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ABSTRACT                        Tea (Camellia sinensis (L.) O. Kuntze) plants were grown at adequate (46 µM) or 
low (<2.5µM) boron (B) supply in the nutrient solution under low (LL, 50 µmol m-2s-1), intermedi-
ate (IL, 250 µmol m-2s-1) and high (HL, 500 µmol m-2s-1) light intensities. Boron deficiency hardly 
affected photochemical events under LL conditions, but alleviated reduction of efficiency of 
photosynthetic energy conversion in IL and HL plants. The optimum light intensity for CO2 as-
similation was IL for the young and HL for the old leaves. Activity of ascorbate peroxidase and 
superoxide dismutase and concentration of proline was lower under IL compared to LL and HL 
conditions. Compared to the old leaves, in the young leaves photochemical events were more 
protected under excess light and low B supply. Antioxidant defense system involved in the pro-
tection of leaves against excess light under IL conditions while thermal dissipation performed 
this role under HL conditions. Alleviation of high light stress effect on the photochemical events 
could be attributed to the B deficiency-induced activation of antioxidant defense system.
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Materials and Methods

Plants culture and treatments

Plant harvest and analysis

Determination of chlorophyll fluorescence and 
gas exchange parameters

Determination of chlorophyll, carotenoids, 
anthocyanins and flavonoids 

Assay of antioxidant enzymes and related 
metabolites 

Results



Figure 1. Dry weight (mg plant-1) of shoot and root in tea (Camellia 
sinensis L.) plants grown for six weeks at adequate (+B) or low (−B) 
boron supply under low (LL, 50 µmol m-2s-1), intermediate (IL, 250 µmol 
m-2s-1) or high (HL, 500 µmol m-2s-1) light intensity. Bars indicated by the 
same letter are not signifi cantly different (P<0.05).

Figure 2. Boron concentration (µg g-1 DW) of three different fractions 
in tea (Camellia sinensis L.) plants grown for six weeks at adequate (+B) 
or low (−B) boron supply under low (LL, 50 µmol m-2s-1), intermediate 
(IL, 250 µmol m-2s-1) or high (HL, 500 µmol m-2s-1) light intensity. Bars 
indicated by the same letter are not signifi cantly different (P<0.05).



Table 1. Leaf concentration of chlorophyll (Chl) a, b and carotenoids (mg g-1 FW), anthocyanins (mg cyanidin-3-glucosid g-1 FW) and 
flavonoids (mg g-1 FW) in young and old leaves of tea (Camellia sinensis L.) plants grown for six weeks at adequate (+B) or low (−B) 
boron supply under low (LL, 50 µmol m-2s-1), intermediate (IL, 250 µmol m-2s-1) or high (HL, 500 µmol m-2s-1) light intensity. Data in 
each column within each organ followed by the same letter are not significantly different (P<0.05).

Young leaf Treatments Chl a Chl b Carotenoids Anthocyanins Flavonoids

LL
+B 2.1±0.4 b 0.9±0.0 b 191±39 b 7.4±1.7 b 0.66±0.07 a

−B 3.0±0.5 a 1.4±0.2 a 267±44 a 23.1±4.0 a 0.65±0.09 a

IL
+B 1.1±0.1 c 0.4±0.1 d 86±10 c 26.0±2.3 a 0.55±0.07 a

−B 1.2±0.3 c 0.5±0.1 cd 100±18 c 21.6±3.2 a 0.65±0.07 a

HL +B 1.8±0.3 bc 0.7±0.1 bc 134±24 bc 4.8±2.3 b 0.35±0.05 b

−B 1.1±0.5 c 0.6±0.1 c 130±26 bc 2.8±1.3 b 0.52±0.04 a

Old leaf Treatments Chl a Chl b Carotenoids Anthocyanins Flavonoids

LL
+B 4.5±0.4 a 1.5±0.2 ab 320±44 ab 5.2±1.6 b 0.89±0.19 a

−B 5.1±0.5 a 1.8±0.1 a 371±32 a 27.2±5.1 a 1.07±0.23 a

IL
+B 3.5±0.3 b 1.3±0.1 b 254±19 b 29.6±6.2 a 0.83±0.13 a

−B 1.6±0.5 c 1.7±0.3 a 331±48 a 20.9±6.3 a 0.89±0.10 a

HL +B 2.1±0.2 c 0.7±0.1 c 149±16 c 10.9±3.6 b 0.76±0.04 a

−B 1.7±0.3 c 0.8±0.1 c 162±8 c 22.3±2.3 a 0.78±0.05 a

Table 2. Chlorophyll fluorescence parameters including Fv/Fm (maximal photochemical efficiency of PSII), F’v/F’m (excitation capture 
efficiency of open PSII), qP (photochemical quenching), qN (non-photochemical quenching) and PSII (quantum yield of PSII) in young 
and old leaves of tea (Camellia sinensis L.) plants grown for six weeks at adequate (+B) or low (−B) boron supply under low (LL, 50 
µmol m-2s-1), intermediate (IL, 250 µmol m-2s-1) or high (HL, 500 µmol m-2s-1) light intensity. Data in each column within each organ 
followed by the same letter are not significantly different (P<0.05). 

Young leaf Treatments Fv/Fm F’v/F’m qP qN PSII

LL
+B 0.79±0.01 a 0.72±0.03 b 0.97±0.03 a 0.35±0.02 ab 0.73±0.01 a

−B 0.79±0.01 a 0.70±0.01 bc 1.00±0.04 a 0.45±0.04 a 0.73±0.01 a

IL
+B 0.74±0.04 b 0.73±0.03 b 0.92±0.03 b 0.14±0.03 c 0.70±0.03 a

−B 0.79±0.01 a 0.77±0.02 a 0.89±0.02 b 0.13±0.04 c 0.71±0.01 a

HL +B 0.74±0.02 b 0.67±0.03 c 0.89±0.04 b 0.38±0.09 ab 0.62±0.02 c

−B 0.77±0.03 a 0.72±0.02 b 0.88±0.01 b 0.29±0.07 b 0.66±0.02 b

Old leaf Treatments Fv/Fm F’v/F’m qP qN PSII

LL
+B 0.80±0.00 a 0.80±0.01 a 0.97±0.04 ab 0.09±0.01 d 0.79±0.06 a

−B 0.78±0.04 a 0.78±0.02 ab 0.96±0.02 ab 0.08±0.02 d 0.76±0.01 a

IL
+B 0.76±0.04 ab 0.72±0.04 b 0.98±0.03 ab 0.09±0.01 d 0.79±0.06 a

−B 0.75±0.02 ab 0.73±0.02 b 1.00±0.03 a 0.19±0.05 c 0.73±0.01 a

HL +B 0.61±0.03 c 0.39±0.04 c 0.85±0.02 c 0.73±0.08 a 0.34±0.05 c

−B 0.72±0.03 b 0.58±0.02 d 0.93±0.03 b 0.59±0.07 b 0.55±0.02 b



Table 3. Gas exchange parameters including net photosynthetic rate (A, µmol m-2 s-1 ), transpiration rate (E, mmol m-2 s-1) and sto-
matal conductance to water vapor (gs, (mol m-2 s-1) in young and old leaves of tea (Camellia sinensis L.) plants grown for six weeks at 
adequate (+B) or low (−B) boron supply under low (LL, 50 µmol m-2s-1), intermediate (IL, 250 µmol m-2s-1) or high (HL, 500 µmol m-2s-1) 
light intensity. Data in each column within each organ followed by the same letter are not significantly different (P<0.05).

Young leaf Treatments A E gs

LL
+B 1.88±0.24 bc 2.96±0.27 a 0.01±0.00 b

−B 1.73±0.11 c 0.70±0.14 d 0.01±0.00 b

IL
+B 3.31±0.27 a 1.94±0.19 b 0.54±0.20 a

−B 2.36±0.20 b 0.53±0.24 d 0.04±0.02 b

HL +B 3.77±0.16 a 1.42±0.31 c 0.37±0.14 a

−B 1.92±0.26 bc 0.38±0.19 d 0.06±0.01 b

Old leaf Treatments A E gs

LL
+B 1.63±0.21 b 0.53±0.15 bc 0.01±0.00 c

−B 0.67±0.08 d 0.30±0.09 c 0.01±0.00 c

IL
+B 1.32±0.06 bc 0.53±0.06 bc 0.01±0.00 c

−B 1.10±0.05 c 0.36±0.11 bc 0.02±0.00 c

HL +B 2.48±0.28 a 1.39±0.11 a 0.28±0.02 b

−B 1.48±0.09 b 0.57±0.13 b 0.32±0.02 a

Table 4. Specific activity of peroxidase (POD, µmol mg-1 protein min-1), ascorbate peroxidase (APX, µmol mg-1 protein min-1) and su-
peroxide dismutase (SOD, U mg-1 protein) in young and old leaves and roots of tea (Camellia sinensis L.) plants grown for six weeks 
at adequate (+B) or low (−B) boron supply under low (LL, 50 µmol m-2s-1), intermediate (IL, 250 µmol m-2s-1) or high (HL, 500 µmol 
m-2s-1) light intensity. Data in each column within each organ followed by the same letter are not significantly different (P<0.05). 

Young leaf Treatments POD APX SOD

LL
+B 32±9 a 124±7 bc 3.4±0.6 b

−B 35±3 a 171±37 a 6.4±0.4 a

IL
+B 8±2 c 83±19 cd 1.5±0.4 c

−B 17±3 b 44±12 d 3.2±0.4 b

HL +B 18±6 bc 105±2 c 2.8±0.3 b

−B 5±3 d 164±9 ab 3.4±0.7 b

Old leaf Treatments POD APX SOD

LL
+B 18±3 a 128±19 b 6.5±0.2 a

−B 23±2 a 169±10 a 1.3±0.7 e

IL
+B 17±9 a 88±21 cd 1.4±0.0 de

−B 23±9 a 127±9 b 5.3±0.8 b

HL +B 19±2 a 116±20 bc 3.4±0.3 c

−B 19±4 a 78±16 d 2.5±0.6 cd

Root Treatments POD APX SOD

LL
+B 186±34 ab 123±11 cd 5.0±1.2 b

−B 214±18 a 197±15 b 9.0±1.9 a

IL
+B 62±21 d 70±4 d 0.8±0.4 d

−B 175±12 ab 87±11 d 2.7±0.4 bc

HL +B 151±44 bc 299±82 a 3.7±0.7 bc

−B 109±23 cd 250±28 ab 1.4±0.3 cd



Discussion

Table 5. Concentration of malondialdehyde (MDA, nmol g-1 FW), hydrogen peroxide (H2O2, nmol g-1 FW), proline (nmol g-1 FW)  and 
protein (mg g-1 FW) in young and old leaves and roots of tea (Camellia sinensis L.) plants grown for six weeks under adequate (+B) 
or low (−B) boron supply under low (LL, 100 µmol m-2s-1), intermediate (IL, µmol m-2s-1) or high (HL, µmol m-2s-1) light intensity. Data 
in each column within each organ followed by the same letter are not significantly different (P<0.05). 

Young leaf Treatments MDA H2O2 Proline Protein

LL
+B 43±5 cd 3.4±0.4 b 213±73 a 1.4±0.1 ab

−B 46±6 bc 4.6±0.4 ab 73±18 b 1.4±0.1 ab

IL
+B 29±2 d 6.0±1.2 a 54±7 b 1.6±0.2 a

−B 55±1 b 3.3±0.5 b 87±9 b 1.6±0.2 a

HL +B 56±9 b 5.1±1.4 ab 78±17 b 1.2±0.1 ab

−B 76±7 a 5.0±0.4 ab 183±18 a 1.0±0.3 b

Old leaf Treatments MDA H2O2 Proline Protein

LL
+B 19±4 c 6.8±0.4 a 374±59 a 1.4±0.2 a

−B 48±4 b 5.5±0.7 b 206±47 b 1.2±0.1 a

IL
+B 46±5 b 3.8±0.6 cd 65±8 d 1.4±0.2 a

−B 60±4 b 3.5±0.2 cd 114±9 cd 0.7±0.1 b

HL +B 99±5 a 4.6±0.9 bc 108±36 cd 1.4±0.1 a

−B 111±18 a 2.6±0.2 d 166±18 bc 1.5±0.2 a

Root Treatments MDA H2O2 Proline Protein

LL
+B 19±5 d 0.4±0.1 c 151±32 a 1.0±0.1 a

−B 322±6 a 0.5±0.1 c 88±14 bc 0.7±0.2 ab

IL
+B 56±3 b 1.2±0.2 b 60±8 bc 0.8±0.0 a

−B 34±1 c 0.6±0.2 c 95±19 b 0.7±0.2 ab

HL +B 40±3 c 1.6±0.0 a 51±6 c 0.4±0.1 b

−B 35±7 c 1.1±0.1 b 72±4 bc 0.8±0.2 a
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