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Abstract 
The facultative halophyte Mesembryanthemum crystallinum (ice plant) is native to 

South Africa and it has high nutritional values. In Singapore, we have successfully grown M. 
crystallinum indoors under different LED-lightings using freshwater. Since halophytes are 
capable of tolerating a wide range of salinities, it provides a basis for cultivating them as 
vegetables using saline water. This study aimed to investigate the impacts of different NaCl 
concentrations on productivity and photosynthesis of M. crystallinum.  All plants were grown 
under different salinities by adding 0, 100, 250 and 500 mM NaCl, respectively to a full 
strength Netherlands Standard Composition. Photosynthetic photo flux density at  
156 μmol m-2 s-1 (12 h photoperiod) were provided to all plants by LED with red:blue ratio of 
2.2.  Twenty days after transplanting, plants grown under 100 mM NaCl had the highest shoot 
fresh weight and largest total leaf area followed by plants grown at 0, 250 and 500 mM NaCl.  
Plants grown under 500 mM NaCl had the lowest specific leaf area due to its highest leaf dry 
matter content and lowest water content.  However, all plants had similar values of leaf 
succulence (g FW cm-2). Although all plants had chlorophyll fluorescence Fv/Fm ratios > 0.8, 
photochemical quenching and electron transport rate were significantly higher in plants 
grown under 0mM NaCl compared to those grown under 100, 250 and 500 mM NaCl when 
measured under the growth irradiance. CAM acidity of plants grown at 500 mM NaCl was 
induced while CAM acidity of plants grown with freshwater was undetectable.  In conclusion, 
M.  crystallinum requires some salt (100 mM NaCl) to perform healthy growth compared to 
those grown with freshwater.  Low productivity of M.  crystallinum under high salinity could 
mainly be due to its slow leaf growth resulting from the switch of C3 to CAM photosynthesis.  

Keywords: Halophyte, LED lighting, Mesembryanthemum crystallinum, Photosynthesis; Productivity, 
Salinity  

INTRODUCTION 
Food production depends on land and water. Singapore is one of the most land and water-

constrained countries.  Thus, Singapore imports more than 90 percent of the food it consumes. Due 
to the increasing world population, food production should be increased of about 70% to 100% by 
2050 (Tilmana, 2011). The maintenance of food security is an increasing challenge for Singapore. 
Vertical farming is growing in Singapore since 2012 to solve the issue of land scarcity. However, 
water scarcity also has a huge impact on food production. Agriculture, which accounts for about 70% 
of global water withdrawals, is constantly competing with domestic, industrial and environmental 
uses for a scarce water supply. Utilization of saline resources to mass produce halophytes as 
vegetables, could be one such strategy to address water issue.  
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Salt-loving halophytes, are capable of tolerating a wide range of salinities salinity through 
increase of water use efficiency and ion selectivity, thus providing a basis for the development of 
halophytes for the cultivation of gourmet vegetables (Ventura et al., 2015).  Halophytes such as M. 
crystallinum  has been consumed by humans for centuries and are being sold as sea salad in the 
European markets at high prices (Tardio et al., 2006). Although it is native to South Africa, in 
Singapore, facultative halophytes M. crystallinum has been successfully grown indoors under 
different LED-lightings using freshwater (He et al., 2017). Apart from utilizing the seawater to mass 
produce halophyte vegetables, to compensate for the lack of available land, Singapore also needs to 
develop farming systems that can increase productivity (per unit land area) many-fold.  LED-lit 
vertical farming systems have been developed by our team for the cultivation of different leafy 
vegetables indoors (He et al., 2015; 2017; 2018; Choong et al., 2018).  However, growing vegetables 
with seawater was and still is one of the biggest challenges for growers and researchers.  

Seawater has a salinity of approximately 35‰.  Most plants cannot grow in seawater.  However, 
halophytes can develop and reproduce with repeated exposure to seawater. Despite strong 
adaptations to saline environments, like many other traditional glycophytic crops, halophytes are 
sensitive to salt stress, and may not sustain good growth when they are grown in conditions with 
high salt concentrations (Cheeseman, 2015). Halophytes generally require some salt (about 50–250 
mM NaCl) to perform healthy growth. Certain halophytes, grow best around 100 mM NaCl. Some 
halophytes can grow in full strength or even concentrated seawater (Flowers et al., 1986).  To ensure 
sustainable saline agricultural, the correct choices of growth conditions are of utmost important. This 
project aimed to exploit the potential of growing M. crystallinum  under different saline conditions 
with LED lighting to examine its salinity tolerance through the studies of productivity, leaf growth 
and water status and photosynthetic performances.  

MATERIALS AND METHODS 

Plant materials and experimental design 
After germination on filter papers, M. crystallinum seedlings were inserted into polyurethane 

cubes and placed under a 12-h photoperiod of light and exposed to a photosynthetic photon flux 
density (PPFD) of 100 μmol m-2 s-1 provided by high-pressure sodium lamps for 4 weeks. Similar sizes 
of seedling were then transplanted to indoor hydroponic farming systems. All plants were grown 
under LED lighting with red:blue ratio of 2.2 with average PPFD of 156 μmol m-2 s-1 for a 12-h 
photoperiod (Figure 1).  They were grown under different salinities by adding 0, 100, 250 and 500 
mM of NaCl, respectively to a full strength Netherlands Standard Composition with 2.2 ± 0.2 mS cm-1 
conductivity and pH 6.0 ± 0.2. The room temperature was 25°C/28°C (day/night). Relative humidity 
was maintained at 55%/60% (day/night).  

 
Figure 1  Light spectrum of LED with red:blue ratio of 2.2 were recorded at every 0.5 nm interval 
with a spectroradiometer (PS300, Apogee Instruments, USA) (A). M. crystallinum grown under  
100 and 500 mM  NaCl for 18 days (B).  
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Measurements of fresh weight (FW) of shoot and root  

M. crystallinum plants were harvested 20 days after transplanting (DAT).  The polyurethane 
cube was removed from the roots. Shoot and root were weighed separately to determine their FW 
using a weighing balane (Sartorius, Fisher General Specific Private Limited, Singapore) 

Measurements of leaf growth and leaf water status   

M. crystallinum plants grown under each saline condition were harvested 20 DAT.  The total 
leaf number and FW were first recorded.  Total leaf area was measured using the Area Measurement 
System (Delta T-Devices Ltd., England) and were then wrapped individually in pre-weighed 
aluminium foil, dried at 80˚C for 4 days before measuring their dry weight (DW).  Leaf succulence = 
LFW/LA with LFW = leaf FW (g) and LA, leaf area (cm2). Leaf dry matter content (LDMC) and leaf water 
content (LWC) were estimated as LDMC = LDW/LFW  and LWC = (LFW – LDW)/LFW x 100%.  

Measurement of Chl fluorescence Fv/Fm ratio 

After 19 days of transplanting,  the maximum photochemical efficiency of PS II was estimated 
in dark-adapted samples by the Fv/Fm ratio during mid-photoperiod using the Plant Efficiency 
Analyser (Hansatech Instruments, UK) according to He et al. (2011). 

Measurements of electron transport rate (ETR), photochemical quenching (qP) and  non-
photochemical quenching (NPQ)  

ETR, qP and NPQ were measured using the Imaging-PAM Chlorophyll Fluorometer (Walz, 
Effeltrich, Germany) at 25°C in the laboratory. Prior to measurements 19 DAT. The youngest fully 
expanded leaves were pre-darkened for 15 min. By using the PAM Chlorophyll  Fluorometer, images 
of fluorescence emission were digitized within the camera and via a Firewire interface (400 
megabits/s) (Firewire-1394, Austin TX, USA) to a personal computer for storage and analysis. 
Measurements and calculations of ETR, qP and NPQ were described by He et al. (2011). 

Determination  of CAM acidity  

Leaf CAM acidity was determined according to He et al.  (2017).  Leaf discs were placed into test 
tubes containing distilled water (neutral pH) before immersing into a boiling water-bath for 15 min. 
The extract was subsequently titrated against 0.005 M NaOH(aq), using a few drops of 
phenolphthalein as an indicator. The volume of NaOH(aq) required to reach the end-point of titration 
was recorded. The plant material was then wrapped in an aluminum foil and dried in an oven at 80oC 
for 3 days before the DW is measured. Titratable acidity was calculated using the formula: (0.01× 
volume of NaOH(aq))/DW. The fluctuation of CAM acidity was calculated by obtaining the difference 
between titratable acidity immediately before and after the photoperiod.  

Statistical analysis 

One-way ANOVA was used to test for significant differences of different variances crossed with 
the four different salinity treatments. LSD multiple comparison tests were used to discriminate the 
means (IBM SPSS statistics 25, Release August 2017). 

RESULTS AND DISCUSSION 

Productivity and leaf growth 
M. crystallinum grown under 100 mM NaCl concentration for 20 days exhibited significantly the 

highest shoot FW among all plants (Figure 2A)  and higher root FW than those grown under 0,  250 
and 500 mM NaCl concentrations  (Figure 2B). However, all plants had very similar shoot/root ratio 
FW (Figure 2C).  



 

Figure  2  Shoot FW (A),  root FW (B) , shoot/root ratio FW  (C)  of M. crystallinum grown under 
different NaCl concentrations for 20 days. Vertical bars represent the standard errors. 
Means with different letters are statistically different (P < 0.05; n = 5) as determined by 
LSD multiple comparison test. 

 
M. crystallinum grown under 0 and 100 mM NaCl for 20 days had similar higher leaf number 

(Figure 3A) and similar greater SLA  (Figure 3C) compared to those grown under 250 and 500 mM 
NaCl.  However, M. crystallinum grown under 100 mM NaCl for 20 days had the largest  total leaf area 
followed by those grown under 0 and then 250 mM NaCl and those grown under 500 mM NaCl had 
the smallest total leaf area (Figure 3B).  

 

Figure  3  Total leaf number (A),  total leaf area  (B) , SLA  (C)  of M. crystallinum grown under different 
NaCl concentrations for 20 days. Vertical bars represent the standard errors. Means with 
different letters are statistically different (P < 0.05; n = 5) as determined by LSD multiple 
comparison test. 

The growth and productivity of plants, including halophytes, are affected by salinity.  However, 
certain halophytes can grow in areas with high levels of salinity (from 200 mM NaCl) with a wide 
range of physiological, and biochemical mechanisms (Flowers and Colmer, 2008; Flowers et al., 
2010).  In this study, M. crystallinum plants  grew well  under fresh water and all 3 saline conditions 
although shoot FW (Figure 2A), root FW (Figure 2B), total leaf number (Figure 3A), and total leaf area 
(Figure 3B)   of those plants grown under 500 mM NaCl were many-fold lower compared to other 
plants.  Grown under the highest concentration of 500 mM NaCl,  M. crystallinum was indeed  very 
healthy and dark green (Figure 1B) with the highest total chlorophyll concentration (data not shown). 
It was reported that halophytes generally require some salt about 50 to 250 mM NaCl for optimal  
growth (Flowers et al., 1986).  For some extreme examples such as Suaeda maritima and Suaeda salsa, 
that the salinity level is between 200 and 400 mM NaCl (Flowers and Colmer, 2008).  Our results also 
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showed that  M. crystallinum grown under 100 mM NaCl had higher  shoot FW (Figure 2A) and larger 
total leaf area (Figure 3B) compared to those grown under 0 mM NaCl) although they had similar leaf 
number (Figure 3A) and SLA (Figure 3C).  Many halophytes such as mangrove can grow in full 
strength or even concentrated seawater. This was also observed in M. crystallinum grown under full 
strength seawater of 500 mM NaCl  (Figure 1B).  These results suggest that it is feasible to grow  M. 
crystallinum indoors using seawater under LED lighting.   

Leaf water status 

Leaves of M. crystallinum are thick and contain large vacuolated cells (Winter et al., 2015). In this 
study, leaf succulence is measured as the maximum water content expressed as fresh mass per unit 
of leaf area (g FW cm-2) (Debez et al., 2004).  There were no significant differences in leaf succulence 
among M. crystallinum grown under different saline conditions (Figure 4A).  This result implies that 
salinity did not affect leaf succulence of M. crystallinum on a leaf area basis.  Generally, increased 
salinity increases leaf succulence (Belkheiri and Mulas, 2013).  Optimal NaCl concentration for 
growth has been reported to be the concentration at which leaf succulence is highest.  A further 
increase in salinity resulted in decrease in both growth and leaf succulence (Khan et al., 2000). In the 
present study, M. crystallinum grown under 100 mM exhibited the highest in shoot FW (Figure 2A) 
and highest total leaf area (Figure 3A) and greatest SLA (Figure 3C) compared to those grown under 
250 mM and 500 mM NaCl concentration. The increase in growth of M. crystallinum grown under 100 
mM is not due to the increase in leaf succulence instead, it may result from fast leaf expansion 
reflected by larger total leaf area but thinner leaves with higher SLA.   Plants grown under fresh water 
of 0 mM NaCl  and 100 mM NaCl had higher SLA due to its lower LDMC (Figure 4B) but  high leaf  WC  
determined by LWC =  (LFW – LDW)/LFW (Figure 4C).  Increases in plant growth or in leaf succulence 
could serve to dilute salts (Belkheiri and Mulas, 2013). Slower growth of  M. crystallinum under 250 
mM and 500 mM NaCl compared to those grown with 0 and 100 mM NaCl  resulted in higher 
accumulation of salt (data not shown).  

 

Figure  4  Leaf succulence (A),  LDMC  (B) , leaf WC (C)  of M. crystallinum grown under different NaCl 
concentrations for 20 days. Vertical bars represent the standard errors. Means with 
different letters are statistically different (P < 0.05; n = 5) as determined by LSD multiple 
comparison test. 

Photosynthetic light use efficiency and CAM acidity  

A reduction in photosynthetic performance is usually the primary cause of decreased plant 
growth under salinity stress.  Chlorophyll fluorescence is a rapid and sensitive indicator used to study 
photosynthetic light use efficiency (Hazrati et al., 2016). Figure 5A shows that there were no 
significant differences in chlorophyll fluorescence Fv/Fm ratio among M. crystallinum grown under 
different NaCl concentrations.  However, photochemical quenching, qp (Figure 5B), electron 

Concentration of NaCl (mM)                       Concentration of NaCl (mM)                   Concentration of NaCl (mM) 

0

0.02

0.04

0.06

0.08

0 100 250 500

LD
M

C 
(g

 D
W

 g
 -1

 FW
) B 

0.00

0.05

0.10

0.15

0.20

0 100 250 500

Le
af

 su
cc

ul
en

ce
 

(g
 F

W
 c

m
-2

)

A 

94

96

98

100

0 100 250 500

LW
C 

(%
)  

C
a a a a

b
c

bc

a b a

c

d



transport rate, ETR (Figure 5C) and non-photochemical quenching NPQ (Figure 5D) were 
significantly lower in  M. crystallinum grown under all three NaCl concentrations with the lowest 
values obtained from plants grown under the higher NaCl concentration of 500 mM compared to 
those grown under fresh water  (0 mM NaCl).   

 

Figure  5 Fv/Fm ratio (A), ETR (B), ETR (C) and NPQ (D)  of M. crystallinum grown under different 
NaCl concentrations for 20 days. Vertical bars represent the standard errors. Means with 
different letters are statistically different (P < 0.05; n = 5) as determined by LSD multiple 
comparison test. 

Statistically, there were no differences in CAM acidity among M. crystallinum grown under fresh 
water and lower NaCl concentration of 100 and 250 mM (Figure 6).  However, Figure 6 clearly shows 
that  CAM acidity of M. crystallinum  plants grown at 500 mM NaCl was significantly higher  compared 
to those of other plants. This result indicates that M.  crystallinum  switches the mode of 
photosynthesis from C3 to crassulacean acid metabolism (CAM) upon high salt stress (Matsuoka et 
al.,  2018).    

 

Figure 6  CAM acidity  of M. crystallinum grown under different NaCl concentrations for 18 days. 
Vertical bars represent the standard errors. Means with different letters are statistically 
different (P < 0.05; n = 4) as determined by LSD multiple comparison test. 
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It has been reported salt stress caused photoinhibition of photosynthesis in many plant species 
including halophytes.  Halophytes are more salt tolerant than many other plant species. High salinity 
induced CAM photosynthesis, which apparently resulted in photoinhibition (Matsuoka et al., 
2018).  However, in the present study, reduction of Fv/Fm ratio was not observed when M. 
crystallinum grown under 500 mM NaCl exhibited CAM photosynthesis.  This result indicates that the 
efficiency of light harvesting was not decreased by CAM induction.  Controversial results have been 
reported regarding the changes in Fv/Fm ratio when CAM is induced in M. crystallinum by salt 
stress.  Broetto et al. (2007) reported that Fv/Fm ratio decreased while no change in Fv/Fm ratio was 
observed by Barker et al.  (2004) after subjecting M. crystallinum  to 14 days  of  salt stress. Matsuoka 
et al.  (2018)  concluded that there was no close relationship between photoinhibition measured by 
Fv/Fm ratio and the induction of CAM photosynthesis. There are a number of researchers (Keiller et 
al.,  1994,  Broetto et al., 2007, Niewiadomska et al., 2011) reported that in the CAM-inducible M.  
crystalline under high salt stress, lower qP and higher NPQ were observed during the dark period 
than during the light period, under the same actinic light. However, such differences were not 
observed in M. crystallinum plants when carrying out C3 photosynthesis grown without salt stress. 
Thus, NPQ can be used to estimate the degree of CAM induction. However, this relationship was not 
observed in the present study when chlorophyll fluorescence parameters were analysed under an 
actinic light which as the same as growth irradiance of 156 μmol m-2 s-1 (Figures 5B, 5C, 5D).  

CONCLUSIONS 
The results of this study show that  M. crystallinum requires some salt (100 mM NaCl) to achieve 

higher shoot productivity.   The increase in growth of M. crystallinum under 100 mM NaCl mainly 
resulted from fast leaf expansion with larger total leaf area and higher SLA.  Although they were much 
smaller with lower shoot FW, smaller total leaf number and  total leaf area when grown under full 
strength seawater (500 mM NaCl) compared to those grown under fresh water and lower NaCl 
concentrations,  M. crystallinum exhibited a high tolerance to salt stress.  They appeared healthy 
under high  NaCl concentration.  Grown under 500 mM NaCl, CAM photosynthesis was induced in M. 
crystallinum.  However, the efficiency of light harvesting measured by chlorophyll fluorescence Fv/Fm 
ratio was not decreased and photoinhibition was not occurred by CAM induction.  Our results suggest 
that it is feasible to grow halophyte M. crystallinum indoors using seawater up to full strength under 
LED lighting.  The correlation between light use efficiency and CAM induction of M. crystallinum under 
salt stress merits our further studies.  
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