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Abstract: Lettuce (Lactuca sativa L.) is a winter-spring leafy vegetable, but the high demand for fresh 

products available year-round requires off-season production. However, the warm climate of the 

Mediterranean areas can impair the summer production of lettuce, thus requiring the adoption of 

genotypes tolerant to high irradiance as well as useful agronomic strategies like shading net 

installations. The aim of our research was to assess the leaf morpho-physiological and anatomical 

changes, in addition to productive responses, of four lettuce cultivars (‘Ballerina’, ‘Maravilla De 

Verano Canasta’, ‘Opalix‘, and ‘Integral’) grown under shading and non-shading conditions to 

unveil the adaptive mechanisms of this crop in response to sub-optimal microclimate (high 

irradiance and temperature) in a protected environment. Growth and yield parameters, leaf gas 

exchanges, chlorophyll fluorescence and morpho-anatomical leaf traits (i.e., leaf mass area, stomatal 

density and epidermal cell density) were determined. Under shading conditions, the fresh yields of 

the cultivars ‘Ballerina’, ‘Opalix’ (‘Oak leaf’) and ‘Integral’ (‘Romaine’) increased by 16.0%, 26.9% 

and 13.2% respectively, compared to non-shading conditions while both abaxial and adaxial 

stomatal density decreased. In contrast, ‘Canasta’ under non-shading conditions increased fresh 

yield, dry biomass and instantaneous water use efficiency by 9.6%, 18.0% and 15.7%, respectively, 

while reduced abaxial stomatal density by 30.4%, compared to shading conditions. Regardless of 

cultivar, the unshaded treatment increased the leaf mass area by 19.5%. Even though high light 

intensity and high temperature are critical limiting factors for summer lettuce cultivation in a 

protected environment, ‘Canasta’ showed the most effective adaptive mechanisms and had the best 

production performance under sub-optimal microclimatic conditions. However, greenhouse 

coverage with a white shading net (49% screening) proved to be a suitable agricultural practice that 

ensured an adequate microclimate for the off-season growth of more sensitive cultivars ‘Ballerina’, 

‘Oak leaf’ and ‘Romaine’. 

Keywords: Lactuca sativa L.; sub-optimal conditions; greenhouse; leaf gas exchange; Fv/Fm ratio; 

LMA; stomata 

 

1. Introduction 

Lettuce (Asteraceae; Lactuca sativa L.,) is one of the most used and popular leafy 

vegetables globally, but its nutritional value is underestimated for its high water content 

(about 95%) [1,2]. Lettuce is an essential source of minerals (e.g., potassium, calcium, 

phosphorus, magnesium, iron and zinc), which help maintain the correct hydro-saline 

balance of the human body, other than being rich in fibers, bioactive compounds, vitamins 

and carotenoids that are beneficial molecules for the human health [3,4]. Being a species 
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adapted to low temperatures and low light intensity, lettuce is generally grown in winter 

and spring seasons. However, the high demand for year-round products has led to off-

season cultivation of lettuce (spring-summer) in protected environments [5]. Extending 

lettuce cultivation into off-season production, where the demand for fresh products is 

higher, ensures growers better prices with significant economic benefits [6]. 

High temperatures and high irradiance are typical of Mediterranean summers; such 

conditions are a limiting factor for agriculture, especially in sensitive crops such as lettuce, 

as they lead to morpho-physiological alterations that induce crop yield losses and quality 

impairments (e.g., head closure, rib discoloration, tipburn) [7–11]. Considering that the 

optimal temperatures for lettuce growth range from 18 to 28 °C, high-temperature stress 

combined with a long day induces alterations in water relations, photosynthetic activity, 

osmolyte accumulation and hormone production [12,13]. Other than leading to quality 

degradation [14], these changes lead to a lower marketable yield of lettuce, which is 

affected by dry matter and water content [15]. To avoid these adverse effects, off-season 

lettuce production requires adequate crop protection from high solar radiation. In this 

perspective, shading nets, due to their ability to reduce light intensity, modulate light 

diffusion and hence reduce temperature, are effective at extending the growing season 

and improving the quality of horticultural products [16,17]. During summer, shading nets 

are widely used in Mediterranean areas to create a suitable microclimate for crop 

production, consequently reducing photoinhibition and improving water use efficiency 

and crop uniformity [16,18]. 

Light fosters lettuce growth only in a specific range of light intensities [19]. Several 

studies have shown that lettuce grown in summer with light intensity over 600 μmol m−2 

s−1 had reduced biomass, leaf area and chlorophyll content [19,20]. These reductions were 

mainly ascribed to a low instantaneous saturation point, with evidence of oxidative 

processes (photoinhibition) at 800 μmol m−2 s−1, as reflected by the lower Fv/Fm values 

compared to other plants that would grow well at levels of light intensity higher than 600 

μmol m−2 s−1 [5]. To cope with oxidative damage under high-light stress, plants have 

evolved complex adaptive mechanisms, including short and long-term responses [21,22]. 

Within hours of the stressful event, plants reduce their photosynthetic activity by closing 

the stomata, changing the orientation of leaves (heliotropism) and rearranging 

chloroplasts parallel to the light direction (avoidance response) [21,23–26]. In the long-

term, light stress triggers morpho-physiological changes in the plant, such as a reduction 

in chlorophyll content and leaf area and an increase in leaf mass area (LMA) [23,27,28]. As 

observed by Zha et al. [29] in Lactuca sativa L., small and thick leaves (higher LMA) have 

better adaptability to high light intensity by reducing water loss and improving light 

utilization. Several authors have reported that smaller and thicker leaves show improved 

heat exchange efficiency, which prevents rapid temperature rise and the consequent water 

loss under high light conditions [30–33]. Moreover, higher biomass investment in the leaf, 

as generally found in thicker leaves with higher LMA, has been correlated with an 

enhanced photosynthetic capacity [28]. However, the morpho-physiological response to 

light intensity may differ among cultivars due to their genetic background [28]. 

In response to external stimuli, plants also change the density and size of stomata to 

ensure a rapid improvement of water use efficiency under sub-optimal growth conditions 

[34–37]. In general, high light triggers stomatal development [38], while heat stress has an 

opposite effect [39,40]. Summer cultivation in the Mediterranean environment couples the 

effects of excessive light and heat with a detrimental effect on the productivity of not 

suited crops, such as lettuce. The high demand for evapotranspiration that characterizes 

this environment implies that the balance between water loss and leaf cooling is a key 

aspect for plants to thrive, which is partially mediated by the plasticity of stomatal 

patterning [41]. Muir [42] has observed that high light intensity increased the adaxial 

stomatal density, which is more exposed to heating, to prevent harmful water loss [38]. 

The alteration of the stomatal density also impacts the plant's growth rate [35]. However, 

under the same climatic conditions, water use efficiency shows considerable intraspecific 
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variability [43]. Indeed, plant adaptation to sub-optimal conditions depends on the 

genotype, environment and their mutual interaction [14]. Several studies have shown that 

lettuce cultivars with red leaves have better tolerance to high solar radiation than cultivars 

with green ones, which are more susceptible to photooxidation [44,45]. The high 

anthocyanin content of red cultivars would probably act as an antioxidant, shielding solar 

radiation and leading to better adaptability to high light conditions [44,46]. The high 

genetic variability of lettuce represents an important resource for studying the responses 

of this crop to different environmental constraints, which will enable conscious breeding 

programs focused on increasing its adaptability in the modern climate change scenario 

[11]. 

The genetic variability in leaf morphology and pigmentation combined with the most 

advanced shading technology could be exploited to extend the growing season of lettuce 

in regions where high light intensity and high temperatures are limiting factors. For this 

purpose, the morpho-physiological and productive responses of four lettuce cultivars 

ordinarily grown in open field (‘Ballerina’, ‘Canasta’, ‘Oak leaf’ and ‘Romaine’) were 

evaluated under shading and non-shading conditions to identify the most suitable 

genotype for cultivation under sub-optimal early summer conditions in a passively 

ventilated greenhouse. Even though lettuce is one of the most globally consumed 

vegetables, its susceptibility to the extreme environmental conditions of warm 

Mediterranean areas severely limits its off-season cultivation. To date, few studies have 

focused on the adaptive mechanisms of lettuce grown under suboptimal microclimatic 

conditions like summer greenhouse cultivation. Based on these considerations, it is 

interesting to understand how different lettuce cultivars respond to extreme conditions in 

both shaded and unshaded greenhouses by activating specific adaptive mechanisms. As 

far as we know, this is the first research investigating these aspects, and our results could 

be useful for both growers and breeders, paving the way for future work. 

2. Results 

2.1. Biometric and Yield Parameters in Response to Different Greenhouse Irradiance Conditions 

As shown in Table 1 all biometric and yield parameters were affected by the 

interaction between cultivar (CV) and greenhouse irradiance conditions (GIC) factors. 

Regarding the leaf number, greenhouse irradiance conditions did not result in a univocal 

response among cultivars. Specifically, for ‘Canasta’ and ‘Romaine’ was observed a 

reduction in the leaf number under the shading net by 7.7% and 16.8%. In contrast, the 

shading net increases this parameter (leaf number) in ‘Ballerina’ and ‘Oak leaf’ by 6.5% 

and 8.5%, respectively. Leaf area and fresh yield increased in all cultivars grown under 

the shading net, except ‘Canasta’ for which these parameters did not change vs. non-

shading conditions. Particularly, ‘Ballerina’, ‘Oak leaf’ and ‘Romaine’ increased leaf area 

by 14.8%, 58.7% and 18.2% and fresh yield by 16.0%, 26.9% and 13.2%, respectively. In 

contrast, ‘Canasta’ recorded the highest fresh yield (285.7 g plant−1) in the unshaded 

treatment. With respect to dry biomass, both shaded and unshaded treatment did not 

result in any significant difference in all cultivars. In contrast, ‘Canasta’ showed a 15.2% 

reduction of dry biomass under the shading net. Finally, under shading ‘Ballerina’, 

‘Canasta’, ‘Oak leaf’ and ‘Romaine’ decreased leaf dry matter by 14.9%, 7.1%, 16.1% and 

10.8%, respectively. 
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Table 1. Effect of cultivar and greenhouse irradiance conditions on leaf number, leaf area, fresh yield, dry biomass and 

leaf dry matter in Lactuca sativa L. 

Source of Variance 
Leaf Number Leaf Area Fresh Yield Dry Biomass Leaf Dry Matter 

(No. plant−1) (cm2) (g plant−1) (g plant−1) (%) 

Cultivar (CV)      

‘Ballerina’  33.39 ± 0.57 b 3729 ± 119 b 222.7 ± 7.67 c 13.15 ± 0.09 c 5.94 ± 0.22 a 

‘Canasta’  30.67 ± 0.61 c 3829 ± 66 b 273.2 ± 5.82 a 13.83 ± 0.54 b 5.05 ± 0.10 b 

‘Oak leaf’ 31.17 ± 0.61 c 2331 ± 246 c 173.1 ± 9.21 d 8.30 ± 0.16 d 4.84 ± 0.20 c 

‘Romaine’ 38.67 ± 1.70 a 4204 ± 168 a 241.3 ± 7.08 b 14.59 ± 0.31 a 6.07 ± 0.18 a 
 *** *** *** *** *** 

Greenhouse Irradiance 

Conditions (GIC) 
     

Unshaded 34.08 ± 1.48  3269 ± 264  217.7 ± 14.4  12.69 ± 0.85  5.84 ± 0.18  

Shaded 32.86 ± 0.69  3777 ± 186  237.4 ± 8.04  12.24 ± 0.68  5.12 ± 0.16  

t-Test ns ns ns ns * 

CV × GIC      

‘Ballerina’ × Unshaded 32.33 ± 0.58 c 3472 ± 69 d 206.2 ± 4.02 e 13.24 ± 0.18 b 6.42 ± 0.05 a 

‘Ballerina’ × Shaded 34.44 ± 0.40 b 3986 ± 14 b 239.2 ± 2.51 c 13.05 ± 0.03 b 5.46 ± 0.06 bc 

‘Canasta’ × Unshaded 31.89 ± 0.11 c 3950 ± 47 bc 285.7 ± 1.80 a 14.97 ± 0.29 a 5.24 ± 0.08 c 

‘Canasta’ × Shaded 29.44 ± 0.59 d 3709 ± 72 cd 260.7 ± 3.00 b 12.69 ± 0.25 b 4.87 ± 0.07 d 

‘Oak leaf’ × Unshaded 29.89 ± 0.29 d 1802 ± 108 f 152.6 ± 0.83 g 8.04 ± 0.17 c 5.27 ± 0.08 c 

‘Oak leaf’ × Shaded 32.44 ± 0.40 c 2860 ± 101 e 193.7 ± 0.50 f 8.57 ± 0.17 c 4.42 ± 0.10 e 

‘Romaine’ × Unshaded 42.22 ± 1.31 a 3854 ± 132 bc 226.4 ± 5.05 d 14.53 ± 0.61 a 6.41 ± 0.13 a 

‘Romaine’ × Shaded 35.11 ± 0.11 b 4555 ± 6 a 256.2 ± 1.60 b 14.64 ± 0.31 a 5.72 ± 0.14 b 

  *** *** *** *** ** 

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Duncan’s Multiple Range Test (DMRT) 

for CV and by t-Test for GIC. Different letters within columns indicate significant mean differences compared by DMRT 

(p = 0.05). ns, *, **, and *** denote nonsignificant or significant effects at p ≤ 0.05, 0.01, and 0.001, respectively. 

2.2. Macronutrients Accumulation in Response to Greenhouse Irradiance Conditions 

As observed for the biometric parameters, total nitrogen, nitrate and macronutrient 

contents were affected by the CV × GIC interaction (Table 2). Except for ‘Romaine’, the 

total nitrogen concentration in the leaves of ‘Ballerina’, ‘Canasta’ and ‘Oak leaf’ increased 

under the shading net by 13.1%, 9.7% and 14.7%, respectively. The same trend was 

observed for nitrate content which increased under shading net for all cultivars, except 

for ‘Romaine’. Notably, the highest increase in nitrate was recorded in ‘Ballerina’ (+14.9%). 

For all cultivars, there was a significant increase in phosphorus content when the shading 

net was used. The same trend was observed for potassium in ‘Romaine’ and ‘Oak leaf’, 

which increased by 13.5% and 32.1%, respectively, while for ‘Ballerina’ and ‘Canasta’, GIC 

treatment did not affect potassium build-up. ‘Oak leaf’ showed a significant increase in 

sodium (23.8%) and magnesium (44.0%) in the shaded treatment compared to the 

unshaded one. In contrast, the unshaded treatment increased calcium content by 35.2%, 

83.5%, 16.7% and 24.1% in ‘Ballerina’, ‘Canasta’, ‘Oak leaf’ and ‘Romaine’, respectively. 

On the other hand, sulfur content increased in all cultivars except for ‘Oak leaf’ in the 

unshaded treatment.
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Table 2. Effect of cultivar and greenhouse irradiance conditions on total nitrogen and macronutrients accumulation in Lactuca sativa L. 1 

Source of Variance 
Total N NO3 P K Ca Mg S Na 

(%) (mg kg−1 FW) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW) 

Cultivar (CV)         

‘Ballerina’  3.32 ± 0.10 c 2017 ± 69 b 4.24 ± 0.17 c 41.25 ± 0.66 c 11.11 ± 0.77 a 3.68 ± 0.09 b 1.48 ± 0.13 a 2.11 ± 0.07 b 

‘Canasta’  3.90 ± 0.10 a 2279 ± 69 a 5.03 ± 0.41 a 39.17 ± 0.64 d 8.27 ± 1.14 b 3.22 ± 0.19 c 1.63 ± 0.09 a 1.40 ± 0.12 c 

‘Oak leaf’ 3.65 ± 0.12 b 2214 ± 50 a 4.74 ± 0.19 b 52.56 ± 3.31 a 10.40 ± 0.42 a 3.16 ± 0.28 c 1.25 ± 0.06 b 2.07 ± 0.11 b 

‘Romaine’ 3.40 ± 0.03 c 1744 ± 39 c 4.19 ± 0.12 c 45.45 ± 1.37 b 10.80 ± 0.60 a 4.22 ± 0.16 a 1.08 ± 0.07 b 3.57 ± 0.14 a 
 *** *** *** *** *** *** *** *** 

Greenhouse Irradiance 

Conditions (GIC) 
        

Unshaded 3.41 ± 0.07  1963 ± 56  4.07 ± 0.07  41.71 ± 0.86  11.66 ± 0.27  3.40 ± 0.17  1.50 ± 0.09  2.30 ± 0.21  

Shaded 3.72 ± 0.09  2165 ± 77  5.03 ± 0.18  47.50 ± 2.37  8.63 ± 0.53  3.74 ± 0.18  1.21 ± 0.07  2.27 ± 0.28  

t-Test * * *** * *** ns * ns 

CV × GIC         

‘Ballerina’ × Unshaded 3.12 ± 0.06 d 1877 ± 24 c 3.87 ± 0.11 e 40.33 ± 1.15 def 12.78 ± 0.28 a 3.56 ± 0.05 b 1.74 ± 0.11 a 2.25 ± 0.02 b 

‘Ballerina’ × Shaded 3.53 ± 0.06 c 2156 ± 60 b 4.61 ± 0.07 c 42.16 ± 0.18 de 9.45 ± 0.38 c 3.79 ± 0.15 b 1.21 ± 0.06 b 1.98 ± 0.05 bc 

‘Canasta’ × Unshaded 3.72 ± 0.10 b 2143 ± 60 b 4.13 ± 0.01 de 38.64 ± 0.89 f 10.70 ± 0.26 bc 3.45 ± 0.28 bc 1.80 ± 0.06 a 1.67 ± 0.07 c 

‘Canasta’ × Shaded 4.08 ± 0.06 a 2416 ± 39 a 5.93 ± 0.16 a 39.69 ± 1.00 ef 5.83 ± 0.67 d 2.98 ± 0.20 cd 1.45 ± 0.11 b 1.14 ± 0.02 d 

‘Oak leaf’ × Unshaded 3.40 ± 0.05 c 2104 ± 13 b 4.33 ± 0.13 cd 45.29 ± 1.27 c 11.20 ± 0.28 b 2.59 ± 0.17 d 1.24 ± 0.08 b 1.85 ± 0.07 c 

‘Oak leaf’ × Shaded 3.90 ± 0.05 ab 2324 ± 4 a 5.14 ± 0.07 b 59.84 ± 0.38 a 9.60 ± 0.39 c 3.73 ± 0.17 b 1.26 ± 0.12 b 2.29 ± 0.09 b 

‘Romaine’ × Unshaded 3.41 ± 0.06 c 1727 ± 82 d 3.94 ± 0.06 e 42.58 ± 0.52 d 11.96 ± 0.41 ab 3.98 ± 0.10 ab 1.22 ± 0.06 b 3.44 ± 0.19 a 

‘Romaine’ × Shaded 3.38 ± 0.02 c 1762 ± 22 cd 4.44 ± 0.07 c 48.32 ± 0.95 b 9.64 ± 0.51 c 4.47 ± 0.24 a 0.94 ± 0.05 c 3.69 ± 0.20 a 

  ** * *** *** ** ** * ** 

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Duncan’s Multiple Range Test (DMRT) for CV and by t-Test for GIC. Different letters 2 
within columns indicate significant mean differences compared by DMRT (p = 0.05). ns, *, **, and *** denote nonsignificant or significant effects at p ≤ 0.05, 0.01, and 0.001, 3 
respectively. 4 
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2.3. SPAD Index, Chlorophyll Fluorescence Emission and Leaf Mass Area (LMA) in Response to 

Greenhouse Irradiance Conditions 

As reported in Table 3, the SPAD index measured at different days after transplant 

(8, 14 and 21 DAT) were affected by the CV × GIC interaction. At 8 DAT, all cultivars 

showed SPAD index reduction in the shaded treatment. At 14 DAT, the same trend was 

observed only for ‘Canasta’ and ‘Oak leaf’. Moreover, at 21 DAT, the highest SPAD index 

values were recorded in ‘Ballerina’ (36.77) in shaded treatment and ‘Oak leaf’ (24.82) in 

unshaded treatment, whereas the other two cultivars showed no significant difference 

between shaded and unshaded treatments. 

Fluorescence and leaf mass area (LMA) values showed significant differences only 

for the means values of both factors (CV and GIC) (Table 3). Regardless of the cultivar, 

shading net increased the Fv/Fm ratio by 10.7% and reduced the LMA by 19.6%. The latter 

parameter showed significant cultivar-dependent response (‘Ballerina’ > ‘Romaine’ > 

‘Canasta’ > ‘Oak leaf’). 

Table 3. Effect of cultivar and greenhouse irradiance conditions on SPAD index, fluorescence (Fv/Fm ratio) and leaf mass 

area (LMA) in Lactuca sativa L. 

Source of Variance 
SPAD Fluorescence LMA 

8 DAT 14 DAT 21 DAT Fv/Fm ratio (g DW m−2) 

Cultivar (CV)      

‘Ballerina’  27.73 ± 0.85 a 31.81 ± 0.28 b 35.51 ± 0.59 a 0.79 ± 0.02 ab 47.88 ± 1.06 a 

‘Canasta’  27.53 ± 1.09 a 31.97 ± 0.70 b 35.82 ± 0.14 a 0.79 ± 0.02 a 37.63 ± 1.76 c 

‘Oak leaf’ 20.79 ± 0.73 b 22.85 ± 0.57 c 22.47 ± 1.07 c 0.78 ± 0.02 b 26.19 ± 2.20 d 

‘Romaine’ 28.23 ± 0.53 a 33.40 ± 0.38 a 34.05 ± 0.35 b 0.80 ± 0.02 a 42.60 ± 1.90 b 
 *** *** *** * *** 

Greenhouse Irradiance 

Conditions (GIC) 
     

Unshaded 27.77 ± 0.97  30.88 ± 1.21  32.22 ± 1.31  0.75 ± 0.00  42.01 ± 2.32 

Shaded 24.37 ± 0.93  29.13 ± 1.34  31.70 ± 2.05  0.83 ± 0.00  35.14 ± 2.65 

t-Test * ns ns *** *** 

CV × GIC      

‘Ballerina’ × Unshaded 29.52 ± 0.52 a 32.34 ± 0.21 bc 34.25 ± 0.29 c 0.74 ± 0.00  49.88 ± 1.22 

‘Ballerina’ × Shaded 25.94 ± 0.34 c 31.28 ± 0.28 cd 36.77 ± 0.22 a 0.84 ± 0.01  45.87 ± 0.34 

‘Canasta’ × Unshaded 29.88 ± 0.47 a 33.40 ± 0.37 ab 35.60 ± 0.18 b 0.76 ± 0.01  41.47 ± 0.53 

‘Canasta’ × Shaded 25.18 ± 0.41 c 30.54 ± 0.54 d 36.05 ± 0.09 ab 0.83 ± 0.01  33.79 ± 0.72 

‘Oak leaf’ × Unshaded 22.35 ± 0.45 d 24.04 ± 0.23 e 24.82 ± 0.38 d 0.73 ± 0.01  30.48 ± 2.37 

‘Oak leaf’ × Shaded 19.23 ± 0.25 e 21.66 ± 0.43 f 20.12 ± 0.20 e 0.82 ± 0.00  21.91 ± 0.36 

‘Romaine’ × Unshaded 29.33 ± 0.38 a 33.74 ± 0.69 a 34.22 ± 0.52 c 0.76 ± 0.01  46.21 ± 2.14 

‘Romaine’ × Shaded 27.12 ± 0.17 b 33.06 ± 0.38 ab 33.88 ± 0.55 c 0.84 ± 0.00  38.99 ± 0.67 

  * * *** ns ns 

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Duncan’s Multiple Range Test (DMRT) 

for CV and by t-Test for GIC. Different letters within columns indicate significant differences compared by DMRT (p = 0.05). 

ns, *, and *** denote nonsignificant or significant effects at p ≤ 0.05 and 0.001, respectively. 
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2.4. Instantaneous Water Use Efficiency and Morpho-anatomical Leaf Traits in Response to 

Greenhouse Irradiance Conditions 

The CV × GIC interaction did not result in any variation in leaf gas exchanges (ACO2, 

gs and E), which were affected exclusively by the mean cultivar effect (data not shown). 

In contrast, the instantaneous water use efficiency (WUEi) was affected by the CV × GIC 

interaction, where the difference was only significant in ‘Canasta’, +15.7% in the unshaded 

treatment in comparison to shaded (Figure 1). 

 

Figure 1. Effect of Cultivar (CV) and Greenhouse Irradiance Conditions (GIC) on instantaneous 

water use efficiency (WUEi) in Lactuca sativa L. Data are mean values ± standard error, n = 3. Mean 

comparisons were performed by Duncan’s Multiple Range Test (DMRT) for CV and by t-Test for 

GIC. Different letters indicate significant differences compared by DMRT (p = 0.05). ns and *** 

denote nonsignificant or significant effect at p ≤ 0.001, respectively. 

Figure 2 shows illustrative microscopy images of the abaxial side of lettuce leaves in 

the shaded and unshaded treatment for each cultivar. Morpho-anatomical leaf traits (i.e., 

stomatal cell density, undulated epidermal cell density and stomatal index of abaxial and 

adaxial side of leaves) were affected by the interaction CV × GIC (Figure 3). 

On the abaxial side of the leaves of ‘Ballerina’, ‘Oak leaf’ and ‘Romaine’, shaded 

treatment led to a significant reduction in stomatal and epidermal cell density while the 

opposite trend was observed in ‘Canasta’ (Figure 3B,C). In contrast, the stomatal index 

decreased in shaded treatment for ‘Ballerina’ and ‘Oak leaf’ by 20% and 6.7%, respectively, 

while no significant effect was found for this parameter in ‘Canasta’ and ‘Romaine’ 

(Figure 3A). 

Regarding the leaves’ adaxial side, except for ‘Canasta’, all cultivars showed the 

highest stomatal cell density in the unshaded treatment (Figure 4B). In addition, 

‘Ballerina’ and ‘Romaine’ increased epidermal cell density when cultivated without 

shading nets (Figure 4C). The latter parameter increased in ‘Canasta’ by 9% in the shaded 

treatment, while no significant effect was observed in ‘Oak leaf’. Shading net application 

(shaded treatment) resulted in the lowest stomatal index for all cultivars compared to the 

unshaded treatment (Figure 4A). 
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Figure 2. Illustrative microscopy images of the abaxial side of Lactuca sativa L. leaves in shaded and unshaded treatment (20×). 

Ballerina unshaded (A) and shaded (B); Canasta unshaded (C) and shaded (D); Oak leaf unshaded (E) and shaded (F); Romaine 

unshaded (G) and shaded (H). 
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Figure 3. Effect of Cultivar (CV) and Greenhouse Irradiance Conditions (GIC) on morpho-anatomical traits of abaxial side of Lactuca 

sativa L. Stomatal index (A), stomatal cell density (B), and epidermal cell density (C). Data are mean values ± standard error, n = 3. 

Mean comparisons were performed by Duncan’s Multiple Range Test (DMRT) for CV and by t-Test for GIC. Different letters indicate 

significant differences compared by DMRT (p = 0.05). ns, **, and *** denote nonsignificant or significant effect at p ≤ 0.01 and 0.001, 

respectively. 

 

Figure 4. Effect of Cultivar (CV) and Greenhouse Irradiance Conditions (GIC) on morpho-anatomical traits of adaxial side 

of Lactuca sativa L. Stomatal index (A), stomatal cell density (B), and epidermal cell density (C). Data are mean values ± 

standard error, n = 3. Mean comparisons were performed by Duncan’s Multiple Range Test (DMRT) for CV and by t-Test 

for GIC. Different letters within columns indicate significant mean differences compared by DMRT (p = 0.05). ns, **, and 

*** denote nonsignificant or significant effects at p ≤ 0.01 and 0.001, respectively. 

2.5. Leaf Pigments and Total Ascorbic Acid Accumulation in Response to Greenhouse Irradiance 

Conditions 

As shown in Table 4, the CV × GIC interaction resulted in differences in chlorophyll 

and carotenoid content. Regardless of greenhouse irradiance conditions, chlorophyll a, b, 

total and carotenoid contents for ‘Oak leaf’ and ‘Romaine’ were unchanged. Chlorophyll 

a and total chlorophyll content in ‘Ballerina’ increased by 15.69% and 14.38%, respectively, 

under shaded conditions. In contrast, under the same irradiance conditions (shaded) 

chlorophyll b and total chlorophyll content in ‘Canasta’ decreased by 28.00% and 16.72%, 

respectively. For both cultivars (‘Ballerina’ and ‘Canasta’), carotenoid content increased 

when grown under shaded conditions (Table 4). 

Relative to total ascorbic acid, the cultivar ‘Ballerina’ recorded a 36.16% increase 

when grown under shading net whereas ‘Canasta’, ‘Oak leaf’, and ‘Romaine’ exhibited no 

significant difference between treatments (Table 4). 
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Table 4. Effect of cultivar and greenhouse irradiance conditions on total ascorbic acid (TAA) and leaf pigments 

accumulation in Lactuca sativa L. 

Source of Variance 
TAA Chlorophyll a Chlorophyll b Total Chlorophylls Carotenoids 

(mg g−1 DW) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW) 

Cultivar (CV)      

‘Ballerina’  10.02 ± 0.72 b 15.06 ± 0.50 ab 9.17 ± 0.25 a 24.23 ± 0.75 a 5.98 ± 0.35 b 

‘Canasta’  13.67 ± 0.47 a 15.61 ± 0.42 a 9.09 ± 0.69 a 24.70 ± 1.06 a 7.07 ± 0.25 a 

‘Oak leaf’ 7.39 ± 0.71 c 13.97 ± 0.32 b 8.09 ± 0.28 b 22.06 ± 0.58 b 7.01 ± 0.16 a 

‘Romaine’ 6.25 ± 0.52 c 11.74 ± 0.23 c 6.67 ± 0.20 c 18.41 ± 0.37 c 5.99 ± 0.14 b 
 *** *** *** *** *** 

Greenhouse Irradiance 

Conditions (GIC) 
     

Unshaded 9.25 ± 0.66  14.03 ± 0.52  8.61 ± 0.42  22.64 ± 0.93  6.07 ± 0.19  

Shaded 9.42 ± 1.18  14.16 ± 0.51  7.90 ± 0.36  22.06 ± 0.85  6.96 ± 0.18  

t-Test ns ns ns ns ** 

CV × GIC      

‘Ballerina’ × Unshaded 8.49 ± 0.28 c 13.96 ± 0.16 b 8.64 ± 0.19 bc 22.60 ± 0.34 b 5.21 ± 0.10 e 

‘Ballerina’ × Shaded 11.56 ± 0.39 b 16.15 ± 0.18 a 9.70 ± 0.04 ab 25.85 ± 0.22 a 6.74 ± 0.07 bc 

‘Canasta’ × Unshaded 12.81 ± 0.29 ab 16.39 ± 0.48 a 10.57 ± 0.36 a 26.96 ± 0.69 a 6.58 ± 0.18 c 

‘Canasta’ × Shaded 14.52 ± 0.54 a 14.84 ± 0.23 ab 7.61 ± 0.19 cd 22.45 ± 0.28 b 7.57 ± 0.22 a 

‘Oak leaf’ × Unshaded 8.65 ± 0.41 c 13.99 ± 0.60 b 8.40 ± 0.44 bc 22.39 ± 1.03 b 6.68 ± 0.06 bc 

‘Oak leaf’ × Shaded 6.13 ± 0.87 cd 13.94 ± 0.39 b 7.79 ± 0.31 cd 21.73 ± 0.70 b 7.34 ± 0.14 ab 

‘Romaine’ × Unshaded 7.04 ± 0.10 cd 11.78 ± 0.23 c 6.84 ± 0.21 d 18.61 ± 0.02 c 5.80 ± 0.18 de 

‘Romaine’ × Shaded 5.46 ± 0.84 d 11.71 ± 0.46 c 6.49 ± 0.35 d 18.21 ± 0.81 c 6.18 ± 0.16 cd 

  *** ** *** *** * 

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Duncan’s Multiple Range Test (DMRT) 

for CV and by t-Test for GIC. Different letters within columns indicate significant mean differences compared by DMRT (p 

= 0.05). ns, *, **, and *** denote nonsignificant or significant effects at p ≤ 0.05, 0.01, and 0.001, respectively. 

3. Discussion 

3.1. Leaf Morpho-Anatomical Adaptations and Productivity of Lettuce under Excessive 

Irradiance and Heat Conditions 

The present work was aimed to assess the morpho-physiological and anatomical 

responses of four lettuce cultivars grown during summer in a protected environment. 

Interestingly, varying response to the different greenhouse irradiance conditions (shaded 

and unshaded) was exhibited among cultivars. ‘Canasta’ showed the best production 

performance under unshaded conditions due to the activation of cultivar-specific 

adaptive mechanisms, whereas ‘Ballerina’, ‘Oak leaf’ and ‘Romaine’ were best suited to 

shaded treatment (Table 1). 

Irradiance plays a critical role in plant growth, and light intensity above the 

saturation point leads to yield loss and quality degradation [5]. Confirming the results of 

previous studies on leafy vegetables [44,47–50], the use of shading net increased fresh 

yield in ‘Ballerina’, ‘Oak leaf’ and ‘Romaine’ due to the lower temperature and solar 

radiation intensity, thus resulting in microclimate improvements for these lettuce 

cultivars (400–600 μmol m−2 s−1) (Supplementary Figure S1) [5,47]. This result is 

attributable to a better hydration state of the shaded plants, reflected by the increase in 

leaf fresh weight, decrease in dry matter % and unaltered dry biomass (Table 1). The 

different microclimate conditions recorded between the shaded and unshaded sub-

compartments of the greenhouse did not influence the water use efficiency (WUE) of these 

cultivars, revealing their inability to optimize water loss under high irradiance conditions 

(unshaded treatment) (Figure 1). Therefore, it was necessary for these cultivars to reduce 

leaf area to overcome the excessive evaporative demand of the unshaded condition, which 
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accounted for the yield loss reported at the end of the growth cycle (Supplementary Figure 

S2). In contrast, ‘Canasta’ showed an opposite response compared to the other cultivars, 

improving the productive performance in unshaded treatment, probably thanks to the 

improved WUE, which is relevant to conserve water resources in the Mediterranean 

environment [43]. The different response to the unshaded condition between ‘Canasta’ 

and the other cultivars in terms of WUE seems to be in line with the adaptations that 

occurred in leaf stomatal traits. Except for ‘Canasta’, all cultivars under high light 

conditions (unshaded treatment) increased stomatal density both on the abaxial and the 

adaxial leaf side, confirming the findings reported in the literature [36,37,42,51]. Indeed, 

in response to changes in light intensity, mature leaves act as stress sensors and induce 

stomatal density changes in newly formed leaves (long-term response), allowing the plant 

to adapt to adverse environmental conditions [38,51–53]. 

As previously suggested [54], lower stomatal densities are beneficial for plant growth 

and productivity under unfavorable environmental conditions. The lettuce cultivar 

’Canasta’ reduced the abaxial stomatal density, thus improving WUE and yield (Figure 

3B). Considering that epidermal cell density was significantly lower in the abaxial side of 

‘Canasta’ leaves under unshaded condition (Figure 3C), which indicates a higher cell 

expansion compared to the shaded condition, it is possible that the lower stomatal density 

resulted from a “dilution effect” performed by epidermal cells on stomata [55]. This was 

further confirmed by the unchanged stomatal index, which indicates that stomatal 

initiation has not been affected by the two different irradiance conditions (Figure 3A). 

These results, combined with the increase in leaf number, dry biomass and unchanged 

leaf area, suggest that ‘Canasta’, differently from other cultivars, is better adapted to high 

irradiance conditions (unshaded treatment). As suggested by Zhou et al. [56], the light 

saturation point for some lettuce cultivars could be more than 800 μmol m−2 s−1, confirming 

once again the high genetic variability of this species. Regardless of cultivar, unshaded 

plants univocally increased LMA (Table 3) as an additional adaptive response to light 

stress [28]. LMA (ratio of dry biomass to leaf area) is a crucial ecological trait in plant 

adaptation to the environment [28]. Generally, under low light conditions, plants increase 

leaf area to intercept more light (lower LMA). On the other hand, under high irradiance 

conditions, plants increase dry biomass per unit leaf area (higher LMA) to improve 

photosynthetic capacity [28]. In our study, the worst performance recorded by ‘Oak leaf’ 

(lower leaf area, fresh yield and dry biomass) was also associated with the constitutively 

lowest LMA, suggesting that this cultivar is not well adapted to excessive light and 

temperature as imposed in our experiment [28]. 

3.2. Fluorescence, Total Ascorbic Acid and Carotenoids Content of Lettuce under Excessive 

Irradiance and Heat Conditions 

In agreement with previous studies [29], the Fv/Fm ratio varied as a function of light 

intensity, decreasing in plants exposed to high light intensity (unshaded treatment), 

probably due to photoinhibition (Table 3). However, independently of the cultivar, no 

changes in the main physiological and yield parameters were observed, suggesting that 

the decrease in Fv/Fm is not solely attributable to high light photoinhibition. In fact, as 

observed by Lichtenthaler and Burkart [23], a minor reduction of the Fv/Fm ratio does not 

necessarily indicate the onset of photoinhibition processes, but it could be related to other 

mechanisms of chlorophyll fluorescence quenching, such as heat emission and the 

establishment of a pH gradient. It is noteworthy that unshaded treatment increased 

chlorophyll a, b and total chlorophyll leaf content in all cultivars, probably to prevent the 

onset of harmful photoinhibition damage (Table 4). Our results are not in agreement with 

the reviewed literature suggesting that chlorophyll content in plant leaves decreases 

under high light conditions due to chloroplast formation inhibition [5,23]. This highlights 

how morpho-physiological and anatomical adaptive mechanisms have allowed plants to 

adapt efficiently to high irradiance stress (unshaded treatment). 
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In contrast with several studies on Lactuca sativa L. [2,29], the total ascorbic acid 

content did not increase in ‘Canasta’, ‘Romaine’ and ‘Oak leaf’ in unshaded treatment. 

while it was significantly reduced in ‘Ballerina’. This discordance could be due to a 

different genotypic response of cultivars to high irradiance intensity. As well as total 

ascorbic acid, carotenoids content did not show a univocal response in lettuce grown 

under unshaded conditions. Specifically, the decreased carotenoid contents in ‘Ballerina’ 

and ‘Canasta’ are in agreement with Gerganova et al. [57]. In contrast, ‘Oak leaf’ and 

‘Romaine’ maintained the content of this crucial bioactive molecule unchanged, probably 

as a defense system to high irradiance intensity, because these pigments act as photo-

selective filters [58]. The current results are not in line with the findings of Rouphael et al. 

[59], where ‘Red Oak leaf’ and ‘Baby Romaine’ demonstrated significantly lower 

carotenoid concentrations when grown under lower irradiance in a controlled 

environment. The same authors reported that the variation of some carotenoids could be 

in part attributed to the head structure of the different cultivars. 

3.3. Leaf Ions Accumulation of Lettuce under Excessive Irradiance and Heat Conditions 

The dynamics driving nitrate and mineral accumulation in vegetables are complex 

because of their influence by the environment × genotype interaction [2]. As expected, 

high irradiance intensity (unshaded treatment) reduced nitrate content in ‘Ballerina’, 

‘Canasta’ and ‘Oak leaf’ because nitrate reductase is more efficient at high light intensity 

[59]. However, the lower nitrate content could also be attributed to the improved activity 

of other crucial enzymes such as glutamate synthetase and glutamine synthetase and the 

inhibition of asparagine synthetase involved in nitrate stabilization and transport 

processes [60]. In addition, the same cultivars showed a negative correlation between 

nitrate accumulation and leaf dry matter, as pointed out by Reinink et al. [61] in Lactuca 

sativa L. It is noteworthy that ‘Romaine’ did not change in nitrate content under shaded 

conditions, probably due to a lower constitutive concentration dependent on genotype 

[2]. Similarly, total nitrogen content showed the same nitrate trend, as supported by the 

literature review [19]. Like nitrogen, phosphorus is a key element for plant growth and 

productivity, playing a pivotal role in cellular processes, membrane maintenance and 

energy molecules biosynthesis [62]. Our results showed a univocal response of cultivars 

to phosphorus accumulation, decreasing at high light intensity (unshaded treatment). 

Since phosphorus is essential for maintaining the photosynthetic machinery (PSII) [63], its 

lower values, regardless of cultivar, would be justified by the lower Fv/Fm ratio obtained 

in unshaded plants. 

In contrast, in all cultivars, leaf calcium content increased under unshaded 

conditions. This higher calcium accumulation could be due to plants’ lower growth rate 

under high light conditions (unshaded treatment), except for ‘Canasta’, which grew faster 

(Supplementary Figure S2). Calcium is a poorly mobile element, and therefore higher 

growth speed might have reduced for ‘Ballerina’, ‘Oak leaf’ and ‘Romaine’ the 

translocation of calcium [11]. However, in addition to maintaining membrane and cell 

wall structure, calcium acts as a signal molecule, promoting the activation of specific 

adaptive mechanisms that help plants adapt to various abiotic stresses (e.g., high light and 

high temperature) [64]. In our experiment, the higher concentration of calcium in 

unshaded plants could result from the fact that calcium had helped improve plants’ 

resistance under light stress. Specifically, it is interesting to note that ‘Canasta’ showed 

the highest calcium accumulation (+85%) under unshaded condition, indicating a better 

adaptation to light stress and improved production performance (greater fresh yield and 

dry biomass) [64]. 
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4. Materials and Methods 

4.1. Experimental Design, Plant Material and Growth Conditions 

The experimental trial was conducted during the early summer season 2020 in a glass 

greenhouse located at the Department of Agriculture (DIA) of the University of Naples 

Federico II (Portici, Italy; 40°49′ N, 14°15′ E, 72 m a.s.l.). The experimental protocol 

included a white shading net with a 49% light screening factor (2681BL Prisma MDF; 

Arrigoni S.P.A, Uggiate Trevano, Como, Italy) and an unshaded treatment in factorial 

combination with four lettuce (Lactuca sativa L.) cultivars with different morphology of 

leaves (Figure 5). The glasshouse was split into independent compartments of 15 m length 

and 5 m width each, representing the shaded and unshaded treatments. Plants of each 

cultivar were randomized in each compartment. Each compartment contained 4 

experimental units (one for each cultivar) including six plants (24 plants per 

compartment). Lettuce cultivars ‘Ballerina’ (Butterhead lettuce, Rijk Zwaan, De Lier, The 

Netherlands), ‘Maravilla De Verano Canasta’ hereafter ‘Canasta’ (Butterhead lettuce, 

Pagano Domenico and Figli, Scafati, Salerno, Italy), ‘Opalix’ hereafter ‘Oak leaf’ (Leaf 

lettuce; Enza Zaden, Enkhuizen, The Netherlands) and ‘Integral’ hereafter ‘Romaine’ (Cos 

lettuce; Syngenta, Basel, Switzerland) were transplanted on June 16 into pots (15 × 15 cm, 

1.8 L) filled with a 2:1 substrate (v/v) of peat and perlite. The pots were covered with a fine 

layer of perlite to prevent water evaporation from the substrate. Plants were arranged in 

double rows with a distance of 35 and 25 cm inter- and intra-rows, respectively, for a 

density of 11.5 plants m−2. Seedlings were irrigated with nutrient solution (NS) provided 

by a drip irrigation system consisting of a 16 mm polyethylene main pipeline equipped 

with 2 L h−1 drippers. The Hoagland NS had the following composition: 8.0 mM nitrate, 

0.7 mM phosphorus, 2.5 mM potassium, 3.0 mM calcium, 1.0 mM sulfur, 0.7 mM 

magnesium, 1.0 mM ammonium, 1 mM sodium, 1 mM chlorine, 20 μM iron, 9 μM 

manganese, 0.3 μM cupper, 1.6 μM zinc, 20 μM boron and 0.3 μM molybdenum. The pH 

and EC of the NS were 6.0 ± 0.2 and 1.2 ± 0.1 dS m−1, respectively. Relative humidity and 

temperature were recorded continuously using WatchDog A150 data loggers (Spectrum 

Technologies Inc., Aurora, IL, USA; 3%/0.6 °C RH/Temp accuracy) at canopy level at 

different points of the greenhouse. Climate data were collected at a 30-min interval. 

Periodic measurements of Photosynthetic Photon Flux Density (PPFD) were recorded 

from 7:30 am to 6:30 pm using a handheld spectral radiometer (MSC15, Gigahertz-Optik, 

Turkenfeld, Germany). Average temperature, relative humidity and PPFD trend recorded 

during the growing season at the experimental site are shown in Supplementary Figure 

S1. 

 

Figure 5. Illustrative picture of Lactuca sativa L. genotypes used in the experiment at transplant. ‘Ballerina’ (A), ‘Canasta’ 

(B), ‘Oak leaf’ (C), and ‘Romaine’ (D). 
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4.2. Growth, Yield and Sampling 

At 25 days after transplanting (DAT), the plants were harvested, weighed for fresh 

yield determination (g plant−1) and separated into leaves and stems. Leaf area was 

quantified by digital image analysis with ImageJ v1.52a software (U.S. National Institutes 

of Health, Bethesda, MD, USA). A subsample of leaf tissue was immediately stored at -20 

°C for total ascorbic acid and pigment analysis. All harvested tissues were oven-dried at 

70 °C until constant weight (~72 h) for dry biomass (g plant−1) and leaf dry matter (%) 

determination. Dried leaves were ground with an MF10.1 cutting-grinding head mill 

(IKA®, Staufen im Breisgau, Baden-Württemberg, Germany) and sieved with MF0.5 sieve 

(0.5 mm hole size; IKA®, Staufen im Breisgau, Baden-Württemberg, Germany) for total 

nitrogen and minerals determination. 

4.3. Plant Growth Index and Soil Plant Analysis Development (SPAD) Index 

At 8, 14 and 21 DAT on three plants per plot, the plant growth trend was quantified 

through the growth index (cm3 plant−1) according to the following equation: 

GI = π �
�

�
�

�

Ht (1)

where D is the width as the average of two perpendicular measurements and Ht is the 

plant height measured from the soil level to the plant highest point (Supplementary 

Figure S2). 

Contextually, green index (SPAD) measurements were taken on young fully 

expanded leaves with a handheld Minolta Chlorophyll Meter SPAD-502 (Minolta Camera 

Co. Ltd., Osaka, Japan). A single average SPAD value for each replicate was obtained by 

measuring ten leaves per plot. 

4.4. Leaf Gas Exchange and Maximum Quantum Efficiency of Photosystem II 

On July 9 (24 DAT) between 11:00 am and 2:00 pm, leaf gas exchange measurements 

and fluorescence emission were performed on healthy fully expanded leaves of three 

plants per plot. CO2 net assimilation rate (ACO2; μmol CO2 m−2 s−1), stomatal conductance 

(gs; mmol H2O m−2 s−1) and transpiration (E; mmol H2O m−2 s−1) were measured using a Li-

6400 portable leaf gas exchange analyzer (LI-COR Biosciences, Lincoln, NE, USA). The 

measurements were performed at ambient CO2 concentration and photosynthetic active 

radiation of 1000 μmol m−2 s−1, as set in the leaf gas exchange analyzer chamber. 

Instantaneous water use efficiency (WUEi) was calculated as ACO2/E. 

On the same date, on 10 min dark-adapted leaves, chlorophyll fluorescence 

measurements were taken with a portable fluorometer (Fv/Fm Meter, Opti-Sciences Inc., 

Hudson, NH, USA) on the same leaves used for leaf gas exchange measurements. 

According to Kitajima and Butler [65], the maximum quantum efficiency of PSII (Fv/Fm) 

was calculated as (Fm-F0)/Fm, where F0 was the ground signal induced by a blue LED 

internal light of 1–2 μmol photons m−2 s−1 and Fm was the maximal fluorescence level in 

the induced darkness by one second of saturating light pulse of 3000 μmol photons m−2 

s−1. 

4.5. Total Nitrogen and Minerals Determination 

Total nitrogen content was determined according to the Kjeldahl method described 

by Bremner [66]. Briefly, one g of finely ground dry plant sample was mixed with 7 mL of 

96% H2SO4 and 10 mL of 30% (w/w) H2O2, then was mineralized in a DK 20 Heating 

Digester (Velp® Scientifica, Usmate Velate, Monza Brianza, Italy). The mineralized sample 

was distilled in a UDK 140 distiller (Velp® Scientifica, Usmate Velate, Monza Brianza, 

Italy) by adding 33% of NaOH. Ammonia was trapped in H3BO3 by steam distillation and 

titrated with 0.1 N H2SO4. All reagents were purchased from Carlo Erba Reagents Srl 

(Milan, Italy). 
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Mineral content in lettuce leaves was determined through ion chromatography (ICS-

3000, Thermo Scientific™ Dionex™, Sunnyvale, CA, USA) according to the method 

described by Rouphael et al. [67]. Briefly, 250 mg of ground dried leaves were extracted 

in 50 mL of ultrapure water (Arium® Advance EDI pure water system; Sartorius, 

Goettingen, Lower Saxony, Germany), incubated at 80 °C in a shaking water bath 

(ShakeTemp SW22, Julabo, Seelbach, Germany) for 10 min, centrifuged at 6000 rpm for 10 

min (R-10 M, Remi Elektrotechnik Limited, Mumbai, India) and then filtered by a syringe 

filter with a 0.45 μm pore size (Whatman International Ltd., Maidstone, Kent, UK). For 

anions (NO3−, PO43- and SO42−) determination, an IonPac AG11-HC 4 × 50 mm guard 

column and an IonPac AS11-HC 4 × 250 mm analytical column were used. For cations (K+, 

Ca2+, Mg2+ and Na+) determination, an IonPac CG12A 4 × 250 mm guard column and an 

IonPac CS12A 4 × 250 mm analytical column were used. All columns were purchased from 

Thermo Scientific™ Dionex™ (Sunnyvale, CA, USA).  

Except nitrate expressed as mg kg−1 of fresh weight (FW), all minerals were expressed 

as mg g−1 of dry weight (DW). Total nitrogen was expressed as a percentage (%). Minerals 

and total nitrogen were analyzed in triplicate. 

4.6. Morpho-Anatomical Leaf Traits Determination 

The LMA was evaluated on nine leaves per treatment as the ratio between leaf DW 

and leaf area. The number of epidermal cells and stomata were determined on the abaxial 

and adaxial sides of the same leaves used for leaf gas exchange and LMA measurements, 

as described by Cirillo et al. [68]. Briefly, leaf impressions were made using cyanoacrylate 

glue on a microscopy slide. Four images per impression were taken with an optical 

microscope (Leitz Laborlux 12 microscope, Leica, Wetzlar, Germany) at 20× magnification 

and were analyzed using ImageJ v1.52a software (U.S. National Institutes of Health, 

Bethesda, MD, USA) to determine the number of stomata (SN) and epidermal cells (ECN). 

The following equation was used to calculate the stomatal index expressed as a 

percentage: 

Stomatal index =  
��

������
×100 

(2)

Stomatal density and epidermal cell density were calculated as the ratio between the 

number of cells, and the area photographed for each image (0.241 mm2). 

4.7. Total Ascorbic Acid and Leaf Pigments Determination 

Total ascorbic acid determination was performed as described by Kampfenkel et al. 

[69]. Four hundred milligrams of frozen sample were extracted with 0.8 mL of 6% 

trichloroacetic acid (TCA). The extract was incubated for 15 min at -20 °C, whereafter 1.2 

mL of 6% TCA was added. The homogenate was centrifuged at 4000 rpm for 10 min (R-

10 M, Remi Elektrotechnik Limited, Mumbai, India). The absorbance was measured at 525 

nm through a UV-Vis spectrophotometer ONDA V-10 Plus (Giorgio Bormac s.r.l, Carpi, 

Italy). 

Pigments (chlorophyll a, b and carotenoids) of lettuce leaves were determined as 

described by Wellburn [70]. Briefly, 500 mg of fresh sample was extracted in ammonia 

acetone, pestled in a ceramic mortar, and centrifuged at 2000 rpm for 10 min (R-10 M, 

Remi Elektrotechnik Limited, Mumbai, India). Chlorophyll a, chlorophyll b and 

carotenoid contents were determined through a UV-Vis spectrophotometer ONDA V-10 

Plus (Giorgio Bormac s.r.l, Carpi, Italy) with an absorbance of 647, 664 and 470 nm, 

respectively. 

Chlorophyll a, chlorophyll b, total chlorophylls, carotenoids and total ascorbic acid 

were expressed as mg 100 g−1 DW as suggested by Kováčik [71]. 
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4.8. Statistics 

The Shapiro–Wilk and Kolmororov–Smirnov procedures were performed to verify 

that the data had a normal distribution, and the Levene, O’Brien and Bartlet tests were 

conducted to verify the homogeneity of variances. Data were subjected to two-way 

analysis of variance (ANOVA) using IBM SPSS Statistics version 20.0 (SPSS Inc., Chicago, 

Illinois, USA). The mean effect of CV and GIC was compared according to one-way 

analysis of variance and t-Test, respectively. Significant statistical differences were 

determined by Duncan’s multiple-interval test for the CV × GIC interaction and the CV 

factor at the level of p < 0.05 

5. Conclusions 

High light intensity and high temperatures in Mediterranean regions pose a 

challenge to off-season lettuce production (spring-summer season), affecting growth and 

yield and resulting in quality losses. In this perspective, the combination of shading and 

genotypes tolerant to sub-optimal summer conditions is mandatory for off-season lettuce 

production. Our results showed that different genotypes revealed diverse responses to 

adverse microclimatic conditions. Among the four genotypes, ‘Canasta’ increased fresh 

yield and WUE in unshaded treatment (Figure 6). This was correlated to specific morpho-

anatomical adaptations of this cultivar, such as reduction of stomatal and epidermal cells 

density. This highlights the better suitability of ‘Canasta’ to extreme summer conditions, 

thus presenting it as a promising genotype for off-season production and breeding 

programs. Nonetheless, the white shading net (49% screening) proved useful in creating 

an adequate microclimate during the early summer season, ensuring the growth of the 

more sensitive cultivars ‘Ballerina’, ‘Oak leaf’ and ‘Romaine’. Even though more light has 

been shed on the adaptive aspects of lettuce grown at high light intensity, future research 

should be focused on the secondary metabolism response as an additional defense system 

for plants to adapt to sub-optimal growing conditions successfully. 

 

Figure 6. Schematic graphical representation of the productive and adaptive response of Lactuca sativa L. cv ‘Canasta’ 

grown under shaded and unshaded conditions in early summer season. 
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Supplementary Materials: The following are available online at www.mdpi.com/2223-

7747/10/6/1179/s1, Figure S1: Photosynthetic Photon Flux Density (PPFD), average air temperature 

and air relative humidity recorded during the growing season at the experimental site under shaded 

and unshaded conditions. Figure S2: Interaction between Cultivar (CV) and Greenhouse Irradiance 

Conditions (GIC) on plant growth trend quantified through growth index (cm3 plant-1) at different 

days after transplant. Data are mean values ± standard error, n = 3. Mean comparisons were 

performed by Duncan’s Multiple Range Test (DMRT) for CV and by t-Test for GIC. Different letters 

within columns indicate significant mean differences. ** and *** denote significant effects at p ≤ 0.01 

and 0.001, respectively.  
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