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Fig.1 The growth of tested plant under single and combined

Cu and Ni stress
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Table 1 Changes of morphological indicators and chlorophyll contents of tested plant under single and

combined Cu and Ni stress

b/ N WERW S/ WgFa/ MEgRE b/ KIS MR/ MR ER/
0 B/ em K /em 58/ em 18 A/ em” o 0 0 0 B
(mg-kg™") (pg-g'-h") (mg-g™") (mg-g") (mg-g") (mg-g")
CK 25.243.19" 9.7840.25° 3.54+0.05" 17.7540.23" 0.3840.02° 0.46+0.02" 0.2540.14" 0.120.01" 0.76+0.02"
Cu.300  29.744.06" 12.0040.62° 4.1440.28" 25.6442.28 0.5240.03° 0.4840.05" 0.3240.02" 0.1740.01* 0.88=+0.05"
Cu. 600  29.242.22" 8.1840.06% 3.2840.16" 15.71+1.627 0.4840.03 0.46+0.02" 0.2740.05 0.0940.01° 0.74=0.04"
Cu. 900 29.0+£3.64" 7.8840.11% 2.9940.26° 14.9042.22% 0.19+0.01%8 0.4440.03" 0.2540.08" 0.07+0.00" 0.7140.02"
Cu. 1500  23.043.76° 7.4740.21¢ 2.88+0.11° 12.5040.86" 0.1620.01¢ 0.4140.02° 0.1840.12c 0.06=+0.00% 0.67=40.09°
Ni. 300  29.244.17* 10.8540.20" 3.914£0.21" 22.14+1.26" 0.6940.03" 0.4740.05" 0.3140.01" 0.1440.02" 0.7840.01"
Ni. 600  28.243.75" 10.2440.39" 3.6440.17" 19.1241.15° 0.3940.01° 0.44=0.00" 0.29-0.02" 0.1040.02° 0.76=40.00"
Ni.900  23.940.97° 9.0740.54% 3.1540.36* 18.7140.27 0.264-0.00" 0.4340.01" 0.2740.08" 0.0940.00° 0.7220.04™
Ni. 1500  22.7+2.06" 8.49+0.93" 2.9540.38 15.4140.69" 0.14+0.00* 0.4240.01° 0.2140.09° 0.0740.00° 0.6540.04°
Cu+Ni. 300 27.042.98 10.13-0.17" 3.9040.09" 25.19+1.25° 0.82+0.12* 0.4740.05" 0.41+0.05° 0.1440.03" 0.79+0.01"
Cu+Ni. 600 24.741.78d° 9.170.44% 3.7340.03" 22.30+1.31" 0.7040.07" 0.4540.02" 0.344+0.11" 0.09+0.01° 0.784+0.11"
Cu+Ni. 900 23.643.40° 8.0640.39" 3.6120.05" 19.7941.90° 0.4440.02" 0.4440.04" 0.2540.07" 0.0640.03% 0.7440.04
Cu+ . .
Ni U1500 20.64+2.83% 7.42+0.48° 3.4940.06" 16.14+1.39¢ 0.2740.00" 0.4140.04° 0.2040.04° 0.05+0.00° 0.6840.09°
1.

T R R R NG T/ 208 22 53 .35 (P<20. 05) CP I £ A5 1E2) (n=10) , F .
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Table 2 Changes of photosynthetic parameters of tested plant under single and combined Cu and Ni stress

RM A/ AL E E AR/

Jfa1a] CO,#k B2/

AL/ Koy R/

AR/ (merke ™) (pmolem s ') (pmol'm Zs ) (pmol'm 1) (pmolem s+ ') (pmolsmmol') TULIRE
CK 2.72+0. 27 13.84+0. 08" 213.82+5. 90" 164.39+7. 28" 5.114+0.08° 50.73+1.49°
Cu. 300 2.46+0.02° 12.58+0.11" 220.154+4. 94 138.68+4.40 5.09+0.72° 49.52+1. 22
Cu. 600 1.9940. 16" 10. 06+0. 05° 252.45+1.97 95.39+3. 27 5.06+0.42° 42.804+0.33"
Cu. 900 1.924+0.02" 9.6940.02¢ 333.94+4. 01 90.29+1.90° 5.0540.07¢ 28.99+2.33¢
Cu. 1500 1.7740. 05" 8.60+0. 14¢ 490. 86+6. 42° 82.33+2.71 4.86+0.13" 20.03+1. 21"
Ni. 300 2.56+0. 31" 7.95+0.19° 299.86+1.71" 117.39+2. 64° 2.87+0.32° 32.6540. 16°
Ni. 600 2.00=£0.05" 5.12+0. 58¢ 305.5741.91¢ 63.0744.85¢ 2.56+0. 26% 32.0340.42°
Ni. 900 1.4040.05° 3.37+0.10" 331.97+3. 99 48.71+1.73" 2.41+0.01¢ 27.31+0.85¢
Ni. 1500 1.06+0. 22 2.36+0.08 365.50+£2.57" 40.61+4. 01 2.2340.49° 20.16+0. 56
Cu-+Ni. 300 2.46+0. 48" 7.43+0.37° 298.39+2. 32" 96.43+3. 39" 3.02+0.77 32.7040.73°
Cu-+Ni. 600 2.11+0. 43 6.0340. 28 311.25+3. 32 90.77+6.18° 2.86+0. 54° 30.37+1.03°
Cu-+Ni. 900 2.07+0.56® 5.34+0. 36¢ 326.5042. 34¢ 73.53+4. 39 2.58+0. 68" 28.06=+0. 56
Cu-+Ni. 1500 1.4140.02° 1.7240. 05 342.584+2.81° 26.96+1.89 1.224+0.03° 25.34=+0.60°
®3 CuNiZE—RESGHETHIXEYRESHHETL

Table 3 Changes of fluorescence parameters of tested plant under single and combined Cu and Ni stress

W/ (mgekg ) Psill PN Psl}‘i*éﬁﬁ'ﬁﬂc% FIWNEBFLE KR Ttﬁ'ﬁ@%ﬁ%% AR R P
HERBARE,/F, BARF,/F, WA ETR qP HogN
CK 0.73+0.02" 2.56+0.18" 35.23+0. 59" 0.98+0. 02 0.34=+0.03° 0.59+0.01*
Cu. 300 0.70£0. 00" 2.22+0. 26 33.6040. 70" 0.9240. 00" 0.4140. 05° 0.57+0. 03"
Cu. 600 0.69-+0.02" 2.11+0.32" 26.2041.56° 0.90-+0.01" 0.51+0.01" 0.50+0. 03"
Cu. 900 0.654+0.01" 1.98+0. 15 23.574+1.09° 0.8740.01" 0.55+0.01" 0.4740.02"
Cu. 1500 0.64+0.01" 1.76+0. 04" 12.3740. 81° 0.84+0.02" 0.62+0.03" 0.45+0. 02"
Ni. 300 0.70%0.01° 2.334+0.13" 32.4040. 44" 0.96+£0. 02 0.384+0. 04" 0.58+0.01°
Ni. 600 0.69+0.05" 2.2440.16" 31.07+1.10 0.9440. 00" 0.4140. 03¢ 0.5740. 05"
Ni. 900 0.63+0.03" 1.6840.10" 27.40+1.97¢ 0.91+0.03" 0.52+0.06" 0.4940.01"
Ni. 1500 0.604+0.03" 1.524+0. 16° 14. 60£3. 70° 0.8740.07" 0.6440. 04" 0.43+0.11¢
Cu-+Ni. 300 0.714+0.01° 2.36+0. 50 30.67+1.11" 0.97+0. 05 0.43+0.09° 0.58+0. 02"
Cu—+Ni. 600 0.70=£0. 00" 2.1440. 40" 22.87+2. 20" 0.9540. 04* 0.52+0. 04" 0.5340.02°
Cu—+Ni. 900 0.66=+0.03" 2.13+0.53" 15.13+4.00 0.91+0.02" 0.58=+0.04" 0.51+0.01"
Cu—+Ni. 1500 0.634+0.01" 2.0940. 28" 7.5340.45' 0.86=+0.05" 0.6240. 05" 0.46+0.02"
mg/ kg, 4 4B 1 18 W30 e I B i I 3K R R L L .
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Fig. 2 Changes of Cu™ and Ni** contents of tested plant in roots,stems,and leaves under single and combined Cu and Ni stress
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Fig.3 Correlation analysis of each index under single and combined Cu and Ni stress
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Effects of photosynthetic characteristics and
chlorophyll fluorescence in Verbena bonariensis
under single and combined Cu and Ni stress

GUO Xin’
(College of Life Sciences ,Shanghai Normal University ,Shanghai 200234, China)

Abstract: [ Objective] To reveal the adaptability of Verbena bonariensis under single and combined Cu and Ni
stress. [Method] Verbena bonariensis was cultured in river sand with nutrient solution, and leaf photosynthetic char-
acteristics and chlorophyll fluorescence indexes were determined by setting different copper (or Cu) stress concentra-
tions of 0, 300, 600, 900, and 1 500 mg/kg, different nickel (or Ni) stress concentrations of 0, 300, 600, 900, and 1
500 mg/kg, and different combined Cu and Ni stress concentrations of 0, 300, 600, 900, and 1 500 mg/kg, respec-
tively. [ Result] With increasing single and combined Cu and Ni stress, plant height, leaf length, leal width, leaf area,
root activity, chlorophyll, and carotenoid contents increased first and then decreased and reached the maximum value
at Cu. 300, Ni. 300, and Cu-+Ni. 300, respectively. Transpiration rate , net photosynthetic rate, stomatal conductance,
water use efficiency, and stomatal limitation value were decreased and reached the minimum value at Cu. 1500,
Ni. 1500, and Cu+Ni. 1500, respectively, while intercellular carbon dioxide concentration increased and reached the
maximum value at Cu. 1500, Ni. 1500, and Cu-+Ni. 1500, respectively, which indicated that the non— stomatal factor
restricted photosynthesis. Except for the increase of the non— photochemical quenching coefficient, actual photochemi-
cal efficiency, maximum photochemical efficiency, electron transport rate, photochemical quenching coefficient, and
photochemical quantum yield were decreased. The contents of Cu*" and Ni*" in roots, stems, and leaves increased sig-
nificantly and the order was roots > leaves >> stems. Cu”' content in roots was 2 461. 27 mg/kg at Cu. 1500, and
Ni*" content in roots was 1 506. 21 mg/kg at Ni. 1500, and Cu*" and Ni*'contents in roots were 2 080. 14 mg/kg and
1 469. 45 mg/kg at Cu-+Ni. 1500, respectively. [ Conclusion] Verbena bonariensis has strong tolerance under single
and combined Cu and Ni stress, and the contents of Cu®" and Ni*" are mostly in the roots.

Key words: Verbena bonariensis; Cu stress; Ni stress; Cu— Ni combined stress; fluorescence parameters
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