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Abstract: Agricultural activities lead to the accumulation of cadmium (Cd) in the soil. It is necessary
to identify effective and economical ways to reduce the soil Cd bioavailability. To achieve this,
three bacterial strains, Pseudomonas stutzeri, P. koreensis, and P. fluorescens, were tested for tolerance
and biosorption of different concentrations of Cd (0, 5, 10, 15, 20, and 25 mg L~b). During the 2020
and 2021 seasons, a pot experiment was conducted using four different soil amendments (control,
biochar, P. stutzeri, and a combination) under four levels of Cd (0, 40, 80, and 120 mg kgfl) and
assessing the effect on growth parameters, physiological modifications, antioxidant enzymes, and Cd
accumulation in lettuce plants (Lactuca sativa cv. Balady). In vitro, the results showed that P. stutzeri
was the most tolerant of Cd. Our findings in pot trials showed that T4 (biochar + P. stutzeri) was a more
efficient treatment in terms of the growth parameters, with 452.00 g plant~! was recorded for fresh
weight, 40.10 g plant~! for dry weight, 18.89 cm plant™! for plant height, 6.03 cm? for leaf area, and
20.48 for the number of leaves plant~!, while in terms of physiological characteristics, we recorded
1.29 mg g1 FW, 0.35 ug g~! FW, and 3.69 ug g~! FW for total chlorophyll, carotenoids, and total
soluble sugar, respectively; this was also reflected in the number of antioxidant enzymes and intensity
of soil biological activities in soil treated with 120 mg kg~ Cd compared with the control and other
treatments in the first season. A similar trend was observed in the second season. Additionally,
significantly lower Cd was observed in both the root (67%) and shoots (78%). Therefore, a combined
application of biochar and P. stutzeri could be used as an alternative to mitigate Cd toxicity.
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1. Introduction

Heavy metal pollution is a serious environmental problem that negatively affects
soil fertility and plant productivity and threatens human health [1,2]. It can also change
the function and structure of an ecosystem owing to its stability and toxic nature [34].
Cadmium (Cd) is one of the toxic heavy metals discharged into the environment through
fossil fuel combustion, mining, smelting, metal plating, Ni-Cd batteries, fungicides and
pesticides, phosphate fertilizers, dyes, photographs, textile processes, stabilizers, and alloy
manufacturing [5-7]. In addition, Cd is a causative agent in many diseases, especially
of the lungs, kidneys, liver, and reproductive organs, including Itai-itai disease, and is
classified as a human carcinogen [5,8]. According to the Agency for Toxic Substances and
Disease Registry [9], the permissible limit of Cd in the soil is 85 mg kg ! and 0.02 mg kg !
in plants. Therefore, when plants grow in soil contaminated with Cd, we find that it is
absorbed and accumulated in their edible tissues, through the membrane transport systems
used for Fe [10], or Zn or Ca [11], and thus enters the food chain. Cadmium is a very
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important pollutant because it is easily soluble in water and has harmful effects even at
low concentrations [12], which cause stunting, chlorosis, and leaf roll and stimulate the
production of oxygen free radicals while reducing the number of enzymatic and nonenzy-
matic antioxidants [13,14]. In addition, the high accumulation of Cd in plants affects the
growth of plants through stomatal closure, reduction of nutrient uptake, and disturbances
in photosynthesis and respiration. Reactive oxygen species (ROS) are extremely harmful at
higher concentrations, oxidizing various proteins such as catalase, ascorbate peroxidase,
and lipids owing to changes in cell structure and mutations [15].

In this context, the lettuce plant is a good model in which to study the mechanisms
responsible for the accumulation of Cd in its tissues. There are several strategies for the
remediation of heavy metals from soil, i.e., physical, chemical, and biological strategies.
The physical and chemical methods are expensive, labor-intensive, and cause permanent
changes in the properties of the soil, as they sometimes result in secondary pollutants.
Biological methods, on the other hand, are effective and eco-friendly [16,17]. Therefore, an
appropriate technology that can be used to solve this problem is bioremediation technology;,
which reduces the transfer of Cd to the soil by adding biosorbent materials such as biochar
and microorganisms. These biosorbent materials depend on characteristics such as the
biomass as well as physical and chemical properties of metals, pH, and temperature.

Biochar is charcoal that contains ash, H, O, N, and S, which are added to the soil to
improve different properties and increase productivity [18]. In addition, it is characterized
by a high surface area and internal porosity; it contains highly effective functional groups
and acts as an inoculum source for microorganisms [19]. In addition, it has a high pH,
which immobilizes heavy metal cations in the soil [20]. The addition of biochar to the
soil also increases the soil nutrient supply and microbial activity and decreases nutrient
leaching [21,22], helping to improve the supply of essential macro- and micronutrients
for plant growth [23]. This also improves the soil structure by increasing the porosity and
aeration of the soil [24], boosting nutrient retention in the micropores of the soil [25], and
reducing the toxicity of heavy metals such as Zn, Cu, Cd, and Ni in many plant species by
several mechanisms including immobilization in the soil, pH modification, alterations in
the redox state in the soil, and improvement of the biological properties [4,26].

Microorganisms can enhance the availability of heavy metals through solubilization
and mobilization in the soil solution by decreased pH, which is called phytoremediation,
or by chemical transformation of metal ions from toxic forms to nontoxic forms; thus,
the plant uptake of minerals increases [2,4]. On the contrary, microorganisms can reduce
the availability of metals by bioaccumulation (external and intracellular), immobilization,
chelation, and active removal [2,27]. Among them, Pseudomonas stutzeri is Gram-negative,
aerobic, lives in mine wastewaters polluted with different heavy metals [28,29], and has
been extensively studied for its well-adapted metal resistance properties [30,31].

Therefore, the objective of this research was to investigate the effect of P. stutzeri,
biochar, and their combination on the growth parameters, physiological modifications,
antioxidant enzymes, and Cd accumulation in lettuce plants grown in a pot experiment
contaminated with different levels of Cd during the 2020 and 2021 seasons.

2. Materials and Methods
2.1. Pseudomonas Strains and Growth Conditions

Three bacterial strains, Pseudomonas stutzeri SARS 1001, P. koreensis MG209738, and
P. fluorescens SARS 201, were obtained from the Department of Agricultural Microbiology,
Soils, Water, and Environment Research Institute (SWERI), ARC, Egypt. For optimum
growth, these bacteria were cultured in King’s B (KB) broth medium [32], which contains
(g L™1) glycerol 20, tryptone 20, MgSOy 0.732, and K,HPO, 0.514 at 30 °C, pH 7.4 £ 0.2, on
a rotary shaker at 150 rpm for 72 h.
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2.2. Assessment of Different Pseudomonas Strains for Cd Tolerance

A stock solution of 100 mg L~! was prepared using CdCl,.2.5H,0 (Merck, Germany,
CAS: 7790-78-5; Lot No. 239208). Different concentrations (0, 5, 10, 15, 20, and 25 mg L1
of stock solution were made up in Erlenmeyer flasks containing 50 mL of KB broth and
1 mL of fresh cultures of different Pseudomonas strains (108 CFU mL~!) were inoculated
and incubated in the shaker at 150 rpm at 30 °C for three days. Five replicates were
performed, and the growth of bacteria was measured by optical density (OD) at 540 nm
using a UV /Visible spectrophotometer (Jenway model 6705, UK). The blank used was set
with a sterile uninoculated KB medium.

2.3. Biosorption of Cd by Different Pseudomonas Strains

To study the effect of different concentrations of Cd on biosorption by different
Pseudomonas strains, initial concentrations of 0, 5, 10, 15, 20, and 25 mg L~ ! were used with
108 CFU mL ! of fresh cultures at 30 °C and 150 rpm for three days. Then, bacterial cultures
were centrifuged at 5000 rpm for 10 min, and 5 mL of the supernatant was filtered and
analyzed using an Atomic Absorption Spectrophotometer (AAS PerkinElmer 3300). KB
broth, with the treated concentration of Cd and without inoculum, was used as a blank for
the study. The differences from the first and the last concentration indicated the biosorption
of Cd by the bacterial strains and the experiment was performed in triplicate [33].

2.4. Biochar Characterization

Under oxygen-depleted and 400 °C conditions (Muffel furance, Lenton model S33 6BW,
1100 °C, UK), slow pyrolysis of rice husks and corn stalks (1:1) was prepared as biochar
with physical and chemical properties as follows: moisture content, 31 g kg~!; water
holding capacity, 942 g kg~!; bulk density, 0.2 g cm~3; specific surface area, 34 m? g~;
pH 7.10; and EC, 0.68 dS m~ L. The content of N, P, K, and Cd was 27.01, 8.15, 12.71, and
0.00 g kg1, respectively.

2.5. Pot Trial

Sandy soil was washed thrice with 0.1 M HCI, followed by distilled water several
times to remove other minerals, and autoclaved twice at 1.5 par, 121 °C for 4 h, then treated
with different Cd levels by dissolving it in distilled water and leaving the mixture for two
weeks [34]. Under greenhouse conditions, a polyethylene bag (20 cm in diameter and
30 cm in height) was filled with 5 kg of sandy soil that was incorporated with biochar (BC).
The experiment was conducted as a split-plot design with eight replicates.

Pollution treatments with Cd (0, 40, 80, and 120 mg kg_l) were considered as the
main plots, while the inoculation and biochar treatments were subplots. The subplots
were control, inoculated with superior strain, P. stutzeri SARS 1001, biochar treatment at
a rate of 10 ton ha—!, and a combination of P. stutzeri + biochar. The soil was inoculated
with treatments with P. stutzeri inocula (10 mL pot~!) before transplanting to obtain a
final inoculation of 108 CFU kg~!. Noninoculated treatments received 10 mL of King’s B
medium pot~!. Uniformly sized lettuce seedlings (Lactuca sativa cv. Baladi) were trans-
planted into each pot on 5 and 10 January during the 2020 and 2021 seasons. According
to Skrdleta [35], a nutrient solution was used for irrigation once or twice weekly that
contained macroelements as follows (g L~1): K,HPO,—0.2, NH4S0,—0.03, MgS0O,4.7H,O—
0.2, FeCl3—0.01, CaCl,—0.376, and K,SO4;—0.845. The microelement amounts were as
follows (mg/L): H3BO3—1.855, MnSO4.4H,0—2.231, ZnSO,4.7H,0—0.288, CuSO4.5H,0—
0.25, and NaMO4—0.412. Using a diluted KOH solution, the pH of the nutrient solution
was adjusted to 6.9.

2.6. Trait Measurements
2.6.1. Growth Parameters

Five healthy plants per treatment were harvested 70 days after transplanting, then the
fresh and dry weight (g plan—!), plant height (cm plant™!), leaf area (cm?), and number
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of leaves were measured. The fresh and dry weight of the plant was measured by an
electronic balance (ADAM model PW 214, 500 g, UK), while the leaf area was measured
using a leaf area meter (CI-203 area meter, USA).

2.6.2. Physiological Characteristics

Thirty days after transplanting, a leaf sample from every treatment was collected and
frozen to determine the following variables: photosynthetic pigments, carotenoids, total
soluble sugars, proline, and activity of antioxidant enzymes.

2.6.3. Photosynthetic Pigments

From every treatment, 0.1 g of leaf sample from every treatment was ground and
extracted in 5 mL of acetone (80%) to determine the total chlorophylls and carotenoids
as described by [36]. After being centrifuged at 13,000x g for 10 min, the supernatant
was measured at 663 nm, 645 nm, and 470 nm. Total chlorophylls and carotenoids were
calculated and expressed as mg g~ FW.

2.6.4. Total Soluble Sugars (TSSs)

We used the protocol described by [37]. Briefly, a 0.5 g leaf sample from every
treatment was homogenized in 5 mL of ethanol (80%), and then placed at 80 °C for 30 min
in a water bath. The supernatants were collected after centrifuging at 10,000 x g for 10 min
to measure the total soluble sugars’ concentration at 620 nm by a UV spectrophotometer
(Model 6705), based on a glucose standard curve and expressed as mg g~ ! FW.

2.6.5. Proline

Proline concentrations were determined using the methods described by [38]. Briefly,
0.5 g of leaf sample from every treatment was homogenized with 5 mL of ethanol (95%)
and centrifuged at 5000 x g. In a test tube, the supernatant was collected and mixed with
1 mL of alcoholic extract, 1 mL of distilled water, 2 mL of ninhydrin, and 2 mL of glacial
acetic acid under water bath conditions (100 °C). In cold water, the reaction was stopped
after 1 h and mixed with 4 mL of toluene. Proline concentrations were estimated at 520 nm
using a UV spectrophotometer (Jenway model 6705, UK) based on a proline standard curve
and expressed as pmol g~ ! FW.

2.6.6. Activity of Antioxidant Enzymes

In order to estimate the ascorbate peroxidase (APX) and catalase (CAT) enzyme activi-
ties, briefly, a 1 g leaf sample was homogenized in a cooled Tris-HCI buffer (0.1 mol L™},
pH 7.8) containing 1 mmol L~! EDTA + 1 mmol L~! dithiothreitol + 5 mL polyvinyl
pyrrolidone (4%). To measure the ascorbate peroxidase (APX) activity, we used a reaction
mixture consisting of 20 pL crude leaf extract, 660 pL potassium phosphate buffer (pH 7.0),
660 pL ascorbic acid solution, and 660 uL. HyO,. Enzyme activity was measured at 290 nm
for 3 min [39]. For catalase (CAT) activity, a 1 g leaf sample was extracted in a porcelain
mortar containing 0.1 M sodium phosphate buffer (pH 7.1). At 25 °C, the reaction mixture
consisted of 25 mM L1 Tris-acetate buffer (pH7.0) + 0.8 mM L-1EDTA-Na +20 mM L~!
H;0,. Enzyme activity was measured at 240 nm for 3 min using a UV spectrophotometer
Model 6705 [40]. Enzyme activities were calculated in the form of unit mg ~! protein.

2.7. Soil Microbiological Activity
2.7.1. Microbial Biomass Carbon

By the fumigation extraction technique, the microbial biomass carbon (MBC) was
determined [41]. From each treatment, 25 g soil samples were placed in a beaker (100 mL
capacity) and fumigated for 24 h at 25 °C with ethanol-free chloroform. After that, samples
were extracted with 0.5 M K,SO4 (100 mL) for 30 min and then extractable organic carbon
(EC) was analyzed by K;Cr,Oy7 and concentrated with H,SO4 at 170 °C for 30 min, then
titrated using ferrous ammonium sulfate (0.04 M) with ferroin. According to Cao and
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Zhiping [42], MBC was calculated 30 days after transplanting using three replicates by the
following equation:

MBC = EC fumigated soil — EC un-fumigated soil /Kc

where EC is the extractable organic carbon and Kc is the K>SOy extract efficiency factor (0.379).

2.7.2. CO, Evolution

According to the method reported by [43], the CO, evolution was determined. Three
replicates were taken from each treatment and pre-incubated at 25 °C and 60% moisture
for six days, then 10 g of sample (in a 2-mm sieve) was placed into Erlenmeyer flasks (1 L
capacity) and incubated for three days. In a beaker (50 mL capacity) containing 25 mL of
0.1 M NaOH solution, the evolution of CO, was observed. The total carbon dioxide was
precipitated as BaCO3; with BaCl, and estimated by titration with an excess of sodium
hydroxide to pH 8.3 with 0.10 M HCl solution.

2.7.3. Dehydrogenase Activity (DHA)

DHA was determined by [44]. In the dark, 2 g of air-dried soil was added to 2 mL of
tetrazolium chloride solution and incubated at 30 °C for 24 h. Triphenyl formazan (TPF)
was extracted with 10 mL acetone and measured at 485 nm using a UV spectrophotometer
(Model 6705) based on the TPF standard curve and expressed as pg TPF g~ ! dry soil day !

2.8. Determination of Cd in Plant Organs

According to Humphries [45], plant roots and shoots were thoroughly rinsed in
distilled water and dried in an oven at 70 °C for 24 h, and then ground in a stainless-steel
blender. Half a gram of the ground samples was mixed with 4.0 mL HNOj3 and 1.0 mL
HCIOy, digested at 230 °C, and filtered to obtain a clear solution. The total concentration
of Cd was analyzed by flame atomic absorption spectroscopy (AAS PerkinElmer 3300).

2.9. Bioconcentration and Translocation Factors

The Cd content efficiency of lettuce plants was measured for each plant part (roots and
shoots). The bioconcentration factor (BCF) and translocation factor (TF) were calculated
using the following equations [46,47]:

BCF = Concentration of Cd in roots/Concentration of Cd in test soil

TF = Concentration of Cd in shoots/Concentration of Cd in roots

2.10. Statistical Analysis

The data were statistically analyzed according to the analysis of variance (ANOVA)
procedure, using CoStat software (Pack-age 6.45, CoHort, USA). The differences between
the means were compared at p < 0.05 using DMRT [48]. Data are presented as the
mean £ SD.

3. Results
3.1. Assessment of Different Pseudomonas Strains for Cd Tolerance

After incubation for 72 h, the growth patterns of Pseudomonas strains (P. stutzeri,
P. koreensis, and P. fluorescens) showed marked variation when grown in a KB broth medium
supplemented with different concentrations of Cd (0, 5, 10, 15, 20, and 25 mg L~ 1). Com-
pared with the normal growth curve (no Cd), the optical density (ODs4g) of different strains
showed a decrease in growth with increasing Cd concentration. It was noticed that the
P. stutzeri strain was the most tolerant to higher Cd concentrations as compared with the
other strains, which had good ability to grow on the KB broth medium supplemented with
25mg L-1cd (Figure 1).
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Figure 1. Growth pattern of Pseudomonas strains in the absence (0 Cd) and presence of different concentrations (0, 5, 10, 15,

20, and 25 mg L) of Cd.

3.2. Biosorption of Cd by Different Pseudomonas Strains

To gain insight into the biosorption of different concentrations of Cd by different
Pseudomonas strains, we measured it in a supernatant using an atomic absorption spec-
trophotometer (Figure 2). Of the three strains tested, the biosorption by P. stutzeri was
more abundant.

Compared with the lower concentration of Cd (5 mg L), biosorption of Cd was
significantly elevated at all other concentrations tested and increased with the increase
in concentration. At 25 mg L1, increases of 55.96%, 44.28%, and 46.04% were observed
for P. stutzeri, P. koreensis, and P. fluorescens as compared with other concentrations of Cd,
respectively. Herein, biosorption of Cd by different strains of Pseudomonas followed the
descending order of P. stutzeri > P. fluorescens > P. koreensis (Figure 2).
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Figure 2. Biosorption of different concentrations of Cd (5, 10, 15, 20, and 25 mg Lfl) by Pseudomonas strains. Means followed
by different letters indicate significant differences between treatments according to Duncan’s test (p < 0.05).

3.3. Pot Trial
3.3.1. Growth Parameters

Under different concentrations of Cd (0, 40, 80, and 120 mg kg_l) and soil amendments
(control, biochar, inoculation with P. stutzeri, and combination), significant differences
(p < 0.05) in the growth parameters of lettuce plants, i.e., fresh and dry weight, plant height,
leaf area, and number of leaves, were recorded during the two growing seasons (Table 1).
Generally, a combination treatment (biochar + inoculation with P. stutzeri) increased the
growth parameters over the control treatment under different Cd stress conditions.

Seventy days after transplanting, treated lettuce plants with 120 T4 (120 mg kg ! and
combination) showed significantly increased fresh weight (g plant~1)—298 (control, T1) to
408 (biochar, T2), 366 (inoculation with P. stutzeri, T3), and 452 (biochar + inoculation with
P. stutzeri, Td)—whereas the same treatment increased the dry weight (g plant™!) from
25.85 (control, T1) to 36.05 (biochar, T2), 32.28 (inoculation with P. stutzeri, T3), and 40.10
(biochar + inoculation with P. stutzeri, T4) in 2020, as shown in Table 1. A similar trend
was observed in 2021. In the same way, the application of soil amendments alleviated the
detrimental effect of Cd stress on plant height, leaf area, and number of leaves. The T4
treatment was more efficient, with 18.89 cm plant ! recorded for plant height, 6.03 cm? for
leaf area, and 20.48 for the number of leaves plant~! under soil treated with 120 mg kg !
Cd compared with the control and other treatments in the first season (Table 1).
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Table 1. Combined effects of different concentrations of Cd and soil amendments on the fresh weight, dry weight, plant

height, leaf area, and number of leaves in lettuce plants at 70 days after transplanting during the 2020 and 2021 seasons.

Treatments Fresh Weight Dry Weight Plant Height Leaf Area Number of Leaves
(g Plant~1) (g Plant~1) (cm Plant—1) (cm?) (Plant-1)
First season (2020)
0T1 387.00 +5.29h 33.88 + 0.48 N 3430+ 05149 10.74 £ 0.16 d 36.80 + 0.54 4
0T2 48133 £5.13¢ 4259 4+ 0.56 © 36.17 & 0.59 © 11.31 £ 0.18°¢ 38.78 + 0.62 ¢
0T3 42733 +451°¢ 37.75 +£041¢ 33.79 + 0.61 4 10.58 £ 0.19d 36.26 + 0.654
0T4 512.00 + 6.24 2 4556 4+ 0.57 2 43.03 +£0.972 1341 +£0.302 46.04 +1.022
40 T1 354.33 + 4.511 30.91 £ 0.411 28.12 +0.43f 8.85+ 0.13f 30.26 + 0.45 f
40 T2 459.00 + 4.58 d 40.63 4+ 0.42 4 31.86 +0.87°¢ 9.99 +(0.27°¢ 3422 +£092¢
40 T3 401.67 +4.16 18 35.45 + 0.32 f8 32.09 +0.74¢ 10.06 & 0.23 ¢ 34.46 +0.78 €
40 T4 491.67 +£5.03b 4371 + 0.46° 38.66 & 0.87 P 12.07 £ 0.27b 41.42 4+0.92°P
80 T1 336.67 + 4.04 % 29.31 + 037k 26.25 + 1.09 8 828 +0.338 28.28 +1.16 8
80 T2 453.67 +2.08 4 4014 +£0.194 29.26 + 0.64 f 920+ 0.20f 31.46 + 0.68 f
80 T3 399.00 + 4.36 8 35.28 &+ 0.40 8 28.97 + 052 f 9.11+0.16f 31.16 + 055 f
80 T4 47933 +£4.04¢ 4259 4+ 0.37°¢ 33.79 + 1.06 4 10.58 +£0.32 4 36.26 +1.12 4
120 T1 298.67 + 6.81 ! 25.85 + 0.62 ! 13.84 + 0.71} 448 +0.227 15.14 & 0.75
120 T2 408.67 + 6.11f 36.05 £+ 0.56 16.73 + 0.94 1 537 +0.291 18.20 + 0.99 i
120 T3 366.00 + 3.611 32.28 +0.331 17.87 + 0.43 hi 571+ 0.13hi 19.40 + 0.45 N
120 T4 452.00 + 4.36 4 4010+ 0404 18.89 + 0.64 1 6.03+020h 20.48 + 0.68 1
Second season (2021)
0T1 389.33 +4.93h 34.55 + 0.86 3439 +0.50 4 10.75 £ 0.16 d 37.68 £ 0.544
0T2 484,67 +4.93¢ 4326 4+ 0.84°¢ 36.22 & 0.55 ¢ 11.33 +£0.18 39.66 + 0.62 €
0T3 430.67 £ 5.69 © 38.97 +£041f 33.83 +0.614 10.61 +£0.184 37.14 + 0.654
0T4 514.00 + 6.24 2 46.78 +0.57 2 43.07 +£0.972 1342 +£ 0312 4692 +1.022
40 T1 357.33 £ 2.08 31.58 £ 0.951 2817 +£ 039 f 8.87 +0.13f 31.14 +£045f
40 T2 461.33 +4.934 4263 +1.35 31.82+079¢ 10.03 + 0.25 ¢ 35.10 £ 0.92¢
40 T3 404.00 + 4.58 8 36.67 +0.328 3213 +0.75¢ 10.08 £ 0.22¢ 35.34 +0.78 €
40 T4 49333 +551P 4493 + 0.46° 38.70 + 0.87 P 12.10 + 0.28 P 4230 +£0.92b
80 T1 339.33 £3.21 % 29.97 + 0.271] 2628 +1.118 829 4+ 0.338 29.16 +1.16 8
80 T2 456.33 +2.08 4 4114 4+ 1.18de 29.28 4+ 0.64 f 920+ 0.20f 3234+ 068 f
80 T3 403.67 + 6.66 8 36.50 &+ 0.40 8 29.01 + 052 f 9.13+0.16f 32.04 + 055
80 T4 481.67 £ 4.51°¢ 44.14 £ 0.90 b¢ 33.84 +1.044 10.59 + 0.33 4 37.14 +£1.124
120 T1 302.00 + 7.811 2418 £2.70 k 13.91 + 0.67J 4504 0.21] 16.02 + 0.75
120 T2 412,67 +£5.13f 35.94 + (.72 8h 16.75 + 0.95 539 +0.291 19.08 £ 0.99 1
120 T3 369.33 +4.931 32.17 +0.281 17.91 &+ 0.43 N 5.73 4+ (.13 h 20.28 + 0.45 hi
120 T4 45433 +4.73 4 40.65 4+ 0.82¢ 18.92 £ 0.65 1 6.05 4+ 0.17h 21.36 £ 0.68 1
F-test
Main EE R s EE R
sub main B3 $F FH EE L3 EEEs
Interaction *ok % R Ex L3 R %%

Means followed by different letters indicate significant differences between treatments according to Duncan’s test (p < 0.05). Values are
means =+ standard deviation (SD) from three replicates. 0:0 mg kg ! of Cd; 40:40 mg kg ™! of Cd; 80:80 mg kg~! of Cd; 120:120 mg kg~! of
Cd; T1: control; T2: biochar (10 ton ha~1); T3: inoculation with P. stutzeri; and T4: combination (biochar + P. stutzeri); ***: High significant.

3.3.2. Physiological Characteristics

The total chlorophyll, carotenoid, total soluble sugar, and proline contents of lettuce
leaves showed significant differences (p < 0.05) 30 days after transplanting with respect to
different applications of soil amendments (T1 (control), T2 (biochar), T3 (inoculation with
P. stutzeri), and T4 (biochar + inoculation with P. stutzeri)) under different concentrations of
Cd stress (Table 2).
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Table 2. Combined effects of different concentrations of Cd and soil amendments on total chlorophyll, carotenoids, TSS,

and proline contents in lettuce leaves 30 days after transplanting during the 2020 and 2021 seasons.

Treatments Total Chlorophyll Carotenoids TSS Proline
(mg g1 FW) (ug g1 FW) (ug g 1 FW) (umol g—1 FW)
First season (2020)
0T1 2.20 £+ 0.03 4 0.75 + 0.04 d 5.78 &+ 0.07 d 813+ 0.10¢f
0T2 23140.03¢ 0.94 4+ 0.022 6.03 £ 0.08 ¢ 8.08 +0.05f
0T3 217 £0.044 0.91 &+ 0.01 2P 571+ 0.084 7.46 & 0.05 hi
0T4 2.71 4+ 0.06 2 0.96 +0.022 6.96 +0.132 7.22 4+ 0.25]
40 T1 1.84 +0.03f 0.64 +0.02f 494 +0.06f 8.60 + 0.054
40 T2 2.06 + 0.05¢ 0.86 + 0.05 P 545+ 0.12¢ 7.54 4+ 0.25 8h
40 T3 2.07 £0.04¢ 0.81+0.02¢ 548 +£0.10¢ 7.28 £ 0.05 1
40 T4 246 +0.05P 0.89 +0.05P 637 +£0.12b 6.17 +0.08 ¥
80 T1 1.73 £ 0.06 & 0.53 4+ 0.08 & 469+ 0.158 8.77 +0.14 <
80 T2 1.90 £ 0.04f 0.71 + 0.03 de 5.10 £+ 0.09 f 830+ 0.20¢
80 T3 1.89 +0.03f 0.68 + 0.04 ¢f 5.06 + 0.07 f 7.68 +0.20 8
80 T4 217 +0.06 9 0.70 + 0.05 ¢ 5714+0.144 7.49 4+ 0.20 8h
120 T1 1.00 + 0.041 0.30 +0.021 3.01+0.107 994 +0.152
120 T2 1.17 £ 0.06 1 0.37 £0.02h 340 £0.131 9.60 £0.20b
120 T3 1.23 £ 0.03 hi 0.33 + 0.03 hi 3.56 + 0.06 N 897 +0.20°¢
120 T4 1.29 +£0.04h 0.35+0.02h 369+ 0.09h 8.79 4+ 0.20 <d
Second season (2021)
0T1 238 +0.034 0.84 +0.044 5.89 +0.07 4 819 4+ 0.10 ¢f
0T2 248 +0.02¢ 1.02 +£0.012 6.17 + 0.08 € 816 +0.05f
0T3 2.34 +0.024 0.99 + 0.01 @b 5.85+ 0.08 4 7.55 4 0.05 8h
0T4 2.90 + 0.06 2 1.03 4+ 0.022 7.09 +0.132 7.27 £0.251
40 T1 202+ 0.03f 0.73 +0.02f 5.05 + 0.06 8 8.66 £ 0.05 4
40 T2 222 4+0.05¢ 0.94 +0.05P 559 +0.12°¢ 7.63 +0.258
40 T3 2264 0.04¢ 0.89 4+ 0.02 ¢ 5.61 +0.10¢ 7.37 4 0.05 hi
40 T4 2.65+0.05P 0.96 +0.05 b 6.50 +0.12b 6.22 +0.08]
80 T1 1.91 + 0.06 8 0.62 £0.08 8 480+ 0.15h 8.83 +£0.14
80 T2 2.06 +0.04f 0.79 +0.03 ¢ 524 +0.09f 839 +0.20¢
80 T3 2.08 +0.03f 0.76 + 0.04 ¢f 5.19 +0.07 8 7.73 4+ 0.208
80 T4 236 + 0.06 9 0.77 4+ 0.05 ¢ 584 +0.144 7.54 4+ 0.20 8h
120 T1 1.18 + 0.041 0.39 £0.021 3.12+0.10k 10.00 £ 0.152
120 T2 1.33 + 0.06 1 0.45 4+ 0.02h 3.54 4+ 0.13] 9.69 +0.20b
120 T3 1.42 +£0.03h 0.41 + 0.03 hi 3.69 + 0.06 9.02 +0.20°¢
120 T4 1.48 +0.04h 0.43 + 0.02 hi 3.82+0.091 8.84 4+ (.20 <d
F-test
Main EE L3 EE L3 EE L3 EE L3
Sub main H%k EE EE EE
Interaction e e e E

Means followed by different letters indicate significant differences between treatments according to Duncan’s test (p < 0.05). Values are
means =+ standard deviation (SD) from three replicates. TSS: total soluble sugar; 0:0 mg kg’1 of Cd; 40:40 mg kg*1 of Cd; 80:80 mg kg’] of
Cd; 120:120 mg kg’1 of Cd; T1: control; T2: biochar (10 ton ha~1); T3: inoculation with P. stutzeri; and T4: combination (biochar + P. stutzeri);

***: High significant.

The highest value of total chlorophyll was 1.29, followed by 1.23 and 1.17 mg g~ ! FW
for 120T4 treatment (120 mg kg ! Cd and biochar + inoculation with P. stutzeri), followed
by 120T3 treatment (120 mg kg~ Cd and inoculation with P. stutzeri) and 120T2 treat-
ment (120 mg kg~! Cd and biochar) over the control treatment (120T1), in 2020 (Table 2).
On the other hand, under different soil applications, T4 treatment (biochar + inocula-
tion with P. stutzeri) was the best treatment, with 0.96, 0.89, 0.70, and 0.35 pg g’1 FW
recorded for carotenoids; 6.96, 6.37, 5.71, and 3.69 ug g_l FW for TSS; and 7.22, 6.17, 7.49,
and 8.79 umol g_1 FW for proline under different concentrations of Cd (0, 40, 80, and
120 mg kg~ ') compared with the other studied treatments. The same trend was noticed in



Horticulturae 2021, 7, 430 10 of 20

2021. From the results mentioned above, a descending order of T4 > T2 > T3 > T1 was seen
for different applications of soil amendments under Cd stress conditions (Table 2).

3.3.3. Activity of Antioxidant Enzymes

The data presented in Figure 3 show that the activities of catalase (CAT) and ascorbate
peroxidase (APX) were significantly changed as a result of soil amendment treatments and
Cd stress.

~
F-test (Main *** ; Sub main *** ; Interaction **%) mZero @EA40 W80 m120

1.80 -
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

CAT (Unit mg*protein)

T2 T3

2020
Treatments Y,

g
( . ] . . : )
F-test (Main *** ; Sub main *** ; Interaction **%) OZero @40 mS80 120

80.00 -
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

APX (Unit mgprotein)

Treatments
\_ J

Figure 3. Combined effects of different concentrations of Cd and soil amendments on catalase (CAT) and ascorbate
peroxidase (APX) activities in lettuce leaves 30 days after transplanting. Means followed by different letters indicate
significant differences between treatments according to Duncan’s test (p < 0.05). Values are means =+ standard deviation (SD)
from three replicates. 0:0 mg kg~! of Cd; 40:40 mg kg~! of Cd; 80:80 mg kg~! of Cd; 120:120 mg kg ! of Cd; T1: control;
T2: biochar (10 ton ha~1); T3: inoculation with P. stutzeri; and T4: combination (biochar + P. stutzeri). ***: High significant.

Thirty days after transplanting, soil amendments significantly decreased the antiox-
idant enzymes’ (APX and CAT) activity in lettuce leaves over the control under non-
stressed conditions, but an increased amount of these enzymes was observed under Cd
stress (Figure 3). Under Cd-stressed conditions, T4 treatment (biochar + inoculation with



Horticulturae 2021, 7, 430 11 of 20

P. stutzeri) efficiently increased the CAT content by 1.01, 1.09, 1.23, and 1.46 unit mg~!
protein and 1.10, 1.18, 1.32, and 1.55 unit mg’1 protein for 0, 40, 80, and 120 mg Kg’l,
compared with the other studied treatments in 2020 and 2021, respectively. Regarding APX
activity, the highest values were observed with T4 treatment (67.17 and 69.57 unit mg !
protein), followed by T2 treatment (62.79 and 65.19 unit mg~! protein), compared with
the control treatment (49.31 and 51.71 unit mg~! protein), under 120 mg kg ! Cd stress
conditions during the 2020 and 2021 seasons, respectively (Figure 3).

3.3.4. Soil Microbiological Activity

Microbial biomass carbon (MBC) in sandy soil treated with Cd stress showed a
significant difference between different soil amendment treatments during the two growing
seasons (Table 3). MBC increased with applications of biochar (T2), inoculation with
P. stutzeri (T3), and biochar + inoculation with P. stutzeri (T4) by 3.43,3.37, and 3.49 mg g~ !
soil, respectively, compared with the control treatment (T1) under 120 mg kg~! Cd in 2020.
The MBC in the pots treated with a combination with biochar + inoculation with P. stutzeri
was higher than that in the pots treated with biochar or inoculation with P. stutzeri only at
the same rates of Cd stress (Table 3).

The evolution of CO; increased significantly (p < 0.05), ranging from 21.67 to 235 mg
CO,/100 g soil (Table 3). Among Cd stress treatments, the maximum CO, evolution was
found in the pots treated with 40 mg kg~! Cd, whereas the lowest was recorded in the
120 mg kg ! Cd treatment.

For instance, lettuce plants treated with 120 mg kg~! Cd showed significantly in-
creased CO; evolution values (mg CO,/100 g soil), from 21.67 (control, T1) to 89.00
(biochar, T2), 131.67 (inoculation with P. stutzeri, T3), and 175 (biochar + inoculation with
P. stutzeri, T4). The same trend was observed for DHA (mg TPF g~! soil day!) under
120 mg kg~! Cd stress —recorded at 208.00, followed by 164.67 and 122.00 for the T4
treatment, followed by the T3 treatment and T2 treatment, compared with the control
treatment (54.67), respectively, in the first season (Table 3). Similar results were noticed in
2021. From the results mentioned above, a descending order of T4 > T3 > T2 > T1 was seen
for different applications of soil amendments under different Cd concentrations.

Table 3. Combined effects of different concentrations of Cd and soil amendments on microbial biomass carbon, CO,
evaluation, and dehydrogenase of lettuce leaves 30 days after transplanting during the 2020 and 2021 seasons.

Treatments Microbial Biomass Carbon CO; Evaluation Dehydrogenase (DHA)
(mg g~1 Soil) (mg CO,/100 g Soil) (mg TPF g—1 Soil d—1)
First season (2020)
0T1 440 +0.034 110.00 + 529 h 143.00 + 529 h
0T2 437 +0.044 150.33 +4.51 ¢ 183.33 £4.51¢
0T3 451+0.03¢ 204.33 £ 5.13 ¢ 237.33 +£5.13 ¢
0T4 491 4+ 0.062 235.00 + 6.24 2 268.00 + 6.24 2
40 T1 404 +0.03f 77.33 + 4511 110.33 £ 4.51
40 T2 427 +£0.04¢ 124.67 + 4.16 8 157.67 + 4.16 8
40 T3 426 +0.05° 182.00 + 4.58 4 215.00 + 4.58 4
40 T4 4.66 £+ 0.05b 214.67 + 5.03P 247.67 +5.03 P
80 T1 393 +0.068 59.67 + 4.04 K 92.67 + 4.04 K
80 T2 409 +0.03f 122.00 + 4.36 & 155.00 + 4.36 &
80 T3 410+0.04f 176.67 +2.08 4 209.67 + 2.08 4
80 T4 437 +0.06 4 202.33 +4.04°¢ 235.33 + 4.04 ¢
120 T1 3.20 £ 0.04] 21.67 + 6.81! 54.67 + 6.81!
120 T2 3.43 4 (.03 hi 89.00 +3.611 122.00 + 3.611
120 T3 337 +0.061 131.67 + 6.11f 164.67 + 6.11f
120 T4 3.49 + 0.04 8h 175.00 + 4.36 4 208.00 + 4.36 4
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Table 3. Cont.

Microbial Biomass Carbon

CO, Evaluation

Dehydrogenase (DHA)

Treatments (mg g1 Soil) (mg CO,/100 g Soil) (mg TPF g1 Soil d-1)
Second season (2021)
0T1 462 +0.03¢d 116.00 & 529 h 147.70 £ 529 h
0T2 456 + 0.06 4 156.17 £ 4.25¢ 188.63 &+ 5.46 ¢
0T3 469 +0.03¢ 209.83 +5.13 ¢ 24383 +5.13¢
0T4 5.11 + 0.06 2 242.80 + 6.24 2 275.00 + 6.24 2
40 T1 426 +0.03f 83.33 + 4.51] 115.03 + 4511
40 T2 445+ 0.04¢ 130.17 + 4.16 8 164.17 +4.16 8
40 T3 444 +0.05¢ 187.50 + 4.58 4 22150 + 4,584
40 T4 4.86 +0.05b 22247 +503b 254,67 +5.03b
80 T1 415+ 0.06 8 65.67 +4.04 97.37 +4.04k
80 T2 427 +0.03f 127.50 4+ 4.36 & 161.50 + 4.36 8
80 T3 430+0.04f 183.70 + 0.85 4 21650 + 1.80 4
80 T4 457 +0.06 4 210.13 +4.04¢ 24233 +4.04¢
120 T1 3.42 +0.04] 27.67 + 6811 59.37 + 6.81!
120 T2 3.61 +£0.031 9450 +3.611 128.50 + 3.611
120 T3 357 +0.061 139.47 + 6.11f 171.67 £ 6.11f
120 T4 3.69 +£0.04h 182.80 + 4.36 215.00 &+ 4.36 d
F-test
Main EEES EEEs FH
sub main %% %% b
Interaction xx wox wE

Means followed by different letters indicate significant differences between treatments according to Duncan’s test (p < 0.05). Values are
means = standard deviation (SD) from three replicates. 0:0 mg kg ™! of Cd; 40:40 mg kg ! of Cd; 80:80 mg kg~! of Cd; 120:120 mg kg ! of
Cd; T1: control; T2: biochar (10 ton ha™1); T3: inoculation with P. stutzeri; and T4: combination (biochar + P. stutzeri); ***: High significant.

3.3.5. Cadmium Content

The data presented in Table 4 show that lettuce plants treated by soil amendment
treatments had diminished Cd content and accumulation in lettuce plant tissues. Biochar
+ inoculation with P. stutzeri treatment (T4) significantly reduced the Cd content and
accumulation in lettuce plants. For instance, the Cd content in the control plant was 92.71
and 84.37 pg g~ dry mass, and changed to 30.90 and 22.56 ug g~ ! dry mass when lettuce
plants were treated with the T4 treatment under 120 mg kg~ Cd for root and shoots,
respectively, in 2020 (Table 4). These results clearly show that treating lettuce plants with a
combined treatment (biochar + inoculation with P. stutzeri) had a better effect because the
Cd content was lower compared with biochar or inoculation with P. stutzeri only.

The bioconcentration factor (BCF) and translocation factor (TF) of lettuce plants under
Cd stress (120 mg kg !) illustrated that the application of biochar together with P. stutzeri
significantly diminished the accumulation of Cd in plant tissues—recorded at 0.23 followed
by 0.25 and 0.30 ug g~ ! for the T2 treatment, followed by the T4 treatment and T3 treatment,
compared with the control treatment T1 (0.77) for BCF, respectively. The same trend was
observed in TF (Table 4). The same pattern was observed in the roots and shoots in 2021.
From the results above, the concentrations of Cd in the roots and shoots of lettuce cultivated
in treated soil with the 120 mg kg~! Cd + combination soil amendment treatment showed
a high decrease by 3- and 3.7-fold, respectively, compared with the control treatment.
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Table 4. Combined effects of different concentrations of Cd and soil amendments on the content of Cd in the roots and shoots,
bioconcentration, and translocation factors in lettuce plants 70 days after transplanting during the 2020 and 2021 seasons.

Treatments Cd Content in Root Cd Content in Shoots Bioconcentration Translocation Factor
(ngg™ (ngg™M Factor (BCF) (TF)
First season (2020)
0T1 0.00 0.00 0.00 0.00
0T2 0.00 0.00 0.00 0.00
0T3 0.00 0.00 0.00 0.00
0T4 0.00 0.00 0.00 0.00
40T1 2353+ 1.00f 1519 £ 1.00f 0.58 + 0.02 ¢ 0.64 +0.024
40 T2 12.08 £ 0.75 8 374 +0.758 0.30 & 0.02 & 0.30 £ 0.04 f
40 T3 13.61 +0.33 8 527 +£0.338 0.34 +0.014 0.38 +£0.02¢
40 T4 7.84 +£0.33h 5.54 4+ 0.98 & 019+ 0.01h 0.70 £0.10¢
80 T1 65.17 & 7.66 P 56.83 + 7.66 ° 0.81+0.102 0.87 £0.022
80 T2 22034+ 121" 13.69 £ 1.21f 0.27 4+ 0.02 ¢ 0.62 +0.024
80 T3 27.49 4+ 255¢ 19.15 +2.55¢ 0.34 +0.03 4 0.69 +0.03¢
80 T4 21.72 £255f 1338 +£2.55f 0.27 £ 0.03 ¢f 0.61 +0.054
120 T1 92.71 +£3502 84.37 +3.502 0.77 +0.03 b 091 +£0.00°
120 T2 27.96 + 1.16 d¢ 19.62 + 1.16 de 0.23 4+ 0.01 8h 0.70 +0.01¢
120 T3 36.67 + 1.17 ¢ 2833 +1.17°¢ 0.30 & 0.01 de 0.77 £0.01b
120 T4 30.90 +1.174 2256+ 1.174 025+ 0.011%8 0.73 4 0.01 be
Second season (2021)
0T1 0.00 0.00 0.00 0.00
0T2 0.00 0.00 0.00 0.00
0T3 0.00 0.00 0.00 0.00
0T4 0.00 0.00 0.00 0.00
40 T1 2461+ 1.26f 1524 +£ 096 f 0.61 £0.02¢ 0.61 + 0.03 ¢f
40 T2 12.10 £ 0.74h 3.81+0.748 0.30 + 0.02 ¢f 0314+0.04h
40 T3 13.95 + 0.84 1 5.32+0.358 0.34 +0.024 0.38 £0.018
40 T4 834 +0.821 5.60 + 0.98 & 0.20 +0.02h 0.67 + 0.09 de
80 T1 65.22 + 6.99 b 56.89 & 7.66 P 0.81+0.102 0.87 £0.032
80 T2 23.05 + 1.03 f8 13.78 + 1.18f 0.28 £ 0.02 ¢f 0.59 £ 0.04 f
80 T3 27.83 +3.01°¢ 19.52 £ 2.96°¢ 0.34 4+ 0.044 0.70 £ 0.03 <@
80 T4 2191 +2318 13.75 +3.01 f 0.27 + 0.03 ¢f 0.62 & 0.07 ¢f
120 T1 91.10 + 3.642 84.43 +3.552 0.77 £ 0.03 b 0.92 +0.012
120 T2 28.29 +1.31¢ 19.77 £ 1.23¢ 0.23 4+ 0.01 8h 0.69 £ 0.02 ¢d
120 T3 3734+ 1.79°¢ 28.92 +1.63°¢ 0.31 4 0.01 de 0.77 +£0.02b
120 T4 31.28 +£1.394 23.56 +£2.164 0.26 +0.0118 0.75 & 0.04 be
F-test
Main *ok % *ok % *ok% *ok%
Sub main *ok% *ok% *ok% %
Interaction EE 2 EE 2 EE 2 EE 2

Means followed by different letters indicate significant differences between treatments according to Duncan’s test (p < 0.05). Values are
means = standard deviation (SD) from three replicates. 0:0 mg kg~ of Cd; 40:40 mg kg ! of Cd; 80:80 mg kg~! of Cd; 120:120 mg kg ! of
Cd; T1: control; T2: biochar (10 ton ha~1); T3: inoculation with P. stutzeri; and T4: combination (biochar + P. stutzeri); ***: High significant.

4. Discussion

Anthropological activities such as smelting, mining, and excessive fertilizer use, as
well as industrial waste discharge, pose a serious threat to the environment [49]. Previous
studies have shown that heavy metal contamination not only alters the soil microbial
community composition and activity, but also poses a threat to human health in the food
chain [50].
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4.1. Differential Tolerance Levels of Tested Pseudomonas Strains to Gradients’
Cadmium Concentrations

The growth patterns of Pseudomonas strains varied widely when grown in KB broth
supplemented with different concentrations of Cd (0, 5, 10, 15, 20, and 25 mg L~1). Com-
pared with the normal growth curve of the bacteria (0 Cd), it was found that the P. stutzeri
strain was the most tolerant to higher applied Cd concentrations (25 mg L) (Figure 1).
These results indicate that the organism may possess Cd resistance gene(s) that may be
induced upon exposure. Some studies have shown that genes induced by Cd stress are
generally inducible in nature to save energy, which can be lost if the genes are constitutively
expressed even under normal conditions [31,51,52].

Additionally, the genesis of certain metal resistance mechanisms is dependent on the
interactions of the metal with the cell. The cell acquires metal resistance by preventing
metals from reaching sensitive cellular components or modifying them to reduce their
toxicity. Heavy metal resistance can be due to one or more of several mechanisms such
as (1) metal ion binding, (2) enzymes that make the cell wall of bacteria impermeable to
the metal, (3) enzymes that catalyzes the conversion of metal into nontoxic forms, and
(4) efflux mechanisms [34,53,54].

4.2. Cadmium Biosorption by Different Pseudomonas Strains

The biosorption of Cd by different Pseudomonas strains was significantly elevated for
the concentrations tested. An increase of 55.96%, 44.28%, and 46.04% was observed at
25mg L~ for P. stutzeri, P. koreensis, and P. fluorescens compared with other concentrations,
respectively (Figure 2). Of the three strains tested, the biosorption formed by P. stutzeri
was relatively more abundant than those formed by P. koreensis and P. fluorescens. The
data showed that the biosorption of Cd decreased with increasing concentrations of Cd
ions. This decrease in biosorption may be attributed to there being an insufficient number
of free sites for the biosorption of metals. At lower concentrations, all-metal ions in the
solution could react with the binding sites, and thus the biosorption ratio was higher
than that of higher ion concentrations. Similar results have been obtained by several
researchers [55-57]—they reported that the biosorption capacity of the biomass decreased
with the increasing initial concentration of heavy metals.

4.3. Pot Experiment
4.3.1. Plant Growth Analysis

The application of soil amendments (control, biochar, inoculation with P. stutzeri, and
a combination) alleviated the adverse effects of Cd stress and improved the vegetative
parameters of lettuce plants such as fresh and dry weight, plant height, leaf area, and
the number of leaves under different concentrations of Cd stress (Table 1). Our findings
revealed that lettuce plants treated with a combination treatment (biochar + inoculation
with P. stutzeri) had a higher ability to enhance growth indicators, supported by soil-
microbe interaction and biochar amendments to the soil.

These alterations in the growth parameters of lettuce are due to reduced Cd mobility
in soils after using bioadsorbents, i.e., biochar and microorganisms. The use of microbial
metabolic capacity to absorb/remove environmental pollutants provides an economical
and safe alternative compared with other physical and chemical methods. On the other
hand, biochar is added to soil to improve soil quality and crop productivity; it has a large
surface area and a high number of functional groups, and generally has a high pH, which
makes it able to immobilize heavy metal cations in soils [20]. Previous studies showed
that the addition of 1% biochars (sawdust fly ash, bagasse fly ash, and rice husk ash), with
2% microorganisms (P. aeruginosa, Bacillus subtilis, and Beauveria bassiana), led to enhanced
growth parameters for rice grown in Cd-contaminated soil [58]. Mondal [26] showed
that biochar application (5.5 Mg ha~!) and PGPR (Rhizobium, Bacillus sp., Azotobacter,
and Azospirillum) enhanced the biomass (roots and shoots) of common beans (Phaseolus
vulgaris L. cv. Falguni) grown in pots treated with different levels of Cd. A similar trend
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was observed by [4], who found that PGPR strains (Bacillus) inoculated along with 1%
biochar led to an ameliorated stress effect of Cr and the ability to improve the plant growth
attributes of wheat.

4.3.2. Physiological Traits

Photosynthesis pigments and physiological properties play an important role in im-
proving leaf health and crop performance [59]. It has been established that lettuce plants
are sensitive to the adverse effects of Cd stress, which leads to a decrease in photosynthetic
pigments and poorer physiological properties owing to a lack of biosynthesis. This may
be due to the replacement of Mg?* by Cd in the chlorophyll molecule [26,60]. However,
soil amendment through the application of biochar and inoculation with P. stutzeri (com-
bined treatment, T4) showed a great ability to enhance the biosynthesis of photosynthetic
pigments, such as total chlorophyll, carotenoids, and total soluble sugar under sandy soil
affected by Cd stress (Table 2). This is directly related to the N; content of the leaf, which is
the macronutrient needed for the development of chlorophyll [61,62]. These results can
explain the increase in photosynthetic pigments found when combining biochar and inocu-
lation with P. stutzeri in this study, which are reflected in healthy plants. Additionally, the
combined treatment enhanced the synthesis of total soluble sugars and, at the same time,
reduced proline levels in lettuce plants grown in soils affected by Cd stress, which may be
due to the excess of hormones synthesized by P. stutzeri, resulting in increased endogenous
phytohormone levels, which stimulate developmental processes such as carbohydrate and
protein synthesis [63,64].

4.3.3. Antioxidant Enzymes Activities

Under abiotic stresses, such as heavy metal stress, plants increase the activity of
antioxidant enzymes in their main state; this depends on the sensitivity to plant stress
as a main line of defense to cope with excessive amounts of antioxidants ROS [65,66].
According to our results (Figure 3), antioxidant enzymatic activities such as CAT and APX
were significantly amplified with Cd stress, as a direct result of the increased production
of ROS compounds and the induction of defense systems of antioxidant enzymes as
well as the neutralizing of these compounds. Thus, lettuce plants treated with biochar
and inoculation with P. stutzeri under a high concentration of Cd (120 mg kg~!) showed
improved antioxidant enzymatic activity compared with untreated stressed plants and
control plants. From our results, it appears that antioxidant enzymatic defense systems
play an important role in the defense strategies used in lettuce plants against Cd toxicity.
This defense can be activated at the transcriptional level and the induction of enzymatic
activity can help the plant adapt to Cd toxicity. This research indicates that the suppression
of oxidative degradation is a key mechanism by which lettuce can stimulate antioxidant
enzymes. A similar trend in SOD and APX enzyme activity has been reported in Phragmaites
australis (roots and leaves) when exposed to Cd [67]. Additionally, an increase in Cd-
induced SOD and APX activities has been reported in rye [68], Lemna polyrhiza [69], and
lettuce [66].

4.3.4. Microbiological Activity in the Soil

Soil biological properties were significantly affected by Cd concentrations, soil amend-
ments, and their interaction (Table 3). The application of Cd (especially 120 mg kg’l)
significantly reduced soil biological properties” (microbial biomass carbon (MBC), CO,,
and dehydrogenase (DHA)) activities compared with the control. Under soil amendments,
the highest activity (3.49 mg g~! soil) of MBC (175 mg CO, /100 g soil) of CO, evaluation
and the highest level of DHA (208.00 mg TPF g~! soil day ') were recorded with the
application of biochar and inoculation with P. stutzeri (combination treatment, T4) at a Cd
level of 120 mg kg~! compared with the control (Table 3).

Reduced plant growth under Cd contamination impairs plant metabolic processes by
decreasing biochemical and physiological efficiency, limiting root perfusion and, conse-
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quently, the formation of organic compounds in roots. This caused a decrease in microbial
biomass substrates and enzyme activities. Therefore, heavy metals denature enzyme pro-
teins owing to interactions with enzyme active sites and substrate complexes [70]. This
decrease was observed in MBC, CO,, and DHA in the current study. Several researchers
have reported the detrimental effect of heavy metals (Cd) on soil biological activities [26,71].
The significant remediation effect of soil amendment with biochar and inoculation with
P. stutzeri on soil biological activities is due to the lower exchangeable soil fraction of Cd,
which is due to the microbial population, specific microbial groups, and physicochemical
properties of soil [58]. On the other hand, biochar is a rich source of C and P and this avail-
ability of C provided a substrate for microbes, thereby increasing soil biological activities
under Cd contamination [72,73].

4.3.5. Cadmium Content of Lettuce Plants

Irrespective of Cd concentrations, lettuce plants grown without soil amendments
(control) showed the highest accumulation of Cd in the roots and leaves, while the addition
of soil amendments significantly lowered the level of Cd in both the roots (by 67%) and
the shoots (by 78%). Therefore, Cd concentrations, soil amendments, and the effects of
their interaction were significant for root and leaf Cd accumulation, which reflected the
bioconcentration factor (BCF) and translocation factor (TF) of lettuce plants (Table 4).

From these results, it appears that the transformation of Cd into insoluble forms is due
to biosorption by microorganisms and/or biochar [74,75]. Additionally, the mechanism of
Cd adsorption with biochar is mainly an electrostatic reaction owing to high adsorption by
an acidic solution [76] and, during the desorption stage, H* ions displace Cd ions bound
to biochar [77]. Additionally, Suksabye [58] showed that the form for adsorption between
Cd?* and biochar in soil is stable and cannot be leached in the solution fixed on the surface
of biochar (negatively charged). Additionally, under the soil treated with 15 mg kg~! of
Cd, bioaugmentation of Aeromonas sp. in the rhizosphere of Vetiveria zizanioides increased
the uptake of Cd to 67.7% [16]. Several studies are underway and assess the effect of
physical, chemical, and biological treatments for the remediation of heavy metals from
soil such as P. japonica and organic amendments (peat moss and compost) on the growth
and metal tolerance of Celosia argentea L. [2]. It was found that dual application of TiO,
NPs and P. fluorescens enhanced the Cd content and accumulation by Trifolium repens in
Cd-contaminated soil [17], and a combined application of biochar and PGPR (six strains
of Bacillus spp.) significantly reduced the Cr concentration by up to 0.28 + 1.01 mg/kg in
wheat plants [4].

5. Conclusions

The effect of biochar and microorganisms on Cd accumulation in lettuce plants grown
in different levels of Cd-contaminated soil was investigated. Under soil treated with
120 mg kg~! Cd, a combined treatment (biochar and inoculation with P. stutzeri) led
to a significant enhancement in growth parameters—452.00 g plant~!, 40.10 g plant~!,
18.89 cm plant 1, 6.03 cm?, and 20.48 plant ! for fresh weight, dry weight, plant height,
leaf area, and number of leaves, respectively. The physiological characteristics were
1.29 mg g~! FW, 0.35 ug g~! FW, and 3.69 ng g~! FW for total chlorophyll, carotenoids,
and total soluble sugar, respectively. These results reflect an increase in antioxidant en-
zymes and soil biological activities and a decrease in Cd absorption by 67% in roots and
78% in shoots. Therefore, the current study suggested that a combined application of
biochar and P. stutzeri could be used as an alternative to mitigate Cd toxicity.
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