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HIGHLIGHTS 

 

 The plasticity of the photosynthetic metabolism is crucial for salinity tolerance in R. mangle 

 R. mangle grows well in non-saline conditions 

 10 ppt NaCl provided the best growth condition for R. mangle 

 Hypersalinity inhibits growth by causing an oxidative burst and reducing photosynthesis. 

 R. mangle responds as a facultative halophyte 
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Abstract – The physiological mechanisms responsible for salinity tolerance in Rhizophora mangle 

remain unclear. Moreover, the effects of climate change on the distribution and abundance of 

mangrove forests are unknown. Thus, to elucidate the possible factors responsible for saline tolerance 

in this species, we investigated the growth and physiological parameters in young plants cultivated 

in a saline gradient (0, 10, 35, and 70 ppt). Biometric indicators, water status parameters, cell integrity, 

ions concentrations in leaves and roots, pigment concentrations, chlorophyll a fluorescence, oxidative 

stress indicators, and antioxidant enzyme activities were evaluated. The results showed that R. mangle 

could grow in the absence (0 ppt) or moderate salinity (10 ppt). However, by increasing the salinity 

to sea level (35 ppt), the growth and development decreased compared to plants grown at ten ppt. In 

hypersalinity (70 ppt), plant growth and development are severely hampered. Under hypersalinity, 

the increased concentration of H2O2 promoted lipid peroxidation and membrane damage. The 

chlorophyll contents decreased, and accessory pigment concentrations increased. Moreover, the 

modulation of the quantum yield of PSII and the antioxidant system was crucial to avoiding 

photoinhibition and  salinity tolerance in R. mangle. 
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Table 1: Plant height, stem diameter, leaf area and number of leaves of Rhizophora mangle exposed to 

salinity levels in a growth chamber. Values represent the mean ± SD of five biological replicates (n = 

5). According to Tukey's test, different letters represent significant differences between treatments (P ≤ 

0.05) 

 0 10 35 70 

Plant height 

(cm plant-1) 
48.84 ± 1.73a 51.85 ± 1.96a 40.42 ±1.08b 36.06 ± 1.52b 

Stem diameter 

(cm plant-1) 
8.20 ± 0.66b 10.30 ± 0.67b 13.27 ± 0.44a 13.04 ± 0.48a 

Leaf area 

(cm2) 
43.29 ± 2.58a 42.68 ± 2.87ab 33.68 ± 1.27bc 24.78 ± 1.03c 

Number of leaves 

plant-1 
14.00 ± 0.58a 12.33 ± 0.33ab 10.67 ± 0.67b 7.67 ± 0.33c 
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Table 2: Total chlorophyll content, chlorophyll a/b ratio, carotenoids and anthocyanin contents 

in leaves of Rhizophora mangle exposed to increasing salinity. Values represent the mean ± SD 

of five biological replicates (n = 5). According to Tukey's test, different letters represent 

significant differences among treatments (P ≤ 0.05). 

 0 10 35 70 

Total Chl 
(mg g-1 FM) 

99.21 ±7.75 a 94.95 ±6.97 a 67.85 ±1.50 b 56.52 ±2.62 b 

Chl a/Chl b ratio 2.40 ±0.30 a 2.00 ±0.03 a 1.38 ±0.08 b 1.53 ±0.06 b 

Carotenoids 
(mg g-1 FM) 

95.54 ±3.19 c 152.16 ±9.20 b 174.60 ±4.45 b 193.54 ±4.70 a 

Anthocyanin 
(mg g-1 FM) 

0.98 ±0.07 b 1.19 ±0.04 b 2.01 ±0.07 a 2.28 ±0.14 a 
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Table 3: Contents of TBARS (lipid peroxidation) and H2O2, and the activities of superoxide dismutase, 

ascorbate peroxidase and catalase in leaves of Rhizophora mangle exposed to increasing salinity. Values 

represent the mean ± SD of five biological replicates (n = 5). According to Tukey's test, different letters 

represent significant differences among treatments (P ≤ 0.05). 

 0 10 35 70 

TBARS content 

(nmol MDA-TBA g-1 FM) 
42.91 ±4.70 c 85.39 ±4.08 b 97.40 ±2.65 ab 106.09 ±3.99 a 

H2O2 content 
(ƞmol g-1 FM) 

12.04 ±0.38 c 30.74 ±1.14 b 44.53 ±2.00 a 47.12 ±0.52 a 

SOD activity 

(U mg-1 protein min-1) 
2.58 ±0.40 c 3.87 ±0.38 bc 5.55 ±0.32 ab 6.34 ±0.45 a 

APX activity 

(mol mg-1 protein min-1) 
0.81 ±0.09 c 2.76 ±0.20 b 3.87 ±0.37 a 1.04 ±0.02 c 

CAT activity 

(mol mg-1 protein min-1) 
95.54 ±3.19 c 152.16 ±9.20 b 174.60 ±4.45 ab 193.54 ±4.70 a 
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Abstract – The physiological mechanisms responsible for salinity tolerance in Rhizophora 10 

mangle remain unclear. Moreover, the effects of climate change on the distribution and 11 

abundance of mangrove forests are unknown. Thus, to elucidate the possible factors 12 

responsible for saline tolerance in this species, we investigated the growth and physiological 13 

parameters in young plants cultivated in a saline gradient (0, 10, 35, and 70 ppt). Biometric 14 

indicators, water status parameters, cell integrity, ions concentrations in leaves and roots, 15 

pigment concentrations, chlorophyll a fluorescence, oxidative stress indicators, and 16 

antioxidant enzyme activities were evaluated. The results showed that R. mangle could grow 17 

in the absence (0 ppt) or moderate salinity (10 ppt). However, by increasing the salinity to 18 

sea level (35 ppt), the growth and development decreased compared to plants grown at ten 19 

ppt. In hypersalinity (70 ppt), plant growth and development are severely hampered. Under 20 

hypersalinity, the increased concentration of H2O2 promoted lipid peroxidation and 21 

membrane damage. The chlorophyll contents decreased, and accessory pigment 22 

concentrations increased. Moreover, the modulation of the quantum yield of PSII and the 23 

antioxidant system was crucial to avoiding photoinhibition and  salinity tolerance in R. 24 

mangle. 25 

Keywords: antioxidant metabolism; climate change; mangroves; photosynthetic yield 26 

Abbreviations: APX - ascorbate peroxidase; CAT – catalase; Fv/Fm – the potential yield of 27 

PSII; MD – membrane damage; NPQ – non-photochemical quenching; PPFD - 28 

photosynthetic photon flux density; PSII - photosystem II; PPFD - photosynthetic photon flux 29 

density, ppt – part per thousand; RWC – relative water content; TCC – total chlorophyll 30 

content; qL - estimation of the fraction of open PSII centers based on the lake model, rcf – 31 
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relative centrifuge force, SOD - superoxide dismutase, TBARS - thiobarbituric acid reactive 32 

substances; TCC – total chlorophyll; Y(II) – effective quantum yield of photosystem II; YNO 33 

– on-regulated non-photochemical energy loss; YNPQ – regulated  non-photochemical 34 

energy loss 35 



1 Introduction 36 

Mangrove forests are distributed worldwide in tropical, subtropical, and semiarid 37 

coastline environments (Devaney et al., 2020) ⁠ . Mangrove habitats are typically 38 

characterized by high salinity, tidal influence, strong winds, high temperature, and muddy 39 

anoxic soil (Wang et al., 2022). Several species co-exist in the mangrove environment and 40 

have different strategies to cope with such stressful conditions (Esteban et al., 2013). 41 

Moreover, mangrove forests are among the most carbon-rich ecosystems on Earth, storing 42 

vast amounts of soil carbon, which is crucial for the global carbon cycle and alleviating 43 

climate changes (Atwood et al., 2017) ⁠ . Globally, mangrove communities are experiencing 44 

a change in soil salinity variation amplitude and flood depths due to sea-level rise and 45 

climate change. These conditions may impact mangrove seedlings' morphology and 46 

physiology, including growth, abundance, and distribution of this species composition (Wang 47 

et al., 2022). 48 

Mangroves have intraspecific population variability in tolerance to abiotic stressors. 49 

The adaptations to flooding and salinity are the most critical factors that drive the local 50 

distribution of mangrove species (Méndez-alonzo et al., 2016) ⁠ . Mangrove plants are well-51 

adapted to salt concentrations that exceed the tolerated by most other plant species (Reef 52 

and Lovelock, 2015) ⁠ . Several plant species co-exist in this environment and display 53 

different strategies to cope with salinity. The salt tolerance in mangroves ranges from 54 

functional obligate halophytes, which achieve their maximum growth at salinities from 5 to 55 

25 ppt, to facultative halophytes and glycophytes, which optimize their growth in freshwater 56 

(Méndez-alonzo et al., 2016; Reef and Lovelock, 2015)⁠ . However, the literature has 57 

contradictory views regarding the obligated or facultative halophyte behaviour in mangroves 58 

(Adame et al., 2021; Cheeseman, 2015; Wang et al., 2011) ⁠ . 59 

Saline environments have a very negative water potential, making water absorption 60 

unfavourable. Consequently, the plant's ability to maintain water uptake in saline conditions 61 

is key to salt tolerance. Another physiological challenge to salinity exposure is ion toxicity 62 

(i.e. Na+), as a high concentration is potentially cytotoxic to all plants, including mangroves 63 

(Reef and Lovelock, 2015) ⁠ . Mangrove plants have evolved mechanisms to exclude, 64 

secrete and accumulate ions, such as the ultrafiltration of salt in the roots, the presence of 65 

salt glands, the hyper-accumulation of ions in the vacuoles, and the production of compatible 66 

solutes to osmotic adjustment (Esteban et al., 2013; Méndez-alonzo et al., 2016) ⁠ . 67 



In addition to salinity, mangroves are exposed to harmful stressors such as high light. 68 

Under these combined conditions, low stomatal conductance restricting photosynthesis can 69 

severely affect plant growth. The osmotic component of salinity decreases soil water 70 

potential, promoting stomatal closure and decreasing CO2 supply for carboxylation in the 71 

chloroplasts (Cerqueira et al., 2019) ⁠ . Secondly, the excessive ion accumulation decreases 72 

the efficiency of the Calvin-Benson-Bassham cycle reactions, leading to an imbalance 73 

between the production and consumption of the reducing equivalents produced by the 74 

photochemical reactions (Lima Neto et al., 2017) ⁠ . Therefore, plants exposed to these 75 

conditions, commonly found in mangrove ecosystems, are prone to excess excitation energy 76 

accumulation in chloroplasts and photoinhibition. 77 

The excess excitation energy in chloroplasts increases the production of reactive 78 

oxygen species (ROS) and induces oxidative stress. Thus, high salinity impairs 79 

photosynthesis by stomatal and metabolic limitations (Souza et al., 2019) ⁠ . The increased 80 

concentration of ROS, produced by the excess excitation energy in chloroplasts, promotes 81 

photoinhibition on both photosystems (PSII and PSI) (Lima Neto et al., 2017) ⁠ . Plants have 82 

evolved diverse photoprotective mechanisms to avoid the harmful effects of excess 83 

excitation energy and photoinhibition. Strategies to control the light interception by leaves 84 

are ubiquitous in plants, and these strategies can be achieved through different processes, 85 

such as changes in leaf orientation, leaf rolling, chloroplasts movements, and the presence 86 

of reflective structures such as wax, hairs, or salt crystals (Esteban et al., 2013) ⁠ . In 87 

addition, plants have evolved different mechanisms to dissipate the excess excitation 88 

energy, such as non-photochemical quenching (NPQ), photorespiration (PR), cyclic electron 89 

flow (CEF), and the water-water cycle (WWC). Moreover, the non-enzymatic and enzymatic 90 

antioxidants are crucial to maintaining cell redox homeostasis and scavenging excessive 91 

ROS (Cerqueira et al., 2019; Lima Neto et al., 2017; Ziotti et al., 2019) ⁠ . However, little is 92 

known regarding the modulation of photoprotective mechanisms in mangrove species. 93 

We hypothesized that the regulation of the photochemical yield and the antioxidant 94 

metabolism are essential to the growth of Rhizophora mangle in a saline gradient. We 95 

investigated the role of the modulation of PSII quantum yield and the antioxidant metabolism 96 

in R. mangle to salt tolerance. Biometric parameters, PSII quantum yields, and the 97 

antioxidative metabolism of R. mangle were evaluated in a salinity gradient. Knowledge of 98 

mangrove physiology and tolerance mechanisms to abiotic factors are crucial to conserving 99 

and reforestation efforts. 100 



2 Material and Methods 101 

2.1 Plant material and growth conditions 102 

Mature, fresh propagules of R. mangle were collected from nearby trees in Cubatão 103 

Estuary (Cubatão, São Paulo, Brazil) and sorted by size and weight. Similar propagules 104 

were directly planted into pots (20 L) containing commercial substrate (Plantmax PXHA, 105 

Eucatex, SP, Brazil) and maintained in a growth chamber with controlled conditions 106 

[photosynthetic photon flux density (PPFD) of 400 μmol m-2 s-1, temperature of 30oC/26oC 107 

day/night, relative humidity of ~65% and a 12 h photoperiod]. These controlled conditions 108 

mimicked a typical day in the Coastal region of Cubatão, São Paulo, Brazil (23o88'45" S, 109 

46o42'09" W). Plants were cultivated under these conditions for 120 days and watered every 110 

two days with distilled water until pot saturation. Three times a week, the pots were 111 

supplemented with NaCl solution (10 ppt), and the electrical conductivity was measured to 112 

ensure the saline concentration in the substrate. This reference solution was set according 113 

to the salinity of the native environment where the propagules were harvested. 114 

After the 120 days growth period, as described above, the plants were separated into 115 

four salinity groups: 0, 10, 35, and 70 ppt. These salinity levels are approximately equivalent 116 

of 0, 17.02, 53.07 and 96.91 mS/cm, at 25oC, respectively or approximately 0, 171.11, 598.9 117 

and 1197.8 mM NaCl, respectively. Plants were irrigated daily with their respective saline 118 

solutions. Weekly, the pots were abundantly rinsed with freshwater until drained to avoid 119 

salt over-accumulation in the substrate. The electrolyte leakage of the drained was 120 

measured weekly to maintain the substrate's salt concentration near the respective 121 

treatment concentration. Plants were grown under these conditions for 45 days (the time 122 

when plants exposed to 70 ppt presented loss of leaf turgor and chlorosis). Five plants were 123 

used for each treatment, and an experimental unit was represented by one plant in a 20 L-1 124 

plastic pot. 125 

2.2 Chlorophyll a fluorescence analysis 126 

Chlorophyll a fluorescence was measured using the saturation pulse method with a 127 

portable chlorophyll fluorometer (JR-PAMIII WALZ, Effeltrich, Germany). Leaves were dark-128 

adapted for 30 min for assessing Fo and Fm. Then, the leaves were exposed to actinic light 129 

(500 μmol m−2 s-1) for at least 30 min to reach a photosynthetic steady state. The actinic 130 

light used was near the saturation point observed from previous light curves performed in 131 

our lab and close to the cabinet light intensity. The intensity and duration of the saturation 132 



pulses were 8,000 μmol m−2 s-1 and 0.7 s, respectively. The following parameters were 133 

assessed: the potential quantum yield of PSII [Fv/Fm = (Fm-Fo)/Fm]; the effective quantum 134 

yield of PSII [YII = (Fm'- Fs)/Fm'], the proportion of opened (qL) and closed (1-qL) PSII 135 

states, the non-photochemical quenching [NPQ = (Fm – Fm')/Fm'], the quantum yield of 136 

non-regulated non-photochemical energy loss in PSII [Y(NO) = F/Fm] and the quantum yield 137 

of regulated non-photochemical energy loss in PSII [Y(NPQ) = F/Fm' - F/Fm]. Fm and Fo 138 

are the maximum and minimum fluorescence of dark-adapted leaves, respectively; Fm′ and 139 

Fs are the maximum and the steady state, respectively, fluorescence in the light-adapted 140 

samples (Klughammer and Schreiber, 2008; Murchie and Lawson, 2013). 141 

2.3 Growth, biomass partition, relative water content, and water potential 142 

Plants were evaluated for stem diameter at 2 cm from the soil with a pachymeter, the 143 

number of leaves, and plant height at the end of the experiment. The third expanded leaf, 144 

used for photosynthesis measurements, was photographed, and the leaf area was 145 

estimated using the software ImageJ (Schneider et al., 2012) ⁠ . After the in vivo biometric 146 

measurements, the plants were harvested and separated into aboveground and roots, which 147 

were immediately weighed for fresh matter (FM). 148 

The relative water content (RWC) was calculated from the fresh, turgid, and dry 149 

weights of leaves and roots (Lobo et al., 2015) ⁠ . The dry matter (DM) was determined after 150 

48 h in an oven at 75 °C, and the turgid weight was measured after six hours of saturation 151 

in deionized water at 7 °C in dark-condition. The leaf midday water potential (Ψw) was 152 

evaluated using a pressure chamber (3000 Scholander PWSC, ICT International, Armidale, 153 

AUS) (Scholander, 1960). 154 

2.4 Membrane damage, lipid peroxidation, pigment contents, Na+ and K+ contents 155 

The membrane damage, an indicator of cell integrity, was measured as described 156 

previously (Cerqueira et al., 2019) ⁠ . Segments were placed in tubes containing 10 mL of 157 

deionized water and incubated in a shaking water bath for 24 h. After that, the electric 158 

conductivity of the medium was measured (L1). Then, the segments were boiled at 95oC for 159 

1h, cooled down to ambient temperature in an ice bath, and measured the electric 160 

conductivity (L2). The membrane damage (MD) was calculated as MD = (L1/L2) x 100 and 161 

expressed in %. The lipid peroxidation was assessed based on the formation of 162 

thiobarbituric acid-reactive substances (TBARS) (Cakmak and Horst, 1991) ⁠ . The TBARS 163 



concentration was calculated using the absorption coefficient (155 mM-1 cm-1) and 164 

expressed as nmol MDA-TBA g-1 FM. 165 

Chlorophyll a, b, total, and carotenoids were measured according to Lichtenthaler and 166 

Wellburn, 1983. Leaf samples were extracted in 80% cold acetone overnight at 7oC in dark-167 

condition. After that, the samples were centrifuged at 10,000 rcf for 5 minutes. The 168 

supernatant was read in a spectrophotometer at different wavelengths as previously 169 

described (Lichtenthaler et al., 1983) ⁠ . The total anthocyanin content was determined as 170 

previously described by (Neff and Chory, 1998) ⁠ . Leaf segments were extracted in 171 

methanol and 1% HCl at 4oC overnight. After that, chloroform was added to the homogenate 172 

and centrifuged at 14,000 rcf for 5 min. The upper fraction was used for spectrophotometric 173 

reading at 530 and 657 nm. The total anthocyanins content was expressed as A530-A657 174 

g-1 FW. Na+ and K+ contents were measured by flame photometry (Lima Neto et al., 2014) ⁠ . 175 

2.5 H2O2 content and enzymatic activities 176 

The H2O2 content was measured by the Amplex Red Hydrogen Peroxide/Peroxidase 177 

Assay Kit (Invitrogen). Leaf segments were ground in K-phosphate buffer 100 mM (pH 7.5). 178 

The crude extract was centrifuged at 12,000 rcf for 30 min at 4 °C. According to the 179 

manufacturer protocol, the supernatant was supplemented with 10 mM Amplex-Red and 10 180 

U of horseradish peroxidase. The resorufin production was measured at 560 nm in a 181 

spectrophotometer (Zhou et al., 1997) ⁠ . 182 

The enzymatic activities were assessed from a protein extract. Leaf segments were 183 

ground to a fine powder in liquid nitrogen and then extracted in 100 mM Tris-HCl buffer (pH 184 

8.0) containing 30 mM DTT, 20% glycerol, 1 mM ascorbate, and 3% PEG-6000 (Lima Neto 185 

et al., 2017b) ⁠ . The samples were centrifuged at 14,000 rcf for 20 minutes and stored at -186 

20ºC for enzymatic activity determination. The protein content was measured by the 187 

Bradford method (Bradford, 1976) ⁠  using bovine serum albumin as standard. 188 

Total ascorbate peroxidase (APX) activity (EC. 1.11.1.11) was measured following the 189 

ascorbate oxidation at 290 nm. The activity was assayed in a reaction mixture containing 190 

0.5 mM ascorbate and 0.1 mM EDTA dissolved in 100 mM K-phosphate buffer (pH 7.0) and 191 

the enzyme extract. The reaction was started by adding 30 mM H2O2. The enzymatic activity 192 

was measured following the decrease in absorbance at 290 nm and 25 °C, over 300 s, and 193 

expressed as μmol ascorbate mg-1 protein min-1 (Nakano and Asada, 1981) ⁠ . Total 194 

superoxide dismutase (SOD) activity (EC 1.15.1.1) was determined by measuring the 195 



inhibition of the blue formazan production by the nitroblue tetrazolium chloride (NBT) 196 

photoreduction. SOD activity was measured by adding the leaf extract to a mixture 197 

containing 50 mM potassium phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 mM L-198 

methionine, 2 μM riboflavin, and 75 μM p-NBT in the dark. The reaction was carried out 199 

under illumination (30 W fluorescent lamp) at 25 °C for 6 min. The absorbance was 200 

measured at 540 nm (Giannopolotis and Ries, 1977) ⁠ . One unit of SOD activity was defined 201 

as the amount of enzyme required to inhibit 50% of the NBT photoreduction, and activity 202 

was expressed as U mg protein min-1. Total catalase (CAT) activity (EC 1.11.1.6) was 203 

measured following the oxidation of H2O2 at 240 nm. CAT activity was determined by the 204 

reaction of the crude enzyme extract in 50 mM potassium phosphate buffer (pH 7.0) 205 

containing 20 mM H2O2. The absorbance at 240 nm was measured over 300 s (Havir and 206 

McHale, 1987) ⁠ , and CAT activity was calculated according to the molar extinction 207 

coefficient of H2O2 (36 mM cm-1) and expressed as μmol H2O2 mg-1 protein min-1. 208 

2.6 Correlation-based network analysis 209 

Correlation-based networks, including all physiological traits, were calculated using 210 

Pearson's product-moment correlation for each of the matrices of data from R. mangle under 211 

the four treatments (0, 10, 35, and 70 ppt). The nodes correspond to the physiological and 212 

biochemical evaluated parameters, and the links correspond to the strength of the 213 

connection between the nodes (in module) by Pearson correlation. Networks were designed 214 

by restricting the strength of the connections to a specific limit of Pearson correlation 215 

coefficient [(r) (-0,80 > r > 0,80)]. The parameters calculated from the networks were 216 

obtained as described by Assenov et al. (2008) ⁠ . Correlation analyses were performed by 217 

Pearson correlation using the Correlation Calculator software (Basu et al., 2017) ⁠ , and 218 

weighted correlation-based scale-free networks were calculated using MetScape 3 on 219 

Cytoscape v. 3.9.1. 220 

2.7 Statistical analysis 221 

The experiment was arranged in a completely randomized design, with four treatments 222 

(0, 10, 35, and 70 ppt NaCl) containing five replicates represented by one plant per pot. All 223 

dependent variables were analyzed by one-way ANOVA and the means were compared by 224 

Tukey's test (P ≤ 0.05). Box plots show medians and first and third quartiles (25th and 75th 225 

percentiles), and whiskers extend from the hinge to the largest or smallest value, no further 226 

than 1.5 times. The statistical analyses shown in the plots were performed using R (version 227 

4.0.2) and Rstudio version (1.3.959). Multivariate principal component analysis (PCA) was 228 



performed on all analyzed dependents. Before PCA analysis, data were scaled to reduce 229 

the effect of different variables, allowing data standardization. The level of importance of 230 

each PC was determined by the broken-stick method (Vítolo et al., 2012) ⁠ . The PCA was 231 

performed using the RFactoMineR and factoextra packages in R. 232 

3 Results 233 

3.1 Hypersalinity reduced growth, water status, [K+]/[Na+] ratio and increased membrane 234 

damage in Rhizophora mangle 235 

The total fresh plant biomass did not change in plants exposed to 0, 10, and 35 ppt. 236 

However, it was significantly decreased by 28% in plants exposed 70 ppt (hypersalinity) 237 

compared with plants grown under 10 ppt (the salinity of the environment where the plants 238 

were collected, called in this research as control) (Figure 1). Hypersalinity also negatively 239 

impacted the biomass partition compared to plants submitted to 10 ppt (control) (Figure 1). 240 

Plants grown in freshwater (~0 ppt) did not show significant differences in biomass allocation 241 

compared with plants grown under 10 ppt  (Figure 1). Biometric parameters such as plant 242 

height, leaf area, and the number of leaves were also decreased by 35 ppt and hypersalinity 243 

(70 ppt), except the stem diameter, which was significantly increased compared to the 244 

control plants (plants grown in 10 ppt) (Table 1). However, these parameters did not change 245 

in plants grown in freshwater (~0 ppt) compared with the reference plants (10 ppt) (Table 1). 246 

The relative water content (RWC) and membrane damage (MD) in leaves and roots 247 

were strongly affected by salinity (Figure 2). The RWC was decreased by 38% in leaves and 248 

15% in roots, while MD significantly increased in both plant organs (~3-fold) in plants 249 

exposed to 70 ppt, compared to plants grown in 10 ppt (Figure 2). Freshwater (~0 ppt) 250 

significantly decreased the leaf RWC in leaves, but this parameter did not change in roots 251 

compared to the reference plants (10 ppt) (Figure 2 A-B). The membrane damage (MD) also 252 

increased in leaves and roots of plants grown in freshwater (~0 ppt) compared to control 253 

plants (10 ppt) (Figure 2 C-D). 254 

The leaf water potential was significantly decreased  by 65% in plants exposed to 70 255 

ppt compared with control plants (10 ppt) (Figure 3A). In contrast, plants cultivated in 256 

freshwater (~0 ppt) did not change their water potential compared to control (Figure 3A). 257 

The leaf succulence presented the lowest value in plants grown in freshwater and the 258 

highest value in plants grown in 35 ppt. Moreover, the leaf succulence was not affected by 259 

hypersalinity (70 ppt) compared with control (Fig 3B). The [K+]/[Na+] ratio significantly 260 



increased in leaves and roots (2- and 6-fold, respectively) of plants grown in ~0 ppt. This 261 

ratio significantly decreased in leaves and roots of plants submitted to 35 and 70 ppt, all 262 

compared with control (Figure 3C-D). As expected, the [K+]/[Na+] ratio significantly 263 

decreased as the salinity increased in a dose-response trend. 264 

3.2 Photosynthetic pigment contents and PSII activity were severely affected by 265 

hypersalinity 266 

The total chlorophyll content (TCC) was significantly reduced in plants exposed to 70 267 

ppt, whereas it did not change in plants grown in freshwater compared to the reference 268 

plants (10 ppt). This parameter was lower in plants grown under 35 ppt than in the reference 269 

plants, and it did not change when compared to 70 ppt (Table 2). The chlorophyll a/b ratio 270 

significantly decreased in plants exposed to 35 ppt and 70 ppt compared to the reference 271 

plants. In contrast, this ratio did not change in plants grown in freshwater compared to plants 272 

grown in 10 ppt (Table 2). The carotenoid content decreased by 39% in freshwater, and 273 

increased by 27% in 70 ppt compared with the control plants, respectively (Table 2). The 274 

anthocyanin content significantly increased by ~2-fold in plants exposed to 70 ppt, but did 275 

not change in freshwater plants compared with the reference plants (Table 2). These 276 

pigment changes contributed to modifications in PSII performance, especially in plants 277 

grown in hypersalinity, as described below. 278 

The potential quantum yield of PSII (Fv/Fm) was not significantly affected in plants 279 

grown in different salinity conditions. This pattern shows that the plants were not 280 

photoinhibited (Figure 4A). The effective quantum yield of PSII [Y(II)] significantly reduced 281 

in plants exposed to 35 and 70 ppt. In contrast, YII was not affected by freshwater compared 282 

to the reference plants (Figure 4B). The open centers of PSII (qL) were only changed in 283 

plants exposed to 35 and 70, compared with the reference plants (10 ppt) (Figure 4C). In 284 

contrast, the non-photochemical quenching (NPQ) related parameters were enhanced by 285 

35 and 70 ppt, respectively (Figure 5). The PSII closed centers (1-qL) and the NPQ 286 

increased in 35 and 70 ppt plants compared with reference plants (Figure 5A-B). The 287 

freshwater did not change these parameters compared to the reference plants (Figure 5A-288 

B). The non-regulated non-photochemical energy loss of PSIII [Y(NO)] was higher in plants 289 

grown at 35 and 70 ppt than in the reference plants (10 ppt). This parameter did not change 290 

in plants submitted to freshwater compared with the reference plants (Figure 5C). Besides 291 

the NPQ did not change in plants grown in 35 ppt compared to 70 ppt, the non-regulated 292 

NPQ (YNO) was higher in plants under 70 ppt compared to plants grown in 35 ppt. In 293 



contrast, the regulated portion of the NPQ [Y(NPQ)] significantly increased in plants grown 294 

in 35 ppt than in plants exposed to 70 ppt. 295 

3.3 Oxidative stress indicators and antioxidant enzyme activities showed different patterns 296 

in response to freshwater and hypersalinity 297 

To evaluate the aspects of the modulation of PSII quantum yields to photoprotection 298 

and the avoidance of ROS accumulation and oxidative stress, we evaluated lipid 299 

peroxidation, hydrogen peroxide content, and three major antioxidant enzyme activities. The 300 

lipid peroxidation, assessed by the thiobarbituric acid reactive substances (TBARS), 301 

increased as the salinity concentration became higher (Table 3). The H2O2 content in leaves 302 

followed the same trend as TBARS (Table 3). The superoxide dismutase (SOD) and 303 

catalase activities in leaves of R. mangle presented higher values as the NaCl concentration 304 

increased (Table 3). Plants grown in freshwater showed lower SOD, CAT, and ascorbate 305 

peroxidase (APX) activities than the reference plants (Table 3). The APX activity was lower 306 

in plants exposed to 70 ppt than in the reference plants and plants cultivated in 35 ppt (Table 307 

3). 308 

3.4 Systemic view of physiological indicators in R. mangle to different salinity 309 

We performed a multivariate principal component analysis to summarize the 310 

information based on the many variables assessed and better understand the data set 311 

variation. The distribution of the variables determined in this study, including all treatments, 312 

is shown in Supplemental figure 1. PCA 1 and PCA 2 explained 80.6% of the total variance 313 

(Supplemental figure 1). The Na+ content in leaves, anthocyanin concentration, YNO, H2O2 314 

content, and Na+ in roots were the main relevant variables for principal components 1 and 315 

2. In contrast, Fv/Fm, total fresh matter, and leaf succulence were the less relevant variables 316 

for PC1 and PC2 (Supplemental figure 1). Additionally, the K+ content in roots and leaves 317 

and the relative water content in roots showed a distinct behaviour compared with other 318 

variables, as essential components only in plants exposed to freshwater (0 ppt) 319 

(Supplemental figure 1). There was a clear distribution pattern among treatments, with each 320 

treatment separated into a distinct quadrant (Supplemental figure 1). 321 

The weighted correlation-based network analysis (WCNA) presented well-defined 322 

differences in plants exposed to freshwater and 10 ppt, compared with plants grown under 323 

35 and 70 ppt (Supplemental figure 2). Plants grown under freshwater or 10 ppt presented 324 

more loosened networks than plants under 35 and 70 ppt. Moreover, plants under 70 ppt 325 



showed the highest network centralization (Supplemental table 1). Control plants grown in 326 

10 ppt showed the highest number of nodes, edges, average number of neighbours, 327 

clustering coefficient, and network density (Supplemental table 1). In contrast, the network 328 

parameters from plants grown under 35 ppt showed the lowest values of the number of 329 

edges, average number of neighbours, clustering coefficient, network density, 330 

heterogeneity, and centralization (Supplemental table 1). 331 

4 Discussion 332 

4.1 Rhizophora mangle showed similar growth in freshwater and low salinity, but it was 333 

severely affected by hypersalinity, a common pattern of facultative halophytes 334 

Although R. mangle is commonly considered a halophyte species, there are 335 

contradictory views regarding the relationship between mangroves and salt stress in the 336 

literature (Wang et al., 2011) ⁠ . Some authors argue that mangroves are considered 337 

facultative halophytes, as freshwater is a physiological requirement while saltwater is an 338 

ecological requirement (Krauss and Ball, 2013) ⁠ . This latter condition prevents the invasion 339 

and competition with non-halophyte plants for the restricted resources in the mangrove 340 

environment. In contrast, some reports describe mangroves as obligate halophytes, which 341 

cannot grow in permanent freshwater; consequently, salt is a physiological requirement 342 

(Lugo and Snedaker, 1974) ⁠ . Nevertheless, R. mangle plants are sensitive to hypersalinity. 343 

It is important to note that there is no consensus in the literature regarding mangrove's 344 

hypersalinity threshold. However, according to Devaney et al. (2020) ⁠ , hypersaline 345 

conditions range from salt concentrations above 50 ppt, which corroborates with the 346 

salinities used in this research as hypersalinity (70 ppt). 347 

In our study, R. mangle exposed to hypersalinity showed lower plant height, less 348 

biomass accumulation and leaf area, and a lower number of leaves compared with plants 349 

grown in a saline concentration equivalent to their natural environment (10 ppt) or compared 350 

to plants grown in freshwater (Table 1 and Figure 1). In opposition, the stem diameter was 351 

significantly increased in plants exposed to hypersalinity (Table 1). These parameters were 352 

not affected in plants cultivated in freshwater (0 ppt) compared with plants exposed to 10 353 

ppt. Growth performance is a sensitive indicator of tolerance in plants exposed to salinity. 354 

Non-halophytes survive optimally in freshwater and mortality is imminent at slightly higher 355 

salinity concentrations. Facultative halophytes can also grow in freshwater but differ from 356 

non-halophytes in responding to increases in salinity with promoted growth, up to an 357 

optimum level, above which growth would decrease. Finally, obligate halophytes have 358 



optimal growth under ranges of salinity similar or greater to those of facultative halophytes 359 

but differ in their inability to survive under freshwater (Cheeseman, 2015; Flowers and 360 

Colmer, 2015, 2008; Krauss and Ball, 2013; Wang and Yan, 2011) ⁠ . Therefore, it suggests 361 

that R. mangle is a facultative halophyte, as it can survive in freshwater, even though its 362 

growth was slightly reduced. 363 

4.2 Osmotic protection and ion partitioning maintain an optimum water status and cellular 364 

integrity under hypersalinity in R. mangle 365 

R. mangle plants can grow and flower regularly when irrigated with freshwater (Wang 366 

and Yan, 2011; Werner and Stelzer, 1990) ⁠ . Plants grown in 35 ppt or 70 ppt showed 367 

significant alterations in biometric parameters (Figure 1 and Table 1). These biometric 368 

alterations induced by 35 ppt and 70 ppt are related to the reduced leaf water potential and 369 

the relative imbalance in the [K+]/[Na+] ratio in leaves and roots (Figure 3). It was previously 370 

shown that R. mangle could keep extremely low leaf water potentials (-5 MPa), maintaining 371 

their hydraulic system safe (Méndez-alonzo et al., 2016) ⁠ . Hence, the higher stem diameter 372 

in plants exposed to 35 and 70 ppt could be related to a better hydraulic conductivity 373 

efficiency in low water potential (Méndez-alonzo et al., 2016). 374 

Maintaining an efficient stem hydraulic system is important to ensure the hydraulic 375 

conductivity of leaves under low water potential, sustaining transpiration and 376 

photosynthesis. Mangroves typically have relatively low transpiration rates and high water 377 

use efficiencies (Lovelock et al., 2006) ⁠ . Lower stomatal conductance resulting from 378 

increasing substrate salinity in mangroves is well established; when soil salinity is greater 379 

than the seawater salt concentration (35 ppt), the whole-plant hydraulic conductance can 380 

decline due to xylem cavitation, resulting in severe limitations of photosynthesis and growth 381 

(Méndez-alonzo et al., 2016) ⁠ , which is in accordance with our data. R. mangle leaves also 382 

showed higher water content per unit area (leaf succulence) under salinity conditions than 383 

in plants cultivated in freshwater (0 ppt) (Fig. 3). This response corroborates with previous 384 

research, suggesting that leaf succulence increases as salinity rises (Camilleri and Ribi, 385 

1983)⁠ . 386 

Mangroves have relatively low photosynthetic carbon gain and reduced productivity. 387 

Decreased number of leaves, leaf area, and height could be energetically efficient in this 388 

species under salt stress (Munns et al., 2020) ⁠ . As an osmotic effect of the salt stress, the 389 

stomatal closing decreases leaf transpiration, water intake, and, consequently, salt intake. 390 

This physiological response of tolerant species avoids the toxic effects of the excess Na+ 391 



concentration in the leaf tissue (Flowers and Colmer, 2008). However, the CO2 assimilation 392 

is decreased by stomatal limitation, consequently promoting the excess excitation energy in 393 

the chloroplasts, as the Calvin-Benson-Bassham cycle reactions are the main sink of the 394 

reducing equivalents produced by the photochemical reactions (Cerqueira et al., 2019). 395 

Thus, increases in the water content in leaves exposed to salinity (salt succulence) enhance 396 

the leaf’s capacity to dissipate heat, reducing the need for evaporative cooling. This is an 397 

important mechanism in plants under stomatal closing as R. mangle under hypersalinity 398 

(Calzadilla et al., 2022). 399 

Like many other halophytes, mangroves use the accumulation of select ions as solutes 400 

to adjust the osmotic potential (Reef and Lovelock, 2015), which is in accordance with our 401 

data (Figure 3). However, in mangroves growing at high salinity, the predicted shoot osmotic 402 

potential, calculated from cellular ion concentrations, is higher than the observed one 403 

(Méndez-alonzo et al., 2016). Therefore, above the hypersalinity threshold, other compatible 404 

osmotic substances are necessary to reduce the water potential and maintain water uptake. 405 

The membrane damage, an indicator of cell integrity, was increased in plants exposed to 406 

hypersalinity and slightly increased in plants cultivated in freshwater compared with 407 

reference plants (Figure 2), corroborating the importance of osmotic adjustment to cell 408 

integrity. 409 

Low salinity maintained cell integrity in R. mangle compared with plants cultivated in 0, 410 

35, and 70 ppt (Figure 2). Probably, low salinity was able to induce osmotic protection by 411 

the accumulation of compatible solutes, which could promote cell organelles protection and 412 

whole-cell integrity. However, little is known regarding the metabolism of the accumulation 413 

of organic compatible solutes to salt acclimated-R. mangle and its influence on salt 414 

acclimation (Munns et al., 2020). R. mangle plants cultivated in freshwater showed a 415 

significant Na+ concentration in leaves and roots (Figure 3). This could be explained as 416 

viviparous mangroves, as R. mangle have larger propagules that store large amounts of 417 

nutrients and energy (Yan et al., 2007) and high concentrations of Na+ and Cl-  (Wang and 418 

Yan, 2011). Thus, even growing in freshwater in the short term, Rhizophora seedlings still 419 

have significant concentrations of Na+ and Cl-. 420 

4.3 The plasticity and resilience of the photosynthetic apparatus of R. mangle under salinity 421 

The modulation of the photosynthetic PSII quantum yields was evaluated by 422 

chlorophyll a fluorescence analysis. The potential quantum yield of photosystem II (PSII) 423 

(Fv/Fm), an indicator of the maximum photosynthetic yield, did not change in plants exposed 424 



to hypersalinity or the absence of NaCl compared to the reference plants (Figure 4). 425 

Roughly, high Fv/Fm could indicate that PSII is not photoinhibited. However, to avoid 426 

photoinhibition, this species should modulate the use and efficiency of the different quantum 427 

yields of both photosystems (Lima Neto et al., 2017b). 428 

Under photoinhibited conditions, P680+ lifetime increases, and this powerful oxidant 429 

may degrade pigments and amino acids nearby. On the other hand, when the acceptor side 430 

is less efficient, a P680 triplet radical is formed, interacting with atmospheric oxygen (O2), 431 

forming singlet oxygen (1O2). These reactive oxygen species degrade D1 protein in the core 432 

of the PSII reaction center (Lima Neto et al., 2017b). As a response to hypersalinity, R. 433 

mangle plants significantly decreased the effective quantum yield of PSII [Y(II)] compared 434 

with plants exposed to the reference treatment and freshwater (Fig. 4). Also, plants under 435 

hypersalinity displayed a higher portion of reduced Qa, indicated by the decrease in qL, 436 

showing a closed state of PSII by an acceptor site limitation (Cerqueira et al., 2019). Hence, 437 

the decrease in Y(II) by plants exposed to hypersalinity was followed by the increase in the 438 

closed state of Qa (1-qL) (Figure 5), indicating an acceptor site limitation of PSII. Denvaney 439 

et al. (2020) showed that Y(II) changes in R. mangle were not significantly related to soil 440 

salinity. However, where soils were hypersaline (ranging from 55 to 78 ppt), the Y(II) strongly 441 

decreased as soil salinity enhanced. Also, at soil salinities >60 ppt, Y(II), growth and the 442 

survival of R. mangle seedlings were severely reduced (Devaney et al., 2020), which is in 443 

accordance with our data. Previous works have demonstrated that photoinhibition occurs in 444 

hypersaline conditions for several species (Biber, 2006; Naidoo, 2006; Sobrado, 2000). 445 

R. mangle exposed to hypersalinity strongly induced the dissipation of excess 446 

excitation energy by the non-photochemical quenching (NPQ) (Figure 5). This mechanism 447 

protects the reaction centers of PSII via rapid dissipation of excess excitation energy as 448 

heat. It is essential to mention that the PSII quantum yield efficiency can be decreased by 449 

damaging the PSII reaction center or inducing NPQ (Areington et al., 2022). The contribution 450 

of these aspects to the NPQ increase was estimated by the evaluation of the quantum yield 451 

of the non-regulated [Y(NO)] and regulated [Y(NPQ)] non-photochemical energy losses in 452 

PSII. It was shown that the regulated NPQ portion was the relatively most crucial component 453 

of the increase in NPQ in R. mangle exposed to hypersalinity (Figures 5C-D). 454 

Corroborating these previous results, the carotenoid and anthocyanin contents, both 455 

pigments involved in photoprotection, were increased in R. mangle exposed to 70 ppt (Table 456 

2). Moreover, the chlorophyll contents were decreased in plants exposed to 70 ppt, probably 457 



to reduce light-harvesting and consequently excess excitation energy in the chloroplasts. 458 

Even with the decrease in chlorophyll content, plants exposed to hypersalinity tended to 459 

present a lower chlorophyll a/b ratio, which may be involved with a photoprotection 460 

mechanism to avoid light-harvesting and, consequently, excess excitation energy in 461 

chloroplasts (Lima Neto et al., 2017b). 462 

4.4 The dissipation of excess excitation energy in chloroplasts was not able to avoid 463 

oxidative stress in R. mangle exposed to hypersalinity 464 

The lipid peroxidation and H2O2 were increased due to the increased NaCl 465 

concentration (Table 3). The over-reduction of the electron transport chain in mitochondria 466 

and chloroplasts are the main sites of ROS production. Plants have evolved different 467 

metabolic strategies to scavenge excess ROS. In particular, ROS is involved with signalling 468 

processes, but the excess constantly challenges the chloroplast during photochemical 469 

reactions. The disruption of the balance between the photochemical reactions, producing 470 

the reducing equivalents and their consumption by the Calvin-Benson-Bassham cycle, is a 471 

prominent situation of ROS production, promoting photoinhibition (Lima Neto et al., 2017b). 472 

Thus, the balance between ROS production and their removal by enzymatic and non-473 

enzymatic antioxidants determines the type and concentration of ROS present and to what 474 

extent damage will occur (Foyer et al., 2017). 475 

R. mangle plants exposed to elevated salt concentrations increased the SOD and CAT 476 

activities in leaves (Table 3). These enzymes work in a synchronized way, forming an 477 

efficient antioxidant system. The SOD will catalyze the scavenging of the superoxide radical, 478 

forming H2O2 which is further removed by CAT. Thus, in our data, the activities of these 479 

enzymes are positively correlated and work together to remove the excess ROS produced 480 

by the effects of high salinity. On the other hand, the APX activity was higher in the reference 481 

plants, and its activity was decreased in plants exposed to freshwater and hypersalinity 482 

(Table 3). It was previously shown that salt enhanced SOD activity, which was not matched 483 

by APX activity (Gueta-Dahan et al., 1997). Moreover, these authors suggest that APX is a 484 

salt-sensitive enzyme, inhibited by the excess of H2O2 (Moschetto et al., 2019). Thus, in our 485 

study, the increase in the H2O2 content produced by hypersalinity probably impaired the 486 

activity of APX in R. mangle. 487 

4.5 Physiological network plasticity promotes tolerance to different ranges of salinity in 488 

Rhizophora mangle 489 



The responses of plants to environmental complexity are the sum of their modular 490 

responses and all the interaction effects resulting from the integration of individual modules, 491 

which allows emergent properties of biological systems (Souza and Lüttge, 2015). Thus, no 492 

single scale can represent whole-plant plasticity (Bertolli et al., 2013; Vítolo et al., 2012). 493 

The functional plasticity in R. mangle plants is given by multifunctional regulatory capacity, 494 

permitting performance variations in different saline conditions. It is based on network 495 

structures and topology providing high degrees of flexibility (Supplemental Table 1 and 496 

Supplemental Figure 1). 497 

Our data clearly show that plants exposed to different saline levels could adjust 498 

different morphometric and physiological responses to acclimation (Supplemental Figures 1 499 

and 2). Plants exposed to freshwater or low salinity (10 ppt) presented more approximated 500 

network topologies when compared with plants exposed to 35 and 70 ppt (Supplemental 501 

Figure 2 and Supplemental Table 1). These data show a systemic view of the acclimation 502 

responses of R. mangle as an integrated response with the interaction and flux of energy 503 

and information among different modules and physiological responses. 504 

5. Conclusions 505 

This study demonstrates that saline acclimation and tolerance of Rhizophora mangle 506 

is a complex phenomenon influenced by an integrated variety of metabolic and physiological 507 

responses. R. mangle plants can grow and develop in the presence of freshwater (absence 508 

of salt) and moderate salinity. In contrast, under hypersaline conditions, growth and biomass 509 

accumulation is impaired. In response to hypersalinity, the biomass partition and the 510 

accumulation of ions and compatible solutes are modulated to maintain the water status. 511 

Moreover, the plasticity in the efficiency of the quantum yields on PSII is crucial to dissipate 512 

the excess excitation energy avoiding photoinhibition in R. mangle exposed to hypersalinity. 513 

Plants grown under constant salinity in a laboratory setting are unlikely to behave 514 

similarly to those in their natural habitat with fluctuating salinity. Thus, studies on the effects 515 

of freshwater, low salinity, and salinity fluctuation on mangroves and the physiological 516 

mechanisms under fluctuating salinity conditions should be strengthened in future research. 517 
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 530 
Figure Captions 531 

Figure 1- Biomass partition (aboveground and root) of Rhizophora mangle exposed to 0, 10, 35 and 532 

70 ppt NaCl in a growth chamber. Data represent the means (bars and numbers in white) and 533 

standard deviation of five biological replicates. According to Tukey's test, different letters represent 534 

significant differences between treatments (P ≤ 0.05). 535 

Figure 2 - Leaf (A, C) and root (B, D) relative water content and membrane damage of Rhizophora 536 

mangle exposed to 0, 10, 35 and 70 ppt NaCl. Boxes represent the median and first and third 537 

quartiles (n = five biological replicates), and whiskers represent the standard deviation. According to 538 

Tukey's test, different letters represent significant differences between treatments (P ≤ 0.05). 539 

Figure 3: Leaf water potential (A) and succulence (B), and the [K+]/[Na+] ratio in leaves (C) and roots 540 

(D) of Rhizophora mangle exposed 0, 10, 35 and 70 ppt NaCl. Boxes represent the median and first 541 

and third quartiles (n = five biological replicates) and whiskers represent the standard deviation. 542 

According to Tukey's test, different letters represent significant differences between treatments (P ≤ 543 

0.05). 544 

Figure 4: Potential quantum yield of PSII (A), effective quantum yield of PSII (B), and open PSII 545 

centers (D) of leaves of Rhizophora mangle exposed to 0, 10, 35 and 70 ppt NaCl. Boxes represent 546 

the median and first and third quartiles (n= five biological replicates) and whiskers represent the 547 

standard deviation. According to Tukey's test, different letters represent significant differences 548 

between treatments (P ≤ 0.05). 549 

Figure 5: Closed PSII centers (A), non-photochemical quenching (B), quantum yield of non-550 

regulated (C), and regulated (D) non-photochemical energy loss of PSII of leaves of Rhizophora 551 

mangle exposed to 0, 10, 35 and 70 ppt NaCl. Boxes represent the median and first and third 552 

quartiles (n = five biological replicates) and whiskers represent the standard deviation. According to 553 

Tukey's test, different letters represent significant differences between treatments (P ≤ 0.05). 554 

Figure S1: PCA ordination diagram of variables plots with significant variation across salinity levels. 555 

The two axes (PCA 1 and 2) explained 80.6% of the variance. The percentage of variation explained 556 

by each principal component is shown. Red circles represent plants grown at 70 ppt NaCl. Orange 557 

circles represent plants grown at 35 ppt NaCl. Yellow circles represent plants grown at 10 ppt NaCl 558 

and green circles, plants grown in freshwater. Variable caption: rwc_leaf is the relative water content 559 

in leaves, rwc_root is the relative water content in roots, tfm is the total fresh matter, wpot is the 560 

water potential, k_leaf and k_root are the K+ content in leaves and roots respectively, md_leaf and 561 

md_roots are the membrane damage in leaves and roots respectively, car is the carotenoid content 562 

in leaves, diameter is the stem diameter, na_leaf and na_root are the Na+ contents in leaves and 563 

roots respectively. 564 



Figure S2: Correlation-based networks of physiological parameters in R. mangle plants cultivated 565 

in freshwater (A), 10 ppt NaCl (B), 35 ppt NaCl (C ) and 70 ppt NaCl (D). Nodes represent 566 

physiological parameters and lines their pairwise correlations. Blue links represent a positive 567 

correlation and red links represent a negative correlation. Ticker links indicate a higher correlation in 568 

module (n = 5). 569 



Table 1: Plant height, stem diameter, leaf area and number of leaves of Rhizophora mangle exposed 570 

to salinity levels in a growth chamber. Values represent the mean ± SD of five biological replicates 571 

(n = 5). According to Tukey's test, different letters represent significant differences between 572 

treatments (P ≤ 0.05) 573 

 574 

 0 10 35 70 

Plant height 
(cm plant-1) 

48.84 ± 1.73a 51.85 ± 1.96a 40.42 ±1.08b 36.06 ± 1.52b 

Stem diameter 
(cm plant-1) 

8.20 ± 0.66b 10.30 ± 0.67b 13.27 ± 0.44a 13.04 ± 0.48a 

Leaf area 
(cm2) 

43.29 ± 2.58a 42.68 ± 2.87ab 33.68 ± 1.27bc 24.78 ± 1.03c 

Number of 
leaves (plant-1) 

14.00 ± 0.58a 12.33 ± 0.33ab 10.67 ± 0.67b 7.67 ± 0.33c 

 575 

Table 2: Total chlorophyll content, chlorophyll a/b ratio, carotenoids and anthocyanin contents in 576 

leaves of Rhizophora mangle exposed to increasing salinity. Values represent the mean ± SD of five 577 

biological replicates (n = 5). According to Tukey's test, different letters represent significant 578 

differences among treatments (P ≤ 0.05). 579 

 0 10 35 70 

Total Chl 
(mg g-1 FM) 

99.21 ± 7.75a 94.95 ± 6.97a 67.85 ± 1.50b 56.52 ± 2.62b 

Chl a/Chl b 
ratio 

2.40 ± 0.30a 2.00 ± 0.03a 1.38 ± 0.08b 1.53 ± 0.06b 

Carotenoids 
(mg g-1 FM) 

95.54 ± 3.19c 152.16 ± 9.20b 174.60 ± 4.45b 193.54 ± 4.70a 

Anthocyanin 
(mg g-1 FM) 

0.98 ± 0.07b 1.19 ± 0.04b 2.01 ± 0.07a 2.28 ± 0.14a 

580 
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Table 3: Contents of TBARS (lipid peroxidation) and H2O2, and the activities of superoxide 581 

dismutase, ascorbate peroxidase and catalase in leaves of Rhizophora mangle exposed to 582 

increasing salinity. Values represent the mean ± SD of five biological replicates (n = 5). 583 

According to Tukey's test, different letters represent significant differences among treatments 584 

(P ≤ 0.05). 585 

 0 10 35 70 

TBARS content 
(nmol MDA-TBA g-1 FM) 

42.91 ± 4.70c 85.39 ± 4.08b 97.40 ± 2.65ab 106.09 ± 3.99a 

H2O2 content 
(ƞmol g-1 FM) 

12.04 ± 0.38c 30.74 ± 1.14b 44.53 ± 2.00a 47.12 ± 0.52a 

SOD activity 
(U mg-1 protein min-1) 

2.58 ± 0.40c 3.87 ± 0.38bc 5.55 ± 0.32ab 6.34 ± 0.45a 

APX activity 
(mmol mg-1 protein min-1) 

0.81 ± 0.09c 2.76 ± 0.20b 3.87 ± 0.37a 1.04 ± 0.02c 

CAT activity 
(mmol mg-1 protein min-1) 

95.54 ± 3.19c 152.16 ± 9.20b 174.60 ± 4.45ab 193.54 ± 4.70a 
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Abstract – The physiological mechanisms responsible for salinity tolerance in Rhizophora 10 

mangle remain unclear. Moreover, the effects of climate change on the distribution and 11 

abundance of mangrove forests are unknown. Thus, to elucidate the possible factors 12 

responsible for saline tolerance in this species, we investigated the growth and physiological 13 

parameters in young plants cultivated in a saline gradient (0, 10, 35, and 70 ppt). Biometric 14 

indicators, water status parameters, cell integrity, ions concentrations in leaves and roots, 15 

pigment concentrations, chlorophyll a fluorescence, oxidative stress indicators, and 16 

antioxidant enzyme activities were evaluated. The results showed that R. mangle could grow 17 

in the absence (0 ppt) or moderate salinity (10 ppt). However, by increasing the salinity to 18 

sea level (35 ppt), the growth and development decreased compared to plants grown at ten 19 

ppt. In hypersalinity (70 ppt), plant growth and development are severely hampered. Under 20 

hypersalinity, the increased concentration of H2O2 promoted lipid peroxidation and 21 

membrane damage. The chlorophyll contents decreased, and accessory pigment 22 

concentrations increased. Moreover, the modulation of the quantum yield of PSII and the 23 

antioxidant system was crucial to avoiding photoinhibition and  salinity tolerance in R. 24 

mangle. 25 
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relative centrifuge force, SOD - superoxide dismutase, TBARS - thiobarbituric acid reactive 32 

substances; TCC – total chlorophyll; Y(II) – effective quantum yield of photosystem II; YNO 33 

– on-regulated non-photochemical energy loss; YNPQ – regulated  non-photochemical 34 

energy loss 35 



1 Introduction 36 

Mangrove forests are distributed worldwide in tropical, subtropical, and semiarid 37 

coastline environments (Devaney et al., 2020) ⁠ . Mangrove habitats are typically 38 

characterized by high salinity, tidal influence, strong winds, high temperature, and muddy 39 

anoxic soil (Wang et al., 2022). Several species co-exist in the mangrove environment and 40 

have different strategies to cope with such stressful conditions (Esteban et al., 2013). 41 

Moreover, mangrove forests are among the most carbon-rich ecosystems on Earth, storing 42 

vast amounts of soil carbon, which is crucial for the global carbon cycle and alleviating 43 

climate changes (Atwood et al., 2017) ⁠ . Globally, mangrove communities are experiencing 44 

a change in soil salinity variation amplitude and flood depths due to sea-level rise and 45 

climate change. These conditions may impact mangrove seedlings' morphology and 46 

physiology, including growth, abundance, and distribution of this species composition (Wang 47 

et al., 2022). 48 

Mangroves have intraspecific population variability in tolerance to abiotic stressors. 49 

The adaptations to flooding and salinity are the most critical factors that drive the local 50 

distribution of mangrove species (Méndez-alonzo et al., 2016) ⁠ . Mangrove plants are well-51 

adapted to salt concentrations that exceed the tolerated by most other plant species (Reef 52 

and Lovelock, 2015) ⁠ . Several plant species co-exist in this environment and display 53 

different strategies to cope with salinity. The salt tolerance in mangroves ranges from 54 

functional obligate halophytes, which achieve their maximum growth at salinities from 5 to 55 

25 ppt, to facultative halophytes and glycophytes, which optimize their growth in freshwater 56 

(Méndez-alonzo et al., 2016; Reef and Lovelock, 2015)⁠ . However, the literature has 57 

contradictory views regarding the obligated or facultative halophyte behaviour in mangroves 58 

(Adame et al., 2021; Cheeseman, 2015; Wang et al., 2011) ⁠ . 59 

Saline environments have a very negative water potential, making water absorption 60 

unfavourable. Consequently, the plant's ability to maintain water uptake in saline conditions 61 

is key to salt tolerance. Another physiological challenge to salinity exposure is ion toxicity 62 

(i.e. Na+), as a high concentration is potentially cytotoxic to all plants, including mangroves 63 

(Reef and Lovelock, 2015) ⁠ . Mangrove plants have evolved mechanisms to exclude, 64 

secrete and accumulate ions, such as the ultrafiltration of salt in the roots, the presence of 65 

salt glands, the hyper-accumulation of ions in the vacuoles, and the production of compatible 66 

solutes to osmotic adjustment (Esteban et al., 2013; Méndez-alonzo et al., 2016) ⁠ . 67 



In addition to salinity, mangroves are exposed to harmful stressors such as high light. 68 

Under these combined conditions, low stomatal conductance restricting photosynthesis can 69 

severely affect plant growth. The osmotic component of salinity decreases soil water 70 

potential, promoting stomatal closure and decreasing CO2 supply for carboxylation in the 71 

chloroplasts (Cerqueira et al., 2019) ⁠ . Secondly, the excessive ion accumulation decreases 72 

the efficiency of the Calvin-Benson-Bassham cycle reactions, leading to an imbalance 73 

between the production and consumption of the reducing equivalents produced by the 74 

photochemical reactions (Lima Neto et al., 2017) ⁠ . Therefore, plants exposed to these 75 

conditions, commonly found in mangrove ecosystems, are prone to excess excitation energy 76 

accumulation in chloroplasts and photoinhibition. 77 

The excess excitation energy in chloroplasts increases the production of reactive 78 

oxygen species (ROS) and induces oxidative stress. Thus, high salinity impairs 79 

photosynthesis by stomatal and metabolic limitations (Souza et al., 2019) ⁠ . The increased 80 

concentration of ROS, produced by the excess excitation energy in chloroplasts, promotes 81 

photoinhibition on both photosystems (PSII and PSI) (Lima Neto et al., 2017) ⁠ . Plants have 82 

evolved diverse photoprotective mechanisms to avoid the harmful effects of excess 83 

excitation energy and photoinhibition. Strategies to control the light interception by leaves 84 

are ubiquitous in plants, and these strategies can be achieved through different processes, 85 

such as changes in leaf orientation, leaf rolling, chloroplasts movements, and the presence 86 

of reflective structures such as wax, hairs, or salt crystals (Esteban et al., 2013) ⁠ . In 87 

addition, plants have evolved different mechanisms to dissipate the excess excitation 88 

energy, such as non-photochemical quenching (NPQ), photorespiration (PR), cyclic electron 89 

flow (CEF), and the water-water cycle (WWC). Moreover, the non-enzymatic and enzymatic 90 

antioxidants are crucial to maintaining cell redox homeostasis and scavenging excessive 91 

ROS (Cerqueira et al., 2019; Lima Neto et al., 2017; Ziotti et al., 2019) ⁠ . However, little is 92 

known regarding the modulation of photoprotective mechanisms in mangrove species. 93 

We hypothesized that the regulation of the photochemical yield and the antioxidant 94 

metabolism are essential to the growth of Rhizophora mangle in a saline gradient. We 95 

investigated the role of the modulation of PSII quantum yield and the antioxidant metabolism 96 

in R. mangle to salt tolerance. Biometric parameters, PSII quantum yields, and the 97 

antioxidative metabolism of R. mangle were evaluated in a salinity gradient. Knowledge of 98 

mangrove physiology and tolerance mechanisms to abiotic factors are crucial to conserving 99 

and reforestation efforts. 100 



2 Material and Methods 101 

2.1 Plant material and growth conditions 102 

Mature, fresh propagules of R. mangle were collected from nearby trees in Cubatão 103 

Estuary (Cubatão, São Paulo, Brazil) and sorted by size and weight. Similar propagules 104 

were directly planted into pots (20 L) containing commercial substrate (Plantmax PXHA, 105 

Eucatex, SP, Brazil) and maintained in a growth chamber with controlled conditions 106 

[photosynthetic photon flux density (PPFD) of 400 μmol m-2 s-1, temperature of 30oC/26oC 107 

day/night, relative humidity of ~65% and a 12 h photoperiod]. These controlled conditions 108 

mimicked a typical day in the Coastal region of Cubatão, São Paulo, Brazil (23o88'45" S, 109 

46o42'09" W). Plants were cultivated under these conditions for 120 days and watered every 110 

two days with distilled water until pot saturation. Three times a week, the pots were 111 

supplemented with NaCl solution (10 ppt), and the electrical conductivity was measured to 112 

ensure the saline concentration in the substrate. This reference solution was set according 113 

to the salinity of the native environment where the propagules were harvested. 114 

After the 120 days growth period, as described above, the plants were separated into 115 

four salinity groups: 0, 10, 35, and 70 ppt. These salinity levels are approximately equivalent 116 

of 0, 17.02, 53.07 and 96.91 mS/cm, at 25oC, respectively or approximately 0, 171.11, 598.9 117 

and 1197.8 mM NaCl, respectively. Plants were irrigated daily with their respective saline 118 

solutions. Weekly, the pots were abundantly rinsed with freshwater until drained to avoid 119 

salt over-accumulation in the substrate. The electrolyte leakage of the drained was 120 

measured weekly to maintain the substrate's salt concentration near the respective 121 

treatment concentration. Plants were grown under these conditions for 45 days (the time 122 

when plants exposed to 70 ppt presented loss of leaf turgor and chlorosis). Five plants were 123 

used for each treatment, and an experimental unit was represented by one plant in a 20 L-1 124 

plastic pot. 125 

2.2 Chlorophyll a fluorescence analysis 126 

Chlorophyll a fluorescence was measured using the saturation pulse method with a 127 

portable chlorophyll fluorometer (JR-PAMIII WALZ, Effeltrich, Germany). Leaves were dark-128 

adapted for 30 min for assessing Fo and Fm. Then, the leaves were exposed to actinic light 129 

(500 μmol m−2 s-1) for at least 30 min to reach a photosynthetic steady state. The actinic 130 

light used was near the saturation point observed from previous light curves performed in 131 

our lab and close to the cabinet light intensity. The intensity and duration of the saturation 132 



pulses were 8,000 μmol m−2 s-1 and 0.7 s, respectively. The following parameters were 133 

assessed: the potential quantum yield of PSII [Fv/Fm = (Fm-Fo)/Fm]; the effective quantum 134 

yield of PSII [YII = (Fm'- Fs)/Fm'], the proportion of opened (qL) and closed (1-qL) PSII 135 

states, the non-photochemical quenching [NPQ = (Fm – Fm')/Fm'], the quantum yield of 136 

non-regulated non-photochemical energy loss in PSII [Y(NO) = F/Fm] and the quantum yield 137 

of regulated non-photochemical energy loss in PSII [Y(NPQ) = F/Fm' - F/Fm]. Fm and Fo 138 

are the maximum and minimum fluorescence of dark-adapted leaves, respectively; Fm′ and 139 

Fs are the maximum and the steady state, respectively, fluorescence in the light-adapted 140 

samples (Klughammer and Schreiber, 2008; Murchie and Lawson, 2013). 141 

2.3 Growth, biomass partition, relative water content, and water potential 142 

Plants were evaluated for stem diameter at 2 cm from the soil with a pachymeter, the 143 

number of leaves, and plant height at the end of the experiment. The third expanded leaf, 144 

used for photosynthesis measurements, was photographed, and the leaf area was 145 

estimated using the software ImageJ (Schneider et al., 2012) ⁠ . After the in vivo biometric 146 

measurements, the plants were harvested and separated into aboveground and roots, which 147 

were immediately weighed for fresh matter (FM). 148 

The relative water content (RWC) was calculated from the fresh, turgid, and dry 149 

weights of leaves and roots (Lobo et al., 2015) ⁠ . The dry matter (DM) was determined after 150 

48 h in an oven at 75 °C, and the turgid weight was measured after six hours of saturation 151 

in deionized water at 7 °C in dark-condition. The leaf midday water potential (Ψw) was 152 

evaluated using a pressure chamber (3000 Scholander PWSC, ICT International, Armidale, 153 

AUS) (Scholander, 1960). 154 

2.4 Membrane damage, lipid peroxidation, pigment contents, Na+ and K+ contents 155 

The membrane damage, an indicator of cell integrity, was measured as described 156 

previously (Cerqueira et al., 2019) ⁠ . Segments were placed in tubes containing 10 mL of 157 

deionized water and incubated in a shaking water bath for 24 h. After that, the electric 158 

conductivity of the medium was measured (L1). Then, the segments were boiled at 95oC for 159 

1h, cooled down to ambient temperature in an ice bath, and measured the electric 160 

conductivity (L2). The membrane damage (MD) was calculated as MD = (L1/L2) x 100 and 161 

expressed in %. The lipid peroxidation was assessed based on the formation of 162 

thiobarbituric acid-reactive substances (TBARS) (Cakmak and Horst, 1991) ⁠ . The TBARS 163 



concentration was calculated using the absorption coefficient (155 mM-1 cm-1) and 164 

expressed as nmol MDA-TBA g-1 FM. 165 

Chlorophyll a, b, total, and carotenoids were measured according to Lichtenthaler and 166 

Wellburn, 1983. Leaf samples were extracted in 80% cold acetone overnight at 7oC in dark-167 

condition. After that, the samples were centrifuged at 10,000 rcf for 5 minutes. The 168 

supernatant was read in a spectrophotometer at different wavelengths as previously 169 

described (Lichtenthaler et al., 1983) ⁠ . The total anthocyanin content was determined as 170 

previously described by (Neff and Chory, 1998) ⁠ . Leaf segments were extracted in 171 

methanol and 1% HCl at 4oC overnight. After that, chloroform was added to the homogenate 172 

and centrifuged at 14,000 rcf for 5 min. The upper fraction was used for spectrophotometric 173 

reading at 530 and 657 nm. The total anthocyanins content was expressed as A530-A657 174 

g-1 FW. Na+ and K+ contents were measured by flame photometry (Lima Neto et al., 2014) ⁠ . 175 

2.5 H2O2 content and enzymatic activities 176 

The H2O2 content was measured by the Amplex Red Hydrogen Peroxide/Peroxidase 177 

Assay Kit (Invitrogen). Leaf segments were ground in K-phosphate buffer 100 mM (pH 7.5). 178 

The crude extract was centrifuged at 12,000 rcf for 30 min at 4 °C. According to the 179 

manufacturer protocol, the supernatant was supplemented with 10 mM Amplex-Red and 10 180 

U of horseradish peroxidase. The resorufin production was measured at 560 nm in a 181 

spectrophotometer (Zhou et al., 1997) ⁠ . 182 

The enzymatic activities were assessed from a protein extract. Leaf segments were 183 

ground to a fine powder in liquid nitrogen and then extracted in 100 mM Tris-HCl buffer (pH 184 

8.0) containing 30 mM DTT, 20% glycerol, 1 mM ascorbate, and 3% PEG-6000 (Lima Neto 185 

et al., 2017b) ⁠ . The samples were centrifuged at 14,000 rcf for 20 minutes and stored at -186 

20ºC for enzymatic activity determination. The protein content was measured by the 187 

Bradford method (Bradford, 1976) ⁠  using bovine serum albumin as standard. 188 

Total ascorbate peroxidase (APX) activity (EC. 1.11.1.11) was measured following the 189 

ascorbate oxidation at 290 nm. The activity was assayed in a reaction mixture containing 190 

0.5 mM ascorbate and 0.1 mM EDTA dissolved in 100 mM K-phosphate buffer (pH 7.0) and 191 

the enzyme extract. The reaction was started by adding 30 mM H2O2. The enzymatic activity 192 

was measured following the decrease in absorbance at 290 nm and 25 °C, over 300 s, and 193 

expressed as μmol ascorbate mg-1 protein min-1 (Nakano and Asada, 1981)⁠ . Total 194 

superoxide dismutase (SOD) activity (EC 1.15.1.1) was determined by measuring the 195 



inhibition of the blue formazan production by the nitroblue tetrazolium chloride (NBT) 196 

photoreduction. SOD activity was measured by adding the leaf extract to a mixture 197 

containing 50 mM potassium phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 mM L-198 

methionine, 2 μM riboflavin, and 75 μM p-NBT in the dark. The reaction was carried out 199 

under illumination (30 W fluorescent lamp) at 25 °C for 6 min. The absorbance was 200 

measured at 540 nm (Giannopolotis and Ries, 1977) ⁠ . One unit of SOD activity was defined 201 

as the amount of enzyme required to inhibit 50% of the NBT photoreduction, and activity 202 

was expressed as U mg protein min-1. Total catalase (CAT) activity (EC 1.11.1.6) was 203 

measured following the oxidation of H2O2 at 240 nm. CAT activity was determined by the 204 

reaction of the crude enzyme extract in 50 mM potassium phosphate buffer (pH 7.0) 205 

containing 20 mM H2O2. The absorbance at 240 nm was measured over 300 s (Havir and 206 

McHale, 1987) ⁠ , and CAT activity was calculated according to the molar extinction 207 

coefficient of H2O2 (36 mM cm-1) and expressed as μmol H2O2 mg-1 protein min-1. 208 

2.6 Correlation-based network analysis 209 

Correlation-based networks, including all physiological traits, were calculated using 210 

Pearson's product-moment correlation for each of the matrices of data from R. mangle under 211 

the four treatments (0, 10, 35, and 70 ppt). The nodes correspond to the physiological and 212 

biochemical evaluated parameters, and the links correspond to the strength of the 213 

connection between the nodes (in module) by Pearson correlation. Networks were designed 214 

by restricting the strength of the connections to a specific limit of Pearson correlation 215 

coefficient [(r) (-0,80 > r > 0,80)]. The parameters calculated from the networks were 216 

obtained as described by Assenov et al. (2008) ⁠ . Correlation analyses were performed by 217 

Pearson correlation using the Correlation Calculator software (Basu et al., 2017) ⁠ , and 218 

weighted correlation-based scale-free networks were calculated using MetScape 3 on 219 

Cytoscape v. 3.9.1. 220 

2.7 Statistical analysis 221 

The experiment was arranged in a completely randomized design, with four treatments 222 

(0, 10, 35, and 70 ppt NaCl) containing five replicates represented by one plant per pot. All 223 

dependent variables were analyzed by one-way ANOVA and the means were compared by 224 

Tukey's test (P ≤ 0.05). Box plots show medians and first and third quartiles (25th and 75th 225 

percentiles), and whiskers extend from the hinge to the largest or smallest value, no further 226 

than 1.5 times. The statistical analyses shown in the plots were performed using R (version 227 

4.0.2) and Rstudio version (1.3.959). Multivariate principal component analysis (PCA) was 228 



performed on all analyzed dependents. Before PCA analysis, data were scaled to reduce 229 

the effect of different variables, allowing data standardization. The level of importance of 230 

each PC was determined by the broken-stick method (Vítolo et al., 2012) ⁠ . The PCA was 231 

performed using the RFactoMineR and factoextra packages in R. 232 

3 Results 233 

3.1 Hypersalinity reduced growth, water status, [K+]/[Na+] ratio and increased membrane 234 

damage in Rhizophora mangle 235 

The total fresh plant biomass did not change in plants exposed to 0, 10, and 35 ppt. 236 

However, it was significantly decreased by 28% in plants exposed 70 ppt (hypersalinity) 237 

compared with plants grown under 10 ppt (the salinity of the environment where the plants 238 

were collected, called in this research as control) (Figure 1). Hypersalinity also negatively 239 

impacted the biomass partition compared to plants submitted to 10 ppt (control) (Figure 1). 240 

Plants grown in freshwater (~0 ppt) did not show significant differences in biomass allocation 241 

compared with plants grown under 10 ppt  (Figure 1). Biometric parameters such as plant 242 

height, leaf area, and the number of leaves were also decreased by 35 ppt and hypersalinity 243 

(70 ppt), except the stem diameter, which was significantly increased compared to the 244 

control plants (plants grown in 10 ppt) (Table 1). However, these parameters did not change 245 

in plants grown in freshwater (~0 ppt) compared with the reference plants (10 ppt) (Table 1). 246 

The relative water content (RWC) and membrane damage (MD) in leaves and roots 247 

were strongly affected by salinity (Figure 2). The RWC was decreased by 38% in leaves and 248 

15% in roots, while MD significantly increased in both plant organs (~3-fold) in plants 249 

exposed to 70 ppt, compared to plants grown in 10 ppt (Figure 2). Freshwater (~0 ppt) 250 

significantly decreased the leaf RWC in leaves, but this parameter did not change in roots 251 

compared to the reference plants (10 ppt) (Figure 2 A-B). The membrane damage (MD) also 252 

increased in leaves and roots of plants grown in freshwater (~0 ppt) compared to control 253 

plants (10 ppt) (Figure 2 C-D). 254 

The leaf water potential was significantly decreased  by 65% in plants exposed to 70 255 

ppt compared with control plants (10 ppt) (Figure 3A). In contrast, plants cultivated in 256 

freshwater (~0 ppt) did not change their water potential compared to control (Figure 3A). 257 

The leaf succulence presented the lowest value in plants grown in freshwater and the 258 

highest value in plants grown in 35 ppt. Moreover, the leaf succulence was not affected by 259 

hypersalinity (70 ppt) compared with control (Fig 3B). The [K+]/[Na+] ratio significantly 260 



increased in leaves and roots (2- and 6-fold, respectively) of plants grown in ~0 ppt. This 261 

ratio significantly decreased in leaves and roots of plants submitted to 35 and 70 ppt, all 262 

compared with control (Figure 3C-D). As expected, the [K+]/[Na+] ratio significantly 263 

decreased as the salinity increased in a dose-response trend. 264 

3.2 Photosynthetic pigment contents and PSII activity were severely affected by 265 

hypersalinity 266 

The total chlorophyll content (TCC) was significantly reduced in plants exposed to 70 267 

ppt, whereas it did not change in plants grown in freshwater compared to the reference 268 

plants (10 ppt). This parameter was lower in plants grown under 35 ppt than in the reference 269 

plants, and it did not change when compared to 70 ppt (Table 2). The chlorophyll a/b ratio 270 

significantly decreased in plants exposed to 35 ppt and 70 ppt compared to the reference 271 

plants. In contrast, this ratio did not change in plants grown in freshwater compared to plants 272 

grown in 10 ppt (Table 2). The carotenoid content decreased by 39% in freshwater, and 273 

increased by 27% in 70 ppt compared with the control plants, respectively (Table 2). The 274 

anthocyanin content significantly increased by ~2-fold in plants exposed to 70 ppt, but did 275 

not change in freshwater plants compared with the reference plants (Table 2). These 276 

pigment changes contributed to modifications in PSII performance, especially in plants 277 

grown in hypersalinity, as described below. 278 

The potential quantum yield of PSII (Fv/Fm) was not significantly affected in plants 279 

grown in different salinity conditions. This pattern shows that the plants were not 280 

photoinhibited (Figure 4A). The effective quantum yield of PSII [Y(II)] significantly reduced 281 

in plants exposed to 35 and 70 ppt. In contrast, YII was not affected by freshwater compared 282 

to the reference plants (Figure 4B). The open centers of PSII (qL) were only changed in 283 

plants exposed to 35 and 70, compared with the reference plants (10 ppt) (Figure 4C). In 284 

contrast, the non-photochemical quenching (NPQ) related parameters were enhanced by 285 

35 and 70 ppt, respectively (Figure 5). The PSII closed centers (1-qL) and the NPQ 286 

increased in 35 and 70 ppt plants compared with reference plants (Figure 5A-B). The 287 

freshwater did not change these parameters compared to the reference plants (Figure 5A-288 

B). The non-regulated non-photochemical energy loss of PSIII [Y(NO)] was higher in plants 289 

grown at 35 and 70 ppt than in the reference plants (10 ppt). This parameter did not change 290 

in plants submitted to freshwater compared with the reference plants (Figure 5C). Besides 291 

the NPQ did not change in plants grown in 35 ppt compared to 70 ppt, the non-regulated 292 

NPQ (YNO) was higher in plants under 70 ppt compared to plants grown in 35 ppt. In 293 



contrast, the regulated portion of the NPQ [Y(NPQ)] significantly increased in plants grown 294 

in 35 ppt than in plants exposed to 70 ppt. 295 

3.3 Oxidative stress indicators and antioxidant enzyme activities showed different patterns 296 

in response to freshwater and hypersalinity 297 

To evaluate the aspects of the modulation of PSII quantum yields to photoprotection 298 

and the avoidance of ROS accumulation and oxidative stress, we evaluated lipid 299 

peroxidation, hydrogen peroxide content, and three major antioxidant enzyme activities. The 300 

lipid peroxidation, assessed by the thiobarbituric acid reactive substances (TBARS), 301 

increased as the salinity concentration became higher (Table 3). The H2O2 content in leaves 302 

followed the same trend as TBARS (Table 3). The superoxide dismutase (SOD) and 303 

catalase activities in leaves of R. mangle presented higher values as the NaCl concentration 304 

increased (Table 3). Plants grown in freshwater showed lower SOD, CAT, and ascorbate 305 

peroxidase (APX) activities than the reference plants (Table 3). The APX activity was lower 306 

in plants exposed to 70 ppt than in the reference plants and plants cultivated in 35 ppt (Table 307 

3). 308 

3.4 Systemic view of physiological indicators in R. mangle to different salinity 309 

We performed a multivariate principal component analysis to summarize the 310 

information based on the many variables assessed and better understand the data set 311 

variation. The distribution of the variables determined in this study, including all treatments, 312 

is shown in Supplemental figure 1. PCA 1 and PCA 2 explained 80.6% of the total variance 313 

(Supplemental figure 1). The Na+ content in leaves, anthocyanin concentration, YNO, H2O2 314 

content, and Na+ in roots were the main relevant variables for principal components 1 and 315 

2. In contrast, Fv/Fm, total fresh matter, and leaf succulence were the less relevant variables 316 

for PC1 and PC2 (Supplemental figure 1). Additionally, the K+ content in roots and leaves 317 

and the relative water content in roots showed a distinct behaviour compared with other 318 

variables, as essential components only in plants exposed to freshwater (0 ppt) 319 

(Supplemental figure 1). There was a clear distribution pattern among treatments, with each 320 

treatment separated into a distinct quadrant (Supplemental figure 1). 321 

The weighted correlation-based network analysis (WCNA) presented well-defined 322 

differences in plants exposed to freshwater and 10 ppt, compared with plants grown under 323 

35 and 70 ppt (Supplemental figure 2). Plants grown under freshwater or 10 ppt presented 324 

more loosened networks than plants under 35 and 70 ppt. Moreover, plants under 70 ppt 325 



showed the highest network centralization (Supplemental table 1). Control plants grown in 326 

10 ppt showed the highest number of nodes, edges, average number of neighbours, 327 

clustering coefficient, and network density (Supplemental table 1). In contrast, the network 328 

parameters from plants grown under 35 ppt showed the lowest values of the number of 329 

edges, average number of neighbours, clustering coefficient, network density, 330 

heterogeneity, and centralization (Supplemental table 1). 331 

4 Discussion 332 

4.1 Rhizophora mangle showed similar growth in freshwater and low salinity, but it was 333 

severely affected by hypersalinity, a common pattern of facultative halophytes 334 

Although R. mangle is commonly considered a halophyte species, there are 335 

contradictory views regarding the relationship between mangroves and salt stress in the 336 

literature (Wang et al., 2011) ⁠ . Some authors argue that mangroves are considered 337 

facultative halophytes, as freshwater is a physiological requirement while saltwater is an 338 

ecological requirement (Krauss and Ball, 2013) ⁠ . This latter condition prevents the invasion 339 

and competition with non-halophyte plants for the restricted resources in the mangrove 340 

environment. In contrast, some reports describe mangroves as obligate halophytes, which 341 

cannot grow in permanent freshwater; consequently, salt is a physiological requirement 342 

(Lugo and Snedaker, 1974) ⁠ . Nevertheless, R. mangle plants are sensitive to hypersalinity. 343 

It is important to note that there is no consensus in the literature regarding mangrove's 344 

hypersalinity threshold. However, according to Devaney et al. (2020) ⁠ , hypersaline 345 

conditions range from salt concentrations above 50 ppt, which corroborates with the 346 

salinities used in this research as hypersalinity (70 ppt). 347 

In our study, R. mangle exposed to hypersalinity showed lower plant height, less 348 

biomass accumulation and leaf area, and a lower number of leaves compared with plants 349 

grown in a saline concentration equivalent to their natural environment (10 ppt) or compared 350 

to plants grown in freshwater (Table 1 and Figure 1). In opposition, the stem diameter was 351 

significantly increased in plants exposed to hypersalinity (Table 1). These parameters were 352 

not affected in plants cultivated in freshwater (0 ppt) compared with plants exposed to 10 353 

ppt. Growth performance is a sensitive indicator of tolerance in plants exposed to salinity. 354 

Non-halophytes survive optimally in freshwater and mortality is imminent at slightly higher 355 

salinity concentrations. Facultative halophytes can also grow in freshwater but differ from 356 

non-halophytes in responding to increases in salinity with promoted growth, up to an 357 

optimum level, above which growth would decrease. Finally, obligate halophytes have 358 



optimal growth under ranges of salinity similar or greater to those of facultative halophytes 359 

but differ in their inability to survive under freshwater (Cheeseman, 2015; Flowers and 360 

Colmer, 2015, 2008; Krauss and Ball, 2013; Wang and Yan, 2011) ⁠ . Therefore, it suggests 361 

that R. mangle is a facultative halophyte, as it can survive in freshwater, even though its 362 

growth was slightly reduced. 363 

4.2 Osmotic protection and ion partitioning maintain an optimum water status and cellular 364 

integrity under hypersalinity in R. mangle 365 

R. mangle plants can grow and flower regularly when irrigated with freshwater (Wang 366 

and Yan, 2011; Werner and Stelzer, 1990) ⁠ . Plants grown in 35 ppt or 70 ppt showed 367 

significant alterations in biometric parameters (Figure 1 and Table 1). These biometric 368 

alterations induced by 35 ppt and 70 ppt are related to the reduced leaf water potential and 369 

the relative imbalance in the [K+]/[Na+] ratio in leaves and roots (Figure 3). It was previously 370 

shown that R. mangle could keep extremely low leaf water potentials (-5 MPa), maintaining 371 

their hydraulic system safe (Méndez-alonzo et al., 2016) ⁠ . Hence, the higher stem diameter 372 

in plants exposed to 35 and 70 ppt could be related to a better hydraulic conductivity 373 

efficiency in low water potential (Méndez-alonzo et al., 2016). 374 

Maintaining an efficient stem hydraulic system is important to ensure the hydraulic 375 

conductivity of leaves under low water potential, sustaining transpiration and 376 

photosynthesis. Mangroves typically have relatively low transpiration rates and high water 377 

use efficiencies (Lovelock et al., 2006) ⁠ . Lower stomatal conductance resulting from 378 

increasing substrate salinity in mangroves is well established; when soil salinity is greater 379 

than the seawater salt concentration (35 ppt), the whole-plant hydraulic conductance can 380 

decline due to xylem cavitation, resulting in severe limitations of photosynthesis and growth 381 

(Méndez-alonzo et al., 2016) ⁠ , which is in accordance with our data. R. mangle leaves also 382 

showed higher water content per unit area (leaf succulence) under salinity conditions than 383 

in plants cultivated in freshwater (0 ppt) (Fig. 3). This response corroborates with previous 384 

research, suggesting that leaf succulence increases as salinity rises (Camilleri and Ribi, 385 

1983)⁠ . 386 

Mangroves have relatively low photosynthetic carbon gain and reduced productivity. 387 

Decreased number of leaves, leaf area, and height could be energetically efficient in this 388 

species under salt stress (Munns et al., 2020) ⁠ . As an osmotic effect of the salt stress, the 389 

stomatal closing decreases leaf transpiration, water intake, and, consequently, salt intake. 390 

This physiological response of tolerant species avoids the toxic effects of the excess Na+ 391 



concentration in the leaf tissue (Flowers and Colmer, 2008). However, the CO2 assimilation 392 

is decreased by stomatal limitation, consequently promoting the excess excitation energy in 393 

the chloroplasts, as the Calvin-Benson-Bassham cycle reactions are the main sink of the 394 

reducing equivalents produced by the photochemical reactions (Cerqueira et al., 2019). 395 

Thus, increases in the water content in leaves exposed to salinity (salt succulence) enhance 396 

the leaf’s capacity to dissipate heat, reducing the need for evaporative cooling. This is an 397 

important mechanism in plants under stomatal closing as R. mangle under hypersalinity 398 

(Calzadilla et al., 2022). 399 

Like many other halophytes, mangroves use the accumulation of select ions as solutes 400 

to adjust the osmotic potential (Reef and Lovelock, 2015), which is in accordance with our 401 

data (Figure 3). However, in mangroves growing at high salinity, the predicted shoot osmotic 402 

potential, calculated from cellular ion concentrations, is higher than the observed one 403 

(Méndez-alonzo et al., 2016). Therefore, above the hypersalinity threshold, other compatible 404 

osmotic substances are necessary to reduce the water potential and maintain water uptake. 405 

The membrane damage, an indicator of cell integrity, was increased in plants exposed to 406 

hypersalinity and slightly increased in plants cultivated in freshwater compared with 407 

reference plants (Figure 2), corroborating the importance of osmotic adjustment to cell 408 

integrity. 409 

Low salinity maintained cell integrity in R. mangle compared with plants cultivated in 0, 410 

35, and 70 ppt (Figure 2). Probably, low salinity was able to induce osmotic protection by 411 

the accumulation of compatible solutes, which could promote cell organelles protection and 412 

whole-cell integrity. However, little is known regarding the metabolism of the accumulation 413 

of organic compatible solutes to salt acclimated-R. mangle and its influence on salt 414 

acclimation (Munns et al., 2020). R. mangle plants cultivated in freshwater showed a 415 

significant Na+ concentration in leaves and roots (Figure 3). This could be explained as 416 

viviparous mangroves, as R. mangle have larger propagules that store large amounts of 417 

nutrients and energy (Yan et al., 2007) and high concentrations of Na+ and Cl-  (Wang and 418 

Yan, 2011). Thus, even growing in freshwater in the short term, Rhizophora seedlings still 419 

have significant concentrations of Na+ and Cl-. 420 

4.3 The plasticity and resilience of the photosynthetic apparatus of R. mangle under salinity 421 

The modulation of the photosynthetic PSII quantum yields was evaluated by 422 

chlorophyll a fluorescence analysis. The potential quantum yield of photosystem II (PSII) 423 

(Fv/Fm), an indicator of the maximum photosynthetic yield, did not change in plants exposed 424 



to hypersalinity or the absence of NaCl compared to the reference plants (Figure 4). 425 

Roughly, high Fv/Fm could indicate that PSII is not photoinhibited. However, to avoid 426 

photoinhibition, this species should modulate the use and efficiency of the different quantum 427 

yields of both photosystems (Lima Neto et al., 2017b). 428 

Under photoinhibited conditions, P680+ lifetime increases, and this powerful oxidant 429 

may degrade pigments and amino acids nearby. On the other hand, when the acceptor side 430 

is less efficient, a P680 triplet radical is formed, interacting with atmospheric oxygen (O2), 431 

forming singlet oxygen (1O2). These reactive oxygen species degrade D1 protein in the core 432 

of the PSII reaction center (Lima Neto et al., 2017b). As a response to hypersalinity, R. 433 

mangle plants significantly decreased the effective quantum yield of PSII [Y(II)] compared 434 

with plants exposed to the reference treatment and freshwater (Fig. 4). Also, plants under 435 

hypersalinity displayed a higher portion of reduced Qa, indicated by the decrease in qL, 436 

showing a closed state of PSII by an acceptor site limitation (Cerqueira et al., 2019). Hence, 437 

the decrease in Y(II) by plants exposed to hypersalinity was followed by the increase in the 438 

closed state of Qa (1-qL) (Figure 5), indicating an acceptor site limitation of PSII. Denvaney 439 

et al. (2020) showed that Y(II) changes in R. mangle were not significantly related to soil 440 

salinity. However, where soils were hypersaline (ranging from 55 to 78 ppt), the Y(II) strongly 441 

decreased as soil salinity enhanced. Also, at soil salinities >60 ppt, Y(II), growth and the 442 

survival of R. mangle seedlings were severely reduced (Devaney et al., 2020), which is in 443 

accordance with our data. Previous works have demonstrated that photoinhibition occurs in 444 

hypersaline conditions for several species (Biber, 2006; Naidoo, 2006; Sobrado, 2000). 445 

R. mangle exposed to hypersalinity strongly induced the dissipation of excess 446 

excitation energy by the non-photochemical quenching (NPQ) (Figure 5). This mechanism 447 

protects the reaction centers of PSII via rapid dissipation of excess excitation energy as 448 

heat. It is essential to mention that the PSII quantum yield efficiency can be decreased by 449 

damaging the PSII reaction center or inducing NPQ (Areington et al., 2022). The contribution 450 

of these aspects to the NPQ increase was estimated by the evaluation of the quantum yield 451 

of the non-regulated [Y(NO)] and regulated [Y(NPQ)] non-photochemical energy losses in 452 

PSII. It was shown that the regulated NPQ portion was the relatively most crucial component 453 

of the increase in NPQ in R. mangle exposed to hypersalinity (Figures 5C-D). 454 

Corroborating these previous results, the carotenoid and anthocyanin contents, both 455 

pigments involved in photoprotection, were increased in R. mangle exposed to 70 ppt (Table 456 

2). Moreover, the chlorophyll contents were decreased in plants exposed to 70 ppt, probably 457 



to reduce light-harvesting and consequently excess excitation energy in the chloroplasts. 458 

Even with the decrease in chlorophyll content, plants exposed to hypersalinity tended to 459 

present a lower chlorophyll a/b ratio, which may be involved with a photoprotection 460 

mechanism to avoid light-harvesting and, consequently, excess excitation energy in 461 

chloroplasts (Lima Neto et al., 2017b). 462 

4.4 The dissipation of excess excitation energy in chloroplasts was not able to avoid 463 

oxidative stress in R. mangle exposed to hypersalinity 464 

The lipid peroxidation and H2O2 were increased due to the increased NaCl 465 

concentration (Table 3). The over-reduction of the electron transport chain in mitochondria 466 

and chloroplasts are the main sites of ROS production. Plants have evolved different 467 

metabolic strategies to scavenge excess ROS. In particular, ROS is involved with signalling 468 

processes, but the excess constantly challenges the chloroplast during photochemical 469 

reactions. The disruption of the balance between the photochemical reactions, producing 470 

the reducing equivalents and their consumption by the Calvin-Benson-Bassham cycle, is a 471 

prominent situation of ROS production, promoting photoinhibition (Lima Neto et al., 2017b). 472 

Thus, the balance between ROS production and their removal by enzymatic and non-473 

enzymatic antioxidants determines the type and concentration of ROS present and to what 474 

extent damage will occur (Foyer et al., 2017). 475 

R. mangle plants exposed to elevated salt concentrations increased the SOD and CAT 476 

activities in leaves (Table 3). These enzymes work in a synchronized way, forming an 477 

efficient antioxidant system. The SOD will catalyze the scavenging of the superoxide radical, 478 

forming H2O2 which is further removed by CAT. Thus, in our data, the activities of these 479 

enzymes are positively correlated and work together to remove the excess ROS produced 480 

by the effects of high salinity. On the other hand, the APX activity was higher in the reference 481 

plants, and its activity was decreased in plants exposed to freshwater and hypersalinity 482 

(Table 3). It was previously shown that salt enhanced SOD activity, which was not matched 483 

by APX activity (Gueta-Dahan et al., 1997). Moreover, these authors suggest that APX is a 484 

salt-sensitive enzyme, inhibited by the excess of H2O2 (Moschetto et al., 2019). Thus, in our 485 

study, the increase in the H2O2 content produced by hypersalinity probably impaired the 486 

activity of APX in R. mangle. 487 

4.5 Physiological network plasticity promotes tolerance to different ranges of salinity in 488 

Rhizophora mangle 489 



The responses of plants to environmental complexity are the sum of their modular 490 

responses and all the interaction effects resulting from the integration of individual modules, 491 

which allows emergent properties of biological systems (Souza and Lüttge, 2015). Thus, no 492 

single scale can represent whole-plant plasticity (Bertolli et al., 2013; Vítolo et al., 2012). 493 

The functional plasticity in R. mangle plants is given by multifunctional regulatory capacity, 494 

permitting performance variations in different saline conditions. It is based on network 495 

structures and topology providing high degrees of flexibility (Supplemental Table 1 and 496 

Supplemental Figure 1). 497 

Our data clearly show that plants exposed to different saline levels could adjust 498 

different morphometric and physiological responses to acclimation (Supplemental Figures 1 499 

and 2). Plants exposed to freshwater or low salinity (10 ppt) presented more approximated 500 

network topologies when compared with plants exposed to 35 and 70 ppt (Supplemental 501 

Figure 2 and Supplemental Table 1). These data show a systemic view of the acclimation 502 

responses of R. mangle as an integrated response with the interaction and flux of energy 503 

and information among different modules and physiological responses. 504 

5. Conclusions 505 

This study demonstrates that saline acclimation and tolerance of Rhizophora mangle 506 

is a complex phenomenon influenced by an integrated variety of metabolic and physiological 507 

responses. R. mangle plants can grow and develop in the presence of freshwater (absence 508 

of salt) and moderate salinity. In contrast, under hypersaline conditions, growth and biomass 509 

accumulation is impaired. In response to hypersalinity, the biomass partition and the 510 

accumulation of ions and compatible solutes are modulated to maintain the water status. 511 

Moreover, the plasticity in the efficiency of the quantum yields on PSII is crucial to dissipate 512 

the excess excitation energy avoiding photoinhibition in R. mangle exposed to hypersalinity. 513 

Plants grown under constant salinity in a laboratory setting are unlikely to behave 514 

similarly to those in their natural habitat with fluctuating salinity. Thus, studies on the effects 515 

of freshwater, low salinity, and salinity fluctuation on mangroves and the physiological 516 

mechanisms under fluctuating salinity conditions should be strengthened in future research. 517 
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 530 
Figure Captions 531 

Figure 1- Biomass partition (aboveground and root) of Rhizophora mangle exposed to 0, 10, 35 and 532 

70 ppt NaCl in a growth chamber. Data represent the means (bars and numbers in white) and 533 

standard deviation of five biological replicates. According to Tukey's test, different letters represent 534 

significant differences between treatments (P ≤ 0.05). 535 

Figure 2 - Leaf (A, C) and root (B, D) relative water content and membrane damage of Rhizophora 536 

mangle exposed to 0, 10, 35 and 70 ppt NaCl. Boxes represent the median and first and third 537 

quartiles (n = five biological replicates), and whiskers represent the standard deviation. According to 538 

Tukey's test, different letters represent significant differences between treatments (P ≤ 0.05). 539 

Figure 3: Leaf water potential (A) and succulence (B), and the [K+]/[Na+] ratio in leaves (C) and roots 540 

(D) of Rhizophora mangle exposed 0, 10, 35 and 70 ppt NaCl. Boxes represent the median and first 541 

and third quartiles (n = five biological replicates) and whiskers represent the standard deviation. 542 

According to Tukey's test, different letters represent significant differences between treatments (P ≤ 543 

0.05). 544 

Figure 4: Potential quantum yield of PSII (A), effective quantum yield of PSII (B), and open PSII 545 

centers (D) of leaves of Rhizophora mangle exposed to 0, 10, 35 and 70 ppt NaCl. Boxes represent 546 

the median and first and third quartiles (n= five biological replicates) and whiskers represent the 547 

standard deviation. According to Tukey's test, different letters represent significant differences 548 

between treatments (P ≤ 0.05). 549 

Figure 5: Closed PSII centers (A), non-photochemical quenching (B), quantum yield of non-550 

regulated (C), and regulated (D) non-photochemical energy loss of PSII of leaves of Rhizophora 551 

mangle exposed to 0, 10, 35 and 70 ppt NaCl. Boxes represent the median and first and third 552 

quartiles (n = five biological replicates) and whiskers represent the standard deviation. According to 553 

Tukey's test, different letters represent significant differences between treatments (P ≤ 0.05). 554 

Figure S1: PCA ordination diagram of variables plots with significant variation across salinity levels. 555 

The two axes (PCA 1 and 2) explained 80.6% of the variance. The percentage of variation explained 556 

by each principal component is shown. Red circles represent plants grown at 70 ppt NaCl. Orange 557 

circles represent plants grown at 35 ppt NaCl. Yellow circles represent plants grown at 10 ppt NaCl 558 

and green circles, plants grown in freshwater. Variable caption: rwc_leaf is the relative water content 559 

in leaves, rwc_root is the relative water content in roots, tfm is the total fresh matter, wpot is the 560 

water potential, k_leaf and k_root are the K+ content in leaves and roots respectively, md_leaf and 561 

md_roots are the membrane damage in leaves and roots respectively, car is the carotenoid content 562 

in leaves, diameter is the stem diameter, na_leaf and na_root are the Na+ contents in leaves and 563 

roots respectively. 564 



Figure S2: Correlation-based networks of physiological parameters in R. mangle plants cultivated 565 

in freshwater (A), 10 ppt NaCl (B), 35 ppt NaCl (C ) and 70 ppt NaCl (D). Nodes represent 566 

physiological parameters and lines their pairwise correlations. Blue links represent a positive 567 

correlation and red links represent a negative correlation. Ticker links indicate a higher correlation in 568 

module (n = 5). 569 



Table 1: Plant height, stem diameter, leaf area and number of leaves of Rhizophora mangle exposed 570 

to salinity levels in a growth chamber. Values represent the mean ± SD of five biological replicates 571 

(n = 5). According to Tukey's test, different letters represent significant differences between 572 

treatments (P ≤ 0.05) 573 

 574 

 0 10 35 70 

Plant height 
(cm plant-1) 

48.84 ± 1.73a 51.85 ± 1.96a 40.42 ±1.08b 36.06 ± 1.52b 

Stem diameter 
(cm plant-1) 

8.20 ± 0.66b 10.30 ± 0.67b 13.27 ± 0.44a 13.04 ± 0.48a 

Leaf area 
(cm2) 

43.29 ± 2.58a 42.68 ± 2.87ab 33.68 ± 1.27bc 24.78 ± 1.03c 

Number of 
leaves (plant-1) 

14.00 ± 0.58a 12.33 ± 0.33ab 10.67 ± 0.67b 7.67 ± 0.33c 

 575 

Table 2: Total chlorophyll content, chlorophyll a/b ratio, carotenoids and anthocyanin contents in 576 

leaves of Rhizophora mangle exposed to increasing salinity. Values represent the mean ± SD of five 577 

biological replicates (n = 5). According to Tukey's test, different letters represent significant 578 

differences among treatments (P ≤ 0.05). 579 

 0 10 35 70 

Total Chl 
(mg g-1 FM) 

99.21 ± 7.75a 94.95 ± 6.97a 67.85 ± 1.50b 56.52 ± 2.62b 

Chl a/Chl b 
ratio 

2.40 ± 0.30a 2.00 ± 0.03a 1.38 ± 0.08b 1.53 ± 0.06b 

Carotenoids 
(mg g-1 FM) 

95.54 ± 3.19c 152.16 ± 9.20b 174.60 ± 4.45b 193.54 ± 4.70a 

Anthocyanin 
(mg g-1 FM) 

0.98 ± 0.07b 1.19 ± 0.04b 2.01 ± 0.07a 2.28 ± 0.14a 

580 
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Table 3: Contents of TBARS (lipid peroxidation) and H2O2, and the activities of superoxide 581 

dismutase, ascorbate peroxidase and catalase in leaves of Rhizophora mangle exposed to 582 

increasing salinity. Values represent the mean ± SD of five biological replicates (n = 5). 583 

According to Tukey's test, different letters represent significant differences among treatments 584 

(P ≤ 0.05). 585 

 0 10 35 70 

TBARS content 
(nmol MDA-TBA g-1 FM) 

42.91 ± 4.70c 85.39 ± 4.08b 97.40 ± 2.65ab 106.09 ± 3.99a 

H2O2 content 
(ƞmol g-1 FM) 

12.04 ± 0.38c 30.74 ± 1.14b 44.53 ± 2.00a 47.12 ± 0.52a 

SOD activity 
(U mg-1 protein min-1) 

2.58 ± 0.40c 3.87 ± 0.38bc 5.55 ± 0.32ab 6.34 ± 0.45a 

APX activity 
(mmol mg-1 protein min-1) 

0.81 ± 0.09c 2.76 ± 0.20b 3.87 ± 0.37a 1.04 ± 0.02c 

CAT activity 
(mmol mg-1 protein min-1) 

95.54 ± 3.19c 152.16 ± 9.20b 174.60 ± 4.45ab 193.54 ± 4.70a 
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