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4- Dissolved Organic Carbon (DOC)
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Table 1- The physical and chemical properties of the soil used in this study

o Slaie 221y G Jake >y
(Property) (Quantity) (Unit) (Property) (Quantity) (Unit)
o 55 % i 8 et 125 (mg kg™)
(Sand) (Available P)
e 27 % i B e 240 (mg kg)
(Silt) (Available K)
o) 18 % o> 8 o) 7.4 (mg kg™?)
(Clay) (Available Fe)
oS 0.66 % S 636 (mg kg™)
(oC) (Total Zn)
ot I o8 0.21 (g Clkg soil) e IS o) 37 (mg kg)
(DOC) (Available Zn)
Jooo oS b5 13.66 % S o 560 (mg kg™?)
(TNV) (Total Pb)
42,50 Cogh 19 % i B e 54 (mg kg™)
(FC) (Available Pb)
JS 03 0.21 % JS poee 7 (mg kg
(Total N) (Total Cd)
oSl exbin B 0.926 (ds m) e B e 062 (mg kg™)
(EC) (Available Cd)
SE ] 7.69 (1:5)
(pH)
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bowgie (S350 L SB G Gialesl oyl 3 ool 3,40 SB-
@B YY 5 a0 V8 ol Cusdgo | &S dgr paradls g L &
YL agdo Vs gas ¥V g Job 5,0 dd8d Y0 gax p Y U
Ol 9y 9 0 4SBT Sl L) (355 Jobo adBs ¥e g an
M3 3yl (1) il ()8 g (s yteghS A+ 1> &l
295 9 05 St g 5l g 9 4nd St Bl Ve U jho Bos
8 31 o olimesSosd Slo S35 3 5 5tocs 5 S
g oy 2ia JHB echle 5 (VA) poedls 5 pw J5 clale
(Varian Spectra. ol Gis olKiws bwgs (FY) poneals
T 4 S ojlas p SB S usll colaa clbld 5 pH <AA20)
(DOC) Jgdmo (M 58 (A+) SE Jlosko (£0) (] 4 SB)
13,5 Sl () S il 5 (YY) Joles eSS (VA)
(V Jdg)
oMl (pSlgi) jl gyt dllate (383 (g yolate &
adbate) SUigiy yb (555 o Cand )3 oIS <l 300 4w 4 (AV)
Job & (Sl a4 Shojay po 3)5 CutS ()i
SLS o ppaSagy yie ho Voo gl g VYo joyc e
F09s5ee YVl ySas8 3lo b (5318 ()5 ) oolial b (g phmsg
Azotobacter
Jgpl plo g 7,5 ol g SB Sligdisg auwwge ;I chroococcum

A Jonl Ba Sl > (6y0 wopypme SL S



1YA9 599 0t —010 yo (¥ o )lods FF wl> (S g T w,ui VY

adlas (! ;5 03Mkwl 590 by S yoxe (S (GPSL GBS g Sy -Y Joa
Table 2- Characteristics of growth-promoting bacterial species used in this study

. Mool o Ulgs JVodl o Ulgs Cudd o Ulys skl 2Ulg Josial Mg wilows e
L G JERERICIEINE il 0395 lilgus .
i i N . Sl Sl 5g
(Bacterial species) (Phosphate (Potassium (Nitrogen (Sulfate IAA HCN

solubilizing)  solubilizing)  fixation) reduction) (IAA) (HCN)
Proteus vulgaris - + - + + R
Pseudomonas putida + - - - - -
Bacillus subtilis - - - - - +
Bacillus megaterium - + - - + +
Azotobacter chroococcum - - + - - +

‘\SJLL.AJ)}AWMWLML’CMLI*AM%JJYWMWL&@NL’“‘F

+: appropriate response to studied trait, -: lack of appropriate response to studied trait
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Table 3- The Analyses of variance of data showing the effects of plant type and PGPR species on concentrations of organic
acids of the rhizosphere soil and concentrations of the N, P and K in the leaf of cabbage plant

Ol e @ilan gy SElel g OO i e raweliy Cdalé
(Variables) (df) ali (Ac_etlc i (N . P (K concentration)
(Malic acid) (Citric concentration)  concentration)
acid)
"’K"’s)_ i 2 14.46™ 8144.00™ 13747.87™ 0.28™ 0.01™" 5.54™"
(Cabbage varieties)
d’f{b' i . 5 19.75™  24175.75 2720.81™ 1.95™ 0.01™" 2.26™
(Bacterial species)
S Sk BSxlS 03,
(Cabbage varieties x 10 7.86™  875.99"  752.23" 0.08™ 0.0005™ 0.13™
Bacteria species)
b= 36 0.0184 24.8753 4.7996 0.004 0.00007 0.004
(Error)
Olyos o b

Variation (%)

™ significant at 0.01 level, " significant at 0.05 level, ™, not significant.
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1- High performance liquid chromatography- Diode
Array Detector
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Table 4- The interactive effects of cabbage varieties and PGPR species on concentrations of organic acids of the rhizosphere
soil and concentrations of the N, P and K in the leaf of cabbage varieties

Slo ] S!Sl S nws !

Oa e cuilé bond il oy il

oS o, SrS5L a8 Malic acid Acetic acid Citric acid N concentration P concentration K concentration

Cabbage varieties PGPR species (V:0) o bas g owd g 0,5 e KW
(mg/dl 1:5) (%)

Control 0.61(k) 21.03(l) 229 (ij) 1.13 (i) 0.16 (i) 0.40 (i)

Proteus vulgaris 1.04 (hij) 71.69 (i) 7.52 (ghi) 1.32 (h) 0.20 (h) 1.27 (f)

i) olS Pseudomonas putida  2.09 (cd) 112.75 (ef) 30.36 (e) 2.03 (ef) 0.25 (cd) 0.62 (h)

Ornamental cabbage Bacillus subtilis 1.21 (fghi) 120.44 (de) 8.36 (gh) 2.03 (ef) 0.21 (gh) 0.61 (h)

Bacillus megaterium  1.50 (ef) 149.44 (c) 12.18(9) 2.10 (def) 0.20 (h) 1.57 (e)

Azotobacter chroococcum 1.02 (hij) 72.58 (i)  3.81 (hij) 2.35(c) 0.21 (gh) 0.71 (h)

Control 0.91 (ijk) 43.49 (k) 18.22 (f) 1.40 (h) 0.16 (i) 0.73 (h)

Proteus vulgaris 1.19 (fghi) 98.32 (gh) 45.91 (d) 1.86 (9) 0.24 (de) 1.31 ()

Ko olS Pseudomonas putida  9.59 (a) 141.30 (c) 118.34(a) 1.89 (g) 0.30 (b) 0.94 (9)

Broccoli Bacillus subtilis 2.12(c) 179.96 (b) 57.45(c) 2.07 (def) 0.20 (h) 0.95 (g)

Bacillus megaterium 254 (b) 233.88(a) 69.28 (b) 2.06 (def) 0.22 (efg) 1.83(d)

Azotobacter chroococcum 1.12 (ghi) 104.96 (fg) 29.53 (e) 2.68 (b) 0.21 (gh) 0.93 (9)

Control 0.78 (k) 56.25()  1.22(j) 1.17 (i) 0.21 (gh) 1.22 (f)

Proteus vulgaris 1.07 (hij) 92.39 (h)  2.85(ij) 1.95 (fg) 0.24 (de) 2.54 (b)

Sy als Pseudomonas putida  2.69 (b) 94.15(gh) 19.33 (f) 2.09 (def) 0.32 (a) 1.25 ()

Cabbage Bacillus subtilis 143 (fg) 128.22 (d) 5.69 (hij) 2.16 (de) 0.23 (def) 1.56 (e)

Bacillus megaterium ~ 1.79 (de) 18950 (b) 8.49 (gh) 2.18 (d) 0.26 (c) 2.87 (a)

Azotobacter chroococcum 1.28 (fgh) 92.46 (h)  2.51 (ij) 2.88 (a) 0.23 (def) 2.11(c)

)15 o b (PO.05) (gl e BT ()bl Lilod 51 eyl S o By S Jolas 45 gty 3 b puSile
Different letters indicate significant differences at the 5% probability level.
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Table 5- The analyses of variance of data showing the effects of plant type and PGPR species on concentrations of the Pb and
Cd in the root and shoot and fresh-dry biomass weight of cabbage plant

Sl (1o
(Mean square)
s oo ) O e Pguedls clals
= ’*’” & &3 (Pb concentration) (Cd concentration)
(Variables) q N o e 5 5,5es Suis 3 Slos
(df) iy ¥ | ’ iy ¥ | * (Fresh biomass) (Dry biomass)
(Root) iy (Root) sl
(Shoot) (Shoot)
w5 o) . 2 14940.92™  495.88™ 19.25" 1.44™  175236.4056™  6261.66285™
(Cabbage varieties)
“5)'5 i . 5 2180.99™  386.86™ 39.78™ 2.62™ 44658.4806™  1517.48343™
(Bacterial species)
S Sk BSxlS 05,
(Cabbage varieties x Bacteria 10 285.84™ 94.33" 5.65™ 0.30™ 5544,0095™ 200.26983™
species)
1229
36 15.00 4.33 0.17 0.02 33.2278 4.03538
(Error)
ot - 452 3.69 458 2.18 2.974132 5.956490

(Coefficient of Variation (%)

*

" significant at 0.01 level, " significant at 0.05 level, ™, not significant.
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Table 6- The interactive effects of cabbage varieties and PGPR species on concentrations of the Pb and Cd in the root and
shoot and fresh-dry biomass weight of cabbage plant

o o il
(Pb concentration)

pawedls clilé
(Cd concentration)

P 2,5kes iS5 Slos

oS o3 & SL aigs Al Slod Gty Ay, il Lis (Fresh biomass) (Dry biomass)
(Cabbage varieties) (PGPR species) (Root) (Shoot)  (Root)  (Shoot)
PR 2 oS e OIS 55 05
(mg kg?) (g in the plot)

Control 91.00 (d) 52.75() 7.21(b) 4.79 (k) 41.88 (1) 6.25 (i)

Proteus vulgaris 98.55 (bc)  60.95 (bc)  7.56 (b) 6.15 (ij) 59.64 (k) 8.79 (hi)
g olS Pseudomonas putida 120.20 (a) 90.77() 9.01(a) 7.37 (bc) 78.03 (j) 11.49 (gh)
(Ornamental cabbage) Bacillus subtilis 95.45 (bcd) 59.77 (cd) 8.85(a) 6.45 (fghi) 95.80 (i) 14.57 (fg)
Bacillus megaterium 100.22 (b)  66.00 (b)  7.69 (b)  6.50 (fgh) 109.59 (h) 17.59 (ef)
Azotobacter chroococcum  95.00 (cd)  60.10 (cd) 7.39(b)  6.27 (hij) 95.16 (i) 14.65 (fg)

Control 61.28 (h) 4588 (f)  7.27 (b) 5.98 (j) 115.19 (h) 20.39 (e)

Proteus vulgaris 67.27 (fg) 53.47 () 7.45(b) 6.69 (efg) 228.64 (f) 36.08 (d)

Kop oS Pseudomonas putida 77.63 (e) 62.05 (bc) 8.76 (a) 8.18 (a) 251.57 (de) 41.06 (c)
(Broccoli) Bacillus subtilis 66.02 (fgh) 54.83(de) 7.77(b)  6.86 (cd) 253.13 (de) 47.44 (b)
Bacillus megaterium 67.95(f) 56.52(cde) 7.92(b)  7.05(cd) 397.11 (b) 72.50 (a)
Azotobacter chroococcum 67.50 (fg)  54.22 (de) 7.68(b)  6.70 (efg) 230.10 () 43.01 (bc)

Control 55.45 (i) 4110 (f)  7.12(b)  6.40 (ghi) 111.64 (h) 20.21 (e)

Proteus vulgaris 65.62 (fgh) 54.37 (de) 7.24(b)  6.70 (efg) 213.31(g) 40.98 (c)
Sy pls Pseudomonas putida 73.95 (e) 61.27 (bc) 7.82(b) 7.51 (b) 249.03 (e) 45.63 (bc)
(Cabbage) Bacillus subtilis 66.90 (fg) 54.27(de) 7.29(b)  7.09(cd) 277.83 (c) 46.42 (b)
Bacillus megaterium 62.38 (gh) 5297 () 7.34(b) 6.85(de) 416.77 (a) 76.96 (a)
Azotobacter chroococcum  62.38 (gh) 5352 () 7.20(b) 6.79 (def) 264.27 (d) 43.03 (bc)

)5 o b (p<0.05) (g)ls sime M3 g )lol Ll 5l ety S piie B o St &8 gt 5n )3 by uSikie

Different letters indicate significant differences at the 5% probability level.
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Table 7- The Analyses of variance of data showing the effects of plant type and PGPR species on available concentration of
Pb, Cd and phosphorus, pH and DOC of the rhizosphere soil after harvest of cabbage plant

©la e a5be
(Mean square)

Oyt @lio NEHEYSH -
: ’ " A, B Ll .
(Variables) (df) Clr HB o wie il egedl wia LBl sl JT oS
(Available Pb) (Available Cd) (Available P) (DOC)
(pH)
o o 2 81.69™ 0.006" 18.05™ 0.15™ 0.16™
(Cabbage varieties)
“5)'5 e . 5 170.01™ 0.006" 23047 0.15™ 0.60™
(Bacterial species)
S35k 85%alS o)
(Cabbage varieties x Bacteria 10 12.14 0.004"s 7.70 0.008" 0.01
species)
(k> 36 2.99 0.002 1.04 0.018 0.002
(Error)
ot - 3.87 9.43 4.03 1.99 5.63

(Coefficient of Variation (%)

" significant at 0.01 level, " significant at 0.05 level, ™, not significant.
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Figure 1- The main effects of cabbage varieties (A) PGPR species (B) on available concentration of the rhizosphere soil after
harvest of cabbage plant
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Figure 2- The main effects of cabbage varieties (A) PGPR species (B) on pH of the rhizosphere soil after harvest of
cabbage plant
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Table 8- The interactive effects of cabbage varieties and PGPR species on available concentration of Pb, Cd and phosphorus,
pH and DOC of the rhizosphere soil after harvest of cabbage plant

oIS o3, PR @ JB oy e 6y Jslose I op S

(Cabbage varieties) (PGPR species) (Available Pb) - (Available P) (DOC)_
(mg/kg soil) (g C/kg soil)

Control 50.62 (a) 15.08 (h) 0.54 (ij)
Proteus vulgaris 49.65 (ab) 23.64 (ef) 0.74 (gh)
e Pseudomonas putida 48.52 (a-d) 31.82 (b) 0.83 (fg)
(Ornamental cabbage) Bacillus subtilis 38.67 (hij) 25.36 (de) 0.88 (ef)
Bacillus megaterium 38.84 (hij) 27.79 (c) 1.28 (b)
Azotobacter chroococcum 49.55 (abc) 24.55(ef) 0.68 (h)
Control 48.01 (a-e) 19.31(g) 0.52 (j)
Proteus vulgaris 47.81 (a-e) 22.87 (f) 0.65 (hi)
Kop oS Pseudomonas putida 50.00 (ab) 32.96 (ab) 0.81 (fg)
(Broccoli) Bacillus subtilis 45.03 (def) 22.77 (f) 0.96 (de)
Bacillus megaterium 37.83 (ij) 27.01 (cd) 1.30 (b)
Azotobacter chroococcum 46.20 (b-f) 24.47 (ef) 0.86 (ef)
Control 45.29 (c-f) 19.39 (9) 0.65 (hi)
Proteus vulgaris 43.74 (efg) 23.55 (ef) 0.84 (efg)
Sy pls Pseudomonas putida 46.18 (b-f) 34.75 (a) 0.89 (ef)
(Cabbage) Bacillus subtilis 40.31 (ghi) 28.88 (c) 1.15 (c)
Bacillus megaterium 35.63 (j) 28.84 (c) 1.43 (a)
Azotobacter chroococcum 42.10 (fgh) 23.78 (ef) 1.02 (d)
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Different letters indicate significant differences at the 5% probability level.
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Introduction: Contamination of soils by heavy metals is one of the most serious environmental problems
that increases the risk of toxic metal entry into the food chains. When heavy metals enter the soil, they are
progressively converted to the insoluble form by reactions with soil components. A variety of mechanisms such
as absorption, ion exchange, co-precipitation and complexation incorporates heavy metals into soil minerals or
bounds them to various soil phases. Organic acids are natural compounds that are secreted from the root of the
plant and can affect the solubility and uptake of heavy metals.

Materials and Methods: To evaluate the effects of plant growth promoting rhizobacteria (PGPR) on organic
acids production and heavy metal uptake by different cabbage varieties, a factorial pot experiment with
completely randomized design and three replications was performed under the greenhouse conditions. The
factors included (a) rhizosphere soils of three varieties of cabbage [Brassica oleracea var. acephala L.
(Ornamental cabbage), Brassica oleracea var. italica L. (Broccoli cabbage) and Brassica oleracea var. capitata
L. (Cabbage)] and (b) five species of PGPR consisting of Pseudomonas putida PTCC 1694, Bacillus megaterium
PTCC 1656, Proteus vulgaris PTCC 1079, Bacillus subtilis PTCC 1715 and Azotobacter chroococcum and
control (without rhizobacteria) used to inoculate the rhizosphere soils. The experiment had 18 treatments and
there were 54 experimental units and three seedlings of cabbage were planted in each pot. In all treatments
inoculated with rhizobacterial species, 2 ml of a bacterial suspension with 107-108 (cfu ml?) were used to
inoculate the soil of root area. The data obtained in this study were statistically analyzed by SAS software
(version 9.4) and the mean comparison was performed by Duncan’s multiple range test at 1 and 5 percent
probability levels.

Results and Discussion: The analysis of variance (ANOVA) showed that the cabbage varieties, bacterial
inoculation and their interactions had significant effects (p < 0.01) on organic acids concentration, fresh and dry
biomass of plant, concentrations of Pb and Cd in root and shoot of cabbage plant. The results showed that
inoculation of the rhizosphere soils with PGPR species increased organic acids concentration of rhizosphere. The
highest concentration of malic and citric acids in rhizosphere soil (9.59 and 118.34 mg dI, respectively) was
obtained when the rhizosphere soils of the broccoli were inoculated with Pseudomonas putida PTCC 1694 and
the highest concentration of acetic acid in rhizosphere (233.88 mg dI!) was determined when the rhizosphere of
broccoli were inoculated with Bacillus megaterium PTCC 1656. Inoculation of the rhizosphere with PGPR
species also increased the fresh and dry biomass of plant, and Pb and Cd concentrations in cabbage root and
shoot. The highest fresh and dry biomass of cabbage (416.77 and 76.96 g in the plot, respectively) were obtained
when the rhizosphere soils of cabbage were inoculated with Bacillus megaterium PTCC 1656, the highest
concentration of Pb in the root and shoot and Cd in the root of cabbage (12.20, 90.77 and 9.01 mg kg,
respectively) were obtained when the rhizosphere soils of the ornamental cabbage were inoculated with
Pseudomonas putida PTCC 1694. Inoculation of the rhizosphere soils of the ornamental cabbage, broccoli and
cabbage by B. megaterium PTCC1656 caused an increase in the DOC concentration by 137, 150 and 120%,
respectively, compared to uninoculated rhizosphere soils. Bacterial inoculation also increased the concentrations
of available phosphorus in the rhizosphere soils and the highest concentration of phosphorus was measured in
the treatments inoculated by P. putida PTCC1694. Furthermore, the concentrations of available phosphorus in
the rhizosphere soils of the ornamental cabbage, broccoli and cabbage increased by 79, 71 and 111%,
respectively, relative to uninoculated rhizosphere soils.

Conclusion: It is concluded that inoculation of Pb and Cd contaminated soils by PGPR species, especially
Bacillus megaterium PTCC 1656 and Pseudomonas putida PTCC 1694, enhances the tolerance of host plants,
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metal uptake performance and thus phytoremediation process by increasing the metal bioavailability and
biomass production of the plant. As the distribution and accumulation of heavy metals in plant tissues are
important factors for evaluation of plant role in phytoremediation of polluted soils, the PGPR inoculation of
rhizosphere soils can be used as a biotechnological tool to enhance biomass production and plant uptake and thus
the efficiency of phytoextraction.
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