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Abstract: Cultivated lettuce (Lactuca sativa L.) is one of the most important leafy vegetables in the
world, and most of the production is concentrated in the Mediterranean Basin. Hydroponics has
been successfully utilized for lettuce cultivation, which could contribute to the diversification of
production methods and the reduction of water consumption and excessive fertilization. We devised
a low-cost procedure for closed hydroponic cultivation and easy phenotyping of root and shoot
attributes of lettuce. We studied 12 lettuce genotypes of the crisphead and oak-leaf subtypes, which
differed on their tipburn resistance, for three growing seasons (Fall, Winter, and Spring). We found
interesting genotype × environment (G × E) interactions for some of the studied traits during early
growth. By analyzing tipburn incidence and leaf nutrient content, we were able to identify a number
of nutrient traits that were highly correlated with cultivar- and genotype-dependent tipburn. Our
experimental setup will allow evaluating different lettuce genotypes in defined nutrient solutions to
select for tipburn-tolerant and highly productive genotypes that are suitable for hydroponics.

Keywords: Lactuca sativa L.; crisphead; oak-leaf; root system architecture; tipburn; nutritional imbalance

1. Introduction

Cultivated lettuce (Lactuca sativa L.; Asteraceae), which is usually consumed fresh,
is one of the most important leafy vegetables in the world. Commercial lettuce varieties
are classified based on head and leaf characteristics, and some of the most common
horticultural types are romaine, iceberg (also named as crisphead; CHD), oak-leaf (i.e.,
green oak; GOAK, and red oak; ROAK), and butterhead. Breeding new lettuce cultivars
involves manual pollination of genetically stable (i.e., pure) parent lines with agronomic
traits of interest, followed by selection based on plant phenotyping and genotyping [1,2].
The availability of detailed genetic maps of cultivated lettuce [3–7] has allowed significant
progress for mapping agronomically-important traits and promoted the development of
marker-assisted selection (MAS) and candidate gene identification in these species [8].
Several studies have shown that most breeding target traits, such as disease resistance [9],
postharvest discoloration [10], thermotolerance in seed germination [7], or water and
nitrate capture [6], are complex traits and thus controlled by quantitative trait loci (QTL).

Spain is the third-largest producer of lettuce and chicory in the world after China and
the USA, with a total of c.a. 1.1 million tons, with an area of 35,360 hectares dedicated for
their cultivation [11]. Most of the production is focused on the southeastern Mediterranean
region, with a temperate climate that allows lettuce cultivation throughout the year, making
Spain the world’s largest lettuce exporting country. However, water scarcity and soil avail-
ability are limiting factors for plant cultivation, and inadequate irrigation and fertilization
management has increased the environmental impact of agricultural exploitation in this

Agronomy 2021, 11, 616. https://doi.org/10.3390/agronomy11040616 https://www.mdpi.com/journal/agronomy

https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-5828-6177
https://orcid.org/0000-0003-2848-4919
https://doi.org/10.3390/agronomy11040616
https://doi.org/10.3390/agronomy11040616
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11040616
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11040616?type=check_update&version=3


Agronomy 2021, 11, 616 2 of 20

region [12,13]. Therefore, to contribute to sustainable lettuce production, there is a strong
requirement for the development of new forms of farming to increase the crop’s resource
use efficiency and the reduction of production costs. Floating systems or closed hydroponic
methods have been successfully engaged for lettuce cultivation [14–16]. This technique
allows for the precise control of water and mineral nutrition, saves soil and labor costs, and
provides shorter harvest cycles, high product quality, and good consumer acceptance [16].

Tipburn is defined as the localized necrosis found on the distal margins of rapidly
expanding leaves. It is a serious problem in controlled lettuce production, as it reduces the
quality and shelf life of fresh lettuce, hence resulting in severe economic losses [17–19]. Tip-
burn is influenced by many environmental factors, such as light intensity, air temperature,
and soil conditions, and is considered a calcium deficiency-related physiological disorder,
which is usually associated with rapidly growing tissues [17,18,20,21]. In addition, a strong
variation for tipburn incidence among different lettuce cultivars has been reported [19,22],
allowing for the development of tipburn-resistant varieties [19,23,24]. The use of genomic
tools has enabled the identification of QTL for tipburn incidence in several recombinant
inbred line (RIL) populations and the development of linked molecular markers [25,26].
However, further research is needed to identify the underlying candidate genes for these
QTL and the effect of their introgression into other lettuce cultivars. Also, only a few
studies on tipburn incidence have been carried out in lettuce grown in hydroponics [27,28].

Within the framework of a company-based breeding program for lettuce, we devised
a low-cost procedure for closed hydroponic cultivation and easy phenotyping of root and
shoot attributes during early growth in three growing seasons (Fall, Winter, and Spring).
A representative sample of lettuce varieties from different cultivars (CHD, GOAK and
ROAK) were selected based on contrasting agronomically relevant traits such as tipburn
tolerance. Our results allowed us to define genotype × environment (G × E) interactions
for some of the studied traits, and to establish a strong correlation between leaf nutrient
content and tipburn incidence, which may help to reduce leaf damage through adequate
fertilization management.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

We selected 12 lettuce genotypes from the breeding program at Monsanto Agriculture
Spain S.L.U. (Murcia, Spain) which differed on their tipburn resistance as visually scored at
the company’s experimental station (37◦41′47.6′′ N 1◦01′55.2′′ W, Murcia, Spain; Table 1).
We included four genotypes of the Lactuca sativa var. capitata L., hereafter referred as
crisphead (CHD) or iceberg cultivar; and eight genotypes from Lactuca sativa var. crispa L.,
which differed in their leaf color, and which were assigned either to the green oak (GOAK)
or to the red oak (ROAK) subtypes (Table 1). Seeds from the cultivars used in this work are
available upon request to V.B.

Seedlings were sown in 198-well trays filled with moistened 80% perlite and 20% sub-
strate (FloraGard) and were incubated in darkness for 3 days at 10 ± 2 ◦C and 75% relative
humidity. Germinated trays were transferred to the nursery chamber set at 20 ± 2 ◦C, 65%
relative humidity, and under natural photoperiod (Table S1) until the seedlings had 2–3 true
leaves (10 mm; Figure 1a). For each cultivar and experiment, eight randomly-selected
seedlings were then transferred to 3 L sealed and opaque pots filled with nutrient solu-
tion [29] (Table S2); with an eventual air pump (5 × 2.5 L) for hydroponic growth [30] in a
multi-tunnel greenhouse at the company’s experimental station and under environmental
conditions (0 days after planting, dap; Figure 1b). As previous results indicated that lettuce
growth was strongly affected by N application [17], we adjusted the nutrient solution
for optimal N supply. To avoid contamination, the nutrient solution was renewed every
two weeks.
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Table 1. Some details of the lettuce genotypes used in this study.

Cultivar Genotype Description Tipburn Phenotype [18]

CHD C1 Collected in Summer, crispy leaves Light

CHD C3 Collected in late Fall, dark green leaves and
ovate leaves, big size head Severe

CHD C7 Collected in Winter, dark green leaves and
ovate leaves, big size head Medium

CHD C8 Collected in late Fall, medium-size head Medium

GOAK G1
Collected in Fall, indoor production

Voluminous and compact lettuce, strong
against bolting

Light

GOAK G3
Collected in Winter and Spring, indoor and
outdoor production. Round shape, dense
filling, high weight, strong against bolting

Severe

GOAK G5 Collected in Spring and Fall, upright and
compact leaves, slow bolting Light

GOAK G6
Collected in Spring and Summer, indoor

production, dark green color, strong
against bolting

Medium

ROAK R2 Collected in Fall and Winter, slight red,
small and bit cylindrical heads Severe

ROAK R3 Collected in Fall and Spring, dark green
color, medium volume Medium

ROAK R4 Collected in Fall, good vigor and volume Light

ROAK R5 Collected in Fall and Spring, good vigor
and volume, strong against bolting Light

Figure 1. Experimental design for studying growth, tipburn phenotypes, and nutrient concentrations
in different lettuce genotypes. (a) A representative image of a young seedling from the nursery
chamber. (b) General view of the hydroponic system used for lettuce cultivation at the experimental
station. (c) Glass cylinder vase used for image acquisition. (d,e) A representative image of the
roots (d) and the shoot (e) of a plant grown in hydroponics for 21 days. (f) Image segmentation
files obtained with Image J software. (g) A representative image of leaves collected for nutrient
concentration analysis. Scale bars: 50 mm.



Agronomy 2021, 11, 616 4 of 20

2.2. Image Analysis

Five randomly chosen plants were periodically taken for image analyses during the
hydroponic culture at 0, 7, 14, 21, 28, 35, and 45 dap. To minimize light variation, a
photography box was used with illumination from below. Plants were transferred to a glass
cylinder vase (12 × 28 cm) filled with nutrient solution (Figure 1c) and their root and shoot
system were respectively imaged (Figure 1d,e) with a still smartphone camera (iPhone 6s,
12 MP f2.2) and saved as an RGB color image in jpeg format (1200 × 2800 pixels). Root
area (RA) was measured using the GiA Roots software [31] as described elsewhere [32].
For the shoot area (SA) measurement, the background of the image was removed using
Adobe Photoshop CS3, and images were batch-processed using Image J [33] (Figure 1f).
Raw measurements were exported to Excel spreadsheets for data analysis.

2.3. Tipburn Evaluation

From 14 dap onwards, tipburn severity (TS) was assessed weekly in individual plants
by scoring the presence of necrotic symptoms on the edges of leaves on a scale from
1 to 9, where 1 was no tipburn and 9 was severe tipburn (Figure S1). To obtain these
scores, five plants were evaluated per cultivar and season. In addition, tipburn incidence
(TBI) was calculated to verify agreement with TS as previously described in [18] with the
following formula:

TBI =
(n plants severe tipburn × 5 + n plants medium tipburn × 3 + n plants light tipburn)

n plants × 5
× 100

2.4. Growth Parameters and Nutrient Content Analysis

At the end of the experiment (45 dap), each plant was separated into shoots and
roots to measure their fresh weight (FW). Dry weight (DW) was measured in samples that
were oven-dried at 80 ◦C for 72 h. Root and leaf water content (WC) were determined as:
(FW−DW)

FW × 100. Stem length and leaf number were also documented.
For nutrient concentration analysis, we randomly selected three 21 dap plants from

the Spring season, and mature (M), intermediate (I), and juvenile (J) leaves were collected
from each plant and imaged for SA determination (see Section 2.2; Figure 1g). FW, DW,
and WC were measured as described above.

The measurement of different macronutrients: potassium (K), calcium (Ca), phospho-
rus (P), sulfur (S), magnesium (Mg), sodium (Na), and micronutrients: iron (Fe), manganese
(Mn), zinc (Zn), copper (Cu), was carried out in a digestion extract containing 100 mg of
tissue powder and 50 mL of a mix of HNO3:HClO4 (2:1 v/v) using an inductively coupled
plasma optical emission spectrometer (ICP-OES IRIS INTREPID II XDL, Thermo Fisher
Scientific Inc., Loughborough, UK) at the Ionomic Services of the CEBAS-CSIC (Murcia,
Spain) [34].

2.5. Statistical Analysis

The descriptive statistics (mean, standard error of the mean (SEM), etc.) calculated for
samples and different tests described below were performed by using the StatGraphics Cen-
turion XV software (StatPoint Technologies, Inc., Warrenton, VA, USA). The Kolmogorov–
Smirnov [35] and Shapiro tests were performed to check the normality of the data by
analyzing the goodness-of-fit between the distribution of the data and a given theoretical
normal distribution. In addition, to check the homogeneity of the variance, the Bartlett and
Levene tests were applied. The data with a normal distribution were analyzed by a one-way
ANOVA followed by Fisher’s LSD (least significant differences) multiple range Test [36]
to separate the treatment means, thereby detecting significant differences (p-value < 0.01).
Non-parametric tests were used when necessary. In that case, the median was used in-
stead of the mean, and the data were subjected to the Kruskal–Wallis test (p-value < 0.01).
Heatmaps were processed using the pheatmap package in R [37]. Neighbor-joining distance
matrixes between genotypes (rows) and between samples (columns) were automatically
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calculated from average values to build the dendrograms and the heatmap representation.
Graphs were drawn with GraphPad Prism 9.0.0 for Windows (GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Quantitative Analysis of Root and Shoot Area during Hydroponic Growth

We followed the growth of the studied lettuce cultivars grown on hydroponic culture
by periodically imaging the root and the shoot system between 0 and 35 dap (see Section 2).
Estimated root and shoot areas (RA and SA) in the studied CHD genotypes exponentially
increased between 0 and 35 dap, following a season-dependent pattern (p-value = 0.002;
Figure 2a,b and Table S3). The highest growth rate of the RA occurred during Spring for C3
(Figure S2). Instead, C1 and C7 showed the highest SA growth rate during Fall (Figure S2).
In all seasons, C7 and C8 usually showed the lowest RA values, while C3 exhibited the
highest RA values at 35 dap (RA35; Figure 2a,c and Figure S3a). In agreement with what
was found for RA35, the C8 genotype showed the smallest SA values at 35 dap (SA35) in
every season (Figure 2b and Figure S3b), while the SA35 values for C7 were much higher in
Spring than those in Winter or Fall (Figure 2b,d), despite the RA35 in C7 lagging behind in
every season (Figure 2a,c). In contrast, the shoot growth and root growth rates of C1 were
similar in every season and normally higher than in the other CHD genotypes studied
(Figure S2).

Regarding the GOAK genotypes, the estimated RA exponentially increased between 0
and 35 dap. The highest RA growth was observed in Spring (p-value = 0.000), followed
by Fall, while in Winter, a slower growth was observed (Figure 3a,c and Figure S4a and
Table S3). RA35 was similar in all the genotypes in Fall (p-value = 0.624), and Spring
(p-value = 0.321), and also slightly significantly different (p-value = 0.046) in Winter
(Figure 3a and Figure S4a). RA growth values were quite similar in all GOAK geno-
types, with the extreme values shown by G5 in Winter and G3 in Spring (Figure S2a and
Table S3). The highest growth rates of the SA were observed during the Fall (Figure S2b and
Table S4), and the SA35 values significantly differed between GOAK genotypes in every
season (Figure 3b and Figure S4b). Overall, G5 showed significantly higher SA35 values
than the G1 and G6 genotypes, but in Spring, only the SA35 values of G5 were significantly
higher than the other GOAK genotypes (Figure 3b,d and Figure S4b).

In the ROAK cultivars, we did not find significant differences in the RA35 values
between ROAK genotypes in Winter (p-value = 0.999) or Spring (p-value = 0.645; Figure 4a
and Figure S5a and Table S3). Consistent with the differences observed for RA35 values in
Fall (Figure 4a and Figure S5a), the lowest growth rate of the RA occurred for the R4 and
R5 genotypes in this season (Figure S2a and Table S3).

Conversely, the growth rate of SA was much lower during Spring for all the ROAK
genotypes (Figure S2b and Table S3), which also showed similar RA35 values in this season
(Figure 4b and Figure S5b). The R3 and R4 genotypes showed contrasting RA35 and SA35
values in Fall (Figure 4a,b), while the R5 genotype showed the smallest RA35 and SA35
values in this season (Figure 4a,b and Figure S5a,b).
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Figure 2. Quantitative analysis of root and shoot area in the studied CHD genotypes during hydroponic growth. (a) Average
root area (cm2) and (b) average shoot area (cm2) values in the studied lines (C1, C3, C7, and C8) between 0 (T0) and 35 (T35)
days after planting (dap). Theoretical exponential growth curves are depicted in blue. Different letters indicate significant
differences at 35 dap (LSD; p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of C3 and C7
genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.
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Figure 3. Quantitative analysis of root and shoot area in the studied GOAK genotypes during
hydroponic growth. (a) Average root area (cm2) and (b) average shoot area (cm2) values in the
studied lines (G1, G3, G5, and G6) between 0 (T0) and 35 (T35) dap. Theoretical exponential
growth curves are depicted in blue. Different letters indicate significant differences at 35 dap (LSD;
p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of G3 and G6
genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.
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Figure 4. Quantitative analysis of root and shoot area in the studied ROAK genotypes during
hydroponic growth. (a) Average root area (cm2) and (b) average shoot area (cm2) values in the
studied lines (R2, R3, R4 and R5) between 0 (T0) and 35 (T35) dap. Theoretical exponential growth
curves are depicted in blue. Different letters indicate significant differences between genotypes at
35 dap (LSD; p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of R2
and R5 genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.

3.2. Variations in Root and Shoot Weights in the Studied Lettuce Cultivars

We measured several growth-related traits of the root and the shoot system at 45 dap
(see Materials and Methods; Table S4 and Figure S6a). Root FW and shoot FW were found to
be dependent on the cultivar type (p-value = 0.000) and the growing season (p-value = 0.002).
The GOAK genotypes had significantly heavier root systems (FW = 33.50 ± 0.94 g;
DW = 1.39± 0.05 g; n = 57) than those from ROAK (FW = 24.20± 0.58 g; DW = 1.19± 0.05 g;
n = 59) or CHD (FW = 24.60 ± 0.85 g; DW = 1.26 ± 0.06 g; n = 60), being the largest in
Spring for GOAK and CHD (Figure S6b). As for the CHD genotypes, C1 had signifi-
cantly (p-value < 0.01) heavier root systems (FW = 28.60 ± 1.80 g; DW = 1.63 ± 0.26 g;
n = 15) than C8 (FW = 21.10 ± 1.02 g; DW = 0.97 ± 0.07 g; n = 15; Figure 5a). Among
the eight L. sativa var. crispa genotypes studied, G3 showed the heaviest root system
(FW = 41.20 ± 2.03 g; DW = 1.56 ± 0.05 g; n = 14), while the R5 root system was the lightest
one (FW = 21.00 ± 1.07 g; DW = 0.96 ± 0.08 g; n = 14; Figure 5a). Despite the FW and DW
values being highly correlated overall (Figure S6b), the root DW values were significantly
(p-value = 0.000) higher in Winter (1.56 ± 0.06 g; n = 59), with the lowest values found in
Fall (1.00 ± 0.34 g; n = 60), but these were not strongly dependent (p-value = 0.014) on the
type of cultivar (CHD, GOAK or ROAK).
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Figure 5. Fresh weight of the studied genotypes at the end of the experiment. (a) Root FW and
(b) shoot FW (Fall, grey-filled bars; Winter, white-filled bars; Spring, lined-filled bars). Different
letters indicate significant (p-value < 0.01) differences between CHD, GOAK and ROAK samples.

Despite their small root systems, shoot weights were significantly (p-value = 0.000)
higher in the CHD genotypes (FW = 233.30 ± 6.18 g; DW = 8.84 ± 0.30 g; n = 59)
than those in GOAK (FW = 190.90 ± 5.36 g; DW = 7.81 ± 0.25 g; n = 60) or ROAK
(FW = 182.10 ± 6.72 g; DW = 7.71 ± 0.19 g; n = 59), even though the CHD shoots had signif-
icantly (p-value = 0.000) less leaves (15.90 ± 0.50; n = 20) than GOAK shoots (29.80 ± 0.64;
n = 60) or ROAK (28.40 ± 0.42; n = 60) shoots (Table S4). Remarkably, a statistically
significant (p-value = 0.000) G × E interaction affected shoot FW in GOAK and ROAK
genotypes. The shoot FW values from G3 and R2 were much higher than other GOAK or
ROAK genotypes only in Spring (Figure 5b). The shoot DW values were also significantly
(p-value = 0.000) higher in Winter (9.27 ± 0.26 g; n = 59), but surprisingly, the lowest
shoot DW values were found in Spring (7.00 ± 0.21 g; n = 59). The root-to-shoot ratio
(R:S ratio) steadily increased from Fall to Spring in the CHD and ROAK cultivars, while
non-significant differences were found for the R:S ratio of GOAK in Winter and Spring
(Figure S6c).

Root water content (RWC) varied from 94.50 ± 0.36% in C1 to 96.10 ± 0.20% in
G3, with a clear effect of the growing season, with lower RWC values in Winter and
higher RWC values in Fall (Table S4). Also, shoot water content (SWC) was significantly
(p-value = 0.001) lower in ROAK cultivars (95.50 ± 0.15%; n = 57), with the highest values
found in C8 (96.50 ± 0.21%; n = 15). Intriguingly, water content (both in the shoot and in
the root) was negatively and significantly (p-value = 0.000) correlated with root DW and
most considerably in Winter (Figure S6d).

3.3. Tipburn Severity during Hydroponic Growth

Tipburn was scored weekly on cultivars grown in hydroponic culture by means of
a visual scaling rate (Figure S1), and it was found that the symptoms steadily increased
from 3–4 weeks after planting onwards (Table S5). We found a significant G × E interaction
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for tipburn severity in the CHD genotypes (p-value = 0.000), with a higher contribution
of the Fall and Spring seasons on the scores at 45 dap (Figure 6a and Table S5). While
C3 showed higher scores in every season (6.3 ± 0.5; n = 18), others only showed tipburn
symptoms during Spring (C8) or Fall (C7 and C1). Additionally, tipburn phenotypes were
highly variable within individual plants in C1, C3, and C8 (Table S5), as estimated by
their variance values at 45 dap (7.22; n = 54) compared with those of C7 (2.24; n = 18).
The tipburn severity in the ROAK genotypes (measured at 45 dap) was not dependent on
the growing season (p-value = 0.296), but a significant dependency on the genotype was
observed (p-value = 0.000), with R2 leaves showing similar tipburn symptoms and much
higher scores (8.0 ± 0.9; n = 18) than those of the other ROAK genotypes studied (2.1 ± 1.5;
n = 54). On the other hand, tipburn symptoms of the GOAK leaves were dependent on the
growing season and the genotype (p-value = 0.041), with higher scores in Spring for G3
and G6 (5.0 ± 2.4; n = 16) as compared with the other GOAK genotypes studied (1.8 ± 1.2;
n = 56).

Figure 6. Tip-burn assessment in the studied genotypes. (a) Tipburn incidence of the studied
genotypes at 45 days after planting (dap) (b) Heatmap of tipburn scoring values during the Spring
season. Colored bars indicate the severity of the tipburn phenotypes in the studied genotypes, from
highly tolerant (0, yellow) to highly sensitive (8, red). Genotypes were grouped into four groups
(tolerant: 1,2; sensitive: 3,4). (c) Representative images of rosettes of genotypes with extreme tipburn
phenotypes (tolerant, left panels; sensitive: right panels) at 45 dap. White arrowheads point to
regions where tipburn lesions are present. Scale bars: 50 mm.

Next, we classified the studied genotypes based on their tipburn severity symptoms
during the Spring season into four groups: (i) highly tolerant (R5, C1), (ii) intermediate (C7,
R4, G1, G5), (iii) sensitive (R3, G6), and (iv) highly sensitive (C8, G3, R2, C3) (Figure 6b).
Some highly sensitive genotypes, such as R2 or C3, obtained higher scores in all the seasons,
while others, such as C8, G3, or G6 only showed tipburn symptoms during the Spring
season (Table S5). Representative pictures of some of the most tolerant and most sensitive
genotypes for tipburn symptoms are shown in Figure 6c.

3.4. Leaf Nutrient Variation in the Spring Season in the Studied Lettuce Cultivars

We determined nutrient concentration in mature, intermediate, and juvenile leaves
of the studied genotypes in the Spring season at the end of the experiment (Table S6). For
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the studied nutrients, most of the variation was found associated with leaf type (p-value
between 0.0000 (Ca, P, Mg, Na, Fe, Mn, and Cu) and 0.0078 (K)) or cultivar type (p-value
between 0.0000 (K, P, S, Mg, Na, Fe, Mn, and Cu) and 0.0029 (Zn)) (Tables 2 and 3). In
the CHD cultivar, we found the lowest nutrient levels, while in the GOAK cultivars, their
nutrient levels were significantly higher. Nutrient concentrations in the ROAK cultivar
were intermediate and similar to GOAK, except for P, where the highest values were
observed (Table 2). In regard to the studied macronutrients (K, Ca, P, S, Mg, and Na), all
cultivars showed higher P levels in the juvenile leaves, while the Ca, Mg, and Na levels
were higher in the mature leaves, albeit not significant for Mg or Na in CHD (Table 2).
K levels were significantly higher in mature leaves in the GOAK and ROAK cultivars
than in intermediate or juvenile leaves; S showed similar behavior in the CHD and ROAK
cultivars with higher concentrations in the juvenile leaves than the GOAK cultivar but
without significant differences (Table 2). For the studied micronutrients (Fe, Mn, Zn, and
Cu), we found significantly higher concentrations of Mn and Cu in mature leaves of all the
cultivars. On the other hand, Fe was significantly higher in mature leaves in GOAK and
ROAK, and Zn showed a contrasting behavior in these two cultivars, with significantly
higher levels in juvenile leaves in ROAK (Table 2). We next analyzed the mature-to-juvenile
(M/J) ratio and found higher values of Ca, Na, and Mn in mature leaves irrespectively of
the cultivar. Interestingly, the CHD cultivar showed low (≤1) M/J ratios of K, S, Mg, Fe,
Zn, and Cu as compared to those in the GOAK and ROAK cultivars (Tables 2 and 3).

Considering the nutrient concentration of all leaves, we found significant differences
between the studied genotypes (Table 4). Overall, the CHD genotypes contained a lower
nutrient concentration than the ROAK and GOAK genotypes (Table 4). G3 and R4 had the
highest nutrient concentration, which almost doubled those found in C1 and C7 (Table 4).
We did not find a clear association between total nutrient concentration and tipburn scores
(Figure 6a,b).

After analyzing each nutrient individually, we found that all three cultivars showed similar
trends for macronutrient (K > Ca > P > S > Mg > Na) and micronutrient (Fe > Mn > Zn > Cu)
concentrations (see percentage in italics in Tables 5 and 6). However, some genotypes dis-
played substantial differences in the amounts of specific nutrients compared with those in
other genotypes of the same cultivar. As regards the CHD genotypes, C1 and C7 had higher
concentrations or percentages for all the nutrients analyzed except for Mn, Zn, and Cu,
where C1 showed the highest percentages. Comparing the most differentiated genotypes
(C1 and C7 vs. C3 and C8), we observed significant differences in K (p-value = 0.0003), Ca
(p-value = 0.0047), S (p-value = 0.0026), Mg (p-value = 0.0070), Na (p-value = 0.0024), and Mn
(p-value = 0.0025). We classified the CHD genotypes based on their statistically significant
nutrient levels, as follows: C1 > C7 > C8 = C3 (Tables 5 and 6). In relation to the GOAK
genotypes, G3 contained higher levels of most nutrients compared to those found in G5,
G1, and G6 (Tables 5 and 6). Conversely, G6 showed lower levels of some macronutrients
(K, P, S, Mg, and Na), being the most malnourished GOAK genotype but without showing
significant differences with respect to G1 to G5, which were nutritionally more balanced
(Table 5). We found a significantly (p-value = 0.0004) higher nutrient concentration in G3
as compared to those in G5, G1, and G6. We ordered the GOAK genotypes as regards
to their statistically significant nutrient levels, as follows: G3 > G1 > G5 > G6 Table 6).
We did not find significant differences between the ROAK genotypes in regards to total
macronutrient and micronutrient content (p-value = 0.0650). However, we observed signifi-
cant differences between R4 and the other ROAK genotypes for P (p-value = 0.0021) and S
(p-value = 0.0040), which resulted in sorting the ROAK genotypes based on significant P
and S nutrient concentrations from R4 > R5 > R2 > R3 (Tables 5 and 6). Tipburn incidence
and tipburn scores (Figure 6a,b) associated with the R2 and R3 genotypes containing lower
P and S content (Table 5).
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Table 2. Analysis at the cultivar level (CHD, GOAK, and ROAK) and by leaf type of the macronutrients studied in this trial (ppm). Percentages to the proportion of each nutrient in each
type of leaf. Data are means of 12 replicates with different letters for each column indicating significant differences (p-value < 0.01) as determined by LSD multiple comparisons test in
different types of leaves analyzed.

CHD GOAK ROAK
Leaf
Type K Ca P S Mg Na K Ca P S Mg Na K Ca P S Mg Na

Mature
1349.00 a 340.68 b 92.26 a 101.45 b 65.91 a 38.02 b 3290.63 b 794.50 b 228.85 a 309.97 b 185.36 b 109.80 b 3204.74 b 608.37 b 272.64 a 179.97 ab 184.19 b 115.74 c
67.52% 17.05% 4.62% 5.08% 3.30% 1.90% 66.49% 16.05% 4.62% 6.26% 3.75% 2.22% 69.85% 13.26% 5.94% 3.92% 4.01% 2.52%

Intermediate
1400.84 a 201.41 a 137.12 b 92.88 a 56.78 a 30.11 ab 2228.40 a 316.88 a 208.25 a 177.64 a 105.75 a 41.41 a 2328.67 a 243.09 a 283.54 b 139.78 a 95.44 a 64.21 b
72.72% 10.46% 7.12% 4.82% 2.95% 1.56% 72.06% 10.25% 6.73% 5.74% 3.42% 1.34% 73.58% 7.68% 8.96% 4.42% 3.02% 2.03%

Juvenile 1657.43 a 155.36 a 218.00 c 121.04 b 64.44 a 22.90 a 2415.40
ab 227.05 a 326.71 b 199.86 a 111.22 a 28.52 a 2424.82 a 141.51 a 440.74 b 192.42 b 104.57 a 23.21 a

73.72% 6.91% 9.70% 5.38% 2.87% 1.02% 72.69% 6.83% 9.83% 6.01% 3.35% 0.86% 72.62% 4.24% 13.20% 5.76% 3.13% 0.69%

p-value 0.1711 0.0001 0.0000 0.1196 0.4857 0.0211 0.0609 0.0001 0.0159 0.0164 0.0133 0.0001 0.0373 0.0000 0.0012 0.0332 0.0000 0.0000

M/J
ratio 0.81 2.19 0.42 0.84 1.02 1.66 1.36 3.50 0.70 1.55 1.67 3.85 1.32 4.30 0.62 1.02 1.76 4.99

Table 3. Analysis at the cultivar level (CHD, GOAK, and ROAK) and by leaf type of the micronutrients studied in this trial (ppm). Percentages to the proportion of each nutrient in each
type of leaf. Data are means of 12 replicates with different letters for each column indicating significant differences (p-value < 0.01) as determined by LSD multiple comparisons test in
different types of leaves analyzed.

CHD GOAK ROAK
Leaf Type Fe Mn Zn Cu Fe Mn Zn Cu Fe Mn Zn Cu

Mature
4.92 a 3.90 b 1.67 ab 0.23 b 16.72 b 8.89 b 3.35 b 0.61 b 13.57 b 6.75 b 1.54 a 0.37 b
0.25% 0.20% 0.08% 0.01% 0.34% 0.18% 0.07% 0.01% 0.30% 0.15% 0.03% 0.01%

Intermediate
4.12 a 1.99 a 1.17 a 0.13 a 8.37 a 3.61 a 1.67 a 0.28 a 6.01 a 2.45 a 1.28 a 0.12 a
0.21% 0.10% 0.06% 0.01% 0.27% 0.12% 0.05% 0.01% 0.19% 0.08% 0.04% 0.00%

Juvenile
5.23 a 1.85 a 1.93 b 0.21 b 8.58 a 3.00 a 2.35 ab 0.30 a 6.92 a 2.04 a 2.50 b 0.19 a
0.23% 0.08% 0.09% 0.01% 0.26% 0.12% 0.09% 0.01% 0.21% 0.06% 0.07% 0.01%

p-value 0.4398 0.0015 0.0505 0.0029 0.0096 0.0001 0.0431 0.0066 0.0002 0.0000 0.0006 0.0000

M/J ratio 0.94 2.11 0.87 1.09 1.95 2.96 1.43 2.03 1.96 3.31 0.62 1.95
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Table 4. Global analysis using all nutrients (ppm) at the cultivar and genotype level. Data are means ± SEM of 9 replicates with different letters for each column (genotypes) or rows
(cultivars) indicating significant differences (p-value < 0.01) as determined by LSD multiple comparisons test.

C1 7670.09 ± 634.81 b G1 10,310.58 ± 338.97 a R2 10,446.25 ± 804.42 a
C3 5222.15 ± 182.30 a G3 15,708.86 ± 1099.30 b R3 10,015.28 ± 1445.66 a
C7 6833.17 ± 294.16 b G5 10,011.790 ± 990.28 a R4 13,405.84 ± 1389.01 a
C8 4966.47 ± 392.13 a G6 9424.43 ± 1482.28 a R5 9924.48 ± 661.77 a

p-value 0.0004 0.0004 0.0650

Average 6172.97 ± 381.09 a 11,363.91 ± 886.52 b 11,091.40 ± 691.06 b

Table 5. Individual analysis of each macronutrient studied in this trial (ppm) at the genotype level for each cultivar. Percentages refer to the proportion of each nutrient in each type of
genotype. Data are means of 9 replicates with different letters for each column indicating significant differences (p-value < 0.01) as determined by LSD multiple comparisons test in the four
genotypes analyzed per cultivar (p-value).

CHD K Ca P S Mg Na GOAK K Ca P S Mg Na ROAK K Ca P S Mg Na

C1
5493.20

b
918.54

b
468.06

b
390.30

b
237.80

b
128.51

c G1
7171.16

a
1310.47

a
655.84

b
614.46

a
339.65

a
170.41

b R2
7649.10

a
917.81

ab
726.56

a
559.32

b
396.68

a
145.85

a
71.62% 11.98% 6.10% 5.09% 3.10% 1.68% 69.55% 13.05% 6.53% 6.12% 3.38% 1.70% 73.22% 8.79% 6.96% 5.35% 3.80% 1.40%

C3
3806.33

a
542.29

a
361.88

a
268.90

a
151.76

a
69.21

ab G3
10721.92

b
2184.11

b
886.81

b
944.94

b
598.40

b
287.79

b R3
7129.90

a
990.55

ab
883.95

b
400.07

a
377.61

a
190.05

ab
72.89% 10.38% 6.93% 5.15% 2.91% 1.33% 68.25% 13.90% 5.65% 6.01% 3.81% 1.83% 71.19% 9.89% 8.83% 3.99% 3.77% 1.90%

C7
4849.21

b
755.94

b
549.96

b
355.06

b
193.96

b
99.52

bc G5
7094.33

a
902.42

a
858.71

b
628.49

a
339.99

a
140.02

a R4
9485.96

a 1253.07b 1267.85
c

622.57
b

441.41
a

289.24
b

70.97% 11.06% 8.05% 5.20% 2.84% 1.46% 70.86% 9.01% 8.58% 6.28% 3.40% 1.40% 70.76% 9.35% 9.46% 4.64% 3.29% 2.16%

C8
3480.33

a
573.01

a
409.62

a
247.21

a
165.00

a 66.90 a
G6

6750.30
a

956.47
a

653.87
b

561.99
a

331.25
a

120.72
a R5

7188.79
a

784.60
a

981.54
b

445.11
a

323.07
a

164.03
a

70.08% 11.54% 8.25% 4.98% 3.32% 1.35% 71.63% 10.15% 6.94% 5.96% 3.51% 1.28% 72.43% 7.91% 9.89% 4.48% 3.26% 1.65%

Total 4407.27 697.45 447.38 315.37 187.13 91.03 Total 7934.43 1338.42 763.81 687.47 402.32 179.73 Total 7958.22 992.97 996.92 512.18 384.20 203.16

p-
value 0.0003 0.0047 0.0251 0.0026 0.007 0.0024 p-

value 0.0012 0.0002 0.2007 0.0009 0.0001 0.0002 p-
value 0.1335 0.0879 0.0021 0.004 0.1973 0.0152
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Table 6. Individual analysis of each macronutrient studied in this trial (ppm) at the genotype level for each cultivar. Percentages refer to the proportion of each nutrient in each type of
genotype. Data are means of 9 replicates with different letters for each column indicating significant differences (p-value < 0.01) as determined by LSD multiple comparisons test in the four
genotypes analyzed per cultivar (p-value).

CHD Fe Mn Zn Cu GOAK Fe Mn Zn Cu ROAK Fe Mn Zn Cu

C1
15.43 a 11.34 b 6.15 b 0.75 b

G1
28.40 a 13.17 a 6.09 a 0.92 a

R2
31.74 a 14.83 b 3.83 a 0.53 a

0.20% 0.15% 0.08% 0.01% 0.28% 0.13% 0.06% 0.01% 0.30% 0.14% 0.04% 0.01%

C3
11.73 a 5.54 a 4.01 a 0.50 a

G3
49.52 b 23.19 b 10.37 b 1.59 b

R3
25.85 a 11.85 ab 4.81 a 0.64 a

0.22% 0.10% 0.08% 0.01% 0.32% 0.15% 0.07% 0.01% 0.26% 0.12% 0.05% 0.01%

C7
17.34 a 7.34 a 4.32 a 0.52 a

G5
27.97 a 12.07 a 6.67 a 1.12 ab

R4
27.05 a 11.47 ab 6.44 a 0.79 a

0.25% 0.11% 0.06% 0.01% 0.28% 0.12% 0.07% 0.01% 0.20% 0.09% 0.05% 0.01%

C8
12.57 a 6.72 a 4.59 a 0.50 a

G6
28.80 a 13.61 a 6.31 a 1.12 ab

R5
22.87 a 8.24 a 5.53 a 0.69 a

0.25% 0.14% 0.09% 0.01% 0.31% 0.14% 0.07% 0.01% 0.23% 0.08% 0.06% 0.01%

Total 14.27 7.74 4.77 0.57 Total 33.67 15.51 7.36 1.19 Total 26.50 11.25 5.32 0.68

p-value 0.051 0.0025 0.0235 0.0147 p-value 0.0016 0.0003 0.0026 0.0214 p-value 0.3675 0.1888 0.1744 0.2709
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We wondered whether differences in nutrient levels between mature and juvenile
leaves could account for the observed differences in tipburn scores and tipburn incidence in
the GOAK and ROAK genotypes (Figure 6a,b). We found that G1 and R5, with the lowest
tipburn scores, showed a mild decrease in K, Ca, Mg, Fe, and Mn concentrations between
mature and juvenile leaves (Figure 7). The genotypes with the highest tipburn scores,
G3 and R2, showed higher differences in K, Ca, Mg, Fe, and Mn concentrations between
mature and juvenile leaves (Figure 7). A similar trend was found for S and Cu, although
the R2 genotype showed higher S and Cu levels in juvenile leaves than the other three
genotypes (Figure 7). Na concentration was also higher in mature leaves, and their levels
were similarly reduced in juvenile leaves in the four genotypes (Figure 7). On the other
hand, P and Zn showed the highest levels in juvenile leaves except for the G3 genotype
(Figure 7).

Figure 7. Nutrient analysis of the studied macronutrients in different leaves (M, mature; I, interme-
diate; J, juvenile). Only the most divergent genotypes for tipburn scoring and tipburn incidence
for GOAK (G1 and G3) and ROAK (R2 and R5) cultivars are shown. The nutrients analyzed were
(a) Potassium (K), (b) Calcium (Ca), (c) Magnesium (Mg), (d) Phosphorus (P), (e) Sulphur (S),
(f) Sodium (Na), (g) Copper (Cu), (h) Iron (Fe), (i) Manganese (Mn) and (j) Zinc (Zn). Data are
normalized as regards the leaf with the highest amount for a given nutrient.
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4. Discussion

There is an increased demand for fresh, locally grown, and safe vegetables among
the EU consumers [38]. However, intensive agricultural exploitation might lead to water
shortage and soil salinization, among other environmental damages [39]. The greenhouse
production of vegetables in closed hydroponic systems is a resource-efficient technique
for the production of high-quality and high-yield crops [40]. Here, we devised a low-cost
hydroponic system (i.e., floating rafts) for lettuce cultivation, which was used to evaluate
the early growth and quality parameters of 12 genotypes from different lettuce cultivars
(CHD, GOAK, and ROAK) in three growing seasons (Fall, Winter, and Spring). These
genotypes were selected based on agronomically-relevant traits.

Research on the role of root system architecture (RSA) traits that could enhance
nutrient and water use efficiency has not received broad attention in lettuce breeding
programs until quite recently [6]. We found striking differences among the studied lettuce
cultivars in regard to their root system (Figure 2a,c, Figure 3a,c, and Figure 4a,c). The CHD
genotypes showed deeper roots as compared to those from GOAK and ROAK. As it is
known that deeper roots are crucial for improving drought resistance in plants [41,42],
CHD cultivars may be more drought tolerant than GOAK and ROAK genotypes, although
this hypothesis could not be directly tested in our hydroponics system. On the other
hand, GOAK and ROAK root systems were heavier and more superficial than those in
the CHD cultivar. Indeed, GOAK and ROAK are oak-leaf cultivars located on the same
genetic clade [43], which are mainly differentiated by their leaf anthocyanin content [1].
The differences in the RSA of the CHD and GOAK/ROAK cultivars may thus account for
the genotype-dependent behavior of cultivated lettuce in saline soils [44] or in response to
water and nutrient deficiency [6]. Our experimental setup will allow evaluating growth
responses under different soil stresses through the adjustment of the nutrient solution
and/or the experimental conditions (i.e., temperature, aeration, etc.). In addition, the
contrasting RSA phenotypes of the G3 and R5 genotypes (Figures 3c and 4c), with a three-
fold difference in their root fresh-weight during the Spring season (Figure 5), may be used
for the identification of the genetic determinants involved in RSA variation in the oak-leaf
lettuce clade through the implementation of QTL mapping. We estimated the shoot growth
rates of lettuce in hydroponic culture through dedicated image analysis (Figure S2). Overall,
shoot growth was much lower during Winter than in Spring or Fall, which is in agreement
with previous studies where higher temperatures and high irradiance were found to be key
factors, which affected growth product quality in these species [16,22]. However, we found
an interesting G × E interaction for the estimated SA in some of the studied genotypes.
On the one hand, the ROAK genotypes showed lower SA values in Spring than in Winter
(Figure 4b). On the other hand, SA values in C7 were highly affected by the growing
season, as higher growth occurred during Spring for this genotype (Figure 2b). However,
the SA and RA values estimated from images were inaccurate descriptors of yield, as
confirmed by the low correlations found between FW and DW values of the shoot system
and the root system at the end of the experiment (Figure S6). We found that FW was highly
correlated with DW (both for root or shoot) for all the studied cultivars and during the
different growing seasons (Figure S6), and that their WC variation ranged from 92% to
98% (Table S4). Interestingly, we found that WC (either in roots or shoots) was negatively
correlated with root DW but not with shoot DW, which suggest that thinner roots may
be more efficient in water uptake in lettuce plants grown in hydroponics, as compared to
those plants grown in soil where root diameter may be directly related to the ability to
penetrate the drying soil [41]. In addition, the R:S ratio allowed us to identify genotypes
with contrasting yield genotypes, such as C7 and R3 (Table S4). While C7 had the lowest
R:S values (and hence higher yield) in Fall, R3 showed the highest R:S ratio (thus lower
yield) during Spring, indicating a G × E interaction for this trait, as well.

In Spain and Italy, two of the fifth largest lettuce and chicory producers in the
world [11], greenhouse lettuce production is often limited by the extent of tipburn and
premature bolting. Tipburn is a physiological disorder characterized by necrotic lesions at
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the margins of the developing leaves, resulting from a localized Ca deficiency [45]. Tipburn
development in lettuce depends on environmental factors that promote growth [46]. Ca
translocation from the roots to the shoots occurs through the xylem due to transpiration,
and Ca cannot be mobilized from older leaves to younger ones [47]. Some of the climatic
factors that characterize the Mediterranean region, specifically high temperature, high
radiation, and long photoperiod, lead to the rapid shoot growth of lettuce, which cannot
match Ca translocation from the roots. The lettuce genotypes studied in this work were
selected based on their contrasting tipburn incidence when grown in soil. A previous
study using a small number of lettuce cultivars grown in hydroponics showed that tipburn
was not observed in the late Winter season, whereas it was severe during Spring [48]. We
found that tipburn incidence was higher during Spring but lower in Winter for most of
the studied cultivars grown in hydroponics (Figure 6a). And we also observed that the
CHD cultivars showed a higher variation for tipburn incidence as compared to the studied
oak-leaf types (GOAK and ROAK). These results were consistent with the greater genetic
variability for tipburn responses found in the CHD cultivar as a result of earlier breeding
efforts for tipburn tolerance in this cultivar [19,22,24,25]. In a recent study [28], early bolting
and tipburn behavior were studied on 18 genotypes from different lettuce cultivars grown
in hydroponics at high temperature and extensive differences were also observed among
them. Hence, the combined effect of high growth rates and high temperatures during
Spring may lead to the reduced nutrient supply to the developing leaves, resulting in the
observed enhancement of the tipburn severity during Spring. Only two of the studied
genotypes, C3 and R2 showed severe tipburn symptoms in every season (Figure 6a,c).
Another two genotypes, C8 and G3 showed intermediate-to-severe tipburn symptoms only
during Spring (Figure 6a,c). On the other hand, C1, G1, and R5 showed tipburn tolerance
when grown in hydroponics (Figure 6a,c). These results perfectly matched the tipburn
severity symptoms found in the studied genotypes when grown in soil (V.B., unpublished),
which validates our experimental setup for the fast and high-throughput evaluation of
tipburn responses in lettuce germplasm collections grown in hydroponics.

To investigate the nutritional causes of tipburn incidence during Spring in the studied
genotypes, we measured the levels of several macro and micronutrients in leaves of
different ages at the end of the experiment (45 dap; Table S6). Ca and Na levels showed
the highest M/J ratio, irrespectively of the cultivar type (Table 2), which is consistent
with the low Ca mobilization from mature tissues [45] and the higher Na accumulation
in older leaves [49]. On the other hand, P displayed the lowest M/J values within the
studied macronutrients (Table 2), with lower P levels in the CHD than in the GOAK/ROAK
genotypes. These latter results could be explained by the differences in RSA between
the studied cultivars, as root responses to low phosphate favor the exploration of the
shallower part of the soil, where phosphate tends to be more abundant [50]. We noticed
that the CHD genotypes contained a lower nutrient concentration than the GOAK and
ROAK ones (Table 4). Nutritional differences between lettuce cultivars have been described
previously [51]. The tipburn incidence and tipburn scores of the CHD genotypes perfectly
matched their total nutrient content, hence, the genotypes with the lowest nutrient levels
(C3 and C8) showed severe tipburn symptoms (Figure 6a,b and Tables 5 and 6). Our
results suggest that tipburn in the studied CHD genotypes may be related to some nutrient
imbalance, as has been proposed earlier in lettuce [52]. The high growth rates observed
during Spring for C3 and C8, combined with their contrasting R:S ratios, may result in
decreased Ca concentrations in leaves and thus increased tipburn, as has been previously
reported in other lettuce genotypes [21,45]. Because of the restricted Ca transport within the
head-enclosed leaves of the CHD genotypes, Ca levels are much lower in the leaf margins,
where tipburn symptoms arise early; high K levels in this region might also contribute to
enhanced tipburn in CHD genotypes, as suggested previously [45]. Overall, the studied
ROAK and GOAK genotypes were less sensitive to tipburn, which was consistent with
previous results which suggested a narrow genetic variation for this trait in oak-leaf type
cultivars [19]. R2 and G3, which displayed severe tipburn during the Spring season, were
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characterized by a strong decrease in K levels between mature and juvenile leaves, as
compared with the tipburn tolerant G1 and R5 genotypes (Figure 7). To assess whether
tipburn in the studied lettuce genotypes is caused by an altered Ca/K homeostasis, we
plan to evaluate tipburn susceptibility using an in vitro evaluation system [24], with some
modifications.

We also found striking differences in regard to the studied micronutrients (Fe, Mn,
Zn, and Cu) depending on cultivar type and genotypes (Tables 3 and 6). Alterations in
micronutrient homeostasis (such as Fe and Mn) have commonly been associated with the
appearance of shoot tip necrosis during pistachio in vitro culture [53], which very much
resembles the tipburn symptoms found in the ROAK and GOAK genotypes. Fe and Mn
levels in leaves, as well as their M/J ratios, were much higher in the GOAK and ROAK
genotypes than in the CHD ones (Table 3). Consistent with previous results on K levels,
Fe and Mn levels strongly decreased in the R2 and G3 genotypes from mature to juvenile
leaves (Figure 7), suggesting that a nutritional unbalance of some micronutrients (Fe and
Mn) could explain tipburn in oak-leaf susceptible genotypes. Further experiments with
additional ROAK and GOAK genotypes will allow us to confirm this hypothesis.

5. Conclusions

We devised a multi-factorial approach for the study of several growth and quality
traits of lettuce (Lactuca sativa L.) using a low-cost and high-throughput scalable hydro-
ponic system. By analyzing tipburn incidence and leaf nutrient content, we were able to
identify a number of nutrient traits that were highly correlated with cultivar- and genotype-
dependent tipburn, suggesting that tipburn is a complex trait in this species. Indeed,
the genetic dissection of tipburn resistance in lettuce has recently gained from a detailed
study using seven RIL populations in multiple environments and years that allowed the
identification of two major QTL affecting this trait [26]. The forthcoming availability of
linked molecular markers will allow the evaluation of our germplasm collection.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/4/616/s1, Figure S1: A representation of the scale used for tipburn severity assessment;
Figure S2: The growth rate of the studied cultivars between 0 and 35 dap; Figure S3: Representative
images of the studied CHD genotypes; Figure S4: Representative images of the studied GOAK
genotypes; Figure S5: Representative images of the studied ROAK genotypes; Figure S6: Growth
quantification of the studied genotypes at 45 dap; Table S1: Details of the experimental design used;
Table S2: Nutrient solution composition; Table S3:, Raw data of root and shoot area; Table S4: raw
data of root and shoot weights; Table S5, Raw data of tipburn phenotype assessment, Table S6: Raw
data of the nutrient analysis.
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