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Abstract: Lettuce is an economically important crop for small and medium-sized growers.
When grown in adverse environmental conditions, lettuce is vulnerable to a deterioration of yield and
quality. Research concerning the impact of elevated potassium (K) levels on leafy vegetables, such as
lettuce, is lacking. Therefore, seeds of dark-red ‘Lollo’ lettuce were germinated under greenhouse
conditions at 25/20 °C (day/night). Plants were transferred into 11-L containers and placed into
growth chambers at 25 and 33 °C. Plants were grown with K treatments of 117.3 (control), 234.6 (2x),
469.2 (4x), and 4) 938.4 (8x) mg-L~!. Increasing K treatments resulted in a negative quadratic
response on lettuce dry mass and generated 14% more leaf calcium at 234.6 mg-L~!. An increase in
temperature from 25 to 33 °C increased leaf dry matter and biomass by 40% and 43%, respectively.
Leaf water content increased by 3% as temperature increased. Plants grown at 33 °C had greater
quercetin glycosides compared to plants grown at 25 °C. The results from this study suggest that
temperature is a stronger regulatory factor than increasing K in the determination of lettuce yield and
quality. Increasing K concentration to 234.6 mg-L~! results in greater concentrations of leaf minerals
without compromising plant yield.

Keywords: red lettuce; hydroponics; flavonoids; heat stress; growth chambers; phenolic acids;
mineral nutrients

1. Introduction

Lettuce is a nutritious plant that contains vitamins such as A, K, C, and folates [1]. Due to its
comparatively large consumption in raw form, lettuce is also a notable source of minerals such as
iron (Fe), calcium (Ca), and magnesium (Mg) as well as antioxidants. Red-leaf lettuce cultivars are
especially high in phytonutrients such as phenolics and anthocyanins, which have been linked to
the reduced incidence of chronic and degenerative diseases [2]. According to the 2012 United States
census of agriculture, lettuce (head, leaf, and romaine combined) ranks first in total production value of
fresh market vegetables. In the southern United States, open field and greenhouse lettuce production
occur most commonly in the fall and winter seasons. This allows growers to take advantage of
cooler temperatures and shorter days, and to maximize economic returns due to fewer overhead
requirements and increased product quality. However, the progressing growth of the population
and affluent communities coincides with public demand for year-round access to locally sourced,
high-quality lettuce.

When grown in adverse environmental conditions, lettuce yield and quality can be severely
diminished. For example, subjecting lettuce to high air and root-zone temperatures accelerates the
inflorescence initiation (bolting) and results in reduced marketability [3,4]. This issue is especially
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exaggerated during the summer in the southern United States due to consistent exposure to high
temperatures and long days, which can increase bolting and lettuce bitterness. Moreover, Jenni
reported that crisphead lettuce exposed to heat stress for a 3 or 5-day period, two weeks after heading
resulted in 46% of mature lettuce heads with rib discoloration [5]. Additionally, impacts on yield and
quality are heavily associated with fertilization. For example, previous research has reported that
increasing nitrogen (N) from 0 to 60 mg-L~! resulted in greater shoot mass in lettuce grown at deep
water culture, and lettuce supplied with 400 mg-L~! N and supplemental light resulted in accelerated
growth and shoot dry matter [6,7]. However, Fu et al. [8] found that leafy lettuce grown under high
light (220 mol-m~2:s~!) and low N (7 mmol-L~!) resulted in increases in shoot biomass and vitamin C.
Crisphead lettuce grown with a shortage of Ca resulted in chlorosis at the leaf margins and loss of
apical dominance. Additionally, limiting boron (B) caused leaves to become wrinkled, stunted plant
growth, and resulted in the loss of apical dominance [9]. Conversely, Barickman et al. [10] reported
that romaine lettuce grown with increasing potassium (K) concentrations showed improvement in
biomass, leaf sucrose, and leaf K content. However, increasing K resulted in decreases in some leaf
minerals such as Ca, Mg, and sulfur (S) [10,11].

While K is not a known component of any functional plant molecules or structures, it is essential
for growth and required in relatively large quantities. Potassium plays a vital role in protein
synthesis, activation of enzymes, and photosynthesis [12,13]. Additionally, it is an essential factor
in the translocation of photo-assimilates from source to sink tissues, stomatal conductance, and the
maintenance of cell turgor pressure [10,13,14]. Potassium also plays a critical role in the survival of
plants under stressful environmental conditions by protecting against light-induced cell damage,
drought, and enhanced resistance to damage from low temperatures [15] These abiotic stresses
commonly result in the increased production of reactive oxygen species (ROS); however, potassium
lowers the production of ROS by maintaining the electron transport chain and reducing NAD(P)H
oxidase activity [15].

Studies of the influence of K concentration on yield and quality concerning leaf lettuce are lacking,
although research on crisphead lettuce and several other crops have examined its effect. For example,
crisphead lettuce and Chinese cabbage grown in increasing levels of potassium nitrate (KNOj3) (1, 5,
or 10 mM) showed maximum yield at 5 mM, decreased leaf sodium (Na) and chloride (Cl) content, and
increased leaf N and K content in both saline and non-saline conditions [16]. Moreover, Tzortzakis [17]
reported that Ca and K enrichment alleviated salinity-induced stress in hydroponically grown endives.
Promising supplemental K work has been conducted in muskmelon (Cucumis melo). For example,
late-season foliar applications of two different K formulations improved fruit marketability attributes
such as yield, firmness, and sugar content [12]. Additionally, increases in human-health related
bioactive compounds, ascorbic acid and (3-carotene, were observed [12]. However, research on
adequate and elevated levels of K as it relates to lettuce yield and quality is inconclusive. For example,
the fresh and dry shoot weight of ‘South Bay’ lettuce plantlets were unaffected by increasing K levels
from 15 to 60 mg L1 [6]. Bres and Weston [18] concluded that increasing K or pH levels did not
consistently affect tipburn incidence in three lettuce cultivars. Conversely, Fallovo [19] found that
seasonal changes in combination with increasing fertilizer concentrations resulted in plant growth
and yield increases in hydroponic leafy lettuce. The current evidence on the effect of K treatments on
lettuce yield and quality has produced some promising results. However, further research is needed to
understand this dynamic relationship better. Thus, the purpose of this study was to determine the
effect of temperature and adequate and elevated K levels on growth chamber produced red-leaf lettuce
biomass accumulation, mineral nutrient uptake, and phenolic content.



Horticulturae 2018, 4, 11 3of11

2. Materials and Methods

2.1. Plant Culture and Harvest

Seeds of Dark Red ‘Lollo’ Rosso lettuce (Johnny’s Selected Seed, Waterville, ME, USA) were sown
into 2.5 x 2.5-cm growing cubes (Grodan, Hedehuse, Denmark), and germinated in greenhouse
conditions (Verona, MS; 34° N, 89° W) at 25/20 °C (day/night). After seedlings developed
their first true leaf, three plantlets were transplanted into a 11-L. Rubbermaid® (Rubbermaid,
Atlanta, GA, USA) Roughneck plastic storage container. The dimensions of the container were
40.1 cm x 26.2cm x 17.8 cm (L x W x H). Plants were transplanted into holes that were drilled into
the lids of the containers. The tubs were filled with 10-L~! of nutrient solution using a modified
half-strength Hoagland formulation [20]. Elemental concentrations of half-strength nutrient solution
consisted of (mg-L~1): N (105), P (91.5), Ca (80.2), Mg (24.6), S (32.0), Fe (1.0), B (0.25), Mo (0.005),
Cu (0.01), Mn (0.25), and Zn (0.025). The nutrient solutions were aerated via tubing connected to an
air blower (Model: 4-LPM, Uniclife Co., Guangzhou, China). Containers were then placed inside
one of two growth chambers (Percival Scientific, Perry, IA), and plants were subjected to a 12/12 h
(day/night) photoperiod and maintained at 65% relative humidity. Each chamber was divided into
two shelves and equipped with 2-incandescent, white light bulbs and 14-fluorescent bulbs per shelf,
generating a photosynthetic flux of 360 pmol-m=2-s7! at plant canopy level. The experimental design
for this study was a randomized complete block, with eight treatments and four replications in a
2 X 4 factorial arrangement. Treatments consisted of two temperature treatments of 25 and 33 °C
and four K treatments of (1) 117.3 mg-L~}, (2) 234.6 mg-L~, (3) 469.2 mg-L~!, and (4) 938.4 mg-L 1.
Containers were monitored and supplemented with reverse osmosis (RO) water as needed. Plants
were grown for 30 days before harvesting the three plants per treatment and then separated into
roots and shoots before being weighed for total root and shoot biomass. A 10 to 15 g subsample
was retrieved from each treatment and replication, freeze-dried (FreeZone® 2.5 L, Model Number:
7670520, Labconco Corp., Kansas City, MO, USA), and reweighed to determine plant biomass. Lettuce
subsamples were then analyzed for nutritional quality.

2.2. Flavonoid Analysis

Flavonoid analysis was conducted according to Chen [21]. Briefly, lettuce leaf samples were
ground using a mortar and pestle for a homogenous subsample. A 0.04 g subsample was extracted in
a 2 mL microcentrifuge tube by adding 1.0 mL of extraction solvent (60:37:3) consisting of methanol,
de-ionized water, and formic acid. The samples were then vortexed for 1 min and centrifuged at
20,000 gn, for 15 min. After centrifugation, the samples were filtered through a 0.45 pm syringe filter
and collected in a 2 mL HPLC vial for analysis. Separation parameters and flavonoid quantification
were carried out with authentic standards using an Agilent 1260 series HPLC with a multiple
wavelength detector (Agilent Technologies, Willington, DE, USA). Chromatographic separations
were achieved using a 150 x 4.6 mm i.d., 2.6 pm analytical scale Kinetex F5 reverse-phase column
(Phenomenex, Torrance, CA, USA), which allows for effective separation of chemically similar
flavonoid compounds. The column was equipped with a Kinetex F512.5 x 4.6 mm i.d. guard cartridge
and holder (Phenomenex), and it was maintained at 30 °C using a thermostat column compartment.
All separations were achieved using a mobile gradient phase of reverse osmosis (RO) water adjusted
to pH 2.5 with trifluoroacetic acid and acetonitrile. Anthocyanin analysis was similar to the flavonoid
determination procedure with slight modification. Briefly, 0.04 g of red lettuce subsamples were
extracted in a 2 mL microcentrifuge tube by adding 1.0 mL of extraction solvent (50:40:10) consisting
of water, methanol, and acetic acid. The samples were then vortexed for 1 min and centrifuged at
20,000 gn rpm for 15 min. After centrifugation, the samples were filtered through a 0.45 um syringe
filter and collected in a 2 mL HPLC vial for analysis.
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2.3. Mineral Composition

Nutrient analysis was conducted according to Barickman et al. [22] with slight modifications.
Briefly, a 5.0-g subsample of fresh leaf tissue, which was combined with 10-mL of 70% HNO3,
was digested in a microwave digestion unit (Model: Ethos, Milestone Inc., Shelton, CT, USA). Leaves
were collected and dried for 48-h in a forced air oven (model large; Fisher Scientific, Atlanta, GA, USA)
at 65 °C. Dried samples were ground to homogeneity using liquid nitrogen, and 0.5-g subsamples
were weighed for analysis. Nutrient analysis was conducted using an inductively coupled plasma
mass spectrometer (ICP-MS; Agilent Technologies, Inc., Wilmington, DE, USA). The ICP-MS system
was equipped with an octopole collision/reaction cell, Agilent 7500 ICP-MS ChemStation software,
a Micromist nebulizer, a water-cooled quartz spray chamber, and a CETAC (ASX-510, CETAC Inc.,
Omaha, NE, USA) auto-sampler. The instrument was optimized daily in terms of sensitivity (lithium:
Li, yttrium: Y, thallium: TI), level of oxide, and doubly charged ion using tuning solution containing
10 pg-L-1 of Li, Y, T1, cerium (Ce), and cobalt (Co) in a 2% HNO3/0.5% HCI (v/v) matrix. Tissue
nutrient concentrations are expressed on a dry weight (DW) basis.

2.4. Statistical Analysis

Data were subjected to the GLIMMIXED procedure and mean separation using Tukey’s Honest
Significant Difference test (P < 0.05) with SAS statistical software (Version 9.4; SAS Institute, Cary,
NC, USA).

3. Results

3.1. Temperature and Treatment Effect on Plant Growth

While leaf fresh mass (FM) was not impacted, lettuce leaf dry mass (DM), biomass (FM:DM),
and water content were significantly affected (Table 1). Leaf DM increased by 40% from 25 °C to
33 °C, and leaf biomass increased from 0.07-g to 0.10-g (43%). Conversely, lettuce subjected to 25 °C
produced the highest leaf water content, which was 3% larger compared to lettuce grown at 33 °C.
Pertaining to lettuce roots, temperature treatments had a significant effect on root fresh mass and
dry mass but did not significantly impact biomass or water content (Table 1). Fresh mass and dry
mass were significantly higher among plants grown at 25 °C. Averaging 10.11-g, root fresh mass was
214% greater than the fresh mass of roots grown at 33 °C, which averaged 3.22-g. Similarly, root dry
mass was 186% greater with respect to plants grown at 25 °C. Nutrient solution treatment did not
significantly affect growth and production parameters. The highest level of K, 938.4 mg-L~!, resulted
in the most dry mass (Figure 1).

Table 1. The effect of grow chamber temperature on red, ‘Lollo’ lettuce shoot and root fresh mass, dry
mass, DM:FM ratio, and water content.

Temp (°C) Leaf FM  Leaf DM Leaf Leaf Water RootFM  Root DM Root Root
P ® ® DM:FM 2 (%) ® ® DM:FM?  Water (%)
25 12.122 0.86P 0.07" 0.932 10.112 0402 0.042 0.962
33 12.472 1202 0.102 090" 3220b 0.14° 0.052 0.952
P-Value b,c ns EE X%k EE EE EE ns ns

2 DM:FM ratio is reported in grams of dry to grams of fresh mass; ® The standard error of the mean was Leaf FM +
0.30; Leaf DM =+ 0.03; Leaf DM:FM =+ 0.002; Leaf Water 4 0.002; Root FM =+ 0.80; Root DM =+ 0.03; Root DM:FM =+
0.003; Root Water =+ 0.003; © ns, *, **, *** indicate non-significant or significant at P < 0.05, 0.01, 0.001, respectively.
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Figure 1. The effect of increasing potassium treatment on grow chamber, red ‘Lollo” lettuce dry mass.
The standard error of the mean was: Leaf DM =+ 0.04.

3.2. The Effect of Temperature and Treatment on Leaf Phenolics and Mineral Content

Increasing K concentrations did not significantly affect concentrations of lettuce phenolic
compounds. However, plants grown at 33 °C exhibited a greater accumulation of quercetin glycosides
and luteolin compared to plants grown at 25 °C (Figure 2).
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Figure 2. The effect of temperature on concentrations of growth chamber, red ‘Lollo” lettuce flavonoids.
Abbreviations: qgluc- quercetin glucoside; qglucor- quercetin glucuronide. The standard error of the
mean was: qgluc £ 1.77; qglucor + 7.20; luteolin £ 5.36.

Growth chamber temperature had a significant effect on leaf concentrations of macronutrients
Mg, K, and Ca (Table 2). Concentrations of all macronutrients were greatest in plants grown at
25 °C. At 33 °C, Mg concentration decreased by 19%, K decreased by 11%, and Ca declined by 13%
from values at 25 °C. Additionally, the temperature had a significant impact on concentrations of
micronutrients manganese (Mn) and molybdenum (Mo) (Table 2). Concentrations of both nutrients
were significantly greater in plants grown at 25 °C. At 33 °C, Mn concentration was reduced by 42%,
and Mo content declined by 35% from values at 25 °C. Nutrient solution treatment had no effect
onleaf nutrient concentrations for any minerals except for Ca (Figure 3), which showed the greatest
concentration in plants produced with 234.6 mg-L~! of K. This was 14% greater than the concentration
produced by lettuce under 117.3 mg-L~! of K. However, lettuce produced with 938.4 mg-L~! of K was
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statistically comparable. Moreover, lettuce grown with 938.4 mg-L~! was comparable to lettuce grown
with 117.3 mg-L~! and 469.2 mg-L~! of K.

Table 2. The effect of growth chamber temperature on elemental nutrient concentrations of red,
“Lollo’ lettuce.

Elemental Nutrient Concentrations 2

(mg-g~! DM) (ug-g~' DM)
Temp Mg K Ca Fe B Mn Zn Mo
25 4112 76.48 2 14.252 168.282 32.442 136.072 25492 0.602
33 3.32°b 67.73b 12.34b 138.46 2 31.442 79.64 b 28172 0.39b
P-value be i il ** ns ns *k ns %

2 Abbreviations: Mg-Magnesium; K-Potassium; Ca-Calcium; Fe-Iron, B-Boron; Mn-Manganese; Zn-. Zinc;
Mo-Molybdenum; b The standard error of the mean was Mg + 0.18; K + 2.67; Ca £ 0.57; Fe £ 11.68; B +
0.84; Mn + 9.22; Zn + 4.85; Mo =+ 0.05; © ns, *, **, *** indicate non-significant or significant at P < 0.05, 0.01,
0.001, respectively.

20.00

16.00

12.00
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4.00
0.00
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Leaf Ca (mg-g! DM)

Solution Treatment (mg-L?)

Figure 3. The effect of increasing potassium concentration of growth chamber produced, red ‘Lollo’
lettuce calcium concentration. The standard error of the mean was: Calcium + 0.66.

3.3. The Effect of Temperature and Treatment Interactions on Leaf Mineral Content

Interactions between temperature and K solution treatment significantly affected nutrient
concentrations of phosphorous (P), sulfur (S), and copper (Cu) only (Table 3). Plants grown at
25°C in 117.3 mg-L~! of K produced maximum levels of P (8.50 mg-g 1), followed respectively by
4692 mg-L! (7.69 mg-g!),9384 mg-L ! (7.61 mg-g~!), and 234.6 mg-L ! (7.40 mg-g '), which were
comparable to each other. Plants grown at 33 °C produced the lowest P concentrations, and treatments
did not significantly differ. Plants grown at 25 °C accumulated the highest concentrations of sulfur,
but treatments were not significantly different from each other. Plants grown at 33 °C in 117.3 mg-L~!
produced the greatest concentration of sulfur (9.99 mg-g~!), resulting in comparable amounts to
plants grown at 25 °C; whereas, plants grown at 33 °C in 234.6, 469.2, and 938.4 mg-L~! produced
comparable concentrations to each other. Additionally, copper concentrations were greatest in plants
grown with 469.2 mg-L~! at 25 °C, which decreased 14% with plants grown with 938.4 mg-L~! of
K and an additional 20% and 2% in plants grown with 234.6 and 117.3 mg-L~!, respectively. Plants
grown at 33 °C with 117.3 mg-L~! accumulated the highest concentrations of copper (3.22 ug-g~! DW)
which declined 58%, 43%, and 53% with K treatments of 234.6, 469.2, and 938.4 mg-L’l, respectively.
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Table 3. The effect of the interaction between temperature and treatment on elemental nutrient
concentrations of growth chamber red ‘Lollo” lettuce.

Elemental Nutrient Concentrations 2

(mg-g~1 DM) (ug-g~! DM)
Temperature (°C) K Treatment (mg-L~1) P S Cu

25 117.3 8502 10412 2.59 abc
25 234.6 7.40P 10.612 2.64 abc
25 469.2 7.69b 10.59 2 3.822
25 938.4 7.61b 10.02 &b 3.30ab
33 117.3 6.20°¢ 9.99 ab 3.22ab
33 234.6 6.54 ¢ 8.94 ab 1.36 bed
33 469.2 6.33¢ 8.82 ab 0.78 cd
33 938.4 6.33°¢ 9.51ab 0374

* * *

P-value b

2 Abbreviations: P-Phosphorous; S-Sulfur; Cu-Copper; ® The standard error of the mean was p & 0.22; S & 0.28; Cu
£ 0.70; € ns, *, **, *** indicate non-significant or significant at P < 0.05, 0.01, 0.001, respectively.

4. Discussion

The current study examined how increasing K concentration in a deep-water culture production
system affected the growth and quality of ‘Dark Red” ‘Lollo” Rosso lettuce under mild and extreme
temperatures. Lettuce is a cool season crop with a preferred temperature range of 7-24 °C.
Inflorescence initiation is encouraged by exposure to high temperatures and photoperiods of >13 h [23].
Producing lettuce above these thresholds affects plasma membrane fluidity, microtubules and
microfilaments, and the photosynthetic apparatus [24]. This causes an intracellular signal cascade
that ultimately reduces plant yield and quality. Previous studies have examined the effect of elevated
temperatures on yield, quality, and growth rate for many vegetables. For example, plants grown
at supra-optimal temperatures resulted in smaller tomato fruit, reduced flower and fruit set in bell
peppers, and decreased net photosynthesis and chlorophyll content of Chinese cabbage [25-27].
Adverse temperatures also altered the form and color of cucumber and eggplant fruit and increased
the relative growth rate of lettuce plants by 33% to 85% [28,29].

The results of the current study diverged from the common effects of heat stress on lettuce and
other crops. Differences in production temperatures resulted in an inverse relationship between root
and shoot development. Plants grown at 33 °C demonstrated greater production of shoot fresh mass,
dry mass, and biomass, while plants grown at 25 °C had greater leaf water content, root fresh mass,
and root dry mass. The degree to which lettuce can tolerate adverse temperatures is known to vary
greatly among cultivars. In at least one variety trial comparing 21 cultivars of red-leaf lettuce, ‘Lollo
Rosso” was among the top four cultivars that exhibited the greatest resistance to heat stress [30]. Thus,
plants produced at the highest temperature in the current study may have withstood deleterious
effects on fresh mass, dry mass, and biomass due to heat tolerance inherent in the ‘Lollo Rosso’ cultivar.
Moreover, the lack of exogenous stress on plants produced in milder temperatures may have allowed
for the greater generation of root fresh and dry mass.

With respect to the production of secondary metabolites, increasing K concentration did not affect
lettuce flavonoid and phenolic acid content. The highest concentrations of phenolics were notably
present in lettuce plants produced at the highest temperature treatment, which is consistent with
the literature demonstrating increased production of phenolics under warm temperatures in lettuce,
tomato, and watermelon [31-33]. Instead, elevating the temperature to 33 °C resulted in significant
differences of flavonoid content in lettuce plants. Unlike amino acids, sugars, and fatty acids, flavonoid
and phenolic acid compounds are not required by plants for survival [33]. However, production of
secondary metabolites is an adaptive mechanism by plants to aid in protection from environmental
stressors. For example, high light intensity often results in the production of secondary metabolites
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called anthocyanins in flowering plants. Anthocyanins offer plants additional photoprotection due to
the ability to absorb radiation in the photosynthetically active spectrum [34-36].

Previous research has examined the role of flavonoids and phenolic acids in mitigating abiotic
stress such as extreme heat. For example, Oh et al. [37] reported that concentrations of chicoric
and chlorogenic acid, quercetin-3-O-glucoside, and luteolin-7-O-glucoside increased significantly
in five-week-old lettuce plants subjected to heat shock treatments. Additionally, flavonoid content
increased in three pigmented baby lettuce cultivars as growing season progressed from February
to May [38]. Conversely, Boo et al. [39] stated that total polyphenol concentrations decreased with
increasing heat treatments. However, another study concluded that lettuce cultivar was a larger
contributing factor to the accumulation of phenolic compounds among five tested varieties [40].
The results of the current study suggest that elevating temperatures were responsible for the increases
in flavonoid and phenolic content, since light intensity and photoperiod were equal and held constant
in both temperature treatments.

Increasing concentrations of K did not significantly affect the uptake of leaf mineral
nutrients except for calcium, which increased among plants treated with 2x (234.6 mg-L~!) and
8x (9384 mg-L!) levels of K. Although not statistically significant, a visible trend was observed
among plants exposed to 2x treatments of K, containing the greatest concentrations Mg, K, Fe, Mn,
and Mo. Although K is not a constituent of any functional plant molecules or structures, it is vital to
plant growth and development and is known to affect the uptake of mineral nutrients such as Ca and
Mg [13]. Several studies have explored the impact of increasing nutrient solution concentrations on leaf
mineral nutrient content. For example, Fallovo et al. [19] investigated the effects of increasing nutrient
solution electrical conductivity (EC) on yield and quality of leafy lettuce. Results suggested that
concentrations of N, P, K, and Mg increased concerning increasing nutrient solution EC. Similar results
were confirmed by Chiloane [41], who found that N and P had a tendency to increase with increasing
solution EC, and K increased with increasing solution EC before declining with the highest treatments.

Furthermore, Barickman et al. [10] demonstrated that elevating K in red-romaine lettuce grown in
a soilless production medium increased leaf concentration of K by 43% but resulted in decreases in
Ca, Mg, and S concentrations. Additionally, results from this study indicated that leaf mineral
nutrient content increased before reaching a saturation point and declined with the greatest K
treatments [10]. The results of the current study are consistent with the findings of previous studies.
In comparison to control treatments, several nutrients increased with 2 x (234.6 mg-L~!) treatments
before content declined at 4 x (469.2 mg-L’l) and 8x (938.4 mg-L’l). Additionally, concentrations of
the macronutrients Mg, K, and Ca and micronutrients Mn and Mo were significantly greater at the
lowest temperature treatment, suggesting that lack of exogenous temperature stress supported root
productivity and facilitated the uptake and assimilation of minerals better than plants experiencing
abiotic stress.

In conclusion, continuing research is needed to develop a better understanding of the
dynamic relationship between abiotic stress, such as adverse temperatures and elevated EC,
and the deterministic role these factors play in lettuce growth, development, and nutritional
quality. While previous research has demonstrated the efficacy of increasing K on positive growth
and qualitative characteristics, results vary among crop species and cultivars. In this situation,
the application of increasing levels of K produced comparable levels of leaf DM at 117.3 mg-L~!
and 938.4 mg-L~! and resulted in 14% more leaf calcium content at 234.6 mg-L~!, compared to the
control treatment of 117.3 mg-L~!. However, previous research suggested that the beneficial effect
of increasing K on some leaf mineral nutrients in lettuce may come with a reduction in others due
to competition at the site of root uptake, generating inconsistency in nutritional quality. Ultimately,
differences in growth chamber temperatures generated the most significant impact on lettuce biomass,
phenolic content, and leaf mineral concentrations. Therefore, the results from this study suggest that
temperature is a stronger regulatory factor than increasing K in the determination of lettuce yield and
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quality; however, increasing K concentration to 234.6 mg-L~! resulted in higher concentrations of leaf
calcium without compromising lettuce yield or quality.
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