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Abstract

The disposal of chromium (Cr) rich tannery sludge onto agricultural lands possesses a significant environmental threat. Oxidation of Cr often
resulted in yields hexavalent chromium (Cr), a component that is extremely dangerous and cancer-causing. On the other hand, trivalent
chromium (Cr®*) is considered to be a crucial trace element in human nutrition and is the most stable form of Cr that can be found naturally
making it less toxic than hexavalent form. This study employed a pot experiment to evaluate the effects of hexavalent (Cr®*) and trivalent
chromium (Cr**) with and without the influence of microorganisms, on the germination, growth, uptake, biochemical properties and yield of
Amaranthus gangeticus. Nine chromium concentrations were tested: 0, 50, 100, 150 and 200 mg/kg of Cr®* as K,Cr,0; and 50, 100, 150 and 200
mg/kg of Cr¥* as [KCr(SO,),]. These treatments were combined with four microbial treatments: a control (no microbes), Azospirillum,
phosphate-solubilizing bacteria (PSB) and potassium-releasing bacteria (KRB). The results showed that irrespective forms the increasing
chromium concentrations led to a consistent decline in germination, growth and yield parameters. Hexavalent chromium caused a more
pronounced reduction in germination percentages compared to Cr¥*, However, treatments supplemented with KRB exhibited a mitigating

effect on Cr toxicity and significantly improved growth and yield parameters.
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Introduction

Chromium (Cr) is a non-essential heavy metal that exerts toxic effect
on organisms even at low concentration. Due to its widespread
industrial applications, Cr has become a major pollutant in various
environmental settings. One of the primary sources of Cr
contamination is the tanning industry, which significantly
contributes to its release into the environment. The oxidation state
and solubility of Cr have a significant impact on the risks associated
with its environmental impacts. The oxidation states of Cr, which
range from 0 to +6, determine its chemical reactivity and
consequently, its impacts on environmental and human health.

In nature, chromium is commonly found in two oxidation
states: trivalent (+3) and hexavalent (+6). The oxidation of Cr** can
lead to the formation of Cr®, which is highly toxic and recognized
as a carcinogenic substance. In contrast, Cr** is regarded as an
essential trace element in human nutrition and represents the
most stable natural form of chromium, making it considerably
less toxic than its hexavalent counterpart. Chromium has
detrimental impacts on the physiological functions of the plants,
viz. photosynthesis, germination, water relations and mineral
nutrition. Chromium exposure has also been linked to metabolic
changes in plants, either as a result of direct effects on enzymes or
other metabolites or as a result of its capacity to produce reactive

oxygen species that may lead to oxidative stress (1). The selective
absorption of certain heavy metals into seeds occurs in the
embryo. This was originally implied by the observation that while
seeds continued to germinate in the presence of high levels of
heavy metals, later seedling development (after the seed coat had
broken) was substantially impeded at considerably lower levels of
these heavy metals. Compared to whole seeds, isolated embryos
were substantially more vulnerable to heavy metals (2).

Metals may have a harmful impact on the embryonic
radicle when they are absorbed by the tissues of the embryo,
preventing root development after protrusion. The capacity of
heavy metals to penetrate physiological barriers, namely seed
coverings and enter embryo tissues is what determines how they
affect seed germination. This capacity is directly influenced by the
structure of the seed coat, which varies across a wide range of
plant species, as well as by the physical and chemical
characteristics of the metal ions themselves (3).

This investigation was undertaken to study the effects of
forms of Cr on the germination process in Amaranthus seeds.
Seedling roots exposed to Cr®* tend to collapse and lose their
ability to absorb water. Similarly, an excessive supply of Cr** can
interfere with iron uptake, leading to iron deficiency and
disrupting plant water relations. This disturbance ultimately
reduces the physiological availability of water, negatively
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impacting overall plant health. Amaranthus is one of the earliest
varieties of food plants. The Amaranthus species is a superior
source of calcium, potassium, iron, zinc, magnesium and a
sizeable amount of carotenes and vitamin C (4). Pharmacological
analysis of the seeds and leaf extracts of Amaranthus revealed the
bioactive chemicals' potency in preventing serious ailments
including diabetes, hyperlipidaemia and diarrhoea as well as their
antioxidant, anthelminthic, antimalarial, anti-inflammatory and
antifungal capabilities (5). Amaranthus employ the C4
photosynthetic pathway to provide for sustenance, making the
plant easily tolerant of severe environmental circumstances. It is
also included in the list of plants with heavy metal resistance and
the capacity to clean the environment of dangerous heavy metals
(6). The current study focuses on the effect of Cr and plant growth
promoting microorganisms on the growth, uptake, yield and
biochemical parameters of Amaranthus. The findings will
contribute to develop eco-friendly strategies for managing Cr
contamination in agricultural soils, promoting food safety and
environmental sustainability.

Materials and Methods

A pot experiment was conducted using Amaranthus variety
Thandukeerai CO-2 at the Agricultural College and Research
Institute (AC &RI), Madurai during 2022. The experimental soil was
sandy clay loam in texture with slightly acidic in pH (5.9) and low
in electrical conductivity (EC= 0.24 dS m™?). The Cation Exchange
Capacity (CEC) of the soil was 8.64 cmol (p*) kg™. The soil was low
in available nitrogen (172 kg ha), medium in phosphorus (20 kg
ha?) and medium in potassium (176 kg ha') status. The DTPA
extractable iron (Fe), manganese (Mn), zinc (Zn) and copper (Cu)
contents were recorded as 5.28, 1.38, 546 and 1.24 mg kg*
respectively.

The Pot experiment was laid out in a Factorial Completely
Randomized Design (FCRD) with two factors comprising nine
treatments, each replicated three times, resulting in a total of 27

Table 1. Factor-1 (Chromium treatments)

T Control

Ta 50 mg/L of Cré* as KoCr.0~

Ts 100 mg/L of Cr¢* as K,Cr,07
Ta 150 mg/L of Cr¢* as K,Cr,07
Ts 200 mg/L of Cr®* as K,Cr.0~
Ts 50 mg/L of Cr**as KCr(SO.),
Ts 100 mg/L of Cr® as KCr(S0a),
Ts 150 mg/L of Cr¥ as KCr(SOa)2
To 200 mg/L of Cr** as KCr(S04)2

Table 1. Factor-1 (Chromium treatments)

M Control

M, Azospirillum lipoferum

M3 Bacillus megaterium (PSB)

A Paenibacillus mucilaginosus (KRB)

pots. The treatment details are shown in Table 1 & 2. Sowing was
performed on January 2, 2022 and the crop was harvested on
February 16,2022.

Polybags (12” x 12”) were used in the study. Each polybag
was filled with 15 kg of homogenized red soil. The seeds were
thoroughly mixed with sand in a ratio of 1:10 and sown in rows
within each pot. Fertilizers were applied as per the recommended

2

dosage of N at 75 kg ha™ and K at 25 kg ha? using Urea and Muriate
of Potash as basal applications. Additionally, vermicompost was
incorporated as organic manure at the recommended dose at 12.5
t ha™. Then irrigate the pot weekly thrice. Thinning was carried out
when the plants reached a height of 15 cm, ensuring 10 plants per
pot. Fresh leaves were harvested 45 days after sowing (DAS).

Germination percentage

Before the pot culture experiment, the germination test was
conducted using a between-paper method. Twenty-five
uniformly sized seeds were placed in Petri plates on moistened
filter papers and treated with various concentrations (0, 50, 100,
150 and 200 mg L?) of Cr®* and Cr** in solutions using potassium
chromium sulfate [KCr(SO,),] and potassium dichromate
[K,Cr,0,]. The plates were kept in a germination roomat25+1°C
and 90 £ 1 % RH, with daily water applications to maintain
moisture. After 14 days, normal seedlings were counted and
germination percentage was calculated (7).

The number of normal seedlings was counted and
germination percentage was computed using the following formula.

Germination percentage =

Total seeds germinated

x 100
Total number of seeds

Growth parameters

The plant height, root length, leaf length and leaf breadth of
Amaranthus were measured at 15,30 and 45 DAS.

Yield parameters

The leaf-to-stem ratio (L:S) was recorded from each pot wise are
observed. The total yield was recorded as g pot™ at 45 DAS.

Nutrient content

The analytical methods used to determine various properties in
the study are as follows: Nitrogen content was measured using
the Kjeldahl digestion and distillation method (8). Phosphorus
was determined using the vanadomolybdate yellow color
method, which involves tri-acid digestion with a mixture of HNO;,
H,S0O, and HCIO, in 9:2:1 ratio. Potassium levels were assessed
using flame photometry with a tri-acid extract (9).

Quality parameters

Vitamin C content was estimated in the laboratory using the 2, 6-
dichlorophenol indophenol visual titration method (10) and
expressed in milligrams per hundred grams of plant sample.

Total carotenoid content was determined following the
previously known method (11). The following equations were
used to quantify carotenoids (mg 100 g?).

Carotenoid (mg 100 g!) =

Optical density x 13.9 x 10*x 100

Weight of sample x 450 x 1000
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Statistical analysis

The data were statistically analyzed using Agress software
compared with the critical difference (CD) test at a 5 % probability
level. Non-significant differences were indicated as “NS” (12).

Results
Growth and yield parameter
Germination percentage

The analysis of the data presented in Fig. 1 revealed significant
variations in germination percentages across different Cr
concentrations. The highest germination percentage, 77.2 % was
recorded at 50 mg kg! of Cr® (T6). In contrast, the lowest
germination percentage, 56.75 % was observed at a concentration
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Fig. 1. Germination percentage of Amaranthus as influenced by Cr
concentrations.

of 200 mg kg* of Cr® (T6). The study showed a clear decline in
germination percentage as Cr concentrations in the medium
increased. Interestingly, the highest germination percentage was
observed at 50 mg kg' of Cr*, indicating that at lower
concentrations (up to 50 mg L?), Cr exhibited a stimulating effect on
seed germination.

Plant height

The effect of Cr and microorganisms on shoot length (cm) of
Amaranthus is presented in Table 3. The highest plant height was
observed in the control (T1), with values of 27.33, 75.87 and 108.46
c¢m at 15, 30 and 45 DAS, followed by 50 mg kg* Cr* (T6), which
recorded 26.96, 74.93 and 108.13 cm. The lowest height (21.15,

Table 3. Effect of Cr and microorganisms on shoot length (cm) of
Amaranthus

Microorganisms

Cr Treatments Control (M,) Azos(;;:lr;l)llum 533 I((SS
T: - Control 50.2 51.8 55.8 573
T2-50 mg/L Cr&* 48.5 49.4 51.6 53.2
Ts-100 mg/L Cré* 45.6 48.1 48.4 50.6
T4-150 mg/L Cré* 40.2 42.8 44.6 45.9
Ts-200 mg/L Cr* 38.9 40.1 42.3 43.2
Te-50 mg/L Cr3* 49.4 50.4 53.8 55.4
T7-100 mg/L Cr** 48.8 52.0 52.5 53.4
Ts- 150 mg/L Cr* 44.2 47.7 48.6 48.9
Ts-200 mg/L Cr* 41.8 43.4 44.2 45.6
T M XM
SE.d 0.485 0.323 0.971
C.D (5 %) 0.967 0.856 2.568

63.68 and 97.29 cm) was noted with 200 mg kg* Cr®* (T5). Among
microbial treatments, KRB (M4) showed the maximum plant height
(26.39, 72.15 and 105.52 cm), while un-inoculated treatments (M1)
recorded the lowest values (23.11, 68.14 and 99.89 cm). In
combined treatments, the highest plant height (28.63, 79.61 and
112.43 cm) was achieved with no Cr and Azospirillum inoculation
(T1IM2), whereas the lowest was observed with 200 mg kg* Cr&*
without any microbial inoculation (T5M1).

Root length

A significant difference in the root length was observed due to
both Cr as well as microbial inoculant applications (Table 4). The
highest root length was recorded in the treatment with 50 mg kg*
Cr®* (T2), measuring 8.07, 15.40 and 24.89 cm at 15, 30 and 45 DAS,

Table 4. Effect of Cr and microorganisms on root length (cm) of
Amaranthus

Microorganisms

Cr Treatments Control (M.) Azospirillum (M) (PIVSIS KRB (M,)
T: 13.5 12.4 14.7 15.3
T, 12.3 11.9 13.1 13.6
T3 10.8 12.4 12.2 13.4
Ta 8.2 10.1 10.5 11.2
Ts 7.6 9.2 10.1 11.3
Te 12.9 13.2 14.3 14.9
T7 13.1 12.9 14.1 14.1
Ts 12.2 12.1 13.5 13.8
To 10.6 11.7 11.2 12.7
T M TXM
SE.d 0.117 0.078 0.234
C.D (5 %) 0.234 0.156 0.620

followed by 50 mg kg* Cr* (T6). The lowest root length (6.61, 10.45
and 18.14 c¢cm) was observed in 200 mg kg* Cr® (T5). Among
microbial inoculants, KRB (M4) resulted in the maximum root
length of 7.57, 14.55 and 23.46 cm, while the un-inoculated
treatment (M1) showed the minimum. In combined treatments,
the maximum root length (8.76, 15.83 and 25.83 cm) was
observed with 50 mg kg Cr®* and Azospirillum (T2M2), whereas
the minimum (6.21, 8.52 and 15.24 cm) occurred with 200 mg kg*
Cr®* and no microbial inoculation (T5M1).

Leaf length

The data concerned with leaf length is presented in Table 5. At 15
DAS, the highest leaf length (7.84 cm) was recorded in the control
(T1), while the lowest (6.43 cm) was observed with 200 mg kg™ Cr¢*
(T5). Among the microbial inoculants, KRB (M4) showed the
maximum leaf length (7.89 cm). The interaction of Cr and
microbial inoculants revealed the highest leaf length (8.56 cm) in
Azospirillum without chromium (T1M2) and the lowest (5.59 cm)
in 200 mg kg* Cr® without inoculation (T5M1). At 30 DAS, the
maximum leaf length (15.80 cm) was recorded with 50 mg kg™ Cr®*
(T6) and the minimum (14.08 cm) with 200 mg kg* Cr** (T5). KRB
(M4) resulted in the highest leaf length (15.69 c¢m), while un-
inoculated treatments (M1) showed the lowest (14.29 cm). The
combined effects of chromium and microbial inoculants were
non-significant. At 45 DAS, the highest leaf length (18.39 cm) was
found in the control (T1) and the lowest (16.63 cm) in 200 mg kg™
Cr%* (T5). KRB (M4) had the maximum leaf length, while non-
inoculated treatments (M1) recorded the least. Combined effects
of chromium and microbial inoculants were non-significant.
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Table 5. Effect of Cr and microorganisms on leaf length (cm) of
Amaranthus

Microorganisms

Cr Treatments M, M. M: M,
T 14.3 14.5 14.6 15.2
T, 13.7 14.6 14.0 14.5
T3 13.5 13.9 13.8 149
Ta 129 135 13.8 14.3
Ts 12.2 13.8 13.6 14.2
Te 14.5 14.3 14.8 15.3
Tz 13.8 13.5 14.1 14.6
Ts 13.1 13.6 13.5 149
To 13.5 14.6 14.3 14.7
T M XM
SE.d 0.136 0.091 0.273
C.D (5 %) 0.272 0.181 0.544

Table 6. Effect of Cr and microorganisms on leaf width (cm) of
Amaranthus

Microorganisms

Cr Treatments M: M. M M,
T: 6.8 7.0 6.9 7.2
T, 5.8 6.1 6.5 6.5
Ts 5.5 5.9 6.2 6.1
Ta 51 5.8 6.3 6.2
Ts 4.8 5.5 5.7 5.9
Te 6.2 6.4 6.4 6.8
T7 5.9 6.1 6.4 6.6
Ts 6.2 5.9 6.1 6.4
Ts 5.8 5.9 6.0 6.2
T M XM
SE.d 0.060 0.040 0.121
C.D (5 %) 0.120 0.080 0.241
Leaf breadth

The data related to the effect of Cr concentrations and microbial
inoculations on leaf breadth of Amaranthus was furnished in Table
6. The highest values were observed in the control (T1) as 5.49, 6.97
and 8.40 cm at 15, 30 and 45 DAS respectively. The second highest
values were recorded with 50 mg kg* Cr** (T6), showing 5.45, 6.49
and 8.17 cm. The lowest leaf breadth (4.53, 5.50 and 6.92 c¢m)
occurred with 200 mg kg* Cr® (T5). Among microbial inoculations,
KRB (M4) produced the highest leaf breadth at all stages, while un-
inoculated treatments (M1) had the lowest (4.84, 5.82 and 7.26 cm).

Table 7. Effect of Cr (l1l) and Cr (VI) on chromium uptake in Amaranthus

In combined treatments, the highest leaf breadth (5.67, 7.11 and
8.94 cm) was observed in TIM2 (Azospirillum inoculation without
any Cr), while the lowest was found in T5M1 (200 mg kg* Cr**
without any microbial inoculation).

Chromium uptake

The data in Table 7 indicated that Cr uptake by Amaranthus was
significantly influenced by both Cr application and microbial
treatments. The highest Cr uptake was observed in plants grown
with 200 mg kg?* Cr®* (T5), with values of 17.53, 133.70 and 334.88 g/
pot at 15, 30 and 45 DAS respectively. The second-highest uptake
was recorded with 150 mg kg* Cr®* (T4). The control treatment (T1),
with no Cr application, showed the lowest Cr uptake, measuring
0.21,2.39 and 5.19 g/pot at 15, 30 and 45 DAS. Regarding microbial
treatments, the un-inoculated treatment (M1) had the highest Cr
uptake, with values of 10.23,92.41 and 198.65 g/pot at 15,30 and 45
DAS respectively. In contrast, the KRB inoculation (M4) resulted in
the lowest Cr uptake, recording 8.75, 71.78 and 167.12 g/pot at
these same intervals. The interaction between Cr treatments and
microbial inoculations significantly affected Cr uptake. The
combination of 200 mg kg! as Cr® without any microbial
inoculation (T5M1) led to the highest Cr uptake of 19.53, 153.24 and
364.05 g/pot at 15,30 and 45 DAS respectively. The lowest Cr uptake
occurred when KRB inoculation was applied without any Cr
treatment (T1M4).

Yield
Leaf/stem ratio

The leaf-to-stem (L:S) ratio is a key yield parameter for leafy crops
like Amaranthus. Significant differences were observed between
Cr treatments, microbial inoculations and their interactions, as
shown in Table 8. For Cr treatments, the highest L:S ratio of 0.43
was recorded with 50 mg kg* Cr®* (T6), followed by the control (T1)
at 0.42. The lowest L:S ratio (0.24) was observed with 200 mg kg™
Cr®* (T5). Among the microbial treatments, KRB inoculation (M4)
resulted in the highest L:S ratio of 0.38, while the control (M1) had
the lowest (0.32). In the interaction effect, the highest L:S ratio of
0.45 was seen with Azospirillum inoculation without chromium
(T1M2), while the lowest ratio of 0.21 was recorded with 200 mg
kg* as Cr®" without inoculation (T5M1).

Nutrient content

Nitrogen
The effect of Cron N, P and K content in Amaranthus is presented
in Table 9. The N content at harvest was significantly affected by

15DAS 30DAS 45 DAS
treat(|:1:ents Microorganisms
M, M. M3 Ms  Mean M, M. M3 M, Mean M, M. Ms M, Mean
T. 035 016 0.17 0.15 0.21 5.04 1.39 1.82 131 2.39 13.05 2.55 2.85 2.31 5.19
T2 1092 10.02 773 9.17 9.46 96.62 8825 80.11 75.53 85.13 236.03 235.45 245.77 257.55 243.70
Ts 1391 14.82 13.96 11.02 13.42 13536 131.67 106.78 101.86 118.92 295.65 301.26 324.33 262.12 295.84
Ta 1566 17.20 17.53 1584 16.73 146.71 133.08 121.40 106.39 126.89 343.01 314.66 332.31 269.46 314.86
Ts 19.53 16.56 16.72 17.32 17.53 153.24 136.05 128.65 116.86 133.70 364.05 361.10 338.64 275.75 334.88
Ts 6.47 652 4.89 3.72 540 56.05 53.20 48.88 47.84 51.49 12486 116.10 100.51 97.96 109.85
T7 758 808 7.03 542 17.03 7225 7149 67.66 5697 67.09 127.13 12451 117.28 105.31 118.55
Ts 807 813 812 7.49 7.95 8148 79.76 73.73 6749 75.61 13526 12852 121.48 108.73 123.50
Ts 9.56 10.41 9.07 858 9.40 8499 97.86 90.54 71.82 866.30 148.80 145.19 141.13 124.94 140.01
Mean 10.23 10.21 9.47 8.75 92.41 88.08 79.95 71.78 198.65 192.15 191.59 167.12
T M TxM T M TxM T M TxM
SE.d 0.128 0.085 0.256 0.818 0.545 1.636 2.104 1.403 4.209
C.D. (At5%) 0.255 0.170 0.511 1.631 1.087 3.261 4,195 2.797 8.390
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Table 8. Effect of Cr (11I) and Cr (VI) on leaf to stem ratio and yield (g pot™*) of Amaranthus as influenced by microorganisms

Leaf to stem ratio Yield
Cr treatments Microorganisms
M, M M; M,y Mean M, M. M3 M, Mean
T, 0.40 0.45 0.42 0.43 0.42 164.41 172.73 165.00 174.50 169.16
T, 0.34 0.37 0.39 0.42 0.38 116.30 121.70 127.28 132.25 124.38
Ts 0.30 0.32 0.35 0.37 0.34 95.32 100.51 107.45 111.25 103.63
Ts 0.25 0.27 0.29 0.31 0.28 79.63 86.25 92.24 97.52 88.91
Ts 0.21 0.23 0.26 0.28 0.24 52.67 57.30 61.78 66.72 59.62
Te 0.41 0.42 0.44 0.45 0.43 151.21 157.21 164.48 168.22 160.28
Tr 0.37 0.40 0.42 0.43 0.41 129.15 135.06 139.30 146.40 137.48
Ts 0.32 0.34 0.37 0.39 0.35 110.60 116.50 123.54 127.26 119.47
To 0.26 0.28 0.31 0.34 0.30 84.42 91.40 96.35 98.50 92.67
Mean 0.32 0.34 0.36 0.38 109.30 115.41 119.71 124.73
T M TxM T M TxM
SE.d 0.0039 0.0026 0.0079 0.727 0.481 1.433
C.D.
(At 5 %) 0.0079 0.0052 0.0157 1.433 0.956 2.867

both Cr treatments and microbial inoculations, as well as their
interaction. The highest N content (2.98 %) was observed in the
control (T1), followed by 50 mg kg* as Cr* (T6) The lowest N
content (1.54 %) was found in 200 mg kg' as Cr® (T5). The
microbial inoculation (KRB) (M4) had the highest N content (2.54
%), while the lowest (2.02 %) was in the un-inoculated treatment
(M1). The highest N content (3.24 %) occurred with Azospirillum
inoculation without Cr and the lowest (1.26 %) was with 200 mg
kg as Cr*" and no microbial inoculation.

Phosphorus

The P content (Table 9) was also significantly influenced by Cr
treatments, microbial inoculations and their interaction. The
highest P content (0.407 %) was observed in the control (T1),
followed by 50 mg kg as Cr** (T6) at 0.384 %. The lowest P
content (0.243 %) was in 200 mg kg! as Cr® (T5). KRB (M4)
inoculation resulted in the highest P content (0.361 %), while the
un-inoculated treatment (M1) had the lowest (0.286 %). The
highest P content (0.432 %) was found in Azospirillum inoculation
without Cr (T1IM2), while the lowest (0.207 %) was in 200 mg kg
as Cr® without any inoculation (T5M1).

Potassium

The Cr treatments and microbial inoculations had significant
influence on K content (Table 9). The highest K content (2.91 %)
was in the control (T1), followed by 50 mg kg* as Cr** (T6). The
lowest K content (1.22 %) was in 200 mg kg™ Cr®* (T5). The KRB

inoculation (M4) resulted in the highest K content (2.37 %), while
the un-inoculated treatment (M1) had the lowest (1.79 %). The
highest K content (3.15 %) was in Azospirillum inoculated
treatments without Cr and the lowest (0.83 %) was in 200 mg kg*
Cr® without any microbial inoculations.

Vitamin C

The vitamin C content of harvested samples is presented in Table
10. The Cr treatments significantly influenced the Vitamin C levels,
as it acts as an antioxidant, protecting plant tissues from damage
caused by reactive oxygen species during heavy metal stress.
Among the Cr treatments, the highest vitamin C content (89.41
mg/100 g) was found with 200 mg kg™ added as Cr** (T5), followed
by 150 mg kg as Cr® (T4). The control (T1) had the lowest vitamin
C content of 72.12 mg/100 g. In microbial treatments, the control
(M1) showed the highest vitamin C content of 80.37 mg/100 g,
while KRB inoculation (M4) had the lowest at 78.14 mg/100 g. In
the interaction effects, 200 mg kg! Cr® without microbial
inoculation (T5M1) showed the highest vitamin C content of 92.85
mg/100 g, while the lowest (64.38 mg/100 g) was found in the
absolute control (T1IM1).

Carotenoids

Significant differences were observed in carotenoid levels due to
the Cr treatments, microbial inoculations and their interactions, as
shown in Table 10. The highest carotenoid content (6.14 mg/100 g)
was recorded in the control (T1), followed by 50 mg kg* as Cr** (T6).

Table 9. Effect of Cr (I1l) and Cr (VI) on N, P and K content (%) of Amaranthus as influenced by microorganisms

Nitrogen content Phosphorus content Potassium content
treatcmrents Microorganisms
M, M, M3 M,y Mean M, M. M3 M, Mean M, M, M3 M, Mean
T 2.71 3.24 2.84 3.13 2.98 0.363 0.432 0.408 0.426 0.407 2.60 3.15 2.81 3.08 291
T, 2.48 2.53 2.70 2.80 2.63 0.315 0.334 0.357 0.384 0.348 237 2.50 2.64 2.72 2.56
Ts 2.08 2.20 2.34 2.54 2.29 0.268 0.296 0.335 0.353 0.313 1.82 2.07 2.16 2.32 2.09
Ta 1.50 1.62 1.82 2.15 1.77 0.229 0.258 0.286 0.317 0.272 1.30 1.40 1.51 2.05 1.56
Ts 1.26 1.40 1.67 1.81 1.54 0.207 0.236 0.254 0.275 0.243 0.83 1.17 1.26 1.62 1.22
Te 2.51 2.60 2.74 2.90 2.69 0.345 0.395 0.386 0.410 0.384 2.40 2.54 2.66 2.80 2.60
Tz 2.19 2.47 2.51 2.72 2.47 0.312 0.336 0.362 0.388 0.350 2.08 2.20 2.42 2.65 2.34
Ts 1.86 2.18 2.20 2.53 2.19 0.285 0.302 0.341 0.364 0.323 151 1.70 2.18 2.20 1.90
Ts 1.64 1.80 2.13 2.25 1.95 0.253 0.276 0.313 0.337 0.295 1.16 1.32 1.66 191 1.51
Mean 2.02 2,23 233 2.54 0.286 0.318 0.338 0.361 1.79 2.01 214 237
T M TxM T TxM T M TxM
SE.d 0.021 0.014 0.043 0.0038 0.0025 0.0076 0.020 0.014 0.041
(A:::‘SD‘;/o) 0.043 0.028 0.085 0.0076 0.0051 0.0152 0.041 0.027 0.082
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Table 10. Effect of Cr (Ill) and Cr (VI) on vitamin C and carotenoids (mg/100 g) of Amaranthus as influenced by microorganisms
Vitamin C Carotenoids
Cr treatments Microorganisms
M; M. M; M, Mean M, M. M3 M, Mean
T: 64.38 74.52 73.25 76.32 72.12 5.72 6.41 6.14 6.31 6.14
T, 76.46 75.61 74.86 T74.65 75.39 5.63 5.76 6.32 6.28 6.00
Ts 82.35 81.14 80.27 78.67 80.61 4.42 4,94 5.33 5.67 5.09
Ts 87.63 85.39 82.64 80.41 84.02 3.75 4.05 4.52 5.13 4.36
Ts 92.85 89.51 88.53 86.76 89.41 3.27 3.73 4.11 4.45 3.89
Te 75.24 73.84 74.62 76.72 75.10 5.76 5.87 6.21 6.33 6.04
T7 17.74 76.86 76.13 75.58 76.58 5.32 5.51 5.72 6.12 5.67
Ts 81.46 78.67 77.94 76.32 78.60 4.62 4.67 5.26 5.96 5.13
To 85.10 80.54 79.45 77.87 80.74 4.12 4.53 5.07 5.42 4,79
Mean 80.37 79.56 78.633 78.14 4,73 5.05 5.41 5.74
T M TxM T M TxM
SE.d 0.936 0.624 1.872 0.056 0.037 0.112
C.D. (At 5 %) 1.866 1.244 3.732 0.112 0.074 0.223
The lowest carotenoid content (3.89 mg/100 g) was found with200  Root length

mg kg! as Cr** (T5). Among microbial inoculations, KRB (M4)
showed the highest carotenoid content of 5.74 mg/100 g, while the
control (M1) had the lowest at 4.73 mg/100 g. Regarding the
interaction effects, the highest carotenoid content (6.41 mg/100 g)
was observed with Azospirillum inoculation without Cr (T1IM2),
while the lowest content (3.27 mg/100 g) was found with 200 mg
kg as Cr** without any microbial inoculation (T5M1).

Discussion
Growth and yield parameters

The decline in germination percentage at higher chromium (Cr)
concentrations can be attributed to the inhibitory effects of Cr
species. Germination was higher in trivalent Cr treatments
compared to hexavalent Cr, likely due to the rapid absorption of
Cr®* by the embryo, causing toxicity and inhibiting germination.
Chromium exposure may suppress amylase activity, reducing
sugar availability for the embryo and hindering germination (13).
Additionally, increased protease activity under chromium stress
lowered protein levels essential for germination, delaying or
preventing it (14). Studies showed Cr* had minimal impact on
germination, but radicle development was severely inhibited
upon contact with chromium (15). It was observed that rising Cr
levels progressively reduced germination and growth, with the
highest Cr content (20 mg kg?) causing the greatest decline in
sunflower seed germination (16).

Plant height

Plant height significantly declined with increasing Cr concentrations,
with hexavalent chromium (Cr®") exerting a stronger inhibitory effect
compared to trivalent chromium (Cr®). This reduction can be
attributed to the excessive accumulation of reactive oxygen species
(ROS), which disrupt cellular metabolism, impair root development
and consequently restrict water and nutrient translocation to the
shoots. Similar findings were reported earlier, i.e. suppressed plant
height at elevated Cr levels (17-19). In contrast, microbial inoculation,
particularly with KRB, alleviated the negative effects of chromium
stress. The improvement in plant height under inoculated
treatments may be explained by enhanced nutrient availability,
improved antioxidant defense and the production of plant growth-
promoting hormones, which collectively support shoot elongation
(19).

Root length also declined with increasing Cr concentrations,
mainly due to tissue damage and inhibition of lateral root
initiation. However, at lower levels (e.g. 50 mg kg* Cr®), a slight
stimulatory effect on root elongation was observed, suggesting a
hormetic response of plants to mild stress. The application of
beneficial microorganisms mitigated the adverse effects of Cr
stress by facilitating the reduction of toxic Cr® to its less harmful
form, Cr¥, thereby lowering toxicity in the rhizosphere. This
microbial activity not only enhanced nutrient solubilization but
also promoted root growth and branching. These results are
consistent with the previous observations which highlighted the
role of microbial inoculants in alleviating heavy metal stress and
supporting root system development (20, 21).

Leaf length and breadth

Cr negatively affected leaf development, significantly reducing
leaf length and breadth. This reduction was linked to decreased
water availability, lower cell volume and nutrient imbalances
caused by Cr stress. Other studies similarly reported decreases in
leaf area, chlorophyll content and photosynthesis under elevated
Cr levels (22, 23). Microbial inoculations alleviated these effects by
improving nutrient uptake and mitigating Cr toxicity.

Yield parameters

Chromium significantly reduced the total yield of Amaranthus, with
yield declining as Cr concentrations increased. It reduced biomass
and yield to impaired physiological functions in plants exposed to
wastewater (24). Excess Cr disrupted photosynthesis and nutrient
absorption, further reducing biomass (25). Hexavalent Cr had a
more pronounced effect due to its higher mobility, causing up to a
95 % reduction in biomass at the highest doses (26). Microbial
inoculation, however, alleviated Cr toxicity, increasing plant
biomass by enhancing nutrient availability and stress tolerance
through beneficial plant-bacteria interactions (27).

Nutrient content and uptake

Chromium exposure significantly reduced the N, P and K content
in Amaranthus, with Cr® showing a more severe impact than Cr®.
The highest nutrient levels were recorded in control plants,
indicating that chromium toxicity interferes with nutrient uptake
and physiological functions. Cr®* toxicity arises from its structural
similarity to phosphate and sulfate, leading to competitive
inhibition of nutrient transport pathways, reduced translocation
and impaired root function. Additionally, chromium disrupts
metabolic processes, including enzyme activities, chlorophyll
biosynthesis and photosynthesis, further limiting nutrient
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assimilation. Oxidative stress caused by Cr-induced ROS
aggravates these effects, damaging cellular integrity and nutrient
transport systems (28-30).

Microbial inoculations counteracted chromium toxicity by
enhancing N, P and K uptake and restoring physiological balance.
Plant growth-promoting microorganisms (PGPMs) stimulated root
growth through hormone secretion (IAA and ACC deaminase),
increasing soil exploration and nutrient acquisition. They also
solubilized nutrients like phosphorus, potassium and immobilized
heavy metals, reducing their bioavailability. Furthermore, PGPMs
mitigated oxidative stress by enhancing antioxidant enzyme
activities, stabilizing cellular metabolism under Cr stress (31, 32).

These findings highlight the dual impact of chromium on
nutrient content and metabolic health in Amaranthus and the
potential of microbial inoculations to improve nutrient uptake,
alleviate oxidative stress and support plant growth in chromium
contaminated soils.

Chromium uptake

The study revealed that chromium uptake in Amaranthus
increased with rising soil Cr concentrations, with hexavalent
chromium (Cr®) being absorbed more efficiently than trivalent
chromium (Cr¥*). The highest uptake was recorded at 200 mg kg*
Cr®. This difference can be explained by the uptake mechanisms:
Cr® enters actively through phosphate and sulfate transporters,
whereas Cr* is taken up passively and tends to become
immobilized through electrostatic interactions.

Application of microbial inoculants, particularly KRB,
significantly reduced Cr uptake by facilitating the conversion of
bioavailable Cr® into its less mobile and less toxic form, Cr¥*. These
results are consistent with the observations of [33, 34], who
reported that microbial enzymes and extracellular reduction
mechanisms play a central role in decreasing Cr bioavailability in
soils.

Quality parameters

Vitamin C (ascorbic acid) content increased with higher Cr
concentrations as plants respond to Cr-induced oxidative stress
by producing antioxidants to mitigate ROS damage. Secondary
metabolites like ascorbic acid, flavonoids and phenolics enhance
metal toxicity resistance, prevent membrane deformation and aid
in signal transmission (35). In S. oleracea, non-enzymatic
antioxidants such as phenolics and anthocyanins increased at Cr
levels up to 50 uM, but higher concentrations (100 pM) caused
significant changes.

Carotenoid content in Amaranthus tissues decreased with
rising Cr levels, likely due to ROS-induced chloroplast damage
and disrupted electron transfer during redox reactions. Cr stress
negatively impacts chlorophyll, carotenoids and photosynthetic
processes like CO, fixation and enzyme activity (36). Reduced
carotenoids, which protect chlorophyll from photooxidative
degradation, are detrimental to plant health (37).

Conclusion

Chromium contamination severely affected the germination,
growth, nutrient uptake, yield and quality of Amaranthus
gangeticus, with hexavalent chromium (Cr®) proving more toxic
than trivalent chromium (Cr®). Increasing concentrations of
chromium consistently reduced germination percentage, plant

height, root length, leaf development and overall biomass
production. The higher solubility and active absorption of Cr®
through phosphate and sulfate transporters aggravated its
harmful effects on plant metabolism. Microbial inoculations,
particularly with KRB, effectively mitigated chromium toxicity by
enhancing nutrient solubilization, promoting root growth and
reducing Cr bioavailability. These microbes converted Cr** into the
less toxic Cr¥* form, thereby lowering its uptake and accumulation
in plant tissues. As a result, inoculated plants showed higher
nitrogen, phosphorus and potassium content compared to
uninoculated ones. Quality analysis revealed that vitamin C levels
increased under chromium stress due to enhanced antioxidant
defense, while carotenoid levels declined as a result of oxidative
damage to chloroplasts. However, microbial inoculation helped
maintain better carotenoid levels by alleviating oxidative stress.
The combined influence of microbes and reduced chromium
toxicity contributed to improved growth, nutrient status and yield
performance. Overall, microbial-assisted chromium mitigation
emerges as an eco-friendly approach to sustain crop productivity
and nutritional quality in chromium-polluted soils.
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