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ABSTRACT 

Common ice plant (Mesembryanthemum crystallinum L.) is a novel edible plant with 

succulent and savory flavor. It has high nutritional value for humans and is used as 

medical treatment, in therapeutic cosmetics and as food. Ice plant as a leafy green 

with its unique flavor may become an important new, high-value crop in controlled 

environment agriculture (CEA). However, limited information on cultural practices of 

ice plant is available. No information was previously available on the consumer liking 

and sensory evaluation of ice plant. The objective of this study was to develop 

increased knowledge about cultural management during hydroponic production to 

optimize the yield potential of this plant as well as to determine consumer sensory 

responses.  

 

This study began with evaluating the response of ice plant to sodium chloride (NaCl) 

concentration in the hydroponic nutrient solution, because ice plant is an obligatory 

halophyte that requires NaCl for optimal growth. Four-week old seedlings were 

established in hydroponics with a base nutrient solution and one of five NaCl 

concentrations (0, 0.05, 0.10, 0.20, 0.40 M NaCl). Optimum yield (fresh weight, dry 

weight, and leaf surface area) was obtained at 0.05 M and 0.10 M NaCl in hydroponic 

nutrient solution which performed better than control (0 M). Quantitative analysis of 

Na and Cl uptake also indicated the potential of ice plant to be used in bioremediation 

of saline soil and hydroponic wastewater. The second part of this study focused on 

lighting control which is a common practice in CEA. Ice plant was evaluated in 
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response to five photoperiod/daily light integral (DLI) treatments (8/6.3, 12/9.5, 

16/12.7, 20/15.8, 24/19.0 hr/mol·m-2·d-1 ) and it exhibited better plant performance 

with increased photoperiod/DLI up to 20 hr/15.8 mol·m-2·d-1 and negative effect of 

continuous lighting treatment. The NaCl and lighting research could effectively 

inform greenhouse and plant factory production of edible ice plant. The third part of 

this study focused on consumer sensory evaluation of ice plant. Ice plant received a 

moderate overall liking score and the score decreased slightly with increasing salt 

level. Increasing salt also led to slightly increased fishiness and sourness and slightly 

decreased green flavor but had no effect on sweetness and bitterness. Salt level did 

not affect appearance and texture of ice plant. Overall familiarity and intent to 

purchase ice plant was low suggesting more work is needed to familiarize consumers 

to this new edible crop. 
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CHAPTER 1 

Response of Common Ice Plant (Mesembryanthemum crystallinum L.) to Sodium 

Chloride Concentration in Hydroponic Nutrient Solution 

 

Abstract 

Common ice plant (Mesembryanthemum crystallinum L.) is a novel edible plant with 

succulent and savory flavor. It is known to have epidermal bladder cells (EBCs) that 

store water and sodium chloride (NaCl) on the surface of the leaves. Ice plant is an 

obligatory halophyte that requires NaCl for optimum growth. The objective of this 

study was to determine the impact of NaCl on growth of ice plant for edible hydroponics 

production as an edible leafy green and to quantify the ability of ice plant to take up 

NaCl from the environment. Four-week old seedlings of ice plant were transplanted 

into hydroponic systems, established for 1 week, and given five NaCl treatments (0 M 

[control], 0.05 M, 0.10 M, 0.20 M, 0.40 M NaCl). Sequential destructive harvests to 

determine plant growth occurred at day 7, 14, and 21 after NaCl treatment. The 0.05 M 

NaCl had the greatest stimulating effect on biomass, increasing total FW by 173% and 

shoot FW by 193% vs. 0 M plants. The 0.10 M NaCl also had stimulating effect as 

compared to 0 M but plants were not as large as those receiving 0.05 M NaCl. The 0.20 

M NaCl had little effect on plant growth compared with the control. The 0.40 M NaCl 

had a strong stunting effect on plant growth. All plants treated with NaCl lost some root 

weight, and higher NaCl concentration resulted in greater loss. However, for the 0.05 

M and 0.10 M treatment, the gain in shoot weight exceeded the loss in root weight. 
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Plants gained or lost water in a faster rate than dry mass, which resulted in larger 

differences among treatments in fresh weight (FW) than in dry weight (DW). Plants 

treated with higher NaCl concentrations developed fewer, smaller and thicker leaves, 

but contained more EBCs per unit leaf surface area. There was high Na and Cl 

accumulation in leaf tissues of all salt-treated plants (ex: 180,507 mg/kg Na and 

125,084 mg/kg Cl in 0.05 M treatment vs. 13,558 mg/kg Na and 12,991 mg/kg Cl in 0 

M treatment). This indicated great potential for bioremediation of saline soil or 

hydroponic water. Concentration of macronutrients such as nitrogen (N), phosphorus 

(P), calcium (Ca), magnesium (Mg), sulfur (S) were reduced when plants received 

increasing NaCl treatments.  
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Introduction 

Common ice plant (Mesembryanthemum crystallinum L.) is a succulent edible plant 

emerging as a new ingredient for salad. Ice plant is reported to have a high nutritional 

value for humans due to its abundant antioxidant compounds such as phenolic 

compounds (Kang et al., 2016). Ice plant is used as medical treatment, in therapeutic 

cosmetics, and as food (Loconsole et al., 2019). As hydroponics and controlled 

environment technologies become more widely used for the production of fresh and 

high-quality vegetables, greenhouse growers are looking to expand the crops they 

produce, and some have added ice plant into their production mix.  

 

Ice plant is known for its ability to take up sodium chloride (NaCl) and stores water and 

NaCl in epidermal bladder cells (EBCs) (Agarie et al., 2007). This characteristic not 

only brings appealing salty and succulent (i.e. juicy) flavor, but implies great potential 

of this plant to deal with salinization of soil and water. In the halophyte database 

produced by Menzel et al. (1862), ice plant is categorized as an obligatory halophyte 

which requires saline environments for optimal growth. That explains the fact that ice 

plants are typically found on coastal sand dunes, saline flats and inland saline areas 

(Loconsole et al., 2019). Although there is debate about the NaCl threshold defining 

halophytes, Flowers and Colmer (2008) define halophytes as plants that survive to 

reproduce in environment where salt concentration is around 0.2 M NaCl or more. 

Halophytes have developed salt-adapting mechanisms such as ion homeostasis through 

ion extrusion and compartmentalization, osmotic adjustments, and antioxidant 
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production (Joshi et al., 2015). Ice plant as a halophyte transports NaCl into its special 

cells, EBCs, on the leaf surface, resulting in low NaCl concentration in 

photosynthetically active leaf tissues (Agarie et al., 2007). Further, ice plant switches 

from C3 metabolism to Crassulacean acid metabolism (CAM) when exposed to high 

salinity, as a strategy to prevent water loss (Winter et al., 1982). Abscisic acid (ABA) 

plays a critical role in this NaCl stress response (Chu et al., 1990). For ice plant, 

increased concentration of sodium chloride is reported to increase the accumulation of 

pinitol and ononitol, compounds that promote human health, with maximum 

accumulation at 0.40 M NaCl concentration (Agarie et al., 2009). 

 

Previous research has focused on mechanisms of ice plant’s salt tolerance through 

metabolic mechanisms but lacks applied information that correlates salt concentration 

with hydroponic productivity (biomass and plant morphology). From an agronomic 

perspective, sodium chloride is added to the fertilizer to promote growth and savory 

flavor in ice plant production. However, limited information is available to inform the 

effect of NaCl concentration on plant growth and performance. Research conducted by 

Agarie et al. (2007) exposing ice plants to 0, 0.1, 0.2, 0.4, 0.8 M NaCl showed that 

highest dry weight accumulation of ice plant occurred between 0.1 M and 0.2 M NaCl 

treatment. However, plants were not exposed to saline treatments until they were 45 

days old, and the focus of the study was on comparing the reproductive potential of 

wild-type to EBC-less mutant plants. Ice plants used as edible leafy greens are typically 

harvested in six to eight weeks. More information is needed on the biomass response 
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of the crop to earlier NaCl treatments during hydroponic production as a leafy green 

crop.  

 

In standard hydroponic crops (tomatoes, cucumbers, lettuce, cut flowers), NaCl in 

hydroponic solution is a big challenge as it is not used in large quantities by the plant 

so NaCl can accumulate over time and hinder the absorption of essential elements such 

as N, K, Ca and Mg (Neocleous and Savvas, 2017). The use of tap water (which 

typically has some NaCl) rather than deionized/reverse-osmosis water makes it worse 

as the hydroponic nutrient solution is captured and reused with a resulting increase in 

NaCl concentration over time eventually becoming limiting for plant growth (Voogt 

and Os, 2010). Replacement of the hydroponic solution is required to solve this problem 

but fertilizer wastewater results in environmental threats (Kumar and Cho, 2014). 

Incorporating ice plants into other hydroponic growing systems such as lettuce systems 

may mitigate or eliminate the accumulation of NaCl, resulting in less frequent 

replacement of the hydroponic solution. For the treatment of hydroponic wastewater, 

constructed wetlands have also been used to remove polluting elements such as N and 

P (Gagnon et al., 2010). Incorporating ice plant into constructed wetlands may 

effectively remove Na and Cl as well. However, research is lacking on the quantity of 

Na, Cl and other minerals elements that are accumulated by ice plant in response to 

NaCl concentration in the hydroponic solution over time. Therefore, the objectives of 

this project were two-fold: 1) determine the response of ice plant (yield and morphology) 

to NaCl concentration in the hydroponic solution to inform production practices and 2) 
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determine the extent to which ice plant can accumulate NaCl for future applications 

mitigating NaCl accumulation in recirculating hydroponic systems. 

 

Materials and Methods 

Plant material. Seeds of ice plant (Baker Creek Heirloom Seeds, Mansfield, MO) were 

started in 2.5 cm rockwool cubes that were pre-soaked with 21 N – 2.2 P – 16.5 K Jack’s 

All Purpose Fertilizer (JR Peters Inc., Allentown, PA) at a concentration of 150 mg·L-1 

N and placed in trays (Figure 1.1). During winter hours, the plug trays were placed on 

a heat mat maintaining a 20 ℃ rockwool temperature. All seed trays were fertilized 

daily with Jack’s All Purpose Fertilizer (21 N – 2.2 P – 16.5 K) at a concentration of 

150 mg·L-1 N and raised in controlled greenhouse environment with 19.8 ± 0.5 ℃ 

(mean ± std dev.) day temperature and 19.0 ± 0.6 ℃ (mean ± std dev.) night temperature. 

A photoperiod of 20 hours per day and supplemental lighting were supplied by high 

pressure sodium (HPS) fixtures set to provide 55 μmol·m-2·s-1 at plant canopy. 

Germination generally occurred two to three days after sowing, and seedlings were 

thinned to one per rockwool cube three weeks after sowing. The entire germination 

stage took four weeks. The seedlings were then selected for uniformity (Figure 1.2), 

and transplanted to the experimental setting.  
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Figure 1.1. Seedlings of ice plant grown in rockwool prior to hydroponic experiments 

 

 

Figure 1.2. Selected 4-week-old seedlings of ice plant just prior to transplant into 

hydroponic systems 

 

Experimental setting. Mini-pond hydroponic systems were created using 4-L containers 

filled with nutrient solution (Figure 1.3). A 2.5 cm hole was drilled on the cover of each 

container to fit the rockwool cube. Each single seedling was transplanted into one 

container, with the bottom of the rockwool cube and plant roots touching the nutrient 

solution. Air pumps supplied air to the nutrient solution through tubing connected to air 

stones placed into the container to maintain saturated dissolved oxygen. All plants were 
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grown in controlled greenhouse environment with 22.5 ± 0.7 ℃ (mean ± std dev.) day 

temperature, 21.2 ± 0.8 ℃ (mean ± std dev.) night temperature and 14 hours 

photoperiod. HPS lights provided 88.9 ± 9.8 μmol·m-2·s-1 (mean ± std dev.) as measured 

at plant canopy. Supplemental light was on from 0600 to 2000 HR daily, which provided 

a supplemental daily light integral (DLI) of 4.48 mol·m-2·d-1. 

 

 

Figure 1.3. Greenhouse setting for the hydroponic experiments with ice plant and 

sodium chloride concentration 

 

The hydroponic nutrient solution was made by combining equal parts (0.75 g·L-1 each) 

of 5 N – 5.2 P – 21.6 K Jack’s Professional Water-Soluble Fertilizer (J. R. Peter’s Inc.) 

and 15.5 N – 0 P – 0 K YaraLiva Calcinit (Yara International, Oslo, Norway) following 

the lettuce recipe by Mattson and Peters (2014). This nutrient recipe provided 150 

mg·L-1 nitrogen (N), 39 mg·L-1 phosphorus (P), 162 mg·L-1 potassium (K), 139 mg·L-

1 calcium (Ca), 47 mg·L-1 magnesium (Mg), 62 mg·L-1 sulfur (S), 2.3 mg·L-1 iron (Fe), 

0.38 mg·L-1 manganese (Mn), 0.11 mg·L-1 zinc (Zn), 0.38 mg·L-1 boron (B), 0.113 
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mg·L-1 copper (Cu) and 0.075 mg·L-1 molybdenum (Mo). The pH of the nutrient 

solution was adjusted every three days to the range of 5.6-6.0, using 1 M potassium 

hydroxide (KOH) and 1 M sulfuric acid (H2SO4). After one week for plant 

establishment (7 days after transplanting into the hydroponic containers) the base 

nutrient solution was replaced and five different concentrations of sodium chloride 

(NaCl) were added to the base nutrient solution: 0, 0.05, 0.10, 0.20, and 0.40 M NaCl. 

Nine plants were randomly assigned to each NaCl treatment and therefore a total of 

forty-five plants were used for each crop cycle, with a total of 3 replicate crop cycles in 

the experiment. The nutrient solution plus corresponding NaCl was replaced every 

week (at day 14 and day 21 after transplanting) to maintain electrical conductivity (EC). 

The EC was measured every three days and after each replacement of the nutrient 

solution and averaged 7.5 ± 0.1, 13.1 ± 0.3, 23.4 ± 0.3 dS·m-1 (mean ± std dev.) for the 

0, 0.05, 0.10, 0.20, and 0.40 M NaCl treatments, respectively. 

 

Measurements. Three plants from each treatment (a total of fifteen plants at each sample 

date) were harvested at day 7, day 14, and day 21 after NaCl treatment (Figure 1.4). At 

each harvest, measurements were taken on: fresh weight (FW) and dry weight (DW, 

following 72 h in an oven at 70 °C) of shoot, leaf, root, and whole plant; number of 

leaves on main stem; and leaf surface area (LSA) with an LI-3100 LSA meter (LI-COR 

Inc., Lincoln, Nebraska). Shoots from the three plants per treatment per harvest date 

were pooled together for mineral nutrient tissue analysis at the Cornell Nutrient 

Analysis Lab (Ithaca, NY). EBCs were observed under 16x magnification (field of view 
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[FOV] or field size is equal to 1.44 mm). A random plant from each treatment was 

selected as the sample plant, and then three leaves from three positions - bottom, middle, 

upper - were sampled for qualitative, visual observations. The experiment was 

replicated over time for a total of three times. 

 

 

Figure 1.4. Timeline for each of the three crop cycles in the experiment 

 

Experimental design and statistical analysis. The experiment was designed as a 

randomized complete block design (RCBD). The above methods were replicated three 

times, and these crop cycles were treated as different blocks. Within each block, the 

experimental unit was one plant in a 4-L hydroponic container. Within each crop cycle 

containers were randomly placed on the benches in the greenhouse. There were nine 

experimental units for each of the five NaCl treatments. Three experimental units from 

each NaCl treatment were randomly selected for destructive harvest at three time points 

(day 7, 14, 21 after treatment). The data were analyzed using JMP software (SAS 

Institute, Cary, NC). ANOVA and Tukey’s Honest Significance Difference (HSD) Test 

were used to determine differences among NaCl treatments for each harvest date. 

Linear and quadratic regression was conducted to model plant growth over time. 
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Results 

Fresh weight. In the first week of NaCl treatment, plants treated with lower NaCl 

concentrations (0.05 M and 0.10 M) did not differ from the control, but plants treated 

with higher NaCl concentrations (0.20 M and 0.40 M) started to show stunting effects 

of NaCl in terms of total FW, shoot FW and root FW (Table 1.1). After two weeks of 

NaCl treatment, plants treated with 0.05 M NaCl exhibited the greatest shoot FW and 

therefore total FW. The control (0 M), 0.10 M, and 0.2 M NaCl groups had smaller 

shoot FW than 0.05 M but greater than the 0.40 M NaCl group. A similar pattern was 

observed at week 2 for total FW. Root FW for all treatments had the pattern that 

increased NaCl level in the nutrient solution decreased the plant root FW. After three 

weeks of NaCl treatment, the 0.05 M NaCl group performed much better than the other 

groups in terms of shoot and total FW, although it had only half of the root FW of the 

control. The 0.10 M NaCl group was ranked second and better than the control in terms 

of shoot and total FW. Similarly, it had much less root FW than the control but higher 

shoot FW which resulted in higher total FW. In general, plants treated with lower NaCl 

concentrations (0.05 M and 0.10 M NaCl) sacrificed some root weight but accumulated 

even more shoot weight. The 0.20 M NaCl group exhibited similar shoot and total FW 

as the control but lower root FW. The 0.40 M NaCl group performed most poorly, 

especially showing root FW only one-tenth that of the control. From the timeline 

perspective, all groups showed highly significant (p < 0.001) linear growth in total and 

shoot FW, and the 0.05 M (p < 0.01) and 0.10 M (p < 0.05) NaCl group also showed 

some degree of quadratic growth as they accumulated much more FW in the last week 



 12 

than in the previous weeks. All groups showed highly significant linear growth in root 

FW (Table 1.1, Figure 1.5). 

 

Table 1.1. Mean plant fresh weight, shoot fresh weight, and root fresh weight of ice 

plant in response to sodium chloride (NaCl) treatment in hydroponic nutrient solution 

over time (plants harvested 7, 14 or 21 days after treatment). Data represent means (± 

SE) of 3 experimental units times 3 replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Significance 

across time 

Plant Fresh Weight (g) 

0.00 84.1 ± 4.6 AB 257.9 ± 9.3 B 527.7 ± 19.6 C L***QNS 

0.05 98.8 ± 7.2 A 355.2 ± 17.1 A 912.9 ± 38.3 A L***Q** 

0.10 92.3 ± 7.8 A 282.3 ± 19.1 B 657.3 ± 22.4 B L***Q* 

0.20 61.0 ± 4.4 B 236.5 ± 15.2 B 433.6 ± 22.7 C L***QNS 

0.40 30.1 ± 6.7 C 65.5 ± 12.1 C 110.5 ± 16.3 D L***QNS 

Shoot Fresh Weight (g) 

0.00 74.0 ± 4.0 AB 230.8 ± 7.4 B 453.8 ± 17.9 C L***QNS 

0.05 89.5 ± 6.6 A 332.9 ± 16.6 A 877.1 ± 38.4 A L***Q** 

0.10 83.8 ± 7.2 A 264.3 ± 18.2 B 627.1 ± 21.1 B L***Q* 

0.20 55.6 ± 3.9 B 221.9 ± 14.6 B 409.0 ± 21.6 C L***QNS 

0.40 27.4 ± 5.7 C 60.7 ± 11.3 C 103.6 ± 15.4 D L***QNS 

Root Fresh Weight (g) 

0.00 10.1 ± 1.1 A 27.1 ± 2.7 A 73.9 ± 5.2 A L***Q* 

0.05 9.3 ± 0.7 A 22.3 ± 1.3 AB 35.8 ± 2.0 B L***QNS 

0.10 8.5 ± 0.6 AB 17.9 ± 1.2 BC 30.2 ± 1.8 B L***QNS 

0.20 5.4 ± 0.6 BC 14.6 ± 0.9 C 24.7 ± 1.6 B L***QNS 

0.40 2.7 ± 1.0 C 4.8 ± 0.9 D 7.0 ± 1.1 C L***QNS 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment 

time: NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, 

respectively. 
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Figure 1.5. Mean shoot fresh weight (FW) of ice plant in response to sodium chloride 

(NaCl) treatment in hydroponic nutrient solution over time (plants harvested 7, 14 or 

21 days after treatment). Data are means (± SE) of three experimental units at each 

harvest. 

 

Dry weight. DW generally showed similar trend as FW with a few notable differences. 

First, reductions in DW exhibited by control and 0.10 M vs. 0.05 M were not as great 

as the FW reductions for the same time periods. This indicated that plants treated with 

0.05M and 0.10 M NaCl accumulated water in a higher rate than accumulating dry mass. 

This was partially evidenced by the leaf water content result (Table 1.4). Second, the 

stimulating effect in terms of DW for the 0.05 M treatment did not appear until the last 

week. In other words, the outperformance of the 0.05 M NaCl group in terms of FW in 

the second week was mostly due to the accumulation of extra water. Third, the stunting 

effect of 0.40 M NaCl on the DW was not as large as that on the FW. This was also 

evidenced by the lowest leaf water content of this group (Table 1.4). Lastly, as NaCl 

level increased, the degree of decreased root DW was not as large as the degree of 
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decreased root FW. In other words, when facing higher NaCl levels, plant roots lost 

water in a higher rate than losing dry mass. From the timeline perspective, all plants 

showed highly significant (p < 0.001) linear growth in total, shoot and root DW. Since 

the increase in weight was buffered by removing the water factor, almost no group 

except the 0.05 M NaCl group showed quadratic growth (p < 0.05) (Table 1.2). 

 

Shoot:root ratio. shoot:root ratio was higher with increased NaCl level. This trend 

gradually appeared from week one to week three (Table 1.2). However, the 0.40 M 

NaCl led to an increase in shoot:root ratio even by the first harvest, due to poorer root 

performance than shoot performance. After the first week, both the control group and 

the 0.40 M NaCl group had relatively constant shoot:root ratio over time. In other words, 

they both gained shoot and root weights at the same rate, but this rate for the 0.40 M 

NaCl group is much lower than that for the control group. The other groups started with 

shoot:root ratios close to that of the control, and over time, had increased shoot:root 

ratios that were eventually close to that of the 0.40 M group (Figure 1.6). In other words, 

for these groups, the rate of accumulating shoot weight is higher than the rate of 

accumulating root weight.  
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Table 1.2. Mean plant dry weight, shoot dry weight, root dry weight, and shoot:root 

ratio of ice plant in response to sodium chloride (NaCl) treatment in hydroponic nutrient 

solution over time (plants harvested 7, 14 or 21 days after treatment). Data represent 

means (± SE) of 3 experimental units times 3 replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Significance 

across time 

Plant Dry Weight (g) 

0.00 1.009 ± 0.057 AB 9.094 ± 0.286 A 19.567 ± 0.594 BC L***QNS 

0.05 1.073 ± 0.054 A 10.162 ± 0.478 A 25.134 ± 1.203 A L***Q* 

0.10 1.047 ± 0.072 A 9.188 ± 0.426 A 21.241 ± 0.931 AB L***QNS 

0.20 0.777 ± 0.043 B 9.158 ± 0.550 A 16.590 ± 1.053 C L***QNS 

0.40 0.417 ± 0.058 C 3.931 ± 0.221 B 6.587 ± 0.811 D L***QNS 

Shoot Dry Weight (g) 

0.00 2.781 ± 0.146 A 7.649 ± 0.226 A 16.292 ± 0.565 BC L***QNS 

0.05 3.162 ± 0.177 A 8.796 ± 0.418 A 22.245 ± 1.134 A L***Q* 

0.10 3.215 ± 0.281 A 7.980 ± 0.396 A 18.758 ± 0.862 AB L***QNS 

0.20 2.521 ± 0.123 AB 8.043 ± 0.503 A 14.792 ± 0.954 C L***QNS 

0.40 1.796 ± 0.171 B 3.496 ± 0.173 B 5.951 ± 0.728 D L***QNS 

Root Dry Weight (g) 

0.00 0.504 ± 0.029 AB 1.446 ± 0.082 A 3.275 ± 0.153 A L***QNS 

0.05 0.536 ± 0.027 A 1.366 ± 0.066 AB 2.889 ± 0.142 AB L***Q* 

0.10 0.524 ± 0.036 A 1.209 ± 0.046 AB 2.483 ± 0.091 B L***QNS 

0.20 0.389 ± 0.021 B 1.115 ± 0.058 B 1.798 ± 0.115 C L***QNS 

0.40 0.209 ± 0.029 C 0.434 ± 0.052 C 0.636 ± 0.088 D L***QNS 

Shoot:Root Ratio 

0.00 5.558 ± 0.192 B 5.439 ± 0.173 C 5.013 ± 0.268 C L*QNS 

0.05 5.806 ± 0.154 B 6.436 ± 0.222 BC 7.668 ± 0.434 B L***QNS 

0.10 5.922 ± 0.208 B 6.538 ± 0.266 BC 7.474 ± 0.167 B L***QNS 

0.20 6.432 ± 0.307 B 7.407 ± 0.337 AB 8.124 ± 0.239 AB L**QNS 

0.40 9.363 ± 0.898 A 8.305 ± 0.405 A 9.395 ± 0.499 A LNSQNS 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment 

time: NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, 

respectively. 
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Figure 1.6. Mean shoot:root ratio of ice plant in response to sodium chloride (NaCl) 

treatment in hydroponic nutrient solution over time (plants harvested 7, 14 or 21 days 

after treatment). Data are means (± SE) of three experimental units at each harvest. 

 

Leaf number on the main stem, Leaf fresh weight, Leaf dry weight, Specific leaf area. 

Plants treated with higher NaCl concentrations developed fewer but thicker leaves, i.e. 

lower specific leaf area (Table 1.3 and Table 1.4). Visually, plants treated with higher 

NaCl concentrations had brighter green color (Figure 1.7). Leaf FW showed similar 

trend as shoot and total FW. The 0.05 M NaCl group started to stand out after two weeks 

of NaCl treatment and largely outperformed the control after three weeks of NaCl 

treatment. The 0.10 M NaCl group did not differ from the control group in the first two 

weeks of NaCl treatment but had greater leaf FW than control in the last. In terms of 

leaf FW and DW, the 0.40 M NaCl group was stunted in the first week of NaCl 

treatment and this stunting effect became more obvious in the following weeks.  
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Table 1.3. Mean leaf number on the main stem, leaf fresh weight, and leaf dry weight 

of ice plant in response to sodium chloride (NaCl) treatment in hydroponic nutrient 

solution over time (plants harvested 7, 14 or 21 days after treatment). Data represent 

means (± SE) of 3 experimental units times 3 replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Significance 

across time 

Leaf Number on the Main Stem 

0.00 15.0 ± 0.8 A 15.3 ± 0.2 A 18.0 ± 0.2 A LNSQNS 

0.05 15.3 ± 0.8 A 14.9 ± 0.3 AB 16.9 ± 0.1 B LNSQNS 

0.10 13.9 ± 0.7 A 13.8 ± 0.2 B 16.7 ± 0.1 B LNSQNS 

0.20 12.7 ± 0.4 AB 13.8 ± 0.2 B 15.7 ± 0.2 C L**QNS 

0.40 10.4 ± 1.2 B 11.0 ± 0.3 C 14.7 ± 0.1 D L***Q** 

Leaf Fresh Weight (g) 

0.00 71.8 ± 3.6 AB 212.8 ± 6.9 B 389.5 ± 14.3 C L***QNS 

0.05 87.5 ± 6.4 A 312.7 ± 15.4 A 764.2 ± 31.3 A L***Q** 

0.10 81.5 ± 6.8 A 247.6 ± 16.3 B 553.3 ± 17.1 B L***Q* 

0.20 54.4 ± 3.7 B 209.6 ± 13.5 B 364.7 ± 19.2 C L***QNS 

0.40 26.8 ± 5.2 C 58.9 ± 9.3 C 98.0 ± 11.0 D L***QNS 

Leaf Dry Weight (g) 

0.00 2.639 ± 0.130 A 6.696 ± 0.182 A 12.597 ± 0.400 B L***QNS 

0.05 3.031 ± 0.170 A 7.862 ± 0.371 A 17.297 ± 0.838 A L***QNS 

0.10 3.066 ± 0.259 A 7.129 ± 0.318 A 14.866 ± 0.613 AB L***QNS 

0.20 2.416 ± 0.117 AB 7.321 ± 0.448 A 12.262 ± 0.792 B L***QNS 

0.40 1.735 ± 0.151 B 3.352 ± 0.100 B 5.518 ± 0.481 C L***QNS 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment 

time: NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, 

respectively. 
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Table 1.4. Mean leaf water content and specific leaf area of ice plant in response to 

sodium chloride (NaCl) treatment in hydroponic nutrient solution over time (plants 

harvested 7, 14 or 21 days after treatment). Data represent means (± SE) of 3 

experimental units times 3 replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Significance 

across time 

Leaf Water Content (%) 

0.00 96.3 ± 0.1 A 96.9 ± 0.0 B 96.8 ± 0.1 C L*QNS 

0.05 96.6 ± 0.1 A 97.5 ± 0.0 A 97.8 ± 0.1 A L***Q** 

0.10 96.3 ± 0.1 A 97.1 ± 0.1 B 97.3 ± 0.1 B L***QNS 

0.20 95.6 ± 0.1 B 96.5 ± 0.1 C 96.7 ± 0.1 C L***Q* 

0.40 93.5 ± 0.1 C 94.2 ± 0.1 D 94.5 ± 0.1 D L***QNS 

Specific Leaf Area (cm2·g−1) 

0.00 177.9 ± 2.5 A 196.0 ± 1.9 A 197.4 ± 6.2 AB L*QNS 

0.05 176.1 ± 3.2 A 211.4 ± 4.9 A 215.6 ± 7.6 A L**QNS 

0.10 174.5 ± 3.7 A 180.3 ± 4.7 B 182.8 ± 5.2 B LNSQNS 

0.20 145.4 ± 3.2 B 148.8 ± 4.1 C 137.5 ± 3.5 C LNSQNS 

0.40 100.9 ± 2.0 C 92.9 ± 1.9 D 86.5 ± 6.6 D L*QNS 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment 

time: NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, 

respectively. 

 

 

Figure 1.7. Images of ice plants harvested after 21 days of sodium chloride (NaCl) 

treatment. Columns from left to right shows 0 M, 0.05 M, 0.10 M 0.20 M, 0.40 M NaCl 

treatments. 
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Nutrient analysis, Epidermal bladder cells. Plants treated with NaCl accumulated much 

greater Na and Cl in the leaf tissue than control plants. There was also a pattern whereby 

total Na and Cl concentration increased even further as NaCl in nutrient solution 

increased from 0.05 to 0.40 M, although Na and Cl in 0.10 and higher treatments were 

not statistically different from 0.05 (Table 1.5 and Figure 1.8). Plants containing more 

Na and Cl had a visually greater number of EBCs (Figure 1.9). While EBCs per unit 

area were not quantified, visually, within the same treatment, upper leaves that 

represented new growth had greater EBC density than middle and bottom leaves that 

represented older growth. The bottom leaves showed similar amount of EBCs 

indicating similar growing status prior to NaCl application.  

 

The leaf concentration of macronutrients N and P was decreased by increased NaCl in 

hydroponic nutrient solution, while the leaf concentration of K remained relatively 

stable (Table 1.6). The intake of secondary macronutrients Ca, Ma and S were inhibited 

by increased NaCl in hydroponic nutrient solution (Table 1.7). 
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Table 1.5. Mean sodium (Na) and chloride (Cl) concentration of ice plant shoot tissue 

in response to sodium chloride (NaCl) treatment in hydroponic nutrient solution over 

time (plants harvested 7, 14 or 21 days after treatment). Data at each timepoint 

represents 1 pooled sample of the 3 experimental units for each crop cycle with 3 

replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Sodium Concentration (mg·kg−1) 

0.00 27590 ± 58938 B 19648 ± 72670 B 13558 ± 79576 B 

0.05 142126 ± 16969 AB 171794 ± 5588 AB 180507 ± 15382 AB 

0.10 185310 ± 1688 AB 211017 ± 1716 AB 227984 ± 13055 AB 

0.20 235083 ± 28466 A 272047 ± 29331 A 275661 ± 33666 A 

0.40 262634 ± 46689 A 303390 ± 47430 A 305206 ± 48285 A 

Chloride Concentration (mg·kg−1) 

0.00   12991 ± 34398 B 

0.05   125084 ± 4428 A 

0.10   137824 ± 9372 A 

0.20   147342 ± 11012 A 

0.40   167755 ± 16929 A 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 

 

 

Figure 1.8. Mean sodium (Na) and chloride (Cl) concentration of ice plant in response 

to sodium chloride (NaCl) treatment in hydroponic nutrient solution at 21 days after 

NaCl treatment. The line represents mean total fresh weight (FW). 
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Figure 1.9. Epidermal bladder cells (EBCs) on leaves of ice plants in response to 

sodium chloride (NaCl) treatment in hydroponic nutrient solution. Columns from left 

to right represent leaf samples from bottom, middle and upper positions of the plants. 

Rows from top to bottom represent leaf samples of plants treated with 0 M, 0.05 M, 

0.10 M, 0.20 M and 0.40 M NaCl. The dissecting scope used 16x magnification and the 

field of view (FOV) or field size is equal to 1.44 mm.  
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Table 1.6. Mean nitrogen (N), phosphorus (P) and potassium (K) concentration of ice 

plant shoot tissue in response to sodium chloride (NaCl) treatment in hydroponic 

nutrient solution over time (plants harvested 7, 14 or 21 days after treatment). Data at 

each timepoint represents 1 pooled sample of the 3 experimental units for each crop 

cycle with 3 replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Nitrogen Concentration (%) 

0.00 65437 ± 1818 A 64309 ± 1242 A 57953 ± 1196 A 

0.05 52634 ± 2167 B 48542 ± 2110 B 42549 ± 2798 B 

0.10 51237 ± 2013 B 47075 ± 1280 B 43218 ± 1416 B 

0.20 45728 ± 688 B 42105 ± 1097 B 40109 ± 1020 B 

0.40 32333 ± 1407 C 29789 ± 1230 C 31778 ± 1458 C 

Phosphorus Concentration (mg·kg−1) 

0.00 11561 ± 1317 A 12679 ± 1158 A 14741 ± 618 A 

0.05 9712 ± 72 A 10250 ± 569 A 10978 ± 231 B 

0.10 9746 ± 385 A 10459 ± 246 A 9868 ± 1012 B 

0.20 8550 ± 242 AB 9617 ± 383 AB 9667 ± 119 B 

0.40 4708 ± 1309 B 6473 ± 301 B 8228 ± 502 B 

Potassium Concentration (mg·kg−1) 

0.00 26226 ± 1737 A 28265 ± 2197 A 27468 ± 1607 A 

0.05 31229 ± 1429 A 31424 ± 2368 A 31904 ± 1600 A 

0.10 30356 ± 662 A 29380 ± 1651 A 27748 ± 2380 A 

0.20 26517 ± 1038 A 24227 ± 2476 A 22633 ± 2942 A 

0.40 26784 ± 1725 A 24847 ± 2806 A 23336 ± 2235 A 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 
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Table 1.7. Mean calcium (Ca), magnesium (Mg), sulfur (S) concentration of ice plant 

shoot tissue in response to sodium chloride (NaCl) treatment in hydroponic nutrient 

solution over time (plants harvested 7, 14 or 21 days after treatment). Data at each 

timepoint represents 1 pooled sample of the 3 experimental units for each crop cycle 

with 3 replications over time. 

 

Treatment 

(M NaCl) 
7 Days 14 Days 21 Days 

Calcium Concentration (mg·kg−1) 

0.00 16988 ± 883 A 20051 ± 2127 A 23301 ± 2452 A 

0.05 10493 ± 564 B 11165 ± 408 B 12851 ± 649 B 

0.10 7125 ± 407 C 6868 ± 486 BC 7349 ± 595 BC 

0.20 5581 ± 627 C 4516 ± 769 C 4043 ± 1073 C 

0.40 6823 ± 324 C 4210 ± 570 C 3314 ± 910 C 

Magnesium Concentration (mg·kg−1) 

0.00 6829 ± 407 A 8160 ± 953 A 11643 ± 216 A 

0.05 4090 ± 138 B 3644 ± 272 B 3701 ± 142 B 

0.10 3031 ± 138 BC 2530 ± 203 B 2346 ± 103 C 

0.20 2675 ± 180 C 2066 ± 265 B 1895 ± 145 C 

0.40 2993 ± 206 BC 2171 ± 233 B 2143 ± 118 C 

Sulfur Concentration (mg·kg−1) 

0.00 4265 ± 214 A 4639 ± 205 A 5342 ± 274 A 

0.05 3018 ± 51 B 3280 ± 46 B 4064 ± 331 B 

0.10 2877 ± 47 B 2896 ± 36 BC 3004 ± 129 BC 

0.20 2587 ± 46 BC 2700 ± 63 C 2766 ± 144 C 

0.40 2105 ± 118 C 2030 ± 76 D 2116 ± 98 C 

Letters represent mean separation comparison across NaCl treatments within the same 

harvest day using Tukey’s HSD (alpha=0.05). 

 

Discussion 

Overall, optimum performance of ice plant (shoot and total FW/DW) was found at 0.05 

to 0.10 M (Table 1.1 and Table 1.2). This result is similar to Agarie et al. (2007) who 

reported DW of ice plant was maximized at NaCl concentration between 0.10 M and 

0.20 M. In this experiment plants were examined 8 weeks after seeding (3 weeks after 

NaCl treatments) vs. In Agarie et al.’s experiment plants were treated at 45 days. Also, 
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in this experiment root FW/DW was decreased when plants received increasing NaCl 

vs. Agarie et al. reported only shoot DW results. Additionally, plants treated with 0.05 

M and 0.10 M NaCl distributed more energy to shoots than to roots and the shoot:root 

ratio of these groups increased over time (Table 1.2 and Figure 1.6). Previous research 

found that juvenile ice plants were less sensitive to salt stress as the amount of H+-

ATPase (V-ATPase), an enzyme known to respond to salt stress, did not change in the 

juvenile stage (Golldack and Diez, 2001). Similarly, in this work, after the first week of 

NaCl treatments, plants receiving up to 0.2 M NaCl didn’t show negative effects of 

NaCl vs. control. However, Adams et al. (1998) concluded that ice plant was less 

adapted to salt stress at seedling or juvenile stage when organized tissues (such as well-

developed EBCs) were not present yet. In the current study, while juvenile plants were 

less affected by lower salt treatments, the 0.4 M treatment group exhibited poor 

performance from the beginning. Additionally, EBCs into which plants sequesters NaCl 

were present in juvenile plants but they were empty and not filled with as described by 

Adams et al. Similarly, the lack of EBC filling was also observed in the current study 

in the first week of NaCl treatment (Figure 1.9). Comparing the research results, when 

plants started to respond to NaCl treatment, a lower level of NaCl applied at earlier time 

brought a similar effect as a higher level of NaCl applied at later time. In the case of 

using ice plants as edible leafy greens which requires earlier harvest, applying low level 

of NaCl at earlier time might be more efficient (i.e. bringing the largest biomass with 

lower NaCl concentration). 
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Similar results were found with a field production method. Atzori et al. (2017) mixed 

seawater into their irrigation water for ice plants and found optimum growth at EC of 

20 dS·m-1, and EC of 4, 8, 12, 16 dS·m-1 brought similar results of elevated biomass 

over control plants. In this research, 0.05 M, 0.10 M, 0.20 M NaCl treatments were 

measured to have EC of 7.5 ± 0.1, 13.1 ± 0.3, 23.4 ± 0.3 dS·m-1 (mean ± std dev.), 

respectively. Therefore, the optimum growth in Atzori et al.’s research corresponds to 

0.1 - 0.2 M NaCl concentration in the current study. While the current study found 0.05 

M was optimum for growth there were differences between the two studies. Seawater 

contains other elements besides NaCl which resulted in a different nutrient recipe from 

that of the current research. Also, the current project used hydroponics resulting in 

stable EC and nutrient availability vs. field conditions of Atzori et al. In general, the 

current study agrees with previous work that low level (0.05 - 0.20 M) of NaCl 

promoted the growth of ice plant, and the optimum NaCl level varies depending on the 

growing conditions and time of NaCl application. 

 

In this research, plants treated with 0.20 M NaCl were stunted in the first week of 

treatment but recovered in the following weeks, in terms of shoot and total FW. 

However, plants treated with 0.40 M NaCl were largely stunted at the beginning and 

had poorer performance over time (Table 1.1 and Table 1.2). This indicates a possible 

upper bound of NaCl benefits in hydroponic production of around 0.20 M NaCl i.e. 

NaCl concentration higher than this level had negative effect on the growth of ice plant. 

Other research showed a threshold of tolerance at 0.30 M NaCl (Herppich et al., 2012). 
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Agarie et al. (2007) found a similar result to this study in that plants treated with 0.40 

M or 0.80 M NaCl were negatively affected to a large degree. Agarie et al. compared 

performance of a mutant that did not develop proper EBCs vs. wild-type plants. The 

Wild-type performed better, for example after three weeks of NaCl treatment it had 

nearly two-fold increase in DW vs. mutant. Therefore, EBCs played an important role 

in salt tolerance of ice plant, but this sequestration ability appears to reach a limit at 

0.20 M and 0.40 M NaCl. In the current study, there was an increased number of EBCs 

per unit leaf surface area (i.e. higher EBC density) with increased NaCl concentration 

in hydroponic nutrient solution (Figure 1.9). However, with increasing NaCl plants 

developed fewer, smaller and thicker leaves which resulted in much less total surface 

area (Table 1.3, Table 1.4 and Figure 1.7). Compared with other halophytes, ice plant 

as an obligatory halophyte has a wide range of salt tolerance. For example, Grigore et 

al. (2012) tested whether halophytes really required salt for their growth. They found 

halophytes such as Inula crithmoides L., Plantago crassifolia Forssk and Medicago 

marina L. grow better in salt-free soil than in saline soil. Salt is not required for their 

development but rather a tool used to out-compete glycophytes in the saline 

environment. i.e. they are not competitive in the salt-free environment. Additionally, 

some dicotyledonous halophytes have optimal performance at 0.05 – 0.25 M NaCl 

(Flowers et al., 1986). Monocotyledonous halophytes generally have lower salt 

tolerance (< 0.05 M NaCl) (Glenn et al., 1999). Comparatively, the salt tolerance ability 

of ice plant is outstanding. 
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Compared with other hydroponic crops, ice plant is not damaged by higher NaCl 

concentrations in hydroponic nutrient solution, but rather benefit from it. For example, 

hydroponic lettuce treated with low level of NaCl (EC of standard nutrient solution plus 

low NaCl = 2.5 dS·m-1) lost about a quarter of its FW, and lettuce treated with higher 

level of NaCl (EC = 3.7 dS·m-1) lost about half of its FW (Tas et al., 2005). However, 

in this research, 0.05 M, 0.10 M, 0.20 M NaCl treatments were measured to have EC 

of 7.5 ± 0.1, 13.1 ± 0.3, 23.4 ± 0.3 dS·m-1 (mean ± std dev.), respectively, which were 

much higher than 2.5 or 3.7 dS·m-1. In this study the ability of ice plant to sequester 

high concentrations of NaCl was also quantified. Collectively this indicates that ice 

plant may be suitable for closed hydroponic production to mitigate NaCl accumulation. 

A dual ice plant-lettuce growing system may require less frequent replacement of 

hydroponic nutrient solution and therefore reduce the wastes and environmental 

pollution whereas the ice plant itself would be an edible saleable crop. Besides NaCl 

remediation of hydroponic solution, ice plant can be used for the bioremediation of 

salinized soil. The world is addressing the salinization problem along two routes: 

desalinizing lands so that they can be arable for salt-sensitive crops and developing 

edible halophytes and halophyte-based agriculture (Hasanuzzaman et al., 2014; Ventura 

et al., 2015). Ice plant could serve both purposes as an edible, highly salt tolerant 

halophyte.  

 

While taking up more Na and Cl, ice plant generally took up less of other nutrients (on 

the basis of per kilogram DW). Similar results were found by (Agarie et al., 2007). 
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Reduced root weight might affect the uptake of nutrients. However, with the expression 

of multiple genes, such as HAK/KUP (high affinity K+ transporter/K+ uptake 

transporter)-type genes and SKD1 (suppressor of K+ transport growth defect), K uptake 

was less affected and K: Na ratio was maintained within certain range (Agarie et al., 

2007). Additionally, NaCl treatment increased photosynthetically accumulated biomass 

which is based mainly on carbon and water. According to Grigore et al. (2012), 

obligatory halophytes are specifically adapted to saline soil that are generally poor in 

nutrients, and they cannot survive in other habitats. The current research showed poorer 

uptake of nutrients by ice plant with increased NaCl level in nutrient abundant 

fertilizing solution.  

 

Conclusion 

Overall, this study found ice plant grown in hydroponics in a controlled environment 

benefited from 0.05 and 0.10 M NaCl additions to the hydroponic nutrient solution. Ice 

plant as a halophyte is much more tolerant of NaCl than other hydroponic crops, with 

0.05M NaCl necessary for optimum biomass. More work remains to be done on 

consumer preference for ice plant grown under different NaCl concentrations as well 

as potential sodium intake implications. The 0.05 M NaCl treatment may be optimum 

for plant yield and less concern about salt intake than higher NaCl treatments. The 

recommended daily Na consumption is 2,300 mg (National Academies of Sciences and 

Medicine, 2019). Based on FW, 100 g ice plant shoots grown with 0.05 M NaCl 

contained 397 mg Na and 100 g FW of ice plants treated 0.10 M NaCl contained 616 
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mg Na, which are both bearable. Adding 0.20M or higher concentrations NaCl is not 

recommended from both plant optimization and consumer Na intake perspective.  

 

The high NaCl tolerance of ice plant and accumulation in its leaves also indicates a 

strong potential of this plant as bioremediation of saline soil and hydroponic water. 

Further research should be done to test ice plants incorporated into a hydroponic system 

to remediate NaCl accumulation as well as to provide another edible, saleable crop. For 

example, such experimentation could look at developing a dual lettuce/ice plant system 

where one tests only lettuce (no ice plant) at control and elevated NaCl concentration 

as well as treatments with different fractions of lettuce/ice plant and the NaCl 

concentrations. The ability of ice plant to remove NaCl from the nutrient solution over 

time and plant yield and quality would be assessed. 
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CHAPTER 2 

Response of Common Ice Plant (Mesembryanthemum crystallinum L.) to 

Photoperiod/Daily Light Integral in Vertical Hydroponic Production 

 

Abstract 

Common ice plant (Mesembryanthemum crystallinum L.) is a novel edible plant with 

succulent and savory flavor emerging as new crop for greenhouse and plant factory 

growers. Currently very limited information is available on the response of ice plant to 

photoperiod and under daily light integral (DLI) ranges of only 6.05 to 7.56 mol·m-2·d-

1. The objective of this study was to determine the impact of photoperiod/DLI on growth 

of ice plant for indoor vertical production. Four-week old seedlings of ice plant were 

transplanted into vertical hydroponic systems and given five photoperiod/DLI 

treatments: 8/6.3, 12/9.5, 16/12.7, 20/15.8, 24/19.0 hr/mol·m-2·d-1. Sequential 

destructive harvests to determine plant growth occurred 14, 21, and 28 days after 

lighting treatments began. Plants performed better with increasing photoperiod/DLI 

from 8 hr/6.3 mol·m-2·d-1 to 20 hr/15.8 mol·m-2·d-1. By day 28, shoot fresh weight 

increased from 160 g to 639 g as photoperiod/DLI increased from 8 hr/6.3 mol·m-2·d-1 

to 20 hr/15.8 mol·m-2·d-1. The continuous lighting treatment, 24 hr/19 mol·m-2·d-1, 

showed a negative effect on the plant fresh weight (FW) and dry weight (DW). Light 

treatment did not have obvious effect on shoot:root ratio and macronutrient uptake 

except that potassium (K) uptake decreased slightly with increased photoperiod/DLI. 

Plants receiving higher photoperiod/DLI showed same number of leaves (indicating 
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same development stage) but smaller, thicker and darker green leaves vs. lower 

photoperiod/DLI treatments. Leaf water content was not affected by light treatment up 

to 20 hr/15.8 mol·m-2·d-1, but decreased at 24 hr/19 mol·m-2·d-1. Further research is 

needed to separate the physiological response of increasing/continuous photoperiod 

from the response of increasing DLI. 

  



 35 

Introduction 

Common ice plant (Mesembryanthemum crystallinum L.) is a succulent edible plant 

emerging as a new ingredient for salad. Ice plant is reported to have a high nutritional 

value for humans due to its abundant antioxidant compounds such as phenolic 

compounds (Kang et al., 2016). Ice plant is used as medical treatment, in therapeutic 

cosmetics, and as food (Loconsole et al., 2019). As hydroponics and controlled 

environment technologies become more widely used for the production of fresh and 

high-quality vegetables, greenhouse growers are looking to expand the crops they 

produce, and some have added ice plant into their list of production.  

 

Controlled environment agriculture (CEA) refers to an intensive approach for 

controlling plant growth and development by capitalizing on advanced horticultural 

techniques and innovations in technology (Gómez et al., 2019). Greenhouses and plant 

factories are two typical forms of CEA (Shamshiri et al., 2018). Plant factory, also 

known as indoor farming and vertical farming, incorporates hydroponics and light-

emitting diode (LED) technologies in the absence of sunlight. Crops are grown 

vertically on well-engineered shelves, and there is precise control of environmental 

parameters, including: temperature, light, nutrients and atmosphere (relative humidity 

and CO2) (Benke and Tomkins, 2017; Goto, 2012; Kozai et al., 2019). The first 

commercial plant factory appeared in Japan in 1983 (Kozai et al., 2019). Over the past 

decade, plant factories have developed rapidly over the world, especially with 

accelerating urbanization. In North America, there were more than 30 plant factories 
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and more than 100 shipping container farms (a smaller version of plant factory) as of 

2017 (Kerslake, 2017). Indoor production has several benefits. Besides optimizing crop 

performance, plant factory can deal with global issues including fresh water shortage, 

limited arable land, extreme weathers, pesticide overuse, and carbon emission during 

food transportation (Kozai et al., 2019; Nicholson et al., 2020). Furthermore, with the 

development of new technologies such as artificial intelligence (AI), big data, cloud 

computing and especially 5G and Internet of Things (IoT), indoor farming has stepped 

into a new generation that is known as smart farming (Yang et al., 2018). Resources can 

be allocated in a more efficient way, and agricultural production is moving towards 

highly automatic, intelligent and efficient modes where people, plants, data and clouds 

are all connected (Yang et al., 2018). However, the cost of LED lights (both upfront 

cost and operating cost) still remains high with a corresponding large carbon footprints 

(Kozai et al., 2019; Nicholson et al., 2020). High energy costs/carbon footprint makes 

indoor farming only feasible for limited types of crop, such as perishable, high nutrient 

density, high yielding crops. Ice plant with its high economic value may become a top 

choice of indoor farming growers. 

 

LEDs are the only primary source of lights in plant factories (Lee et al., 2020). They 

provide controlled light quantity (measured by daily light integral (DLI)) and light 

quality (measured by light spectrum). Growers can customize the lighting for each 

specific crop, as each crop has different requirement for different light wavelengths and 

total light amount (Snowden et al., 2016). Much research has been conducted on 
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lighting in greenhouses and vertical farms especially for common leafy green and herb 

crops such as lettuce and basil (Kusuma et al., 2020; Massa et al., 2008). For example, 

LED lights were used to increase the production of bioprotective compounds of red leaf 

lettuce (Stutte et al., 2009). UV-B radiation doses were selected for increasing the 

phenolic compounds in basil without yield reduction (Dou et al., 2019). Seedling 

growth and flowering could be regulated by far-red LEDs (Park and Runkle, 2018).  

 

DLI, the amount of photosynthetically active radiation (PAR) received each day, is a 

critical measure of light quantity and is determined by both instantaneous light intensity 

(i.e. photosynthetic photon flux density [PPFD]) and duration of lighting (i.e. 

photoperiod). Plants typically have increased photosynthesis rate with increased light 

intensity and reach maximum photosynthesis rate at certain light intensity due to limited 

number of chloroplasts, carbon dioxide (CO2) or temperature (Jones, 1973). While there 

is marginal diminishing effect of light intensity (i.e. there are only small incrementally 

increases in photosynthesis at high light levels, vs. at lower light levels, one unit of 

additional light brings larger increases in photosynthesis), increasing photoperiod is 

another way to increase DLI and gross photosynthesis. Palmer and van Iersel (2020) 

treated lettuce and mizuna with different combinations of light intensity and 

photoperiod providing the same DLI, and plants performed better under lower light 

intensity and longer photoperiods, indicating more efficient photosynthesis under lower 

light intensity. Elkins and van Iersel (2020) also demonstrated the efficiency of 

photosynthesis was decreased with increased light intensity. In other words, when 
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plants received a higher PPFD, the fraction of absorbed light used for photosynthesis 

was actually lower. Currently, research is lacking on ice plant in response to light 

quantity and quality. Kim et al. (2018) evaluated the performance of ice plant under 

fluorescent lamps, monochromatic red LEDs and blue LEDs at 120 and 150 μmol·m-

2·s-1 light intensities with a photoperiod of 14 hours (resulting in 6.05 and 7.56 mol·m-

2·d-1 DLI), and they found higher growth of ice plant under higher light intensity and 

red LEDs, and higher antioxidant accumulation under blue LEDs. However, the DLI in 

their study was relatively low (compared to 12-30 mol·m-2·d-1 used for common 

greenhouse crops) and no information is available on yield response of ice plant to 

increasing photoperiod/DLI in a plant factory system. The objective of this project was 

to determine the response (yield and morphology) of ice plant to a broad range in 

photoperiod/DLI to inform production practices in plant factories.  

 

Materials and Methods 

Plant material. Seeds of ice plant (Baker Creek Heirloom Seeds, Mansfield, MO) were 

started in 2.5 cm rockwool cubes that were pre-soaked with 21 N – 2.2 P – 16 K Jack’s 

All Purpose Fertilizer (JR Peters Inc., Allentown, PA) at a concentration of 150 mg·L-1 

N and placed in trays. The trays were grown in a controlled indoor environment with 

21 ℃ (70 °F) day and night temperature. Lighting fixtures with “Vegmax” spectrum 

(Sananbio U.S., Albuquerque, NM) were used at 200 μmol·m-2·s-1 for a photoperiod of 

20 hours per day resulting in a DLI of 14.4 mol·m-2·d-1. Germination generally occurred 

two to three days after sowing, and seedlings were thinned to one per rockwool cube 
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three weeks after sowing. The entire germination stage took four weeks. The seedlings 

were then selected for uniformity and transplanted to the experimental setting.  

 

Experimental setting. A vertical hydroponic system made by Sananbio U.S. 

(Albuquerque, NM), The Radix module, was used for this experiment. The system is a 

hybrid of nutrient film technique (NFT) and deep water culture (DWC) with gravity-

driven water circulation (Figure 2.1). The system has five layers, which were used for 

five experimental treatments. Lighting fixtures with Sananbio “Vegmax” spectrum 

were connected to timers set to supply photoperiods of 8, 12, 16, 20 and 24 hours, 

respectively at each layer. Each layer provided the same light intensity as described 

below (light fixtures allowed adjustment of photoperiod but not light intensity). The 

entire system was covered by black and white poly film with the white side facing inside 

and black side facing outside, for the purpose of increasing lighting uniformity and 

increasing DLI (Figure 2.2). A fan was assembled at the side of each layer to facilitate 

horizontal air flow (HAF). The system was located in an office-type room with 

controlled temperature of 21 ℃.  
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Figure 2.1. The Radix module (Sananbio U.S., Albuquerque, NM), vertical hydroponic 

system with a hybrid of nutrient film technique and deep water culture demonstrating 

ice plant shoots (left) and roots (right) 10 days after transplanting.  

 

 

Figure 2.2. The vertical hydroponic system covered with black and white poly film 

 

The circulating hydroponic nutrient solution was made by combining equal parts (0.75 

g·L-1 each) of 5 N – 5.2 P – 21.6 K Jack’s Professional Water-Soluble Fertilizer (J. R. 

Peter’s Inc., Allentown, PA) and 15.5 N – 0 P – 0 K YaraLiva Calcinit (Yara 

International, Oslo, Norway) (Mattson and Peters, 2014). This nutrient recipe provided 

150 mg·L-1 nitrogen (N), 39 mg·L-1 phosphorus (P), 162 mg·L-1 potassium (K), 139 
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mg·L-1 calcium (Ca), 47 mg·L-1 magnesium (Mg), 62 mg·L-1 sulfur (S), 2.3 mg·L-1 iron 

(Fe), 0.38 mg·L-1 manganese (Mn), 0.11 mg·L-1 zinc (Zn), 0.38 mg·L-1 boron (B), 0.113 

mg·L-1 copper (Cu) and 0.075 mg·L-1 molybdenum (Mo). According to previous 

research, 0.05 M sodium chloride was added to the nutrient solution to facilitate 

optimum growth of ice plants (Xia, 2021). The pH of the nutrient solution was adjusted 

every day to the range of 5.6-6.0, using 1 M potassium hydroxide (KOH) and 1 M 

sulfuric acid (H2SO4). New nutrient solution was added to the reservoir every few days 

to maintain water level. NaCl were added to maintain electrical conductivity (EC) in a 

range of 7.8 – 8.5 mS/cm . 

 

Plants were transplanted into the system at a density of 27.8 plants/m2. There were 30 

(5 x 6) plants at each layer, among which 12 (3 x 4) plants at the center were for 

experimental uses and the other 18 plants at the outer circle were treated as border plants, 

because lighting is less uniform at the border. Five lighting treatments were assigned, 

from top to bottom respectively, to the five layers of the vertical hydroponic system: 8, 

12, 16, 20, 24 hours photoperiod. The light intensity was 220 ± 5.2 (mean ± std dev.) 

μmol·m-2·s-1 for the center 12 plants. Using 220 μmol·m-2·s-1 as a basis for calculation, 

the calculated DLI, from top to bottom layer respectively, were 6.34, 9.50, 12.67, 15.84, 

19.01 mol·m-2·d-1. The experimental design did not allow to separate the effects of daily 

light integral from photoperiod (i.e. the vertical growing system did not have dimmable 

lights). 
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Measurements. Three plants from each treatment (a total of fifteen plants) were 

harvested at day 14, day 21, and day 28 after transplanting (Figure 2.3). At each harvest 

measurements were taken on: fresh weight (FW) and dry weight (DW, following 72 h 

in an oven at 70 °C) of plant, shoot, leaf and root; number of leaves on main stem; leaf 

surface area (LSA) with an LI-3100 LSA meter (LI-COR Inc., Lincoln, Nebraska); 

tissue analysis (only plants harvested at day 28 after transplanting and plants from the 

same treatment were pooled together) at the Cornell Nutrient Analysis Lab (Ithaca, NY). 

The experiment was replicated over time for a total of three times. 

 

 

Figure 2.3. Timeline for each of the three crop cycles in the experiment 

 

Experimental design and statistical analysis. The experiment was based on a 

randomized complete block design (RCBD). The experiment was replicated three times, 

and these replications were treated as different blocks. Within each block, the 

experimental unit was one plant randomly harvested at specified layer. There were nine 

experimental units for each of the five lighting treatments per block. Three experimental 

units from each lighting treatment were destructively harvested at three time points (day 

14, 21, 28 after transplanting). The data was analyzed using JMP software (SAS 

Institute, Cary, NC). ANOVA and Tukey’s Honest Significance Difference (HSD) Test 

were used to determine differences in measured responses based on lighting treatment. 
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Linear and quadratic regression was conducted to model plant growth over time for 

each lighting treatment. 

 

Results 

Fresh weight. Ice plant exhibited greater shoot, root and total FW with increased 

photoperiod/DLI up to 20 hr/15.8 mol·m-2·d-1. This pattern started to appear in the first 

week of measurement (14 days) and became greater over time (Table 2.1). The 24 

hr/19.0 mol·m-2·d-1 treatment had similar results as the 16 hr/12.7 mol·m-2·d-1 treatment 

and ranked second among all treatments in terms of shoot, root and total FW. From the 

timeline perspective, all treatments showed a significant (p < 0.001) linear growth in 

terms of shoot, root and total FW (Table 2.1 and Figure 2.4). All treatments also 

exhibited a significant (p < 0.05) quadratic growth pattern (i.e. growth rates increased 

between the second and third harvest). 
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Table 2.1. Mean plant fresh weight, shoot fresh weight, and root fresh weight of ice 

plant in response to photoperiod/daily light integral (DLI) treatment over time (plants 

harvested 14, 21 or 28 days after treatment). Data represent means (± SE) of 3 

experimental units times 3 replications over time. 

 

Treatment 

Photoperiod/ 

DLI (mol·m-2·d-1) 

14 Days 21 Days 28 Days 
Significance 

across time 

Plant Fresh Weight (g) 

8 hr/6.34 25.4 ± 4.1 C 73.5 ± 11.3 D 167.1 ± 11.3 D L***Q* 

12 hr/9.50 50.7 ± 3.2 B 149.6 ± 8.3 C 314.8 ± 15.3 C L***Q* 

16 hr/12.67 66.2 ± 5.5 AB 200.3 ± 11.3 B 521.1 ± 22.2 B L***Q*** 

20 hr/15.84 75.0 ± 4.3 A 272.6 ± 11.9 A 683.6 ± 20.4 A L***Q*** 

24 hr/19.01 51.7 ± 5.8 B 184.9 ± 15.8 BC 477.1 ± 23.1 B L***Q** 

Shoot Fresh Weight (g) 

8 hr/6.34 23.7 ± 3.6 C 69.1 ± 10.3 D 159.8 ± 10.6 D L***Q* 

12 hr/9.50 46.5 ± 3.0 B 139.8 ± 7.8 C 298.3 ± 15.5 C L***Q* 

16 hr/12.67 60.0 ± 5.1 AB 186.0 ± 10.3 B 486.7 ± 20.1 B L***Q*** 

20 hr/15.84 67.5 ± 3.9 A 253.6 ± 10.9 A 638.6 ± 19.9 A L***Q*** 

24 hr/19.01 45.9 ± 5.2 B 168.6 ± 14.6 BC 449.2 ± 21.8 B L***Q** 

Root Fresh Weight (g) 

8 hr/6.34 1.8 ± 0.5 C 4.5 ± 1.2 C 7.2 ± 1.7 D L***QNS 

12 hr/9.50 4.2 ± 0.3 B 9.8 ± 0.7 B 16.6 ± 1.7 CD L***QNS 

16 hr/12.67 6.2 ± 0.4 AB 14.4 ± 1.2 AB 34.5 ± 5.2 AB L***QNS 

20 hr/15.84 7.5 ± 0.5 A 19.0 ± 1.4 A 44.9 ± 3.5 A L***QNS 

24 hr/19.01 5.7 ± 0.6 AB 16.3 ± 1.3 A 27.9 ± 2.6 BC L***QNS 

Letters represent mean separation comparison across light treatments within the same harvest 

day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment time: 
NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Figure 2.4. Mean shoot fresh weight (FW) of ice plant in response to photoperiod/daily 

light integral (DLI) treatment over time (plants harvested 14, 21 or 28 days after 

treatment). Data are means (± SE) of three experimental units at each harvest. 

 

Dry weight. Shoot, root and total DW generally followed the same pattern as FW, 

although, in the last week of measurement (28 days), the 24 hr/19.0 mol·m-2·d-1 

treatment was not statistically different from the 20 hr/15.8 mol·m-2·d-1 treatment in 

terms of total DW (Table 2.2). From the timeline perspective, all treatments exhibited 

significant (p < 0.001) linear growth over time in terms of shoot, root and total DW. 

The 20 hr/15.8 mol·m-2·d-1 treatment also showed a significant (p < 0.01) quadratic 

growth pattern in terms of shoot, root and total DW, and the 16 hr/12.7 mol·m-2·d-1 and 

24 hr/19.0 mol·m-2·d-1 treatments also showed a significant quadratic growth pattern in 

terms of shoot DW (p < 0.001) and total DW (p < 0.01). 

 

Shoot:root ratio. There was not a consistent pattern over time, but in the first week the 
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intermediate treatments had a lower shoot:root ratio (i.e. distributed less biomass to 

shoot than to root) than the 8 hr/6.3 mol·m-2·d-1 or 24 hr/19.0 mol·m-2·d-1 treatments. 

In addition, during the last week of harvest (28 days), the 20 hr/15.8 mol·m-2·d-1 

treatment had lower shoot:root ratio than other treatments (Table 2.2). The other 

treatments had similar shoot:root ratios. 
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Table 2.2. Mean plant dry weight, shoot dry weight, root dry weight, and shoot:root 

ratio of ice plant in response to photoperiod/daily light integral (DLI) treatment over 

time (plants harvested 14, 21 or 28 days after treatment). Data represent means (± SE) 

of 3 experimental units times 3 replications over time. 

 

Treatment 

Photoperiod/ 

DLI (mol·m-2·d-1) 

14 Days 21 Days 28 Days 

Significanc

e across 

time 

Plant Dry Weight (g) 

8 hr/6.34 0.650 ± 0.129 C 1.726 ± 0.179 D 3.411 ± 0.303 D L***QNS 

12 hr/9.50 1.372 ± 0.076 B 3.451 ± 0.161 C 6.318 ± 0.269 C L***QNS 

16 hr/12.67 1.998 ± 0.121 A 4.811 ± 0.313 B 11.198 ± 0.399 B L***Q** 

20 hr/15.84 2.417 ± 0.114 A 6.827 ± 0.256 A 15.733 ± 0.731 A L***Q** 

24 hr/19.01 1.947 ± 0.160 A 5.478 ± 0.283 B 13.976 ± 0.818 A L***Q** 

Shoot Dry Weight (g) 

8 hr/6.34 0.599 ± 0.116 C 1.574 ± 0.152 D 3.148 ± 0.252 D L***QNS 

12 hr/9.50 0.238 ± 0.069 B 3.136 ± 0.146 C 5.724 ± 0.272 C L***QNS 

16 hr/12.67 1.776 ± 0.112 A 4.319 ± 0.276 B 10.027 ± 0.375 B L***Q*** 

20 hr/15.84 2.119 ± 0.101 A 6.149 ± 0.239 A 13.954 ± 0.961 A L***Q** 

24 hr/19.01 1.799 ± 0.156 A 4.881 ± 0.263 B 12.866 ± 0.740 B L***Q*** 

Root Dry Weight (g) 

8 hr/6.34 0.051 ± 0.014 D 0.151 ± 0.032 D 0.263 ± 0.071 C L***QNS 

12 hr/9.50 0.134 ± 0.009 C 0.316 ± 0.018 C 0.593 ± 0.067 C L***QNS 

16 hr/12.67 0.222 ± 0.013 B 0.492 ± 0.042 B 1.171 ± 0.146 B L***QNS 

20 hr/15.84 0.298 ± 0.019 A 0.678 ± 0.037 A 1.779 ± 0.106 A L***Q** 

24 hr/19.01 0.148 ± 0.017 C 0.597 ± 0.042 AB 1.110 ± 0.090 B L***QNS 

Shoot:Root Ratio 

8 hr/6.34 12.187 ± 1.178 AB 10.798 ± 0.771 A 12.255 ± 0.388 A LNSQNS 

12 hr/9.50 9.193 ± 0.479 BC 10.286 ± 0.366 A 10.224 ± 0.757 AB LNSQNS 

16 hr/12.67 8.042 ± 0.582 C 9.197 ± 0.407 A 10.661 ± 1.163 AB LNSQNS 

20 hr/15.84 7.084 ± 0.440 C 9.433 ± 0.479 A 8.183 ± 0.532 B LNSQ* 

24 hr/19.01 13.077 ± 1.249 A 9.023 ± 1.140 A 11.740 ± 0.471 A LNSQ* 

Letters represent mean separation comparison across light treatments within the same harvest day 

using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment time: NS, 

*, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Leaf number on the main stem, Leaf fresh weight, Leaf dry weight, Specific leaf area. 

All treatments had similar number of leaves on the main stem suggesting that lighting 

treatment did not affect plant development rate (i.e. leaf unfolding rate) (Table 2.3). The 

weight of leaves generally followed the same pattern as shoot and total FW/DW (Table 

2.3). With increased photoperiod/DLI up to 20 hr/15.8 mol·m-2·d-1, the leaves had 

similar water content (%), and therefore the differences in DW resulted in the 

differences in FW (i.e. DW and FW had the same pattern) (Table 2.4). However, the 24 

hr/19.0 mol·m-2·d-1 treatment had lower leaf water content. As a result, although it 

acquired the same leaf DW as the 20 hr/15.8 mol·m-2·d-1 treatment, its leaf FW was less 

than that of the 20 hr/15.8 mol·m-2·d-1 treatment. Additionally, increased 

photoperiod/DLI caused thicker leaves (i.e. less specific leaf area) (Table 2.4). Plants 

treated with greater photoperiod/DLI visually had darker green color and curlier leaves 

(Figure 2.5). 
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Table 2.3. Mean leaf number on the main stem, leaf fresh weight, and leaf dry weight 

of ice plant in response to photoperiod/daily light integral (DLI) treatment over time 

(plants harvested 14, 21 or 28 days after treatment). Data represent means (± SE) of 3 

experimental units times 3 replications over time. 

 

Treatment 

Photoperiod/ 

DLI (mol·m-2·d-1) 

14 Days 21 Days 28 Days 
Significance 

across time 

Leaf Number on the Main Stem 

8 hr/6.34 11.6 ± 0.4 A 15.3 ± 0.3 AB 16.8 ± 0.3 A L***QNS 

12 hr/9.50 12.4 ± 0.3 A 15.3 ± 0.1 AB 17.2 ± 0.1 A L***QNS 

16 hr/12.67 12.2 ± 0.4 A 15.3 ± 0.1 AB 17.1 ± 0.2 A L***QNS 

20 hr/15.84 12.9 ± 0.4 A 15.6 ± 0.2 A 16.9 ± 0.2 A L***QNS 

24 hr/19.01 12.7 ± 0.2 A 14.6 ± 0.2 B 16.2 ± 0.3 A L***QNS 

Leaf Fresh Weight (g) 

8 hr/6.34 23.2 ± 3.4 C 66.2 ± 9.6 C 145.6 ± 9.4 D L***Q* 

12 hr/9.50 45.1 ± 2.8 B 129.2 ± 7.1 B 256.4 ± 13.2 C L***QNS 

16 hr/12.67 57.7 ± 4.9 AB 169.7 ± 9.0 B 395.9 ± 18.3 B L***Q** 

20 hr/15.84 64.7 ± 3.6 A 224.3 ± 9.6 A 507.1 ± 14.5 A L***Q*** 

24 hr/19.01 44.1 ± 5.0 B 151.5 ± 12.9 B 351.6 ± 18.6 B L***Q* 

Leaf Dry Weight (g) 

8 hr/6.34 0.568 ± 0.105 C 1.479 ± 0.136 D 2.730 ± 0.215 D L***QNS 

12 hr/9.50 1.168 ± 0.062 B 2.770 ± 0.124 C 4.501 ± 0.219 C L***QNS 

16 hr/12.67 1.654 ± 0.103 A 3.711 ± 0.226 B 7.183 ± 0.343 B L***QNS 

20 hr/15.84 1.967 ± 0.093 A 5.014 ± 0.184 A 9.582 ± 0.537 A L***QNS 

24 hr/19.01 1.678 ± 0.148 A 4.113 ± 0.220 B 9.069 ± 0.539 A L***Q* 

Letters represent mean separation comparison across light treatments within the same harvest 

day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment time: 
NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Table 2.4. Mean leaf water content and specific leaf area of ice plant in response to 

photoperiod/daily light integral (DLI) treatment over time (plants harvested 14, 21 or 

28 days after treatment). Data represent means (± SE) of 3 experimental units times 3 

replications over time. 

 

Treatment 

Photoperiod/ 

DLI (mol·m-2·d-1) 

14 Days 21 Days 28 Days 
Significance 

across time 

Leaf Water Content (%) 

8 hr/6.34 97.5 ± 0.1 A 97.7 ± 0.1 A 98.2 ± 0.1 A L***QNS 

12 hr/9.50 97.4 ± 0.1 A 97.8 ± 0.1 A 98.2 ± 0.1 A L***QNS 

16 hr/12.67 97.1 ± 0.1 AB 97.8 ± 0.1 A 98.2 ± 0.1 A L***QNS 

20 hr/15.84 97.0 ± 0.1 B 97.7 ± 0.1 A 98.1 ± 0.1 A L***QNS 

24 hr/19.01 96.0 ± 0.2 C 97.0 ± 0.3 B 97.4 ± 0.2 B L**QNS 

Specific Leaf Area (cm2·g−1) 

8 hr/6.34 280.9 ± 5.7 A 293.9 ± 5.9 A 365.1 ± 6.9 A L***Q** 

12 hr/9.50 250.1 ± 3.3 B 293.0 ± 5.2 A 360.0 ± 8.9 A L***QNS 

16 hr/12.67 196.0 ± 3.9 C 238.1 ± 7.5 B 305.5 ± 13.5 B L***QNS 

20 hr/15.84 171.9 ± 6.5 D 209.8 ± 7.3 B 247.3 ± 15.4 C L***QNS 

24 hr/19.01 112.1 ± 5.8 E 154.6 ± 15.0 C 172.8 ± 7.3 D L***QNS 

Letters represent mean separation comparison across light treatments within the same harvest 

day using Tukey’s HSD (alpha=0.05). 

Significance of linear (L) or quadratic (Q) regression of a given treatment over treatment time: 
NS, *, **, *** denotes nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 

 

 

Figure 2.5. Images of ice plants harvested after 21 days of light treatment. Columns 

from left to right shows 8, 12, 16, 20, 24 hours of treatments. 
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Nutrient analysis. Regarding primary macronutrients, the five treatments had similar 

concentrations of N and P in their shoot tissues (Table 2.5). K concentration was 

decreased by increased photoperiod/DLI. Regarding secondary macronutrients, the five 

treatments generally had similar concentrations of Ca, Mg and S. The 8 hr/6.3 mol·m-

2·d-1 treatment had relatively lower Ca and higher Mg than other treatments. 

 

Table 2.5. Mean nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium 

(Mg) and sulfur (S) concentration of ice plant shoot tissue in response to 

photoperiod/daily light integral (DLI) treatment. Data represents 1 pooled sample of 

the 3 experimental units at the end of each crop cycle with 3 replications over time.  

 

Treatment 

Photoperiod/ 

DLI (mol·m-2·d-1) 

Nitrogen 

(mg·kg−1) 

Phosphorus 

(mg·kg−1) 

Potassium 

(mg·kg−1) 

8 hr/6.34 57955 ± 716 A 9146 ± 536 A 37708 ± 204 A 

12 hr/9.50 53085 ± 1939 A 8981 ± 403 A 35859 ± 1188 AB 

16 hr/12.67 51372 ± 636 A 9484 ± 572 A 32240 ± 1924 ABC 

20 hr/15.84 51932 ± 2522 A 10364 ± 234 A 29304 ± 1672 BC 

24 hr/19.01 47658 ± 4131 A 11114 ± 1141 A 29805 ± 1261 C 
    

Treatment 

Photoperiod/ 

DLI (mol·m-2·d-1) 

Calcium 

(mg·kg−1) 

Magnesium 

(mg·kg−1) 

Sulfur 

(mg·kg−1) 

8 hr/6.34 7228 ± 457 B 5682 ± 156 A 3989 ± 236 A 

12 hr/9.50 8104 ± 425 AB 4731 ± 214 B 3599 ± 158 A 

16 hr/12.67 10017 ± 1148 AB 4553 ± 36 B 3815 ± 63 A 

20 hr/15.84 10455 ± 769 AB 4319 ± 119 B 3738 ± 203 A 

24 hr/19.01 10877 ± 838 A 4216 ± 252 B 4370 ± 243 A 

Letters represent mean separation comparison across light treatments within the same harvest 

day using Tukey’s HSD (alpha=0.05). 

 

Discussion 

Overall ice plants raised in the indoor vertical hydroponic system performed better as 

photoperiod/DLI increased from 8 hr/6.3 mol·m-2·d-1 to 20 hr/15.8 mol·m-2·d-1. The 
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results corresponded with Kim et al. (2018) that ice plant had higher growth at higher 

light intensity. However, Kim et al. only had two light intensity treatments: 120 and 150 

μmol·m-2·s-1, and their corresponding DLI and range of DLI treatments was low. With 

a photoperiod of 14 hours, the corresponding DLI from Kim et al. (2019) was, 6.05 and 

7.56 mol·m-2·d-1, respectively, which was similar to the lowest light treatment (8 hr/6.3 

mol·m-2·d-1) of the current study. Additionally, the highest shoot FW reported by Kim 

et al. (2019) (52.03 g from plants treated with monochromatic red LEDs at 150 μmol·m-

2·s-1 for 28 days) was lower than that of the plants of the same age (the 8 hr/6.3 mol·m-

2·d-1 treatment at day 21) in the current study. In the current study, 0.05 M NaCl was 

added to the nutrient solution based on previous work that low concentration NaCl had 

stimulating effect on the growth of ice plant (Agarie et al., 2007; Atzori et al., 2017; 

Loconsole et al., 2019; Xia, 2021).  

 

In the current research, further increase in photoperiod/DLI from 20 hr/15.8 mol·m-2·d-

1 to 24 hr/19.0 mol·m-2·d-1 had a negative impact on the growth of ice plant. In other 

words, an upper threshold of lighting benefits occurred at a photoperiod/DLI of 20 

hr/15.8 mol·m-2·d-1. This response may be due to either a negative response of 

continuous lighting (24-hour photoperiod) or due to stress from too high of a DLI. 

Photoperiod can affect plants through complicated pathways involving detection of 

light signal, entrainment of circadian rhythms, production of mobile signal, etc., and 

induce various plant response such as flowering and tuberization (Jackson, 2009). 

While no available data can be found on ice plant, other leafy greens such as lettuce 
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generally showed better performance (or no negative effect) with increased photoperiod 

up to 24 hr (Kelly et al., 2020; Koontz and Prince, 1986). Other plants have been shown 

to respond negatively to 24 hr continuous lighting (Velez-Ramirez et al., 2011). For 

example, tomatoes and peppers showed negative response to 24 hr continuous lighting 

which was associated with an accumulation of sugar and starch in the leaves (i.e. a 

limitation in exporting the photosynthate out of the leaves) (Demers and Gosselin, 

2000). Eggplants had leaf chlorosis under continuous lighting (Murage et al., 1996). 

Although ice plant is not reported to be photoperiod sensitive, previous studies have 

not used a 24 hr continuous photoperiod treatment.  

 

The current experimental design does not allow separating the effects of continuous 

lighting from the effects of DLI. Therefore, the negative response to 24 hr/19.0 mol·m-

2·d-1 could also be due to excess light. Too much light can create reactive oxygen species 

(ROS) and cause damage to the reaction center of photosystem II, D1-polypeptide (i.e. 

photooxidative damage) (Barber and Andersson, 1992; Müller et al., 2001). Xu and 

Shen (1999) described photoinhibition as light-induced decrease in photosynthetic 

efficiency when light energy received by plants is more than the amount they need for 

photosynthesis. Additionally, stomatal closure and the resulting decrease in gas 

exchange might explain the poorer performance of the 24 hr/19.0 mol·m-2·d-1 treatment 

(Flexas et al., 2006). Since this research did not separate photoperiod treatments from 

DLI treatments, more experiments separating these two variables remains to be done. 

However, since ice plant grows under full sun conditions in nature, continuous lighting 
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is more likely to be the issue. Palmer and van Iersel (2020) treated lettuce and mizuna 

with different combinations of light intensity and photoperiod providing the same DLI. 

A similar experiment can be conducted on ice plant. Also, research can be done with 

different light intensity and same photoperiod resulting in different DLI. 

 

In this research, plants receiving higher photoperiod/DLI developed smaller, thicker 

and darker green leaves (Table 2.3 and Table 2.4). This is a typical morphological 

response to light. Sun leaves are thicker and have less leaf surface area that reduces 

water loss through transpiration vs. shade leaves are thinner and have more leaf surface 

area in order to intercept more light in shaded areas (Givnish, 1988; Terashima et al., 

2001). Additionally, leaves of ice plant were curlier (less flat) when receiving more light 

(Figure 2.5). Although further research needs to be done, ice plant may also use the 

smaller/thicker/curlier leaf strategy to reduce the surface area exposed to direct light 

and therefore reduce total amount of light energy received and mitigate photoinhibition. 

 

The uptake of macronutrients in this research were generally not affected by light 

treatments, however, K uptake decreased at high photoperiod/DLI (Table 2.5). 

Mansfield and Jones (1971) and Nu-may and Bonner (1974) found abscisic acid (ABA) 

treatment reduced K concentrations in guard cells and in leaf tissues as a whole. ABA 

plays a critical role in stomatal closure (Desikan et al., 2004; Kriedemann et al., 1972). 

Ice plant switches from C3 metabolism to Crassulacean acid metabolism (CAM) when 

exposed to high salinity, as a strategy to prevent water loss (Winter et al., 1982), and it 
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is induced by ABA (Chu et al., 1990). Although more work remains to be done on ice 

plant, higher ABA concentrations and stomatal closure might also explain the negative 

effect of continuous lighting/high DLI (the 24 hr/19.0 mol·m-2·d-1 treatment).  

 

Conclusion 

Overall ice plant in vertical growth towers exhibited better plant performance as 

photoperiod/DLI increased from 8 hr/6.3 mol·m-2·d-1 to 20 hr/15.8 mol·m-2·d-1. The 

continuous lighting treatment, 24 hr/19.0 mol·m-2·d-1, had a negative effect on the 

growth of ice plant. This study presents much broader DLI response than previous 

research with ice plant and this study is also the first to determine ice plant response to 

continuous lighting. This study informs greenhouse and plant factory production 

practices of ice plant as an edible leafy green. Based on this study, optimum plant 

performance was achieved at a photoperiod DLI treatment of 20 hr/15.8 mol·m-2·d-1. 

Further research remains to be done on separating photoperiod from DLI to determine 

if the negative effect of 24 hr photoperiod is due to continuous lighting or an excessively 

high DLI. Specially, an experiment could target same DLI but different combinations 

of light intensity and photoperiod. Another experiment could have controlled 

photoperiod but varying light intensity and resulting DLI. Further research should also 

be conducted on light-NaCl interaction and nutritional response of ice plant to various 

cultural practices (ex. how light quality, light intensity and salt addition affect polyol 

accumulation in ice plant). 
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CHAPTER 3 

Sensory Evaluation of Common Ice Plant (Mesembryanthemum crystallinum L.) in  

Response to Sodium Chloride Concentration in Hydroponic Nutrient Solution 

 

Abstract 

Common ice plant (Mesembryanthemum crystallinum L.) is a novel edible plant with 

succulent and savory flavor. It is known to have epidermal bladder cells (EBCs) that 

store water and sodium chloride (NaCl) on the surface of the leaves. It has high 

nutritional value and is adapted to saline soils. Previous research has determined the 

impact of NaCl on growth and mineral content of ice plant, but there was no previous 

work on consumers sensory response to ice plant. The objective of this study was to 

evaluate sensory aspects of ice plant as well as consumer liking in response to 

increasing NaCl concentration in hydroponic nutrient solution. Four-week old seedlings 

of ice plant were transplanted into deep water culture (DWC) hydroponic systems, and 

treated with five NaCl concentrations (0 M [control], 0.05 M, 0.10 M, 0.20 M, 0.40 M 

NaCl). Eight-week old plants (after four weeks of NaCl treatment) were harvested and 

the middle leaves of each plant were sampled for consumer testing. A total of 115 

participants evaluated various flavor, texture, and appearance aspects of ice plant and 

provided their liking ratings. Consumers were able to tell differences in salt intensity 

based on NaCl treatment in the hydroponic nutrient solution. Low NaCl concentrations 

(0.05 – 0.10 M) did not have obvious adverse effect on consumer liking, which is 

luckily aligned with the result of previous research that 0.05 – 0.10 M NaCl could 
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largely stimulate the growth of ice plant. NaCl concentrations higher than 0.20 M are 

not recommended from both the production and consumer perspective. With increased 

NaCl level in plant samples, consumers detected more saltiness, sourness and fishiness, 

and less green flavor, and the same level of bitterness and sweetness. NaCl treatment 

had no effects on appearance and texture, and consumers’ overall liking is mainly 

determined by flavor liking. Most consumers could not detect any aftertaste. Most of 

those who detected aftertaste expressed it was acceptable. Overall, ice plant presents 

some unique attributes compared to other edible salad greens (salty and juicy), however, 

consumer awareness of ice plant is very low, and purchase intent is relatively low as 

well. Consumers picture ice plant being used mainly in salads and in restaurants.  
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Introduction 

Common ice plant (Mesembryanthemum crystallinum L.) is a succulent edible plant 

emerging as a new ingredient for salad. Ice plant is reported to have a high nutritional 

value for humans due to its abundant antioxidant compounds such as phenolic 

compounds (Kang et al., 2016). Ice plant is used as a nutraceutical, in therapeutic 

cosmetics, and as food (Loconsole et al., 2019). Food diversity is an important factor 

of household food security and correlated with people’s well-being (Hoddinott and 

Yohannes, 2002). Salads and raw vegetables are a critical part of U.S. diets and can 

effectively increase the intake of micronutrients (Su and Arab, 2006). Ice plant is a 

novel and high-value salad ingredient that increases the likelihood of meeting daily 

nutrient requirements as well as an addition to food diversity. As hydroponics and 

controlled environment technologies become more widely used to produce fresh and 

high-quality vegetables, greenhouse growers are looking to expand the crops they 

produce, and some have added ice plant into their list of production.  

 

Ice plant is known for its ability to take up sodium chloride (NaCl) and stores water and 

NaCl in epidermal bladder cells (EBCs) (Agarie et al., 2007). This characteristic brings 

appealing salty and succulent flavor, which current salad vegetables do not have. Many 

salad dressings that are used to enhance flavor contain a lot of fat and calories. Mixing 

salty ice plant with other vegetables may be a good strategy to reduce the use of 

dressings and lower the risk of obesity. Adding NaCl to the nutrient solution during the 

production of ice plant can increase not only the yield but nutritional value of this crop. 
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Research conducted by Agarie et al. showed that 0.10 to 0.20 M NaCl added to 

hydroponic nutrient solution brought highest dry weight (DW) accumulation of ice 

plant. However, their work used older ice plant at the reproductive stage. For intended 

use as an edible salad green, 0.05 to 0.10 M NaCl gave the optimum plant performance 

when harvested 8 weeks after seeding (3 weeks after NaCl treatments) (Xia, 2021). 

From the nutritional perspective, increased concentration of sodium chloride is reported 

to increase the accumulation of pinitol and ononitol, compounds that promote human 

health, with maximum accumulation at 0.40 M NaCl concentration (Agarie et al., 2009). 

However, high leaf Na accumulation was also found, for example, 100 g of fresh ice 

plant at 0.05 M NaCl had 397 mg of Na vs. 0.4 M NaCl had 1679 mg of Na (Xia, 2021). 

 

Beyond optimizing yield, it is important to understand how production practices 

influence consumer sensory evaluation of fresh vegetables. Sensory evaluation is an 

effective way to screen different types of food products and drop poor products from 

further testing (Lawless and Heymann, 2013). It is also used for comparing plant 

cultivars and growing treatments or systems. For example, sensory evaluation methods 

were adopted into lettuce (Chadwick et al., 2016) and strawberry (Reitmeier and 

Nonnecke, 1991) cultivar selection programs, and even used for selecting leafy greens 

for a pick-and-eat scenario on the International Space Station (Massa et al., 2015). 

Talavera-Bianchi (2009) used sensory analysis to determine if organically grown pac 

choi and tomatoes had an impact on taste vs. conventionally grown counterparts. Zhao 

et al. (2007) also conducted a sensory comparison of multiple fruits and vegetables 



 64 

grown organically vs. conventionally. Highly trained panelists and common consumers 

were, hired in Talavera Bianchi’s and Zhao et al.’s studies, respectively. Both studies 

drew the conclusion that organically grown vegetables did not differ from 

conventionally grown vegetables in the sensory sense. There was an interesting finding 

that participants did not perceive sensory differences in a blind test but provided a 

higher score to samples labeled organic in the informed test and to samples labeled 

organic but actually grown conventionally in the inverted test (da Cunha et al., 2019). 

This indicated how largely panelist opinions could be biased by information provided. 

Currently, no research is available on consumer responses to edible ice plants nor in 

response to different NaCl concentrations during production. Therefore, the objective 

of this project was to quantify sensory aspects of ice plant in response to NaCl 

concentration in hydroponic nutrient solution using a blind test format.  

 

Materials and Methods 

Plant samples. Following previously developed protocols for hydroponic ice plant 

production, plants were grown under 5 different NaCl treatments for consumer sensory 

evaluation (Xia, 2021). Briefly, four-week old seedlings of ice plant (Baker Creek 

Heirloom Seeds, Mansfield, MO) were transplanted into deep water culture (DWC) 

hydroponic reservoirs with a base fertilizer and one of the five NaCl treatments: 0, 0.05, 

0.10, 0.20, and 0.40 M NaCl. Plants were grown for four weeks in a controlled 

greenhouse environment with supplemental lighting providing a 16 hour photoperiod 

and temperature maintained at 19.8 ± 0.5 ℃ (mean ± std dev.) day temperature and 19.0 
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± 0.6 ℃ (mean ± std dev.) night temperature. After 4 weeks of NaCl treatment (8 weeks 

after seeding), plants were harvested and leaves in the middle of the plants were 

sampled for consumer testing.   

 

Consumer testing. All testing procedures were approved by the Cornell Institutional 

Review Board for testing with human subjects. A total of 115 participants were recruited 

from Cornell University’s staff, faculty and student population and each received $10 

in compensation. Each panelist was given five samples of ice plant, based on the 

treatments of 0.0, 0.05, 0.10, 0.20, and 0.40 M NaCl, in a counterbalanced order. 

Panelists were asked about the appearance, flavor, texture, aftertaste, and their overall 

opinion of each sample (Table 3.1). Each sample was given one at a time and 

participants were asked to cleanse their palate with water and a cracker between 

samples. Additionally, demographic (age, gender, ethnicity) information, purchase 

intent and options on salt consumption were collected. Panelists were also asked to 

envision the occasions/situations and dishes in which they might consume ice plant. 

 

Statistical analysis. The data was analyzed using JMP software (SAS Institute, Cary, 

NC). ANOVA and Tukey’s Honest Significance Difference (HSD) Test were used to 

determine differences among treatments. Penalty analysis was performed to understand 

how saltiness affected the overall liking of the plant product. 
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Table 3.1. Consumer testing questions for the five ice plant leaf samples 

 

Appearance  

Rate the overall appearance of this product a1-9 scale 

Describe the appearance of this product Word description 

Overall opinion  

Rate the overall liking of this product a1-9 scale 

Flavor  

Rate the overall flavor of this product a1-9 scale 

Describe the taste of this product Word description 

How strong is the saltiness for the product b1-7 scale 

Is the saltiness just about right (JAR) c1-5 scale 

How strong is the bitterness for the product b1-7 scale 

How strong is the sweetness for the product b1-7 scale 

How strong is the sourness for the product b1-7 scale 

How strong is the green flavor for the product b1-7 scale 

How strong is the fishiness for the product b1-7 scale 

Texture  

Rate the overall texture of this product a1-9 scale 

Is the crunchiness just about right (JAR) c1-5 scale 

Is the juiciness just about right (JAR) c1-5 scale 

Is the toughness just about right (JAR) c1-5 scale 

Aftertaste  

Do you notice any aftertaste Yes/No 

Is the aftertaste acceptable Yes/No 

a1=dislike extremely; 9=like extremely  

b1=not at all strong; 7=very strong  

c1=not at all salty/crunchy/juicy/tough enough; 5=much too salty/crunchy/juicy/tough 

 

Results 

Saltiness and overall liking. Increased NaCl concentration in the nutrient solution 

during hydroponic production resulted in significantly increased salty taste intensity of 

ice plant leaf samples (Table 3.2 and Table 3.3). With increased salt, the overall 

consumer liking of the plant decreased slightly from a rating between “Like slightly” 
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and “Neither like nor dislike” (5.3/9). to a rating between “Neither like nor dislike” and 

“Dislike it slightly” (4.2/9) (Table 3.4). Penalty analysis showed one trouble spot 

(penalty more than 2 points, and over 20% of the panel) which was the 0.40 M treatment. 

This indicated that a lot of people thought the 0.40 M sample was too salty and their 

overall liking dropped accordingly (Figure 3.1). For the no salt (control) group, about 

half of the panelists thought it was not salty enough, but that did not reduce their overall 

liking to a noticeable extent. For the 0.05 M group, the percent of panelists who thought 

it was not salty enough and the percent of panelists who thought it was too salty were 

both above 20%, but the penalty on their overall liking was not sufficient to cause 

attention. The same pattern presented for the 0.10 M and 0.20 M groups. With increased 

salt level, the percent of panelists who thought it was too salty increased accordingly, 

and the percent of panelists who thought it was not salty enough decreased accordingly. 
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Table 3.2. Mean rating on 7-point scale of saltiness, bitterness, sweetness, sourness, 

fishiness and green flavor intensity of ice plant leaf samples in response to sodium 

chloride (NaCl) treatment in hydroponic nutrient. Higher ratings denote higher intensity, 

with 1 denoting not strong at all, and 7 denoting very strong. Data represent means (± 

SE) of 115 panelist ratings. 

 

Treatment 

(M NaCl) 
Saltiness Bitterness Sweetness 

0.00 1.87 ± 0.12 E 2.30 ± 0.16 A 1.74 ± 0.11 A 

0.05 2.77 ± 0.15 D 2.09 ± 0.14 A 1.65 ± 0.09 A 

0.10 3.36 ± 0.16 C 2.16 ± 0.15 A 1.67 ± 0.10 A 

0.20 4.69 ± 0.17 B 2.39 ± 0.16 A 1.57 ± 0.10 A 

0.40 5.85 ± 0.11 A 2.37 ± 0.16 A 1.52 ± 0.09 A 
    

Treatment 

(M NaCl) 
Sourness Fishiness Green Flavor 

0.00 1.50 ± 0.09 C 1.77 ± 0.13 B 3.74 ± 0.16 A 

0.05 1.64 ± 0.10 C 2.05 ± 0.15 B 3.71 ± 0.16 A 

0.10 1.85 ± 0.12 BC 2.28 ± 0.17 AB 3.68 ± 0.15 A 

0.20 2.23 ± 0.15 AB 2.82 ± 0.20 A 3.39 ± 0.15 AB 

0.40 2.69 ± 0.18 A 2.92 ± 0.19 A 2.83 ± 0.15 B 

Letters represent mean separation comparison across NaCl treatments using Tukey’s 

HSD (alpha=0.05). 

 

Table 3.3. Number of most frequently appeared words in the description of the flavor 

of ice plant samples in response to sodium chloride (NaCl) treatment in hydroponic 

nutrient solution. 

 

0 M NaCl 0.05 M NaCl 0.10 M NaCl 0.20 M NaCl 0.40 M NaCl 

Word Count Word Count Word Count Word Count Word Count 

watery 20 salty 32 salty 48 salty 63 salty 86 

green 17 bland 15 bitter 9 fishy 20 fishy 15 

bland 15 lettuce 10 fishy 9 bitter 8 sour 11 

lettuce 8 vegetal 9 bland 9 sour 5 green 6 

salty 8 bitter 8 green 8 bland 5 bitter 4 

bitter 7 fishy 9 lettuce 8 green 4 grassy 4 

vegetal 7 watery 6 vegetal 6 leafy 4 water 3 

leafy 12 grassy 8 mild 5 vegetal 4 chip 2 

grassy 8 green 6 neutral 5 grassy 3 leafy 2 

mild 5 leafy 3 sour 5 lettuce 3 lettuce 2 
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Table 3.4. Mean rating on a 9-point hedonic scale of overall liking and liking of 

appearance, flavor and texture of ice plant leaf samples in response to sodium chloride 

(NaCl) treatment in hydroponic nutrient solutions. Higher ratings denote higher level 

of liking, with 1 denoting dislike extremely, and 9 denoting like extremely. Data 

represent means (± SE) of 115 panelist ratings. 

 

Treatment 

(M NaCl) 
Overall liking Appearance liking Flavor liking Texture liking 

0.00 5.35 ± 0.16 A 6.13 ± 0.16 A 5.40 ± 0.17 A 5.83 ± 0.17 A 

0.05 5.17 ± 0.17 A 5.86 ± 0.17 A 4.98 ± 0.17 AB 5.69 ± 0.17 A 

0.10 4.99 ± 0.17 AB 6.26 ± 0.16 A 4.99 ± 0.17 AB 5.75 ± 0.17 A 

0.20 4.43 ± 0.18 BC 6.35  ± 0.15 A 4.46 ± 0.18 BC 5.74 ± 0.16 A 

0.40 4.21 ± 0.20 C 6.08 ± 0.17 A 4.09 ± 0.20 C 5.83 ± 0.15 A 

Letters represent mean separation comparison across NaCl treatments using Tukey’s 

HSD (alpha=0.05). 

 

 

Figure 3.1. Penalty analysis of ice plant in response to sodium chloride (NaCl) treatment 

in hydroponic nutrient. The y-axis represents the difference between the overall liking 

rating of panelists who thought the saltiness is just about right (JAR) and the overall 

liking rating of panelists who thought the sample is too salty or not salty enough. The 

x-axis represents the percent of panelists who felt that way. 
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Flavor. Bitterness and sweetness were not well detected by the panel for ice plant 

(intensities ratings were low). As well, differences in bitterness and sweetness between 

the five NaCl treatments were not detected (Table 3.2 and Figure 3.2). It is worth 

noticing that fishiness, which is not common in many other leafy greens, presented in 

all samples of ice plant, and its level increased slightly with increased NaCl level. 

Samples treated with higher NaCl concentration also tasted slightly more sour and with 

a lower green flavor, but in general all these tastes were not strong. In the word 

description of flavor, the more frequent appearance of “salty” and “fishy” with 

increased NaCl level also corresponds to the quantitative ratings (Table 3.3). The word 

attributes of “leafy” “vegetal” and “grassy” were more associated with the control 

sample and their counts decreased with increased NaCl level. People also noted “bland” 

and “mild” about the control sample but these were not frequently reported for the salt 

treated samples. The rating of the flavor liking was very close to that of the overall 

liking (Table 3.4). In fact, the rating of the appearance liking and texture liking did not 

show any differences among the five treatments. In other words, flavor is the only 

critical determinant of overall liking in response to the NaCl treatments.  
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Figure 3.2. Radar plot of six flavor aspects. The x-axis represents six categories of 

flavor including saltiness, bitterness, sweetness, sourness, fishiness and green flavor. 

The y-axis represents the intensity of each flavor on a 7-point scale (1-low;7=high). 

Data for each attribute are means of the 115 ratings. 

 

Texture. People thought the juiciness of ice plant was just about right (JAR, i.e. 

approaching 3 on the 5-point scale), and the crunchiness and toughness were slightly 

below JAR (Table 3.5). There were no significant differences among the five NaCl 

treatments in terms of juiciness, crunchiness and toughness. People’s overall opinions 

towards texture were neutral to slightly liked (Table 3.4). 
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Table 3.5. Mean rating on 5-point just about right (JAR) scale of crunchiness, juiciness 

and toughness intensity of ice plant in response to sodium chloride (NaCl) treatment in 

hydroponic nutrient. 1 denotes not at all crunchy/juicy/tough enough. 2 denotes not 

quite crunchy/juicy/tough enough. 3 denotes just about right. 4 denotes slightly too 

crunchy/juicy/tough. 5 denotes much too crunchy/juicy/tough. Data represent means (± 

SE) of 115 panelist ratings. 

 

Treatment 

(M NaCl) 
Crunchiness Juiciness Toughness 

0.00 2.32 ± 0.06 A 3.07 ± 0.06 A 2.57 ± 0.07 A 

0.05 2.50 ± 0.07 A 3.09 ± 0.06 A 2.55 ± 0.06 A 

0.10 2.41 ± 0.07 A 3.12  ± 0.07 A 2.64 ± 0.07 A 

0.20 2.48 ± 0.06 A 3.09 ± 0.06 A 2.58 ± 0.06 A 

0.40 2.57 ± 0.06 A 2.77 ± 0.07 A 2.64 ± 0.06 A 

Letters represent mean separation comparison across NaCl treatments using Tukey’s 

HSD (alpha=0.05). 

 

Aftertaste. The ice plant samples did not present an aftertaste to most people (Figure 

3.3). Among those who thought there was aftertaste, most of them thought the aftertaste 

was acceptable (Figure 3.4). There were relatively more people who thought the 

aftertaste of the control plant samples were acceptable than people who thought the 

aftertaste of the salt-treated plant samples were acceptable. 
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Figure 3.3. Mosaic plot of aftertaste. The blue bar represents percent of panelists who 

thought there was aftertaste. The red bar represents percent of panelists who thought 

there was no aftertaste. 

 

 

Figure 3.4. Mosaic plot of acceptable aftertaste. The blue bar represents percent of 

panelists who thought the aftertaste was acceptable. The red bar represents percent of 

panelists who thought the aftertaste was not acceptable. 

 

Purchase/Consumption Preferences. Regarding familiarity with ice plant, 20.0% of the 

panelists expressed they are not too familiar with ice plant, and 69.6% of the panelists 

expressed they are not at all familiar. The remaining 10.4% of panelists were either very 

familiar, moderately familiar and somewhat familiar to ice plant. Regarding intent to 
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purchase, 6.1% of the panelists expressed they would definitely purchase, while 17.4% 

expressed they would probably purchase. Another 34.8% of the panelists expressed that 

they might or might not purchase ice plant. Finally, 17.4% of the panelists expressed 

they would definitely not purchase and 24.3% expressed they would probably not 

purchase. Therefore, more panelists noted they would likely not purchase ice plant 

(41.7 % definitely not or probably not) over those that likely would purchase (23.5% 

definitely or probably purchase). Compared to regular salad greens, 51.3% of the 

panelists thought ice plant was (much or slightly) less appealing, 27.0% thought it was 

(much or slightly) more appealing and the remaining 21.7% thought it was the same 

appealing as other salad greens. In the question asking what occasion or situation you 

would find yourself eating this plant, the most frequent words were restaurant (appeared 

39 times) and salad (appeared 42 times). In asking how you would prepare and serve 

the dish with ice plant, salad was the only high frequency word (appeared 92 times). 

Regarding salt consumption, a little more than half of the panelists (53.0%) expressed 

they do not worry about it. Additionally, given the two following scenarios: I like to try 

new foods that I have never tasted before vs. I order the dishes with which I am familiar 

to avoid disappointment and unpleasantness, most people (82.6%) selected the former.  

 

Discussion 

In this study, the NaCl treatments in hydroponic nutrient solution that led to highest 

overall liking were 0.0, 0.05, and 0.10 M NaCl vs. the 0.20 and 0.40 M NaCl treatments 

had lower liking ratings. Consumers detected greater saltiness as NaCl concentration 
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increased and this seemed to negatively affect liking. From the production perspective, 

salt treatments of 0.05 - 0.10 M NaCl also led to the greatest yield of ice plant (Xia, 

2021) which corresponded with previous studies (Agarie et al., 2007; Atzori et al., 2017; 

Loconsole et al., 2019). Given the result that consumer liking was only slightly affected 

by NaCl level in the plant sample, and that the overall and taste liking of the 0.05 M 

and 0.10 M groups are all in the first echelon (received letter A in Tukey’s Test) (Table 

3.4), treating ice plant with low level of NaCl during the production could increase the 

yield without having adverse effects on consumer liking. On the other hand, since 

consumers could tell the differences in salt intensity (Table 3.2), producers can sell ice 

plants with different salt levels to satisfy various market segments (i.e. individuals who 

prefer higher or lower salt intensity)  

 

From the health perspective, adding 0.20 M or higher concentrations NaCl in the 

hydroponic nutrient solution during the growth of ice plant is not recommended. The 

recommended daily Na consumption is 2,300 mg (National Academies of Sciences and 

Medicine, 2019). Previous research quantified the amount of NaCl in ice plant and 100 

g of ice plant shoot FW contained 397 mg and 616 mg Na for the 0.05 and 0.10 M NaCl 

treatments, respectively (Xia, 2021). However, 100 g of ice plant shoot FW contained 

910 mg and 1679 mg Na for the 0.20 and 0.40 M NaCl treatments, respectively, which 

are too high considering Na intake from other foods during the day. Additionally, the 

penalty analysis showed a lot of panelists (>80%) thought the 0.40 M sample was too 

salty and the corresponding mean drop in their overall liking was high (> 2.5) (Figure 
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3.1). The 0.20 M sample, although not a trouble spot in the penalty analysis, was worthy 

of attention as well. Also, increased sourness and especially fishiness and decreased 

green flavor in higher NaCl samples led to the same conclusion that low NaCl is 

preferred to high NaCl (Table 3.2 and Table 3.3). 

 

No previous study has been conducted on the effect of NaCl in hydroponic production 

on sensory aspects of ice plant, but studies on other vegetables and food products 

showed that NaCl could affect taste and texture and consumer liking of the products. 

For example, NaCl application to hydroponic solution could increase the sweetness, 

acidity, umami and overall liking of tomato fruits (Sato et al., 2016). Salt addition 

increased flavor, juiciness and texture of restructured pork chops (Huffman et al., 1981). 

Higher salt concentration led to increased firmness and decreased cohesiveness of 

Mozzarella cheese (Cervantes et al., 1983). However, the effect of NaCl depends on 

specific product categories. Jaenke et al. (2017) conducted a comprehensive review and 

concluded that salt content could be reduced substantially in bread and processed meat 

without lowering consumer acceptance, but salt reduction in other products such as 

cheese and soup required novel strategies to maintain consumer acceptance. In the 

current study, salt did have effect on consumer liking but the effect was not substantial. 

With increased NaCl treatment, overall consumer liking decreased slightly. The food 

industry is searching for ways to reduce salt in products without negatively affect the 

sensory quality and consumer acceptance (Hoppu et al., 2017). Multiple ways such as 

simply reduction in added salt, adding umami taste compounds, or odor-taste 
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interactions have been proposed and evaluated. In the case of ice plant, lower salt is 

preferred by consumers. In other words, a decrease in consumer acceptance when salt 

is reduced should not be a concern. 

 

Ice plant is known as a halophyte (i.e. plant adapted to saline conditions) that has 

succulent leaves (Flowers and Colmer, 2008). It stores abundant amount of water and 

salt in its tissues, specifically in EBCs on the leaf surface (Agarie et al., 2007). 

Therefore, it is known to have a juicy and savory flavor. In this research, panelists 

thought the juiciness of ice plant was just about right, which met their expectations, and 

the salt level did not affect the juiciness (Table 3.5). Previous research showed that the 

differences in leaf water content were statistically significant (Xia, 2021), but the 

differences were obviously not detectable from the consumer perspective . 

 

Beyond saltiness or juiciness, another attribute of ice plant flavor was fishiness. 

Although further research and tissue analysis should be done, one speculation is that 

ice plant may use one of the same mechanisms as fish. In order to deal with the salt in 

seawater, fish accumulates Trimethylamine oxide (TMAO) in its body, and microbes 

break down TMAO into Trimethylamine (TMA) which gives off the fishy smell 

(Landfald et al., 2017). Ice plant grown in the saline environment might also accumulate 

TMAO and TAM in response to high salt in their hydroponic water, but this needs 

thorough further investigation. Interestingly, a lot of research pointed out a positive 

correlation between TMAO and heart disease and the paradox that fish containing a lot 
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of TMAO is generally accepted as cardioprotective (Abbasi, 2019; Janeiro et al., 2018; 

Landfald et al., 2017). Although the paradox has not been solved, there are guesses that 

other healthy components in fish such as omega-3 fatty acids may offset the negative 

effect of TMAO, or most fish including commonly eaten ones do not have a lot of 

TMAO (Abbasi, 2019). If ice plant did contain TMAO, it would be a consideration in 

its nutrient study. However, overall, ice plant is reported to have high nutritional value. 

For example, it has high level of polyols (pinitol, ononitol and myo-inositol), 

compounds that promote human health (Agarie et al., 2009). Pinitol constituted 71% of 

the soluble carbonate and 9.7% of the DW in the stressed leaves of ice plant (Paul and 

Cockburn, 1989). Additionally, Agarie et al. (2009) found pinitol/ononitol content in 

ice plant increased with increased level of NaCl treatment, reaching maximum at 0.4 

M NaCl concentration. In the control (no salt treated) plants, although pinitol/ononitol 

content was relatively lower, myo-inositol content could reach 7.5 mg/g fresh weight 

(FW). The conversion from myo-inositol to ononitol and then to pinitol (Dittrich and 

Brandl, 1987) explains the high pinitol/ononitol and low myo-inositol content in NaCl 

treated plants. Ice plant is high in myo-inositol compared to other leafy greens such as 

collard, Romaine lettuce, spinach whose myo-inositol contents are 0.64, 0.17, 0.08 

mg/g FW, respectively (Clements Jr and Darnell, 1980). Even compared with high-

myo-inositol food such as hamburger buns, dried prune, Great Northern beans and 

peanut butter whose myo-inositol contents are, respectively, 4.78, 4.7, 4.4, 3.04 mg/g 

FW, ice plant is comparable. More information is needed to understand whether the 

fishiness attribute of ice plant effects consumer liking. One study with yogurt implies 
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fishiness may not be a problem, because, while trained panelists detect stronger 

fishiness in the treated yogurt, consumers provided the same ratings to the control and 

treated samples (Chee et al., 2005). Future studies of ice plant could use just about right 

(JAR) test and penalty analysis to test this association.  

 

With the development of edible halophyte and halophyte-based agriculture (i.e. the use 

of salt tolerant plants in agriculture so that salt compromised land can be used) (Ventura 

et al., 2015), ice plant as a high-nutritional crop and obligatory halophyte that requires 

some level of salt to grow (Menzel et al., 1862) could be an excellent candidate. 

However, the current research showed 90% of the panelists were not familiar with ice 

plant. With regard to purchase intent, although most (82.6%) people expressed they like 

to try new foods, only 24% expressed they would buy (definitely or probably) ice plant. 

More plant-based research including nutrition analysis and consumer-based marketing 

should be conducted. An example of novel food is microgreens. They have been 

produced since mid 1990s (Anonymous, 2021) but still thought of as a new crop in 

2010 (Treadwell et al., 2010). Massive research and marketing have been done in the 

past decade and microgreens are becoming a more popular food.  

 

Conclusion 

This study presents the first known consumer sensory evaluation of edible ice plant as 

well as the first known paper regarding the effect of NaCl in the hydroponic nutrient 

solution on leafy greens consumer evaluation. Consumers in general had a neutral liking 
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of ice plant. With increased NaCl level in ice plant, consumers were able to tell the 

differences in salt intensity and their corresponding overall liking decreased slightly. 

However, the overall liking of plants treated with 0.05 M and 0.10 M did not differ 

significantly from the control plants, indicating the feasibility of adding low 

concentration NaCl in hydroponic nutrient solution during production (which optimizes 

plant yield). Adding 0.20 M NaCl or higher concentrations is not recommended from 

both the production standpoint (it decreases yields) and the consumer perspective (it 

decreases liking and has potential health concerns). The appearance and texture did not 

affect consumer liking but flavor, especially saltiness, sourness and fishiness, resulted 

in differences in consumer liking of ice plant. Overall, ice plant stands out as a unique 

edible salad green with attributes such as saltiness and juiciness quite different than 

other leafy greens. More work remains to be done on the effect of NaCl concentrations 

during ice plant production on its human nutritional value. Most people are not familiar 

with ice plant and their purchase intent is relatively low, but they can picture consuming 

ice plant in salads and in restaurants. If a larger commercial hydroponic industry is to 

develop, more work is needed to acquaint people with ice plant such as concerted efforts 

to educate patrons of restaurants or offering samples at supermarkets. More exploration 

remains to be done around halophyte-based agriculture (using plants that are salt 

adapted and that can also be used for human consumption or animal feed) such as 

different ways of using ice plant in various dishes, development of ice plant genotypes 

that have better flavor characteristics, and optimizing ice plant production for higher 

plant quality. Other work can be done on potential use of ice plant in nutraceuticals, 
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specifically to determine the potential nutritional content of ice plant beyond polyols 

and phenolics such as mineral elements, vitamins, amino acids, or other antioxidant 

compounds. In addition, the response of plant nutritional content to environmental 

conditions (ex: NaCl concentration, lighting, and crop stage) should be determined.  
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