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Abstract

Introduction: Zinc (Zn) is an essential nutrient for plants, required in small amounts for reproductive and
physiological functions. Zinc deficiency is common in soils with high pH, low organic matter, and high
calcium carbonate. Soil salinity is a major environmental stress affecting zinc availability, with varied
impacts on its chemical forms. Soluble and exchangeable zinc forms are the most mobile and available for
plants, while residual zinc forms are less active. Depending on soil properties, carbonate-bound, iron and
manganese oxide-bound, and organic zinc forms are relatively active and potentially available for plants.
Organic materials like carbon black can influence zinc distribution, and zinc-solubilizing bacteria enhance
zinc availability by converting insoluble forms into soluble ones. This study investigates the effects of carbon
black and growth-promoting bacteria on zinc forms and soil properties under different salinity levels.

Materials and Methods: In this study, a pot experiment with four replications was conducted to investigate
the effect of carbon black and the inoculation of a mixture of two bacteria on the distribution of chemical
forms of zinc under salinity stress. The experiment was conducted as a factorial in a completely randomized
design with three factors: salinity (2, 5, and 8 dS m™), carbon black (0 and 4% by weight), and a mixture of
two bacteria (inoculated and non-inoculated). The bacteria used in this study included Enterobacter cloacae
and Bacillus sp., both of which were obtained from the microbial collection of the Soil Science Department
at Shahid Chamran University of Ahvaz. The experiment was carried out in 2023 in the greenhouse of
Khuzestan Agricultural Sciences and Natural Resources University. In 5-kilogram pots, 10 corn seeds were
planted and later thinned to 6 plants per pot after germination. Three months after planting, soil samples were
taken from the pots. After removing the roots and passing the soil through a 2-mm sieve, the samples were
transferred to the laboratory to determine the chemical forms of zinc. The sequential extraction method was
used to determine the chemical forms of zinc. The fractions—exchangeable, carbonate, iron and manganese
oxides, organic, and residual—were determined. The concentration of zinc in the extracts obtained from the
various stages of sequential extraction of the soil was read using an atomic absorption device. Some
biological properties of soil, such as microbial biomass carbon (via fumigation-extraction method), catalase
activity (via the titration method), and soil respiration (by titration of residual NaOH), were measured.

Results and Discussion: The interaction effect of carbon black, inoculation, and salinity on the chemical
forms of Zn was significant. The results showed that the inoculation of a mixture of two bacteria and the
addition of carbon black significantly increased the soluble and exchangeable, carbonate, iron and manganese
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oxide, and organic forms of zinc in the soil. At a salinity level of 2 dSm-1, the inoculation of bacteria and
addition of carbon black increased EXCH-zinc from 1.02 to 1.38 mg/kg-1, a 35% increase compared to the
control. Inoculation of the bacterial mixture and the addition of carbon black to the soil increased all forms of
zinc except the residual form. With increasing salinity, soluble and exchangeable, carbonate-bound, and
oxide-bound forms increased, while the organic-bound form decreased. The highest microbial biomass
carbon, catalase activity, and soil respiration were measured in the treatment with bacteria, carbon black, and
at a salinity level of 2 dS m™, with values of 19.9 mg-Cmic 100g™, 0.95 mLKMnO,g*h*, and 70.2 mgCO,
100g*day™, respectively. There was a positive correlation between soil respiration and all forms of zinc,
except the residual form, which showed a negative correlation. This indicates the influence of microbial
activity on different forms of zinc.

Conclusion: The addition of carbon black to the soil and the inoculation of a mixture of two bacteria
converted zinc from its residual form to soluble and exchangeable, carbonate, oxide, and organic forms,
increasing the availability of zinc in accessible fractions at various salinity levels. Overall, zinc-solubilizing
bacteria offer a promising solution for enhancing zinc availability in saline soils, promoting plant health, and
contributing to sustainable agricultural practices.

Keywords: Bacterium, Catalase activity, Microbial biomass carbon, Soil respiration, Zinc.
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Table (1) Analysis of variance of the effect of carbon black and inoculation of a mixture of two bacteria
into the soil on different forms of zinc at various salinity levels.

RES-Zn ORG-Zn FeMnOX-Zn CAR-Zn EXCH- Zn df Source of variation
) SltSa foae Sbs S5 5 J sl 35T ey
il S s 8T
4117 2457 0.2° 0.227 0.15~ 1 S 05
” ” ” ” ” Carbon Black
28.5 0.76 0.52 0.54 0.30 1 9,5 S5 ke
” ” ” ” ” Microbial inoculation
10.7 0.38 0.20 0.21 0.126 2 )
N . . Salinity
2.58 0.02 0.002" 0.003 0.0003™ 1 Sitlex S 0393
. " ” ” o Carbon BlackxInoculation
0.04 0.008 0.006 0.004 0.009 2 Gosb X S 0393
N N N . . Carbon BlackxSalinity
0.22 0.006 0.017 0.014 0.011 2 Cosh X Siale
. » ” ” o InoculationxSalinity
0.039 0.006 0.003 0.005 0.002 2 Gosh X Sialex oS e3gs
Carbon Blackx Inoculationx Salinity
0.01 0.0005 0.0006 0.0006 0.0003 36 as
Error
1.18 1.45 0.7 1.05 1.43 Ol i g b
CVv

EXCH- Zn: exchangeable Zn, CAR-Zn: Carbonate bound Zn, ORG-Zn: organic bound Zn FeMnOX-Zn: iron and manganese oxide
bound Zn, RES-Zn: residual Zn.
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Table (2) Mean comparison of the effect of carbon black and inoculation of a mixture of two bacteria
on different forms of zinc in soil at various salinity levels.

Without Caron With Carbon
Cfi; Q9 J;L
Salinity without with without with
(dsm™) bacteria bacteria bacteria bacteria
Gz AL Os SASLL AL Os SASLL
o155 d s 55, EXCH- Zn (mg Kg ™)
2 1.02! 1.259 1.20° 1.38%
5 1.15' 1.33° 1.29" 1.45°
8 1.32° 1.40° 1.36¢ 1.48°
LS & Jae 5 CAR-ZN (Mg Kg )
2 2.02' 2.30¢ 2.20" 2.45%
5 2.18" 2.40°" 2.32¢ 2.55"
8 2.38 2.47° 2.42% 2.62°
Sl & Jaze 55, ORG-ZN (Mg Kg ™)
2 1.30" 1.60° 1.80° 2.10°
5 1.22' 1.38 1.60° 1.9°
8 1.10° 1.27" 1.45f 1.74¢
ey oaT sladnS1 4 Jme o5, FEMNOX-Zn (Mg Kg ™)
2 3.12' 3.409 33" 3.55%
5 3.28" 3.50° 3.419 3.65°
8 3.48' 3.57° 3.52% 3.70°%
5Lt 55, RES-Zn (mg Kg ™)
2 60.42° 58.10° 59.20° 57.90°
5 59.20° 57.20° 58.17¢ 57.10°
8 58.40° 56.70" 57.50" 56.50'

03051 olal O a3 0L Uog o U slael ..\J)l.ur.hb.b;)l:@md;)wszb JL«::-\CEJ):;}:
Numbers followed by same letters in each column are not significantly different according to the Tukey’s
HSD test at 5% probability level. EXCH- Zn: exchangeable Zn, CAR-Zn: Carbonate bound Zn, ORG-Zn:
organic bound Zn FeMnOX-Zn: iron and manganese oxide bound Zn, RES-Zn: residual Zn.
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Table (3) Analysis of variance of the effect of carbon black and inoculation of a mixture of two bacteria
into the soil on some biological properties of soil at various salinity levels.

Respiration Catalase activity Microbial biomass  df Source of variation
oS SV s carbon
3803585 S
95.06" 0.023” 457,577 1 S 0393
N - . Carbon Black
289.34 0.23 5204.17 1 w35 Syl
. » ” Microbial inoculation
150.74 0.078 359.41 2 s
Salinity
11.54"™ 0.002 7.52™ 1 Sl x oS eass
Carbon BlackxInoculation
0.86™ 0.0008™ 5.88"™ 2 Gopb X S 0393
" . Carbon BlackxSalinity
6.48" 0.019 7.70 2 Gosh X S ab
. . . InoculationxSalinity
12.33 0.004 51.52 2 Gosh X Gialex S 6353
Carbon Blackx [noculationx Salinity
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Figure (1) Effect of carbon black and inoculation of a mixture of two bacteria on soil catalase activity
at various salinity levels.
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Figure (2) Effect of carbon black and inoculation of

a mixture of two bacteria on soil microbial

biomass carbon at various salinity levels.
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Figure (3) Effect of carbon black and inoculation of a mixture of two bacteria on soil microbial
respiration at various salinity levels.
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Table (4) Pearson correlation of different forms of zinc with some soil properties.

3 S 03585 S S ks SIS el
717's forms Microbial biomass carbon  Soil respiration  Catalase activity
EXCH- Zn 0.1958"™ 0.4626" 0.2381"™
GO 5 sl
CAR-Zn 0.1852" 0.4789" 0.2386"
Sl S 4 b
FeMnOX-Zn 0.1885" 0.4801"" 0.2452"
sS4 Joaze
s o7
ORG-Zn 0.7654" 0.7067"" 0.7403"
ST ol g Joae
RES-Zn -0.1114" -0.4675" -0.2085"
silel

EXCH- Zn: exchangeable Zn, CAR-Zn: Carbonate bound Zn, ORG-Zn: organic bound Zn, RES-Zn: residual Zn, FeMnOX-Zn: iron and
manganese oxide bound Zn.
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