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Extended abstract

Introduction

Heavy metals are one of the most important abiotic stresses which can have detrimental effects on the
growth, metabolic pathways, and physiological and biochemical characteristics of plants. Today, the
accumulation of heavy metals in agricultural lands has an increasing trend that can affect the production
and quality of agricultural products as well as human health. Among heavy metals, cadmium (Cd) is one
of the most important worldwide environmental pollutants. It can rapidly be taken up by plants and
accumulates in plant tissues, and easily enter the food chain; so this heavy metal is a serious threat to
humans, animals, plants, and environmental sustainability. Secondary metabolites play vital protective
and adaptive roles in plants in response to biotic and abiotic stresses. In this study, the effect of cadmium
stress on the physiological characteristics and secondary metabolite production, and cadmium
accumulation in borage (Borago officinalis L.) was investigated under hydroponic conditions.

Materials and methods

Borage seeds were germinated in Petri dishes, and the 5-6 cm seedlings were then transferred to
hydroponic containers containing half of the Hoagland nutrient solution with continuous aeration. The
cultures were maintained in a growth chamber with 16 hours of light and 25+2 °C. Cadmium treatments
were applied at five levels (0, 81, 162, 243, and 324 UM cadmium) using cadmium nitrate (Cd (NO3)2
.4H20) at the 6-7 leaves stage. European borage seedlings were sampled at five-time intervals (12, 24,
48, 72, and 108 hours after cadmium stress) treatments and cadmium content, physiological
characteristics, and secondary metabolites of leaf samples were measured.

Results and discussion

The results showed that the amount of photosynthetic pigments, chlorophyll index (SPAD), chlorophyll
fluorescence, and secondary metabolites in borage leaves were significantly influenced by cadmium
stress. With increasing cadmium concentration and exposure duration, the absorption and
accumulation of cadmium in borage leaves increased significantly. Cadmium stress reduced the amount
of chlorophyll a and b, total chlorophyll, and carotenoids at all sampling times in comparison with the
control treatment. The maximal quantum efficiency of photosystem II and the chlorophyll index (SPAD)
were decreased with increasing the cadmium concentration and exposure duration so that the lowest
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value of these traits was observed at 108 hours after treatment with 324puM cadmium. With increasing
the cadmium stress severity, the amount of secondary metabolites including anthocyanin, phenol, and
total flavonoids and also the amount of soluble sugars were significantly increased in the borage leaves.
The highest amount of these metabolites was observed at 108 hours after treatment with 324 pM
cadmium.

Conclusion

In general, the results of this study showed that increasing the concentration and duration of cadmium
stress negatively influenced plant photosynthesis by reducing the content of photosynthetic pigments
and increasing chlorophyll fluorescence. On the other hand, increasing the concentration and duration
of cadmium stress, increased the cadmium absorption and accumulation in the borage leaves as well as
the amount of secondary metabolites.
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Fig. 3. The effect of different concentrations of cadmium on the total chlorophyll (A) and carotenoids (B) content
at different times after treatment in borage. The data are the mean of 3 replicates and the error bars indicate
the standard error. Distinct letters in each sampling time indicate a significant difference at the 5% level of

probability.



VE) oliae) V0 ol o el pole o ame sla 2 VIaY

1)) 31395 (K s AL g b9 IS (il yld 2 poradls ilio SCdilé il (Slas o (aSilin) (il g 0525 Y Jgur

o 5l oy ilize e lojde 5o
Table 2. Analysis of variance of the effect of concentrations of cadmium on chlorophyll fluorescence and chlorophyll
index (SPAD) in different exposure duration
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Sampling Ol gl 00! dnoS dalln) o I Cholorophyl
time SOV df Fo Fm Fy Fyv/Fm 1 Index
Cadmium stress o -
s oo 4 1.767" 927.233™ 930.733"™ 0.00007 4.048
POl
- Error
“;:”hw s 10 6.267 2017.800 2002.467 0.00001 0.425
CV (%)
N, . 1.13 3.96 1.48 0.44 2.19
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5 ooy 4 31.933 7359.733 6424.733 0.0001 30.701
PgEedD
- Error
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CV (%)
ol i . 0.87 291 3.69 0.70 2.50
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s oo 4 265.900" 68145.900 60653.100 0.001 42.876
PgedD
- . Error
M:;; :1 A ws 10 25.333 3314.600 3438.133 0.00005 0.519
CV (%)
o s . 2.27 541 7.01 0.90 2.74
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* ** and ns: significant at a probability level of 5% and 1% and non-significant at probability level of 5%, respectively
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Table 3. The effect of different concentrations of cadmium on minimum fluorescence (F0), maximum fluorescence (Fm),
variable fluorescence (Fv), maximal quantum efficiency of photosystem II (Fv / Fm) in borage at different exposure

duration
Jloe! 3 s o3l pomodls cdals ogilys 2 pSlas
o cofl:?:rllltl:'gi?on oS ilnsl ity ol ygld i uilus y3ld T s 528
Sampling time (M) Fo Fm Fy Fv/Fm
0 219.0+147a  1144.0£12.16a 923.0+11.01a 0.814+0.0014 a
81 220.042.08a  1135.7+11.69 a 915.7+10.89 a 0.813£0.0017 a
welo TF 162 220.042.57a  1140.0428.02 a 883.3 +48.84 a 0.81+0.0032 a
24 hours 243 220641452  11483+24.16 a 928342224 a 0.80940.0020 a
324 21.0+1.15a 112671377 a 907. 7414.71 a 0.801+0.0017 b
0 217.04222 ¢ 1173.7+18.85a 943, 7£19.83 a 0.817£0.0012 a
81 2203£0.89be  1172.3+12.17 a 948.0+13.01 a 0.81420.0028 ab
celu FA 162 222.6+1.45ab  1145.0+11.06 ab 9223+12.17 a 0.81320.0011 ab
48 hours 243 2243+1.88a  11043+2339bc  884.0424.26 ab 0.804+0.0046 be
324 225041352 1057.7425.27 ¢ 840.7+24.12 b 0.794+0.0046 ¢
0 206.67+1.45¢  1192.7429.97 a 961.3+30.88 a 0.820+0.0014 a
81 219.6742.33b  1177.748.64 a 950.3+9.17 a 0.820+0.0017 a
el A 162 220.3343.53b  1134.7+15.16 a 914.3£17.94 a 0.8210.0046 a
108 hours 243 227.3342.72ab  955.0£11.67 b 735.349.68 b 0.801+0.001 b
324 231.3343.84a  853.0426.72 b 646.3£16.23 b 0.789+0.0078 b
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Data are mean of 3 replicates + standard error. In each sampling time, means followed by the same letter(s) are not significantly

different (p < 0.05).
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Fig. 4. The effect of cadmium concentration on chlorophyll index (SPAD) in borage at different exposure
duration. The data are the mean of 3 replicates and the error bars indicate the standard error. Distinct
letters in each sampling time indicate a significant difference at the 5% level of probability.
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Table 4. Analysis of variance of the effect of cadmium stress on secondary metabolites and soluble sugars in borage at

different exposure duration

obo) s Mean of Squares Ol po (il
‘5)“5""4:;"“ @3l ilwassT .4 NT
Sampling Ol g S dgighd Jeloro 03

time SOV Olpd glia Anthocyanin Phenol Flavonoid  soluble sugar

Cadmium stress peodls 5 4 0.109™ 206.943™ 20.487" 0.00002 s
W pror w10 0.042 6.710 1.168 0.00005
B en oy e 7.37 20.46 6.41 14.41
Cadmium stress pgodls 5 4 0.128" 322.982" 101.119™ 0.002™
““;:“h"f Error W 10 0.028 11.909 3.839 0.00004
CV (%) Oy ey 6.01 21.88 9.61 18.21
Cadmium stress pgodls 5 4 0.290™ 1160.196™ 147.755* 0.041™
"‘Z‘;":" Error s 10 0.020 4723 3223 0.00008
CV (%) Oy s 4.65 6.97 7.73 8.88
Cadmium stress peeodls 5 4 0.075" 1226.450™ 75.193* 0.072"
el ¥V prror s 10 0.037 4.127 4.610 0.0001
o Oy 6.58 6.01 9.40 5.40
Cadmium stress peodls 5 4 0.181" 1618.484™ 179.229" 0.202*
“‘:;‘; ;l"‘ Error W 10 0.036 6.088 7.088 0.0001
CV (%) o s ety 6.28 6.66 9.08 2.85
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*, ** and ns: significant at a probability level of 5% and 1% and non-significant at probability level of 5%, respectively
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Table S. The effect of cadmium concentration on the amount of secondary metabolites and soluble sugars in borage at

different exposure duration

Jlesl 31 m lo
Y pomodls cdale B
Time after Cadmium Ol g S Sgigdld Jolro glanid
treatment concentration Anthocyanin Phenol Flavonoid Soluble Suger
M pmol g mg g’
0 2.60:0.16 a 2.058033 ¢ 13.072041 ¢ 0.0133£0.003 a
81 2.65+0.10 a 6.53+0.72 ¢ 1534£053b  0.0151£0.004 a
el IV 162 2.69+0.06 a 14.474226 b 17.61£032a  0.0155£0.003 a
12 hours 243 2910.14 a 17.7342.28 b 18.99+0.93a  0.0186:0.005 a
324 3.0540.07 a 2250404 a 19.2340.72a  0.0200+0.004 a
0 2512011 ¢ 2145033 d 13.0940.68 ¢ 0.01370.002 d
81 2.70+0.07 be 9.14+0.92 ¢ 18.63£041 b 0.0144+0.003 d
welw TF 162 27740.06 abc  17.92+3.18 b 19.112047b  0.0334=0.004 ¢
24 hours 243 2.84+0.12ab  20.8242.67b 22.15£1.04b  0.0532+0.004 b
324 3.08£0.07a  28.84+126a 2896+2.11a  0.0694+0.005 a
0 26840.06b  2.52:0321¢ 145740.66d _ 0.01790.002 d
81 289+008ab  20.91+0.56 d 194+131¢  0.0215£0.004 d
el FA 162 294+0.07ab 36974226 ¢ 2224078 ¢ 0.0536+0.005 ¢
48 hours 243 2.98+0.09ab  43.22+0.89b 27.11£1.13b  0.1298+0.006 b
324 3.1240.10 a 52.19+1.23 2 32.78+137a  0.2977+0.007 a
0 2.67+0.07 ¢ 3364032 ¢ 16.1240.54 ¢ 0.0504+0.002 d
81 276+0.10c  26.91£0.56 d 19.58+1.44¢  0.0825+0.003 ¢
el VY 162 3.08+0.13b  35.85+1.54¢ 2353+124b  0.1040+0.007 ¢
72 hours 243 33140.12ab  49.20+0.94 b 26.69+1.32ab  0.2758+0.005 b
324 3.3640.09 a 54.1541.78 2 2824x1.41a  0.4145£0.004 a
0 2.73+0.10 ¢ 33640.16 ¢ 18.8140.83d _ 0.11990.005 ¢
81 290+0.14bc  27.44+0.64 d 2639+1.40¢  0.1580+0.005 d
el 1A 162 297+0.04bc  38.46+1.86¢  29.44+136bc  0.2645:0.005 ¢
108 hours 243 3.1140.09ab  52.84+1.81b 31.954254b  0.5231+0.006 b
324 339+0.13 a 63.1141.71 a 39.95:0.90a  0.7278+0.009 a
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In each column, means which followed by the same letter(s) are not significantly different (p < 0.05)
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