Khan et al. BMC Plant Biology =~ (2024) 24:275 BMC Plant B|o|ogy
https://doi.org/10.1186/512870-024-04920-0

Check for
updates

Exploring the synergistic effects of indole
acetic acid (IAA) and compost in the
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Abstract

Heavy metals (HMs) contamination, owing to their potential links to various chronic diseases, poses a global
threat to agriculture, environment, and human health. Nickel (Ni) is an essential element however, at higher
concentration, it is highly phytotoxic, and affects major plant functions. Beneficial roles of plant growth regulators
(PGRs) and organic amendments in mitigating the adverse impacts of HM on plant growth has gained the
attention of scientific community worldwide. Here, we performed a greenhouse study to investigate the effect

of indole-3-acetic acid (IAA @ 107> M) and compost (1% w/w) individually and in combination in sustaining
cauliflower growth and yield under Ni stress. In our results, combined application proved significantly better

than individual applications in alleviating the adverse effects of Ni on cauliflower as it increased various plant
attributes such as plant height (49%), root length (76%), curd height and diameter (68 and 134%), leaf area

(75%), transpiration rate (36%), stomatal conductance (104%), water use efficiency (143%), flavonoid and phenolic
contents (212 and 133%), soluble sugars and protein contents (202 and 199%), SPAD value (78%), chlorophyll ‘a
and b’ (219 and 208%), carotenoid (335%), and NPK uptake (191, 79 and 92%) as compared to the control. Co-
application of IAA and compost reduced Ni-induced electrolyte leakage (64%) and improved the antioxidant
activities, including APX (55%), CAT (30%), SOD (43%), POD (55%), while reducing MDA and H,O, contents (77 and
52%) compared to the control. The combined application also reduced Ni uptake in roots, shoots, and curd by
51,78 and 72% respectively along with an increased relative production index (78%) as compared to the control.

fRaheel Khan and Muhammad Junaid Sarwar contributed equally to
this work.

*Correspondence:

Muhammad Shabaan
mshabaan@parc.gov.pk

Usman Zulfigar
usman.zulfigar@iub.edu.pk

Talha Chaudhary
chaudhary.talha@stud.uni-mate.hu

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-04920-0&domain=pdf&date_stamp=2024-4-9

Khan et al. BMC Plant Biology (2024) 24:275

Page 2 of 15

Hence, synergistic application of IAA and compost can mitigate Ni induced adverse impacts on cauliflower growth

by immobilizing it in the soil.

Keywords Antioxidants, Cauliflower, Compost, IAA, Nickel, Phytostabilization

Introduction

Intensive industrialization and urbanization have sig-
nificantly raised heavy metal (HM) contamination in
soils, which is a major concern globally [1]. Heavy met-
als perist in soil for a longer time period and are trans-
ferred to human body after their entrance in food chain
causing multiple deformities and diseases [2]. Nickel (Ni)
is the 24th most abundant element in earth’s crust (3%)
after silicon (Si), magnesium (Mg), oxygen (O) and iron
(Fe), and ranks as 5th most abundant element on weight
basis [3]. However, in excessive concentrations, it exerts
adverse impacts on living beings. Natural sources of Ni
include volcanic emissions, dust, deforestation, and veg-
etation whereas, among different anthropogenic sources
are crude oil, coal combustion, and ignition of sludge and
waste [4]. In environment, excessive use of phosphate
fertilizers is also a significant source of Ni contamina-
tion [5]. Toxicity limit of Ni in plants ranges from 25 to
50 ppm [6]. Harmful symptoms of Ni toxicity include
restricted root and shoot growths, decline in leaf area and
chlorosis etc. [7]. During developmental stage, Ni toxic-
ity may result in Fe deficiency, ultimately leading to white
banding [8]. Notably, Ni has been found to adversely
affect physiological attributes of plants i.e., chlorophyll
contents owing to its interference with the uptake of dif-
ferent essential elements [9]. Similarly, Ni exposure has
been reported to cause adverse impacts on vegetative and
reproductive growth of plants flowering as well as total
RNA contents [10]. It is also involved in regulating tumor
cell proliferation and metastasis through apoptosis [11].
Furthermore, Ni exposure may result in lichenification,
eczema and erythema on skin upon exposure, and may
even cause skin cancer and allergies [12].

Remediation of HM contaminated soils is imperative to
fulfill the dietary demands of ever growing global popula-
tion, which has resulted in the shrinkage of agricultural
lands [13, 14]. Numerous physiochemical and biological
methods can be used to eliminate HM contamination but
their associated costs and complexity limit their adoption
on larger scales [15, 16]. Furthermore, these techniques
only alter the nature of pollutants, and do not eliminate
them from system. Biological approaches, on the other
hand, are cost-effective, environment friendly, and have
a high public acceptance [17, 18]. Phytoremediation
involving the use of green plants, is a sustainable alterna-
tive for the removal of hazardous metals. It is an efficient
and inexpensive technique as compared to other conven-
tional methods and can be applied to eliminate HM as
well as organic pollutants from soil [19].

Provision of plant growth regulators (PGRs) under
HM stress can enhance plant tolerance to these toxic
contaminants [20]. They are naturally occurring organic
compounds that promote plant biomass, yield, and root
growth, as well as regulate antioxidative systems under
normal and contaminated conditions [21]. Auxin (IAA),
one of the most important natural plant hormones, is
commercially used to enhance crop yield, and regulate
plant growth under stressed soil conditions [22]. Auxin
sustains plant growth and development chiefly by its bio-
synthesis, transport as well as signal transduction, and
is generally referred to as growth hormone due to its
involvement in almost every growth and developmental
process [23]. Exogenous application of auxin (IAA) can
overcome the hazardous effects of HMs on plant growth,
while addition of a suitable amount of IAA under metal-
contaminated soil can improve plant growth, biomass,
and yield [24].

Organic amendments play keen roles in reducing HM
toxicity to plants [25]. Among different organic amend-
ments, application of compost has been found to be
effective in reducing the bioavailability of HMs by their
immobilization owing to different functional groups
such as hydroxyl (OH™) or carboxylic acids (COOH")
[26]. Addition of compost as an organic fertilizer can
also lower metal solubility by forming stable chelates and
reducing its bioavailable fractions in soil solution [27].
Furthermore, combined application of PGRs and com-
post has the potential to improve plant growth under
HM-stress [28, 29]. Efficiency of phytoremediation pro-
cesses in improving the plant growth under stressed
conditions has been reported to be affected by different
factors and multiple researchers have tried to improve its
efficiency by combining with different organic amend-
ments. However, fewer reports exist in literature regard-
ing the combination of organic amendments alongside
different PGRs for sustaining plant growth under heavy
metal stressed conditions. Hence, we hypothesized that
combined application of IAA and compost can signifi-
cantly alleviate the growth and survival of cauliflower
under Ni stress by immobilizing it in soil. Based on the
hypothesis, the objectives of present study were to inves-
tigate the potential effects of auxin (IAA) and compost
in optimizing the growth, yield and physiology of cauli-
flower under Ni-contaminated soil conditions.
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Materials and methods

A greenhouse study was carried out at the wire house
located at the Institute of Soil and Environmental Sci-
ences (ISES), University of Agriculture Faisalabad (31.26
°N, 73.06 °E) for evaluating the effectiveness of plant
growth regulator i.e., TAA' in combination with compost
in reducing nickel (Ni) uptake and enhancing cauliflower
growth under Ni stress. Soil was contaminated two weeks
prior to the experiment with nickel sulfate (NiSO,) salt at
60 mg kg~ '. Similarly, compost was amended @ 1% w/w
prior to seed sowing. Solution of IAA (10~° M) was pre-
pared for cauliflower seed priming as per treatment plan.
Physicochemical attributes of soil and compost used in
the current experiment have been elaborated in Table 1.
Seeds of cauliflower (Hybrid FD-I) were taken from Veg-
etable Research Institute, Faisalabad, Pakistan. Each pot
was filled with 7 kg of uniformly mixed and air-dried
soil. Pots were arranged by following the completely
randomized design (CRD) having three replicates each
under 3-factor factorial arrangement. Initially, 5 seeds
of cauliflower per pot were sown, and 10 days after ger-
mination, the seedlings were thinned down to 2 per pot.
The experiment lasted for 120 days during which all the
essential agronomic practices were followed, and the rec-
ommended NPK (100, 60, and 60 kg ha™!) requirements
were met by applying urea, diammonium phosphate, and
muriate of potash at the recommended doses. As the
plants reached maturity, a series of biochemical, physio-
logical, and antioxidant-related analyses were conducted.
Growth and yield parameters were assessed at the time of
harvest.

Chlorophyll contents

To determine the chlorophyll contents, method out-
lined by Arnon [30] was followed, and process included
extracting 100 mg of fresh foliage sample with 8 mL of
80% (v/v) acetone in a pre-chilled mortar, followed by fil-
tering the extract mixture and adjusting the volume to 10

Table 1 Physicochemical attributes of compost and soil used in
the experiment

Properties Unit Soil Compost

Organic matter % 061 458

pH - 74 822

Electrical Conductivity dSm=" 156 2.19

Total Nitrogen % 1.35

Available mgkg™' 678 645

Phosphorous

Extractable Potassium mgkg™'  165.7 915

Cation Exchange cmolc 144

Capacity kg™!

Volumetric moisture % 3598

contents

Nickel concentration  mgkg™'  Non-detectable Non-de-
tectable
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mL with cold acetone. The optical density of the solution
was measured using a UV-Vis Spectrophotometer (ANA-
720 W, Tokyo Photoelectric Company Limited, Japan) at
wavelengths of 663 nm, 645 nm, and 480 nm respectively.
The chlorophyll pigments were quantified using a specific
formula and expressed as mg g~ FW.

Chlorophyllzar

= [12.7 (663nmOD) — 2.69 (645nmO D) x '““""'i‘(‘)l‘;gl“””) x freshweight

Chlorophyll/b/

= [[22.9 (645nmOD) — 4.68(663nmOD) x *“™Plevolume o treshweight
1000

Carotenoid contents =

|:ODa,t480mn,+0A114(0Dat663mn) —0.638(0ODat645nm)

2500 x 100

Similarly, for measuring the relative chlorophyll contents
in terms of SPAD value, chlorophyll meter (SPAD-502)
was used at 10:00 a.m.

Gas exchange

The determination of gas exchange attributes including
stomatal and sub-stomatal conductance, vapor pressure
deficit (VPD), water use efficiency (WUE), transpiration,
and photosynthetic rates, was carried out by using the
Combined Infrared Analyzing System (CIRAS-3). These
measurements were conducted between 8 and 10 a.m.,
and mean values were calculated from fully expanded top
leaves (three leaves per experimental unit) under a pho-
tosynthetic photon flux density of 1400 pmol m~2s™1,

Antioxidants measurements

Among different antioxidants, catalase (CAT) activi-
ties were determined based on H,0O, decomposition at
240 nm in 3 mL of reaction mixture [31]. Similarly, modi-
fied NBT method was used for determination of super-
oxide dismutase (SOD) activity [32]. Peroxidase (POX)
and ascorbate peroxidase (APX) activities were assayed
by following the methods of Zhang and Kirkham [33] and
Nakano and Asada [34]. During measurement of POX
activities, absorbance of reaction mixture was checked
at 470 nm. In contrast, APX activities were based on the
reduction in absorbance of reaction mixture during oxi-
dation of ascorbate.

Malondialdehyde (MDA) contents and electrolyte leakage
(EL)

Malondialdehyde (MDA) contents were determined
using the method outlined by Heath and Packer [35],
which involved reaction of thio-barbituric acid (TBA)
with tricarboxylic acid (TCA) followed by measurement
of their absorbance at 532 and 450 nm. Similarly, elec-
trolyte leakage (EL) was determined by immersing and
incubating cauliflower leaves in distilled water for one
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day and measuring the EC of that water (labelled as EC1)
by EC meter (Ohaus conductivity meter model Starter
3100 C). Later, this solution was autoclaved at 121 °C for
20 min to kill all the tissues and release all electrolytes.
Subsequently, the solution was cooled down, and again
EC was measured (labelled as EC2). The following for-
mula was used to measure electrolyte leakage [36].

EC1
Electrolyte leakage (%) = o3 100

Proline determination

Proline contents were measured by using the method of
Bates et al. [37], which involved homogenization of leaves
in salicylic acid. The concentration of H,O, in leaves
as oxidative stress marker, was determined based on
homogenization of 50 mg fresh tissue in TCA (0.1%) and
its subsequent centrifugation [38].

Nutrient uptake

Determination of nutrient uptake in plant samples was
done by digestion process. For the digestion, the method
of Wolf [39] was used, and volume of digested material
was made up to the mark by distilled water. Later, this
material was stored for nutrient analyses. For determina-
tion of nitrogen (N) and phosphorous (P), Kjeldahl dis-
tillation apparatus and Spectrophotometer were used.
Whereas, for potassium (K), calcium (Ca) and magne-
sium (Mg), Flame photometer (Jenway PFP-7) was used.

Biochemical analyses

To determine the total soluble sugar (TSS), the anthrone
sulfuric acid method was employed. The absorbance
of the reaction mixture was measured at 625 nm using
a Spectrophotometer (ANA-720 W, Tokyo Photoelec-
tric Company Limited, Japan) [40]. For free amino acid
analysis, the ninhydrin method developed by Lee and
Takahashi [41] was utilized, with absorbance measured at
570 nm. Total protein content was determined by assess-
ing the binding of protein with brilliant blue G-250, with
absorbance increasing and results compared to a stan-
dard curve [42]. For phenolic determination, leaves were
homogenized in ethanol, filtered, and the supernatant
was used for phenolic content determination using gal-
lic acid as a standard [43]. The determination of flavonoid
contents in the leaves involved an aluminum chloride
calorimetric method with quercetin as the standard [44].

Determination of total metal concentration

Mixture was digested in a solution consisting of HNO,:
H,SO,: HCIO, at a ratio of 5:2:1 and heated up to 80 °C
until a clear solution was obtained. The solution was fil-
tered by using Whatman filter # 42, and resulting mixture
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was further diluted up to 50 mL. The concentration of Ni
in soil and plants samples was analyzed using an Atomic
Absorption Spectrophotometer (Thermo Electron S
series). Similarly, bioconcentration (BCF) and transloca-
tion factors (TF) were calculated by following the method
of Ali et al. [45].

Relative production index (RPI)

It quantified the effect of HMs stress on variations in dry
matter production and was computed using the following
formula [46].

Dry matter produced under Nistress
RPI Y P

Dry matter produced under normal conditions

Statistical analysis

The data obtained for each parameter were analyzed
using a 3-way analysis of variance (ANOVA) with “Statis-
tix 8.1” software. In addition, a multiple mean-wise
comparison test was conducted using Tukey’s Honestly
Significant Difference (HSD) test at a significance level
of p<0.05. Means and standard errors were calculated by
using Microsoft Excel. Moreover, a Pearson Correlation
analysis between Ni uptake and various plant attributes
was carried out in RStudio. Based on the results, a cor-
relogram was generated using the ‘cor’ function and the
publicly available ‘corrplot’ package [47].

Results

Growth and yield attributes

Data regarding various growth (Table 2) and yield (Fig. 1)
attributes revealed that among different treatments,
sole application of compost and IAA increased shoot
length (23 and 13%), root length (63 and 44%), shoot
fresh weight (12 and 6%), root fresh weight (34 and 15%),
shoot dry weight (34 and 15%), root dry weight (100 and
67%), leaf area (46 and 39%), number of leaves per plant
(100 and 77%), curd fresh weight (10 and 6%), curd dry
weight (27 and 15%), curd diameter (125 and 106%) and
curd height (49 and 36%) as compared to control under
Ni stress. However, combined application of PGR and
compost under Ni stress performed comparatively bet-
ter and increased shoot and root lengths (49 and 76%),
shoot fresh and dry weights (24 and 136%), root fresh and
dry weights (47 and 140%), fresh and dry weights of cau-
liflower curd (18 and 52%), curd height and diameter (38
and 134%), as well as leaf area and number of leaves per
plant (75 and 215%) as compared to control treatment.

Gas exchange attributes

In current study, data regarding the role of IAA and com-
post on various gas exchange attributes (Fig. 2) exhibited
a negative correlation between these traits and Ni stress,
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Table 2 Effect of sole and combined application of IAA and compost on growth attributes of cauliflower under Ni stress

Shoot dry weight (g)

Normal

Shoot fresh weight (g)

Normal

Root length (cm)

Shoot length (cm)

Normal

Treatments

Contaminated
20.16+043 g
435+0.76f
54+057e

Contaminated
2585+0.86 h
2744057 g

Contaminated
9.17+101d

Normal

Contaminated
19.77£1.13f

70+0.28d

449+057d

15.09+1.02 bc
16.61+139b

24.14+1.85d

Control
I1AA

84.54+029 c
94+057 b

469.16+0.59 ¢

13.38+0.98 ¢

2239+204e

27.13+£2.04c

17.37+£2.04 ab 1491+£1.12 bc 48351086 b 288.7+0.72f
1897+136a 509+057 a

2431+£198d

28314201 bc

Compost

68.8+059d

108.83+£0.59 a

16.13+£138b 32052+0.74 e

2947+2.19b

31.32£199a

IAA + Compost

(2024) 24:275

No. of leaves plant™’

Normal

Leaf area (cm?)

Normal

Root dry weight (g)

Root fresh weight (g)

Normal

Contaminated
3.19+0.08 f

565+0.10e

Contaminated
11947 +3.15d
16645+247 ¢

Contaminated
824+021g

Normal

Contaminated
29+057h

823+098cd
9.32+0.74 ¢

174.61+4.4 bc
180.97+291 b
185.36+3.75b

230414219

49+057d 20.5+040d
57+057c¢

Control
I1AA

13.75+£0.60f
165+040e

25+081 ¢
28.75+020b

3331043g
394028 f

6.39+0.04d

10.11+£1.07 ab

1134+124a

71bc

174.19+4.
209.32+225ab

64.83+043 b

Compost

10.05+0.09b

a

3375+142a 19.75+0.60d

76.16+0.72 a 425+028e

Indole-3-acetic acid

IAA + Compost

Abbreviations: IAA

Means sharing same alphabets are statistically non-significant atP<0.05
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which was significantly ameliorated by combined and
individual applications of IAA and compost. In individual
application of IAA and compost, significant increments
in transpiration rate (15 and 26%), stomatal conductance
(19 and 31%), net photosynthetic rate (33 and 57%), water
use efficiency (32 and 111%), sub-stomatal conductance
(43 and 83%) and vapor pressure deficit (81 and 131%)
were pragmatic. Whereas these results were augmented
under the combined application of IAA and compost,
that increased these gas exchange attributes i.e., tran-
spiration rate (35%), stomatal conductance (104%), net
photosynthetic rate (83%), water use efficiency (143%),
sub-stomatal conductance (134%) and vapor pressure
deficit (176%) as compared to control treatment under Ni
contamination (Fig. 2).

Antioxidant production

Data in terms of antioxidant production (Fig. 3) depicted
that exposure to Ni stress significantly enhanced the level
of antioxidant production in cauliflower leaves. How-
ever, sole application of IAA and compost decreased the
activities of different antioxidants such as catalase (13
and 20%), superoxide dismutase (5 and 9%), ascorbate
peroxidase (45 and 48%) and peroxidase (34 and 44%) as
compared to relevant control conditions under Ni stress.
Contrastingly, IAA application in association with com-
post led to a further decline in these antioxidant activi-
ties, and decreased CAT, SOD, APX and POD activities
by 27, 17, 56 and 55% respectively, under Ni stress, as
compared to relevant control conditions.

Electrolyte leakage (EL) and membrane permeability

We observed a strong positive correlation between Ni
stress and various attributes such as electrolyte leakage,
malondialdehyde (MDA) contents and H,O, production
(Fig. 4). These adverse impacts on membrane functions
were significantly restored by individual and co-applica-
tion of IAA and compost. We observed that Ni stress sig-
nificantly enhanced the EL, MDA and H,0, by 99, 414
and 35% respectively as compared to control treatment.
However, application of compost and IAA decreased
the MDA contents (39 and 19%), EL (57 and 44%) and
H,0, (39 and 31%) production as compared to respec-
tive control treatment. Combined application of IAA and
compost further decreased the MDA and H,O, contents
along with EL by 62, 52 and 64% respectively, under Ni
stress. Furthermore, IAA and compost as well as their
integrated applications enhanced the proline production
in cauliflower leaves by 48, 99 and 149% respectively, as
compared to control treatment (Fig. 4).

Chlorophyll contents
Results regarding chlorophyll contents such as SPAD

value, chlorophyll ‘a; ‘b’ and carotenoid contents (Fig. 5)
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enhanced the SPAD value (42, 60 and 78%), chlorophyll ‘@’
(64, 86 and 219%), chlorophyll ‘b’ (71, 100 and 208%) and

tamination. Exposure to Ni stress led to a significant

(¢

decline in SPAD value, chlorophyll ‘a, ‘b’ and carotenoid

carotenoid contents (128, 179 and 334%) as compared to
respective control treatment under Ni contamination.

contents by 30, 53, 43 and 63% respectively, as com-

pared to control treatment. However, we observed that
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respectively,
These negative impacts on nutrient uptake were signifi-

cantly mitigated by compost and IAA, as they increased

29%

Nutrient uptake

Upon exposure to Ni stress, uptake of essential nutrients

was significantly decreased in plant, leading to severe

the N (107 and 88%), P (65 and 58%), K (32 and 16%), Ca

reduction in its growth, which was significantly counter-
acted by compost and IAA applications (Fig. 6). Uptake
of N, P, K, Ca, and Mg was reduced by 46, 29, 27, 17 and

(58 and 38%) and Mg (37 and 32%) as compared to con-
trol treatment. Moreover, combined application of IAA
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and compost significantly improved N (191%), P (69%),
K (92%), Ca (68%) and Mg (59%) under Ni contaminated
soil conditions.

Osmoprotectants production

In current experiment, exposure to Ni stress significantly
reduced the production of different osmoprotectants
such as flavonoid contents, soluble sugars and proteins,
phenolic contents, and total free amino acids by 48, 51,
50, 39 and 43% respectively, as compared to control treat-
ment (Fig. 7). However, production of these osmolytes
was significantly enhanced by individual and combined
application of IAA and compost. In terms of individual
application, flavonoid contents (91 and 51%), soluble sug-
ars (92 and 45%), soluble proteins (52 and 39%), phenolic
contents (88 and 99%), and total free amino acids (95 and
65%) were considerably enhanced by compost and IAA
applications respectively. Integrated application of IAA
and compost further enhanced these attributes as com-
pared to individual application and improved flavonoid
contents (212%), soluble sugars (202%), soluble proteins
(133%), phenolic contents (199%), and total free amino
acids (125%), in comparison with their relevant control
treatment, under Ni stress.

Nickel (Ni) concentration
Application of compost and IAA alone and in combi-
nation suppressed Ni uptake in different plant parts by
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immobilizing it in soil (Fig. 8). We observed that individ-
ual soil supplementation with IAA and compost reduced
Ni concentration in roots (14 and 9%), shoots (36 and
21%) and curd (50 and 17%) of cauliflower along with
residual soil Ni concentration (25 and 14%), as compared
to relevant control. Similarly, combined application of
IAA and compost further decreased Ni concentration
in root, shoot and curd of cauliflower by 32, 57 and 67%
respectively, in addition to residual soil Ni concentration
(46%) as compared to corresponding control treatment.
In terms of metal uptake by different plant parts such
as roots, shoots and curd, various indices such as biocon-
centration factors (BCF), translocation factors (TF) and
relative production index (RPI) were calculated (Fig. 9),
and their values indicated the potential of IAA and com-
post for phytostabilizing Ni in cauliflower rhizosphere.
During sole application of compost and IAA, BCF
value for different plant parts i.e., roots (0.46 and 0.62),
shoots (0.12 and 0.17) and curd (0.04 and 0.06) of cauli-
flower were observed, where their RPI percentages were
increased by 148 and 128% respectively, as compared to
corresponding control treatment. In combined applica-
tion, values of BCF for roots, shoots and curd were found
to be 0.24, 0.05 and 0.02 with corresponding RPI incre-
ment (180%) (Fig. 9). In terms of translocation factors,
in individual and combined application of IAA and com-
post, the TF values for shoots (0.27, 0.26 and 0.20) and
curd (0.10, 0.09 and 0.08) were found to be less than 1,
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which reflected the phytostabilization of Ni under IAA
and compost supplementation (Fig. 9).

Pearson correlation

Pearson correlation describing the interaction between
different variables (Fig. 10) was constructed to check the
existence of correlation, if any, between Ni uptake and
various plant attributes. We observed that Ni uptake
in plant shoots was negatively correlated with P uptake
(r=0.55), stomatal conductance (r=0.85), plant height
(r=0.74), sub-stomatal conductance (r=0.65), root length
(r=0.85), transpiration rate (r=0.81), water use efficiency
(r=0.64) and leaf area (r=0.67). Furthermore, Ni uptake
by plant shoots was positively correlated with antioxidant
activities such as APX (r=0.67) and POD (r=0.82) along
with EL (r=0.75). Similar negative correlation was prag-
matic between Ni uptake in plant roots and other plant
attributes (Fig. 10).
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Discussion

Heavy metal (HM) contamination arising from increased
industrialization has led to reduced agricultural pro-
ductivity and deteriorated soil health worldwide. They
disrupt normal functions of plants after their entrance
to the body leading to their declined productivity and
growth. Hence, their remediation by following suit-
able approaches is imperative to ensure sustained plant
growth under contaminated conditions [48]. Despite
numerous studies that have reported plant growth inhi-
bition under Ni stress [49], limited research is available
regarding combined effect of PGRs and organic amend-
ments in alleviating Ni mediated hazardous effects on
plant growth and soil health.

In the present study, we found that application of auxin
in association with compost significantly ameliorated
the negative effects of Ni stress on cauliflower growth
and other attributes. Beneficial effects of auxin under

D
CEm =4
POD I-IIIII-IIIII

T

-1 -0.8 -06 04 -02 0

T T T

0.2 04 06 08 1

Fig. 10 Correlogram between Ni uptake and different plant attributes under Ni stress. Abbreviations: POD=Peroxidase, EL=Electrolyte Leakage,

APX=Ascorbate peroxidase, Ni=
conductance, PH=Plant height, SS=Soluble sugars

Nickel, LA=Leaf area, TR=Transpiration rate, WUE =Water use efficiency, N=Nitrogen, RL=Root length, SC=Stomatal
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HM contaminated soils have also been reported earlier
by Ji et al. [50] and Lin et al. [51] in Solanum nigrum L.
and Leersia hexandra under Cd and Cu contamina-
tions respectively, which might be correlated with auxin
induced promotion in plant biomass via enhancement of
cell division and growth rates [52]. Similarly, increased
plant growth and biomass after compost supplementa-
tion are consistent with earlier findings [53]. Beneficial
impact of combined application of compost and PGR on
plant growth and yield attributes might be due to addi-
tive effect of IAA and compost on soil and plant health,
leading to improved plant growth as compared to their
individual applications. In terms of chlorophyll contents,
addition of IAA and compost led to an overall increase
in chlorophyll a and b as well as carotenoid contents
in leaves, which is in line with previous research find-
ings [54, 55], who suggested that chlorophyll contents
in A. obliqguus and C. vulgaris under HM stress can
be enhanced by plant growth regulators. The notable
increase in chlorophyll content observed in treatments
involving IAA, either alone or in combination with com-
post can be attributed to alterations in the pigment com-
position of the photosynthetic apparatus. These changes
may have resulted in a reduction in the content of light-
harvesting chlorophyll proteins (LHCPs), which serves
as an adaptive defense mechanism within chloroplasts,
leaves, and plants, allowing them to withstand adverse
conditions [56]. Consequently, application of compost
also minimized the negative impact of Ni on chlorophyll
in cauliflower photosynthetic organs, which were also in
line with earlier reports [57].

Cauliflower under exposure to Ni-stress exhibited
higher production of different antioxidants, which served
as defense mechanism employed by plants under HM
induced osmotic stress [58]. The SOD functions to scav-
enge and catalyze the ROS and transforms it into H,O,
and molecular oxygen under stressed soil environments
[59]. This H,O, is an intermediate ROS that is toxic to
plants. However, it can be converted to water and oxy-
gen by other antioxidant enzymes, such as CAT and POX
[60]. It has been well documented that compost offers a
crucial role in immobilizing HM, ultimately leading to
increased plant growth and antioxidant defense by mini-
mizing the uptake of HMs by plants [53]. Earlier studies
have also reported an increase in the antioxidant activi-
ties in plants due to application of compost [61]. In this
study, combined application resulted in increased anti-
oxidative production than single application. Previous
findings supported this result indicating that use of plant
growth regulators with organic amendments increased
the antioxidant potential of plants in metal-contaminated
soil [62]. Our results revealed that treatment of IAA and
compost regulated the antioxidant system in Ni-stressed
B. oleracea plant. Decreased activities of different
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antioxidative enzymes reduced the MDA contents and
alleviated HM stress in plants [63]. Reduced MDA con-
tents under combined application of compost and IAA,
as observed in current study, might be correlated with
reduced Ni mobility and its subsequent entry to plants.

Moreover, Ni stress exerts deleterious impacts on
plants by altering its biochemical attributes leading to
increased oxidative stress, and to tackle the situation,
plants accumulate intra-cellular osmoprotectants [64].
Reduced productions of soluble sugars, soluble proteins,
amino acids, and flavonoid contents were observed in
current study, which may be due to suppression of pro-
tein synthesis or increased rate of degradation of proteins
as observed by [65]. Application of different osmoprotec-
tants such as phenolics, soluble sugars and proteins offer
significant roles in imparting tolerance to plants under
stressed conditions [66]. Production of these osmo-
protectants under stressed conditions indicates their
potential to bear the burden of severe environmental
stressors by harboring a strong antioxidant response [67].
Increased osmoprotectants after application of compost
might be related to composts’ ability to enhance soil fer-
tility owing to their saturation with carbon, hydrogen,
and oxygen [68]. Hence, improved soil physicochemi-
cal attributes, increased organic matter contents and
soil fertility status improved the concentration of osmo-
protectants in plants [69]. Concentrations of MDA, and
H,0, along with electrolyte leakage were significantly
decreased under compost treatment, which reflected
the tremendous potential of compost to alleviate the Ni
mediated osmotic imbalance in plants and its disastrous
impacts on cell membranes [67].

In terms of nutrient uptake, Ni stress interfered with
their uptake, and ultimately, disrupted their benefi-
cial activities in plant body due to excessive uptake of
Ni. Earlier researchers have also reported regarding the
reduction in the uptake of essential mineral ions under
HM stress [70]. However, application of compost replen-
ished the nutrient balance by reducing the uptake of Ni
via inducing chelation, precipitation as well as adsorp-
tion of Ni leading to its increased immobilization. Ear-
lier researchers reported regarding the increased uptake
of NPK in maize seedlings after treatment with compost
[71]. Previous research has shown that the use of organic
amendments such as cow manure and compost resulted
in the successful stabilization of HMs [72]. Addition-
ally, it has been found that the ability of plants to stabi-
lize HMs can be enhanced by application of plant growth
regulators, which improve plant’s growth and physiology
under metal stress, thereby increasing its ability for phy-
tostabilization. These findings were reported in a recent
study conducted by Zhu et al. [73].
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Conclusion

Nickel (Ni) is a phytotoxic element that exerts adverse
impacts on plant growth, physiology, and lessen its yield.
It not only interferes with major plant functions but also
reduces its overall growth. As a sustainable remediation
approach, integrated application of plant growth regula-
tors (PGR) and organic amendment have proved to be
effective in immobilizing Ni levels in soil and sustaining
plant growth under contaminated conditions. In the cur-
rent study, we investigated the beneficial role of auxin
(IAA) and compost in improving cauliflower growth
under Ni contaminated soil conditions. The combined
application of auxin and compost mitigated the adverse
impacts of Ni stress on cauliflower growth, physiology,
yield, and other attributes by suppressing its uptake by
plant roots. Phytostabilization of Ni in cauliflower rhi-
zosphere was the key phenomenon behind increased
plant growth and yield. To validate these outcomes, fur-
ther research is needed for understanding the under-
lying mechanism of this interaction, and to customize
the treatment for varying soil types and degrees of Ni
contamination.
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