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Abstract: Phytoremediation, an emerging cost effective and ecologically benign technology for the decontamination of soils, is the
use of plants and their associated microbes for environmental cleanup. The efficiency of phytoremediation depends mostly on the
establishment of robust plant-microbe interactions. Elsholtzia splendens is a Labiatae plant well known for its high copper tolerance,
which is widely distributed on copper deposits as well as non-contaminated areas. It has been considered for the phytoremediation of
copper polluted soils; however, little is known about the role of the soil microbe community in the roots of E. splendens in adapting
the non-contaminated plants to copper stress. In order to evaluate the effects of inoculation with soil microbes on the copper
tolerance of E. splendens, this experiment studied the effect of inoculation with soil microbes on the seedling dry weight, plant
morphology, survival rate, copper content and leaf gas exchange parameters of E. splendens under copper stress using a mesocosm
system. The experiment included four soil treatments: the addition of copper (copper stress); soil microbe inoculation; addition of
copper and soil microbe inoculation; and no additional copper or soil microbe inoculation (control). The results were as follows: (1)

The plant number, plant height, basal diameter, biomass, and stem weight ratio of E. splendens under copper stress were lower than
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in the control. Inoculation with soil microbes significantly increased the plant number, plant height, biomass, and stem weight ratio of
E. splendens under copper stress, indicating an alleviation effect on the inhibition of copper on the growth of E. splendens. Compared
with the control, the copper content of roots, stems, leaves, inflorescences and seeds were increased under copper stress. Under
copper stress, soil microbe inoculation significantly decreased copper content in the stem and leaf organs of E. splendens, but did not
markedly affect copper content in the other organs. (2) In autumn, the diurnal variation in net photosynthetic rate (P,,) in the leaves of
E. splendens under all treatments took on a one-peak curve. Inoculation with soil microbes significantly increased the daily mean P,
and daily mean transpiration rate (T,), and significantly decreased the daily mean stomatal conductance and daily mean intercellular
CO, concentration (C;) of E. splendens under copper stress. (3) Under copper stress, the maximum net photosynthetic rate (Pnmax),
light saturation point (LSP), apparent quantum yield (AQY), maximum rate of carboxylation (V¢ma), maximum rate of electron
transport (Jmax) and the triose phosphate use rate (TPU) of E. splendens significantly decreased, while the light compensation point
(LCP) significantly increased. Inoculation with soil microbes significantly increased the Pymax, LSP, AQY, Vemax: Jmax @nd TPU, but
decreased the LCP. In conclusion, inoculation with soil microbes can effectively alleviate the damage of copper stress to E. splendens
by increasing the photosynthetic ability, enhancing the light energy utilization and carbon assimilation and promoting the
accumulation of organic matter. Inoculation with soil microbes can increase the growth of plants under copper stress, which could

have potential applications in the phytoremediation of soils contaminated with heavy metals.
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Table 1 The basic physical and chemical characteristics of soils
Available
P Organic matter/(g/kg) Total N/( g/kg) Alkelihycrolyzzble P/(mg/kg) Available K/(mg/kg)
N/(g/kg)
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Fig.1 Effects of soil microbe inoculation on the growth of E. splendens under copper stress
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Table 2  Effects of soil microbe inoculation on the biomass of E. splendens under copper stress
Root Stem
Treatments
Root Root  weight  Stem biomass/(g) Stem weight  Inflorescence Individual Total biomass/(g)
biomass/(g) ratio ratio biomass/(g) biomass/(g)
CK 28.015+2.834b  0.225+0.023ab  79.967+5.037b 0.627+0.006b  22.750+1.238ab  1.909+0.030b  130.732+6.215b
Cu 18.774+2.449c  0.230+0.023a 49.203+11.163d 0.567+0.013c ~ 15.000+2.422c 1.517+0.206c  82.978+15.189d
SM 34.207+4.201a  0.199+0.022b 112.650+12.548a  0.671+0.023a  25.337+2.614a 2.131+0.126a  172.194+14.319a
Cu+SM 24.825+3.021b  0.218+0.019ab  67.933+3.575¢ 0.605+0.012b  20.983+1.806b 1.771+0.051b  113.742+6.210c
F (Fvalue)
Cu 42.487** 1.482 88.946** 54.188** 41.879** 27.509** 109.949**
SM 18.364** 3.735 41.268** 22.926** 20.997** 11.024** 50.850**
CuxSM 0.002 0.496 3.040 0.102 3.297 0.049 1.116
+ (P<0.05, n=6); * P<0.05; ** P<0.01
2.3 Cu Cu
3 Cu Cu Cu
Cu Cu Cu
(5—20 mg/kg) Cu Cu
315 30.6 7.0 14.0
Cu Cu Cu
503% 35.1%
Cu Cu
Cu
3 Cu Cu
Table 3 Effects of soil microbe inoculation on heavy metal contents of E. splendens under copper stress

Treatments Root/(ug/g) Stem/(ug/g ) Leaf/(ug/g ) Inflorescence/(ug/g ) Seed/(ug/g)
CK 18.837+0.855b 3.035+0.560c 4.453+1.314c nd 1.292+0.627b
Cu 593.867+79.857a 21.307+2.357a 136.125+34.740a 2.478+1.576a 18.036+5.450a
SM 22.576+1.946b 3.646+0.241c 5.279+1.993c nd 1.622+0.569b
Cu+SM 474.099+81.982a 13.826+2.481b 67.604+22.369b 0.933+1.059%a 17.116+2.954a
F (Fvalue)
Cu 321.708** 268.010** 87.883** 12.093** 106.196**
SM 4.110 15.626** 10.701** 2.645 0.036
CuxSM 4.657* 21.676** 11.230** 2.645 0.160
nd + (P<0.05, n=5); * P<0.05; ** P<0.01
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Fig.2 Effects of soil microbe inoculation on the diurnal variations of net photosynthetic rate, stomatal conductance, intercellular CO, concentration

and transpiration rate in the leaves of E. splendens under copper stress
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Table 4 Effects of soil microbe inoculation on the daily mean value of photosynthetic parameters of E. splendens under copper stress
(Pr) (Gs) Co, (G (™)
Treatments Daily mean net Daily mean stomatal Daily mean intercellular CO, Daily mean transpiration rate
photosynthetic conductance concentration /(mmol-m?.s™)
rate/(umol-m?.s™) /(mmol-m?.s™) /(umol-mol™)
CK 2.982+0.061b 0.082+0.002b 281.030+3.046b 1.812+0.058b
Cu 1.618+0.064d 0.074+0.002c 306.869+0.590a 1.561+0.025¢
SM 3.922+0.087a 0.121+0.001a 286.100+1.455b 2.568+0.011a
Cu+SM 2.212+0.126¢ 0.068+0.001d 286.097+3.092b 1.708+0.026b
F (Fvalue)
Cu 300.795** 686.864** 29.190** 259.062**
SM 74.913** 195.881** 10.286* 170.641**
CuxSM 3.782 368.226** 33.565** 77.816**
+ (P<0.05, n=3); * P<0.05; ** P<0.01
25 Cu -
- ( 3
Py
3 Cu -
Fig.3 Effects of soil microbe inoculation on the light response curves of E. splendens under copper stress
+ (P<0.05, n=3)
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Table 5 Effects of soil microbe inoculation on the light response parameters of E. splendens under copper stress

(LSP)Light (LCP)Light (Rg)Dark

Treatments (Pnmax)Maximum net saturation compensation (AQY)Apparent quantum respiration

photosynthetic point/(umol-m?.s™) point/(umol-m?2s™) yield/(umol-pmol™) I(pmol-m?.s%)

rate/(umol-m2s™)
CK 9.084+0.262a 1347.575+38.901b 21.321+0.615b 0.062+0.002b 1.309+0.038b
Cu 3.905+0.113c 1252.964+36.170c 24.744+0.714a 0.043+0.001c 1.064+0.031c
SM 9.340+0.270a 1616.234+46.657a 16.523+0.477c 0.088+0.003a 1.454+0.042a
Cu+SM 7.213+0.208b 1289.949+37.238bc 18.159+0.524c 0.063+0.002b 1.144+0.033c
F (Fvalue)
Cu 270.231** 27.745** 18.395** 133.471** 58.967**
SM 64.306** 14.631** 93.128** 145.881** 9.691*
CuxSM 47.157** 8.406* 2.295 2.482 0.809
+ (P<0.05, n=3); * P<0.05; ** P<0.01
2.6 Cu - CO,
-CO, 4 Pn CO; 0—200
pmol/mol 4 P CO, P
CO, P, CO, 200 pmol/mol P,

SM CK Cu+SM Cu

4 Cu -CO;

Fig.4 Effects of soil microbe inoculation on the net photosynthetic rate-intercellular CO, concentration curves of E. splendens under copper stress

+ (P<0.05, n=3)
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TPU 185% 176 % 195 % Cu
Vemax  Jmax  TPU 477% 466% 48.3%
Cu -CO, Cu
6 Cu -CO;

Table 6 Effects of soil microbe inoculation on the CO, response parameters of E. splendens under copper stress

(Vemax) Maxmium rate (Imax) Maxmium (TPU) Triose
Treatments of carboxy lation/(umol-m?.s™) rate of electron  phosphate utilization
transport/(umol-m2.s) rate/(umol-m?.s™)
CK 29.620+0.855b 54.513+1.574b 5.355+0.155b
Cu 14.830+0.428d 29.157+0.842d 3.134+0.090d
SM 35.114+1.014a 64.129+1.852a 6.401+0.185a
Cu+SM 21.905+0.632c 42.732+1.223c 4.649+0.134c
F  (Fvalue)
Cu 334.769** 273.916** 187.386**
SM 67.462** 64.384** 77.861**
CuxSM 1.067 1.579 2.611
+ (P<0.05, n=3); * P<0.05; ** P<0.01
3
[30]
Cu
[24] Cu
Cu
Cu
Cu
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