-day intervals throughout the experiment.
Growth conditions were as follows all along the plant growth: tem-
perature 20 °C, relative humidity 70%, light-dark cycle 16 h:8 h, with a
light intensity of 150 μmolm−2 s−1. At the end of the experiment, the
roots were dipped for 12 s in three separate ice-cold 0.5mM CaCl2 so-
lutions to remove the Cd adsorbed on the surface of the root and the
roots were carefully dried between two layers of filter paper.

In all the experiments, plants were analyzed one by one and their
roots and shoots were harvested and analyzed separately. After harvest,
samples were dried at 80 °C for 48 h. Shoot (resp. root) Cd tolerance
was determined as the ratio of the shoot (resp. root) dry weight of at
least eight 22-day-old plants grown for the preceding eight days in
15 μM CdCl2 to the shoot (resp. root) dry weight of at least eight plants
grown in the Cd-free control.

2.3. Cadmium concentration measurements

The weighed dried root or shoot samples were incubated in 1 N
H2SO4 at 80 °C for 30min to extract ions. Cadmium concentration in the
extracts was determined by flame atomic absorption spectrophotometry
(SpectrAA 220, Varian, Australia) and was the mean of three analytical
replicates. Root-shoot Cd translocation was calculated as the ratio of the
quantity of Cd accumulated in the shoot vs. the total quantity of Cd
accumulated in both the roots and the shoot.

2.4. Influx, efflux and translocation measurements

Influx, efflux and translocation measurements made with 109Cd
were performed using 3-week-old plants grown in the nutrient solution
described above in which CdCl2 had been added at the concentration of
15 μM for the last three days. To measure root Cd influx, the plants were
bathed individually for 20min in 50mL of nutrient solution supple-
mented with 5mM MES (pH 5.8) and 15 μM CdCl2, radiolabeled with
0.44 MBq L−1 109Cd (109CdCl2, PerkinElmer) and aerated by air bub-
bling. At the end of the exposure period, the roots were dipped in two
successive 50mL ice cold desorption baths composed of both 5mM
CaCl2 and 15 μM CdCl2 for 5min to remove the radioactivity present in
the apoplast (Buckley et al., 2010). The roots and shoots were then
separated, wiped, weighed, mineralized in a 1:1 mix of 75% perchloric
acid and 70% nitric acid at 60 °C and radioactivity was determined by
liquid scintillation counting (TRI-CARB 2100 TR, Packard). Since al-
most no radioactivity was detected in shoot tissues at the end of the 20-
min-long incubation period, the influx of Cd was calculated for each
plant from the radioactivity measured in root tissues and from the root
dry weight.

To measure the root Cd efflux, the plants were bathed for 3 h in
50mL of a 109Cd radiolabeled nutrient solution similar to the one used
for the root Cd influx. After exposure, the roots were dipped for 5min in
two successive desorption baths (as above) and then transferred in a
50mL efflux solution for 1 h at 20 °C. The efflux solution consisted in a
nutrient solution supplemented with 5mM MES (pH 5.8) and 15 μM
CdCl2. To monitor the efflux of 109Cd from root tissues over time, 1mL
of efflux solution was collected after 5, 10, 30 and 60min and counted
by liquid scintillation. The roots and leaves of each plant were then
separated, wiped, weighed, mineralized and counted as described
above for the influx measurements. The root Cd efflux was calculated as
the ratio of the total radioactivity measured in the efflux solution to that
measured in the roots.

Finally, the ratio of radioactivity detected in the shoot at the end of
the 3 h labeling period to the sum of radioactivity detected in
root + shoot tissues was calculated to estimate the fraction of absorbed
Cd allocated to the shoot.

2.5. Statistical analyses

One-way ANOVA was used for parametric or non-parametric

comparison of means. Significant differences between accessions were
further analyzed using Tukey's parametric or non-parametric tests. All
these tests used an alpha of 0.05 and were performed using ©R 2.6.2
statistical software (R Core Team, 2008). Principal Component Analysis
(PCA) was performed using XLSTAT (www.xlstat.com). All the vari-
ables were centered around their means and normalized with a stan-
dard deviation of 1.

3. Results

3.1. Analysis of the diversity of cadmium tolerance and cadmium
accumulation in lettuce

The responses to Cd of 18 accessions representing the genetic di-
versity of Lactuca were analysed in this study. Sixteen of these acces-
sions corresponded to L. sativa old commercial cultivars representing
the five cultigroups cos, butterhead, crisphead batavia type, crisphead
iceberg type and cutting. The remaining two accessions corresponded to
two genotypes of the wild lettuce L. serriola (Table 1). The plants were
grown for 14 days in normal nutrient solution then for eight additional
days in a normal nutrient solution supplemented with CdCl2 at a final
concentration of 15 μM. Controls were grown with no addition of Cd
over the final eight days.

Cadmium tolerance was estimated by comparing biomass produc-
tion between Cd-treated plants and control plants. The Cd treatment
had a detrimental effect on both root and shoot biomasses, the latter
being more strongly affected than the former (Fig. 1a). High variability
was observed among the 16 L. sativa cultivars: shoot and root dry
weights of Cd treated plants varied from respectively 34%–82% and
from 42% to 135% compared to controls (Fig. 1a; Table 1). A strong
correlation was observed between the effects of Cd on the root and
shoot dry weights (r= 0.94; p < 10−8) (Fig. 1a). No clear relationship
was found between the observed level of Cd tolerance and the cul-
tigroup to which the L. sativa accessions belonged. Considering Cd
tolerance, the two accessions representing the wild L. serriola did not
differ markedly from that of the lettuce cultivars. However, they grew
very slowly as compared to the L. sativa cultivars, including in the Cd-
free control.

Cadmium concentrations were on average twice higher in roots than
in shoots (Fig. 1b; Table 1). Root Cd concentrations ranged from 500 to
1000 μg g−1 DW while the Cd concentration in the shoot ranged from
250 to 540 μg g−1 DW. These values may appear very high compared to
those observed in lettuce plants grown on soil, even on Cd-polluted
soils. However, they are in full agreement with the values we obtained
in previous experiments (Zorrig et al., 2010, 2013) and with the values
reported by other groups when they used high concentrations of Cd in
the nutrient solution (for recent reports see Matraszek et al., 2016; Zare
et al., 2018). There was a significant linear relationship between Cd
concentrations in the roots and in the shoot (r= 0.59; p=0.01;
Fig. 1b). However, the two wild L. serriola accessions differed markedly
from this trend. While their root Cd concentration was close to that of
the L. sativa cultivars, their shoot Cd concentration was noticeably
higher. Indeed, the concentration of Cd did not exceed 380 μg Cd g−1

DW in the shoots of the cultivars, whereas it reached 420 and 540 μg Cd
g−1 DW in the shoots of the L. serriola accessions. The two L. sativa
cultivars Delsay and Red Salad Bowl also differed slightly from the
general trend (Fig. 1b; Table 1). Compared to the other cultivars, the
concentrations of Cd in their shoot were rather high (370–380 μg Cd
g−1 DW) whereas the concentrations of Cd in their roots were among
the lowest (600–650 μg Cd g−1 DW). Removing data concerning the
wild lettuce accessions and Delsay and Red Salad Bowl improved the
quality of the linear relationship linking root and shoot Cd concentra-
tions among the remaining 14 lettuce accessions (r= 0.87; p=6
10−5). This observation suggests that, considering the set of lettuce
accessions we considered, the main factor underlying the variation in
Cd accumulation in lettuce shoot is the ability of the plant to take up Cd
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from the soil. Only two lettuce cultivars and one wild accession were to
some extent departing from this trend. Interestingly, there was a strong
relationship between root or shoot Cd concentrations and the cul-
tigroup to which the accessions belonged. For instance, the eight cul-
tivars with the highest root Cd concentrations included all seven but-
terhead accessions in the panel. The other cultigroups were represented

by only two or three accessions, which makes them difficult to compare.
However, the cos and cutting accessions were characterized by the
lowest root Cd concentrations.

The root-shoot translocation of Cd also varied among the 18 ac-
cessions (Fig. 1c, Table 1). Red Salad Bowl allocated the highest pro-
portion (72%) of the Cd taken up by the roots to the shoot, and Kordaat
and Fenja the lowest (57%). The two wild accessions did not display
any specific phenotype for this trait. In contrast, the performances of
the cultivars were cultigroup dependent. On average, cutting and ice-
berg accessions allocated a higher proportion of Cd to the shoot than
butterhead and cos accessions.

The trait-by-trait analyses were completed by a PCA (Fig. 2; Tables 2
and 3). The PCA was restricted to L. sativa cultivars as the L. serriola
accessions had specific and significantly different growth and ability to
accumulate Cd in the shoot. Indeed, including the L. serriola data into
the PCA analysis biased the results towards enlightening and empha-
sizing the differences between L. sativa and L. serriola, which did not
correspond to our main interest, which was to analyse the L. sativa
intra-species variation in response to Cd. A strong positive correlation
(r= 0.97; p < 0.05) was observed between Cd tolerance in roots and
shoots, confirming previous analyses of these traits (Fig. 1a). Root and

Fig. 1. Diversity analysis of Cd tolerance (a), Cd accumulation (b) and Cd
translocation from roots to shoots (c) in 18 Lactuca accessions. Each point
corresponds to one accession. White circles (o) represent the two L. serriola
accessions, black diamonds (♦) represent the two accessions showing extreme
tolerance (Delsay and Roxette), grey diamonds ( ) represent the two accessions
showing extreme accumulation (Kordaat and Parris Island Cos) and black cir-
cles (●) represent the accession showing the highest root-shoot Cd transloca-
tion (Red Salad Bowl). Values are means ± one standard error of seven in-
dividuals. In (a) and (b), the dashed line represents the best linear fit obtained
between the two variables (n=18).

Fig. 2. Principal component analysis of Cd tolerance, Cd accumulation and Cd
translocation from roots to shoots in 16 L. sativa accessions. Five variables (a)
and the 16 different accessions (b) are projected onto the F1eF2 principal
factorial plane that explains 85% of the variation. The cultigroup to which each
accession belongs was added as a qualitative supplementary variable.

W. Zorrig et al. Plant Physiology and Biochemistry 136 (2019) 67–75

70



shoot Cd concentrations were also positively correlated with each other
(r= 0.65; p < 0.05), but only the former showed a significant (nega-
tive) correlation (r=−0.79; p < 0.05; Table 2) with root-shoot
translocation of Cd. Interestingly, no significant correlation was ob-
served between Cd tolerance on the one hand, and the concentration of
Cd in the roots and shoot or the root-shoot Cd translocation on the other
hand (Table 2). This is also in agreement with the results of the trait-by-
trait analyses. Indeed, cultivars with extreme phenotypes for Cd accu-
mulation or root-shoot Cd translocation had similar performances for
Cd tolerance (Fig. 1a). Conversely, cultivars with extreme phenotypes
for Cd tolerance had similar performances for Cd accumulation and
root-shoot Cd translocation (Fig. 1b).

The number of cultivars representing each cultigroup was low (be-
tween 2 and 7) in all cases, but marked differences between cultigroups
were nevertheless observed (Fig. 2b; Table 3). Batavia cultivars were
characterized by high Cd tolerance. Butterhead cultivars were char-
acterized by high root and shoot Cd concentrations in contrast to cos
cultivars with low shoot Cd concentrations. Cutting cultivars were
characterized by a high root-shoot Cd translocation in contrast to but-
terhead cultivars.

3.2. Genetic characterization of the ‘cadmium tolerance’ trait

Genetic determinism behind the Cd tolerance trait was analyzed
through the phenotypic characterization of F1 progenies from crosses
between the Delsay and Roxette cultivars, which showed extreme,
contrasted phenotypes for this trait. F1 plants from reciprocal crosses
between the two parental lines displayed similar Cd tolerance levels to
the Roxette parent plants (Fig. 3a). Since Roxette plants displayed the
lowest values for this character, the allele(s) responsible for low Cd
tolerance showed complete dominance over the allele(s) responsible for
high Cd tolerance. This character could not be checked in the F2 pro-
geny. Indeed, Cd tolerance is evaluated in this study as the ratio of dry
weight of Cd-treated plants to that of control plants. In a F2 progeny,
every plant is unique – i.e. genetically different from its sisters – and it is
impossible to evaluate the tolerance of every unique plant to Cd.

3.3. Genetic characterization of the ‘cadmium accumulation’ trait

The genetic determinism of Cd accumulation in roots and shoots
was characterized through analyses of F1 and F2 progenies from crosses
between the Parris Island Cos and Kordaat cultivars, which showed
extreme, contrasted concentrations of Cd in their roots and shoots. The
root and shoot Cd concentrations in F1 plants from reciprocal crosses
between the two parental lines were similar to those of their Kordaat
parent plants (Fig. 3b). Since Kordaat plants had the highest root and
shoot Cd concentrations, analysis of the F1 progeny provided evidence
that the allele(s) responsible for high Cd concentration is(are) domi-
nant. Cadmium concentration was further analyzed in the roots of 165
F2 plants from the self-progeny of one F1 plant (Fig. 4a). Continuous
variation and no significant transgression beyond the phenotypic dis-
tributions of the parental cultivars were observed. It was not possible to
fit the observed distribution to a bimodal distribution for which the two
modes would be centered on the average values of the parent lines
(p > 0.05). This suggests that the root Cd concentration is not gov-
erned by a single locus.

3.4. Genetic characterization of the ‘root-shoot cadmium translocation’ trait

The genetic determinism of the root-shoot translocation of Cd was
characterized by analyzing F1 and F2 progenies from crosses between
the Red Salad Bowl and Kordaat cultivars, which showed extreme and
contrasted phenotypes for this trait. The levels of Cd translocation in F1
plants from reciprocal crosses between the two parental lines were si-
milar to those in the Red Salad Bowl parent plants (Fig. 3c). Since Red
Salad Bowl plants had the highest level of root-shoot Cd translocation,
the allele(s) responsible for this character showed complete dominance.
Root-shoot Cd translocation was further analyzed in 150 F2 plants from
the self-progeny of one F1 plant (Fig. 4b). No significant transgression
beyond the phenotypic distributions of parental accessions was ob-
served. It was not possible to fit the observed distribution to a bimodal
distribution for which the two modes would be centered on the average
translocation values observed in the parent lines (p > 0.05). This again
suggests that root-shoot translocation of Cd is not governed by a single
locus.

3.5. Influx, efflux and root-shoot Cd translocation assessed by 109Cd
measurements

To identify the physiological cause(s) of the diversity in Cd accu-
mulation in roots, Cd influx in roots, Cd efflux from roots and root-shoot
Cd translocation were analyzed using short-term 109Cd labeling. The
three L. sativa cultivars with extreme contrasted phenotypes for these
traits (Red Salad Bowl, Parris Island Cos and Kordaat) were used for the
analyses (Fig. 5).

In each of the three lettuce cultivars, the kinetics of 109Cd influx in
roots was linear in the first 20min (data not shown). We consequently
measured 109Cd influx after the roots were exposed to radiolabeled Cd
for 20min. Root Cd influx ranged from 0.86 to 1.1 10−6 μmole Cd
mg−1 root DW s−1 (Fig. 5a), which is in line with the usual range of

Table 2
Pearson's correlation matrix of Cd tolerance, Cd concentration in roots and shoot and root-shoot Cd translocation, in the 16 Lactuca sativa accessions exposed to 15 μM
CdCl2.

Variables Relative shoot growth Relative root growth Shoot Cd concentration Root Cd concentration Cd translocation

Relative shoot growth 1 0.967 0.270 −0.063 −0.146
Relative root growth 1 0.256 −0.108 −0.159
Shoot Cd concentration 1 0.649 −0.307
Root Cd concentration 1 −0.787
Cd translocation 1

Variables were centred around their means and normalized with a standard deviation of 1, n= 7.
Values in bold represent significant correlations at the 0.05 level.

Table 3
Pearson's correlation matrix of the relationship between the traits of Cd toler-
ance, Cd accumulation and root-to-shoot Cd partitioning, and the cultigroups to
which the accessions belong.

Variables Butterhead Cos Batavia Cutting Iceberg

Relative shoot growth −0.037 −0.043 0.579 −0.009 −0.399
Relative root growth −0.068 0.027 0.637 −0.080 −0.409
Shoot Cd concentration 0.538 −0.546 0.310 −0.076 −0.420
Root Cd concentration 0.714 −0.466 −0.027 −0.413 −0.139
AR Cd ratio −0.578 0.134 −0.151 0.586 0.252

Variables were centred around their means and normalized with a standard
deviation of 1, n= 7.
Values in bold represent significant correlations at the 0.05 level.
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root Cd influx reported for crops exposed to similar levels of Cd (e.g.
Cataldo et al., 1983). Cd influx in roots did not vary significantly
(p > 0.05) between the Parris Island Cos and Kordaat cultivars but was
on average 1.3 times higher (p < 0.05) in Red Salad Bowl (Fig. 5a).
Measurements of 109Cd efflux from roots of plants previously grown for
3 h in the presence of 15 μM CdCl2 revealed a comparable decline in Cd
efflux over time in all three cultivars (p > 0.05; Fig. 5b). In our ex-
perimental conditions, for all the three cultivars, around 60% of the Cd
assumed to be internalized (Buckley et al., 2010) had moved out of the
root cell after 1 h. The distribution of Cd between roots and shoots was
analyzed at the end of the 3-h labeling period by measuring the
radioactivity in shoot and root tissues (Fig. 5c). Whatever the cultivar,
less than 3% of the Cd taken up by the roots was allocated to the shoot
during that time period. Nevertheless, plants from the Red Salad Bowl
cultivar translocated from 1.5 to 2 times more Cd to the shoot than
plants from the Parris Island Cos and Kordaat cultivars (p < 0.05).

Fig. 3. Phenotypic analysis of F1 progenies from crosses between L. sativa ac-
cessions displaying extreme contrasted performances for Cd tolerance (a), Cd
accumulation (b) and root-shoot Cd translocation (c). Values are means ± one
standard error of eight individuals. Mean values with different letters are sig-
nificantly different (p < 0.05) according to Tukey's test.

Fig. 4. Phenotypic analysis of F2 progenies from crosses between L. sativa ac-
cessions displaying extreme performances for shoot Cd content (a) or root-shoot
Cd translocation (b). In panel a, plants showing shoot Cd concentrations ran-
ging in a same 50 ppm range were grouped in a single class and the average
concentration of the class is reported on the X-axis. In panel b, plants showing
root-shoot Cd translocation ranging in a same 2% range were grouped in a
single class and the average percentage of the class is reported on the X-axis.
The distributions of the plants representing the parental lines are indicated in
box plots. In (a): n=10 for Kordaat, n= 8 for Parris Island Cos and n= 165 for
the F2 population from the Kordaat x Parris Island Cos cross. In (b): n= 13 for
Kordaat, n=16 for Parris Island Cos and n= 150 for the F2 population from
the Kordaat x Red Salad Bowl cross.
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Taken together, these results suggest that Cd turnover between the
medium and lettuce roots was rather high in the three lettuce cultivars
considered. No significant difference was observed in Cd uptake, Cd
efflux or in the translocation of Cd from the roots to the shoot between
Parris Island Cos and Kordaat (Fig. 5), even though these two cultivars
had contrasted concentrations of Cd in their roots and shoots after long-
term exposure (Fig. 1). Interestingly, the level of root-shoot transloca-
tion of Cd by Red Salad Bowl was significantly higher than that of the
other cultivars in both short-term (Fig. 5c) and long-term (Fig. 1c) ex-
periments. This was accompanied by a higher root Cd influx (Fig. 5a).

4. Discussion

In agreement with previous studies (Costa and Morel, 1994; Florijn
et al., 1991; Zhang et al., 2013), this study shows that lettuce displays
significant intra-specific variability for Cd tolerance, Cd accumulation
and root-shoot Cd translocation. Interestingly, the three traits appear to

be primarily genetically independent. The only significant correlation
was between root Cd concentration and root-shoot Cd translocation.
This conclusion may seem surprising as the vast majority of the work
published on plant responses to Cd, including on lettuce (Zorrig et al.,
2010), report that changes in the transport or accumulation of Cd
within plant cells or in the whole plant result in changes in tolerance to
Cd. However, it has also been reported, for instance in rice (Xue et al.,
2009), wheat (Ci et al., 2011) or in Averrhoa carambola (Dai et al.,
2011), that Cd tolerance and Cd accumulation could be genetically
independent. In order to explain the apparent discrepancy between the
different reports, we hypothesize that the number of accessions from
which the conclusions were drawn is critical. The greater the number of
accessions, the weaker the correlation between Cd tolerance and Cd
accumulation. Indeed, alterations of Cd transport and accumulation
induced in one particular accession by means of genetic engineering
usually result in changes in tolerance to Cd. However, in such a situa-
tion, there is no change in the intrinsic sensitivity of the accession, as
intrinsic sensitivity is linked to the cellular targets of Cd, the in-
tracellular compartmentalization of Cd, or more generally, the pro-
cesses that make Cd phytotoxic. In contrast, when different accessions
are examined, it is likely they will display variations in their intrinsic
sensitivity to Cd at the cell level in addition to displaying differences in
their ability to accumulate Cd.

Another interesting result of our analyses is that between-accession
variation in leaf Cd concentration was not correlated with variation in
root-shoot Cd translocation but rather with variations in the con-
centration of Cd in the roots. In particular, the concentrations of Cd in
the shoot of the two lines showing extreme contrasted performances
with regard to Cd translocation were very similar. This result might
seem surprising since in A. thaliana, A. halleri, tobacco and rice, the
main factors controlling the accumulation of Cd in the shoot were
shown to be transporters from the Zn/Cd P1B-ATPase (HMA) family that
control the root-shoot transport of these elements (Hanikenne et al.,
2008; Hayes et al., 2013; Miyadate et al., 2011; Satoh-Nagasawa et al.,
2012; Ueno et al., 2010; Verret et al., 2004; Wong and Cobbett, 2009).
One possible explanation is that all the L. sativa cultivars studied here
show little, if any, polymorphism at the HMA loci. Actually, we ob-
served that most of these cultivars displayed very similar root-shoot Cd
translocation. However, it would be of primary interest to analyze in a
following study what could be the respective contributions of the dif-
ferent copies of the Cd/Zn P1B-ATPase present in lettuce (see below) to
the Cd concentration in shoot as well as to the root-shoot Cd translo-
cation in the different accessions. One important result of our study is
that variation in leaf Cd concentration was primarily correlated with
variation in root Cd concentration. This suggests that the net uptake of
Cd by roots would be the main factor controlling its accumulation in
lettuce shoots at 15 μM Cd. Provided that this conclusion remains true
at lower Cd exposure and at more advanced growth stages, this implies
that a special attention should be paid to mechanisms and genes un-
derlying Cd uptake in order to limit the accumulation of Cd in lettuce
shoot in agricultural context.

To identify the functional trait underlying the between-cultivar
variation in the net uptake of Cd, we measured Cd influx and efflux
after short-term exposure to 109Cd-labeled solutions. The cultivars used
for these experiments were Kordaat and Parris Island Cos, because of
their contrasted ability to accumulate Cd in their roots and shoot on a
long-term basis. Surprisingly, the influx and efflux experiments re-
vealed no difference between the two cultivars. This is even more
surprising that the plants used for these short-term experiments were
acclimated to 15 μM Cd for the last three days before being exposed to
109Cd, which is likely more than the induction time of the mechanisms
involved in Cd homeostasis. This apparent discrepancy between the
results of the short-term and long-term experiments suggests a role for
“long-term” processes in restricting the movement of Cd from the nu-
trient solution to the root symplast. Among other regulatory mechan-
isms, root exudation of organic compounds (Chiang et al., 2006) is a

Fig. 5. Root Cd influx (a), efflux of Cd over time expressed as a percentage of
the radioactivity in root tissues (b) and Cd allocated aboveground expressed as
a percentage of the radioactivity taken up by the plant roots (c), in lettuce
accessions displaying contrasted phenotypes of Cd accumulation and translo-
cation. All the results are relative to 109Cd labeling measurements. Error bars
are mean standard errors (n=18 for root Cd influx, n=12 for root Cd efflux,
n= 12 for Cd allocated aboveground). Mean values with different letters are
significantly different (p < 0.05) according to Tukey's test and ns stands for
non-significant difference.
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way to limit the Cd influx into the root symplast, the efficiency of which
may differ between cultivars. We hypothesize that this root response to
Cd could explain the differences in Cd accumulation observed, at least
between Kordaat and Parris Island Cos, in the long-term experiment,
but that its impact on the Cd influx could not be emphasized by the
protocol of our short-term experiment. Indeed, the Cd influx was
measured over 20min in a fresh nutrient solution, therefore free of
organic exudates.

From a genetic point of view, it would be very exciting to identify
the genes underlying the observed variability in Cd tolerance, Cd ac-
cumulation and root-shoot Cd translocation. In fact, this work is already
underway, thanks to the recent release of the sequence of the lettuce
genome (Reyes-Chin-Wo et al., 2017). This genome appears to be very
large (∼2.7 Gbp) and complex. In particular, one fourth of it corre-
sponds to a recent triplication. Consequently, identifying the genes
underlying our traits of interest is a complex task. For instance, Cd/Zn
ATPases from the HMA gene family appear to be good candidates for
the control of root-shoot translocation of Cd (Verbruggen et al., 2009).
However, at least two Zn/Cd ATPases had already been identified in
lettuce (Zorrig et al., 2011) and the recently released genome sequence
suggests that there may be one or two additional paralogs. However, we
already discovered in the present work that high tolerance to Cd, low
Cd accumulation in plants and low translocation of Cd from the roots to
the shoot are recessive traits. This suggests that improvements in these
traits will benefit from the identification and use of loss-of-function
alleles.
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