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Chromium contamination, prevalent due to its extensive industrial application, poses a significant environmental
threat. Hexavalent chromium is notably more toxic than its trivalent form. Phytoremediation, leveraging plants’
natural detoxification mechanisms like oxidative stress counteraction, synthesis of reducing compounds, and
conversion of Cr(VI) to less toxic Cr(III), offers a promising remediation strategy. Consequently, exploring plant
species for their phytoremediation potential is crucial for environmental sustainability. This study investigates
the phytoremediation capacity of Artemisia tilesii Ledeb. hairy roots in media contaminated with Cr(VI). Hairy roots
were cultured for 7 days in Murashige and Skoog medium supplemented with Cr(VI) at concentrations of 25, 50,
and 100 mg-1't. Key parameters assessed included root biomass, flavonoid content, reducing activity, Cr(VI) content
in both roots and medium, tolerance index, and growth-corrected bioconcentration factor. Results demonstrated
that at 25 mg-L* Cr(VI), A. tilesii hairy roots exhibited a normal growth rate, with no adverse effects on flavonoid
content or reducing activity. Remarkably, these roots efficiently accumulated chromium, removing nearly 90%
of the Cr(VI) from the medium. However, higher Cr(VI) concentrations proved toxic, inhibiting root growth and
biosynthetic activity. In conclusion, Artemisia tilesii hairy roots show significant potential for phytoremediation
of Cr(VI)-contaminated environments, particularly when chromium concentrations do not exceed 25 mg-L*. This
highlights its promise as a sustainable and effective tool for environmental clean-up.
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Introduction

Heavy metals, including arsenic (As), chromium (Cr),
cadmium (Cd), copper (Cu), mercury (Hg), lead (Pb),
and zinc (Zn), are chemical elements characterized
by high atomic mass and inherent toxicity to living
organisms. The accelerating pace of industrial
development has exacerbated environmental pollution
from these elements, particularly their accumulation
in soils adjacent to metal ore processing facilities
(Tchounwou et al., 2012; Anyanwu et al., 2018; Barathi
et al, 2023). When heavy metals enter human and
animal bodies, either through direct contact or via
the food chain (Nastdsescu et al,, 2020; Nedelescu et
al,, 2017), they disrupt cellular metabolism and impair
vital organ functions, including those of the liver
kidneys, brain, and reproductive system (Afzal and
Mahreen, 2024).

Chromium occurs in the environment primarily in two
oxidation states: Cr(IIlI), an essential micronutrient
required in trace amounts, and Cr(VI) - highly toxic,
mobile, and carcinogenic. The last form induces
oxidative stress, damaging lipids, proteins, DNA, and
membranes. In plants, this leads to chlorosis, growth
inhibition, and root damage (Srivastava et al., 2021). Its
toxicity arises from the ease with which Cr(VI) enters
cells, where it undergoes intracellular reduction,
generating reactive oxygen species (ROS) and causing
DNA damage. Plants can mitigate Cr(VI) contamination
through uptake, reduction to the less toxic Cr(III),
and sequestration, making them valuable tools for
bioremediation of polluted soils and waters (Han et al.,
2023).

In plants, elevated concentrations of toxic metals
manifest as stress, primarily through growth inhibition
and leaf chlorosis (Clemens, 2006). At the molecular
level, this stress induces alterations in protein
expression (Cvjetko et al., 2014). For instance, Cr(VI)
compounds, a significant environmental pollutant
from industrial emissions of leather factories, oil
refineries, and mining operations (Tumolo et al,
2020), specifically inhibit seed germination, stem and
root elongation, and ultimately reduce overall plant
biomass (Saud et al., 2022).

Current strategies for remediating heavy metal-
contaminated water and soil in many countries largely
rely on chemical and physical methods. However,
these approaches are often hampered by significant
disadvantages: high equipment and energy costs,
the necessity of chemical reagents, and the generation
of secondary pollutants (Elnabi et al., 2023; Sarker
et al, 2023). While adsorbents and nanomaterials

show promise for water decontamination due to their
reusability, their economic viability remains debatable
(Bayuo etal., 2023; Yang et al., 2019).

The inherent detoxification mechanisms of biological
organisms propose an attractive alternative to
conventional physical and chemical methods for
cleaning heavy metal-contaminated environments
(Chen et al.,, 2022). While plants are relatively easy to
employ as accumulators of toxic compounds compared
to microorganisms, their phytoremediation efficiency
can be limited by toxicological stress, which restricts
growth and biomass production (Ojuederie and
Babalola, 2017). To soften these challenges, strategies
like soil enrichment with silicates and biochar can
reduce abiotic and biotic stress (Emamverdian et al.,
2018; Haider et al., 2022), or the use of bacteria as
“mediators” between the toxic environment and plant
roots can be explored (Riseh et al., 2023).

The genetic transformation of plants presents
a powerful approach to enhancing their resistance to
stress factors. This involves incorporating genes of
microorganisms that encode enzymes and metabolites
with antioxidantand reducing properties. A particularly
promising technique involves the co-cultivation of
plants with Rhizobium (Agrobacterium) rhizogenes.
This interaction induces plant transformation
and the formation of hairy roots, characterized by
negative geotropism, an enlarged surface area for
environmental contact, and an elevated synthesis of
secondary metabolites, including compounds with
reducing properties. Genetic transformation occurs
when the bacterial Ri-plasmid penetrates plant
cells and integrates into the plant genome, resulting
in the expression of bacterial rol and aux genes (Favero
et al., 2021). The advantages of the transgenic hairy
roots include rapid growth (without the need for
exogenous growth regulators), increased production
of secondary metabolites, and the expression of
additional genes of different origin in plant cells due
to Ri-plasmid modification (Morey and Peebles, 2022).

Hairy roots are valuable tools for toxic metal extraction
in phytoremediation because they combine high
growth rate, genetic stability, and strong biosorption
capacity - traits essential for accumulating and
tolerating heavy metals. They detoxify pollutants
through mechanismssuch as accumulation, chelation,
and degradation, making them useful in both research
and applied remediation. Induced hairy roots can
efficiently absorb and accumulate metals, and their
biochemical properties can be studied in vitro to better
understand detoxification pathways.
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Their large surface area enhances contact with metal
ions, improving uptake and accumulation efficiency.
Additionally, hairy roots exude organic acids, amino
acids, and phenolic compounds that mobilize metals,
alter rhizosphere pH, and enhance metal bioavailability.
This mimics natural root-soil interactions but under
controlled laboratory or bioreactor conditions.
Consequently, hairy roots can be used as research
tools for screening plant species with the potential to
tolerate, accumulate, and/or remove environmental
pollutants (Ontafion et al., 2014; Perotti et al.,, 2020).

Artemisia tilesii is a perennial herb native to North
America, particularly adapted to cold climates,
tundra, and alpine meadows. Its resilience to extreme
extreme environmental conditions is thought to rely on
a specialized antioxidant defense system, making this
species a promising candidate for phytoremediation
research.

In studies of metal toxicity, biomass growth serves
as a key parameter for evaluating plant tolerance at
different contaminant concentration. Meanwhile,
the flavonoid content and associated reducing activity
provide indicators of the plant’s ability to convert
toxic chromium(VI) into the less toxic chromium(III).
This reduction process not only mitigates damage
to the plants itself but also decreases ecological risk,
highlighting A. tilesii as a potential tool for remediating
chromium-contaminated environments.

The objective of our study was to determine the effect
of various Cr(VI) concentrations on the growth rate,
flavonoid content, and reducing activity of Artemisia
tilesii hairy roots.

Material and Methodology

Plant Material

Two lines of A. tilesii hairy roots (1-4 and 1-9) from
the collection of the Institute of Cell Biology and Genetic
Engineering of the National Academy of Sciences of
Ukraine were used in this study. These roots were
obtained via Agrobacterium rhizogenes - mediated
genetic transformation and studied previously
(Bohdanovych et al., 2022).

Transgenic Root Cultivation

Terminal root sections (5-15 mm in length) were
cultured in glass vials containing Murashige and
Skoog (MS) liquid nutrient medium (Murashige &
Skoog, 1962). The medium was prepared with half-
strength macrosalts (1/2 MS) and supplemented with
30 g-L*! sucrose. Roots were cultivated at 25 °C with

145 oscillations-min? on a G-25 Incubator Shaker
(New Brunswick Scientific) for 5 weeks.

Following this initial growth phase, potassium
chromate (K,Cr0,) solution, sterilized using a 0.2 um
pore diameter Minisart syringe filter (Sartorius), was
added to the vials to achieve final Cr(VI) concentrations
of 12.5, 25, 50, and 100 mg-L*. Root incubation
continued under the same conditions for an additional
7 days.

Determination of Hairy Root Weight

Upon completion of the incubation period, roots
were taken out of from the vials and blotted dry with
filter paper. Wet weight (WW) was determined using
a Sartorius L 420 P electronic balance.

Extracts Preparation

Exactly 0.3 g of roots was homogenized in 3 ml
of deionized water using a mortar and pestle.
The homogenates were centrifuged at 14,000 rpm
for 8 minutes in an Eppendorf Centrifuge 5415 C.
The resulting supernatants were collected and utilized
for the Cr(VI) content study. The same procedure of
extraction was done using 70% ethanol for the extracts
obtained for subsequent analyses, including total
flavonoid content and reducing activity assay.

Determination of Specific Flavonoid Content

The specific flavonoid content in root extracts was
determined using a modified method based on the work
of Pekal and Pyrzynska (2014). To 1 ml of deionized
water, 250 pl of extract and 75 pl of 5% NaNO, solution
were added. After mixing, 75 ul of 10% AICI, solution,
500 pl of 1M NaOH, and 600 pl of deionized water
were added at 5-minute intervals. Optical density was
measured at 510 nm using a Fluorat-02-panorama
spectrofluorimeter (Lumex). Specific flavonoid content
was calculated in rutin equivalent (mg RE-g! WW),
utilizing a calibration curve generated on various
dilutions of rutin solution (y = 1.042x; R? = 0.826).

Reducing Activity Assay

To determine the reducing activity, 312 ul of 1%
K,Fe(CN), solution and 62-250 pl of extracts were
added to 312 pl of 0.2 M phosphate buffer. The reaction
mixtures were incubated in a MICROmed VB-20 water
bath for 20 min at 50 °C. Subsequently, 312 pl of 10%
trichloroacetic acid solution, 1.25 ml of deionized
water, and 250 pl of 0.1% FeCl, solution were added
to the mixture. Optical density was measured at
a wavelength of 700 nm. Reducing activity was
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calculated as the equivalent concentration (EC,),
defined as the mass of hairy roots required to affect an
optical density of 0.5 in the reaction mixture. This value
was determined by applying linear regression analysis.

Determination of the Specific Content of Cr(VI)
in Roots and Medium

To determine the specific content of Cr(VI), a method
with diphenylcarbazide (DPC) was used (Wurster et
al,, 2012). Thus, 0.2 ml of a 0.1N sulfuric acid solution
and 0.5 ml of a 0.5% DPC solution were added to
2 ml of the medium samples or the obtained extracts,
the preparation of which is described above. The optical
density was measured at a wavelength of 546 nm.
To construct a calibration graph of the dependence
of the optical density on the concentration of Cr(VI)
in the reaction mixture, K,CrO, solution at different
concentrations was used instead of the studied
samples (y = 0.0067x; R? = 0.9812). The value of
the Cr(VI) content in the samples was calculated using
the calibration graph.

Determination of Total Cr(VI) Content in Roots
and Medium

The total Cr(VI) content in the medium (mg) was
determined based on its final concentration and
the residual volume of the medium in the vial.
The total Cr(VI) content in the roots was determined
as the specific content multiplied by the mass of roots
in the vial.

Determination of Tolerance Index (TI) and
Modified Cr(VI) Bioconcentration Factor (mBCF)

The tolerance index (TI) was calculated as the ratio of
the wet weight of roots grown in the presence of Cr(VI)
to the wet weight of roots in the control group (without
Cr(VI) addition). The bioconcentration factor (BCF) was
calculated as the ratio of Cr(VI) concentration in hairy
roots to the initial concentration in the medium.
The modified (growth-corrected) bioconcentration
factor (mBCF) was calculated as BCF multiplied by
a tolerance index.

Statistical Analysis

Experiments were performed in triplicate for all assays.
Data are presented as the mean #* standard error
(SE) of the mean, unless explicitly noted. To assess
statistical significance, one-way analysis of variance
(ANOVA) was utilized, followed by Tukey's honest
significant difference (HSD) post-hoc test for pairwise
multiple comparisons. P values less than 0.05 were

considered significant. All computations were carried
out in R version 4.4.2 (R Foundation for Statistical
Computing, Vienna, Austria). Calibration curves were
constructed, and EC,, values were calculated using
regression analysis.

Results and Discussion

Firstly, we conducted the preliminary experiment
for testing the sensitivity of the roots to Cr(VI) at
a relatively low concentration (12.5 mg-L*). In this
experiment, two independent transgenic hairy root
lines (1-4 and 1-9) were used. Root growth inhibition
was not observed under these specific conditions,
indicating an inherent resilience to abiotic stress
induced by hexavalent chromium. Visual inspection
after three-day incubation with potassium chromate
revealed only some darkening of the roots, especially
noticeable in the 1-9 root line (Figure 1).

Quantification of flavonoid content (Figure 2)
indicated a significant increase in their concentration
to 5.14 +0.33 and 3.66 +0.19 mg-g! WW following
incubation of 1-4 and 1-9 hairy root lines with
potassium chromate. These concentrations exceeded
the control values (2.56 +0.05 and 2.69 +0.05 mg RE-g™!
WW) for 2.0 and 1.4-fold in 1-4 and 1-9 hairy root
lines, respectively. This physiological response suggests
the induction of secondary metabolite synthesis,
specifically flavonoids, as a possible protective
mechanism by the hairy roots in the presence of a toxic
compound in the medium.

Effects of Cr(VI) on the Growth Rate of Hairy
Roots

As the previous experiment showed no discernible
impact on root growth, the concentration of the toxic
metal was subsequently increased. Hairy roots from
A. tilesii line 1-9 were exposed for seven days to
a medium containing Cr(VI) at concentrations of
25, 50, and 100 mg-L. This exposure led to a visible
darkening of the roots (Figure 3).

Cr(VI) had a varied impact on root growth depending
on its concentration. At 25 mg-L* Cr(VI), the wet weight
of hairy roots (3.14 £0.11 g) was statistically similar to
that of the control group (3.12 £0.25 g), suggesting no
significant effect at this lower concentration.

However, increasing the concentration to 100 mg-L™*
Cr(VI) resulted in a significant reduction in root
wet weight (2.15 #0.32 g). This indicates that higher
concentrations of Cr(VI) inhibit root growth and are
toxic to the studied samples (Figure 4). An intermediate
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0 12.5 0 12.5 mg-L* Cr(VI)
(A) (B)

Figure 1  Growth of Artemisia tilesii Ledeb. hairy root lines 1-4 (A) and 1-9 (B) under control conditions (0) and on a medium
supplemented with Cr(VI) at 12.5 mg-L* for 3 days

3.0 bA

bA

2.0

1.0

0.0
Artemisia tilesii 1-4 Artemisia tilesii 1-9

Figure 2  Specific flavonoid content in Artemisia tilesii Ledeb. hairy roots (lines 1-4 and 1-9) grown on media without
(control, 1) and with 12. mg-L! of chromium (2)
the same letters indicate no significant differences: uppercase for comparisons between lines, and lowercase for comparisons
between Cr(VI) concentrations
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(€) ' (D)

Figure 3  Artemisia tilesii Ledeb.hairy roots
control (A) and treated with Cr(VI) for 7 days at 25 (B), 50 (C), and 100 mg-L* (D)

3.0

2.0

1.0

0.0

0 25 50 100 mg-L* Cr(VI)

Figure4  Wetweightof hairy roots of Artemisia tilesii Ledeb. incubated with potassium chromate for 7 days with the addition
of Cr(VI) in the medium at concentrations of 25, 50, and 100 mg-L!; 0 - control variant without Cr(VI)
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effect on root weight (2.50 +0.11 g) was observed at
50 mg-L* Cr(VI). The regression analysis performed
on all individual measurements showed the possibility
of explaining the decrease in the growth of hair roots
by a linear dependence on the added chromium (y =
3.20-0.01x, R*=0.52).

The tolerance index (TI), which compares the wet
weight of hairy roots in toxic conditions to that
in control conditions, further supports these findings.
When hairy roots were cultivated with 25 mg-L*!
Cr(VI), the Tl was 1.02, reinforcing the observation that
this concentration did not impede growth. However,
doubling the concentration led to a noticeable decrease
in the TI. At 50 mg-L?* Cr(VI), the TI dropped to 0.76,
and at 100 mg-L* Cr(VI), it further decreased to 0.68.
These results consistently demonstrate the inhibitory
effect of hexavalent chromium on the in vitro growth of
A. tilesii hairy roots.

Cr(VI) Accumulation in A. tilesii Hairy Roots

The specific content of Cr(VI) in extracts from A. tilesii
hairy roots showed distinct patterns based on initial
chromium concentrations. At low and medium
concentrations (25 and 50 mg-L') in the growth
medium, the average specific Cr(VI) content was nearly
identical, measuring 0.0407 =0.0050 and 0.0395
+0.0001 mg-g* WW, respectively (Figure 5A). However,
when roots were cultivated in 100 mg-L* Cr(VI), this
indicator almost doubled to 0.0708 mg-g* WW.

To assess accumulation efficiency, the bioconcentration
factor (BCF) was calculated as the ratio of chromium
concentration in hairy roots to the initial concentration
in the medium. The BCF values were 1.628, 0.79,
and 0.71 for initial Cr(VI) concentrations of 25,

50, and 100 mg-L?, respectively. Since root mass
growth decreased with increasing initial chromate
concentration, the growth-corrected BCF (mBCF)
showed an even more pronounced decline, registering
1.66, 0.60, and 0.48 for 25, 50, and 100 mg-L" initial
Cr(VI) concentrations, respectively.

Conversely, the total Cr(VI) content in A. tilesii line
hairy roots (Figure 5B) after a 7-day incubation with
potassium chromate did not exhibit statistically
significant differences across the tested concentrations.
Thetotal Cr(VI) contentwas0.125+0.019,0.098 +0.006,
and 0.152 #0.022 mg Cr(VI) for initial concentrations
of 25, 50, and 100 mg-L, respectively. This suggests
that, when considering only the accumulation process
in hairy roots, the overall elimination of Cr(VI) from
the medium remains consistent within the 25 to
100 mg-L! concentration range.

Residual Cr(VI) in Culture Medium

After a 7-day incubation of hairy roots with potassium
chromate, total Cr(VI) content in the medium was
0.14 +0.02, 1.98 #0.11, and 5.17 +0.04 mg (Figure 6)
in the variants with the initial addition of 1.34, 2.68, and
5.36 mg of Cr(VI) (for the initial concentrations of 25,
50, and 100 mg-L?, respectively). These values indicate
that 10.09% (95% CI: 6.05-16.35%), 74.18% (95% CI:
52.26-88.29%), and 96.62% (95% Cl: 91.56-98.69%)
of the initial Cr(VI) remained in the culture medium
for initial concentrations of 25, 50, and 100 mg-L?,
respectively. Thus, the hairy roots most effectively
removed Cr (VI) when the metal concentration was
the lowest. For effective Cr(VI) phytoremediation of
polluted water using hairy roots, the water should be
diluted to reduce Cr(VI) concentrations to 25 mg-L™.

Bo
: :
"o 0.06 g 0.15
b =
£ E
g 2
g 004 £ 0.10
& g
E
E 002 E 0.05
= 5
5 3
o
= 0.00 &= 0.00
25 50 100 mg-Lt Cr(VI) 25 50 100 mg-L'Cr(VI)
A) (B)
Figure 5  Specific (A) and total (B) Cr(VI) content in hairy roots of Artemisia tilesii Ledeb. after incubation for 7 days with

potassium chromate
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Figure 6

The Flavonoid Content in Hairy Roots

Low doses of chromium stimulated the accumulation
of flavonoids. After 7-day incubation with 25 mg-L? of
Cr(VI), the specific flavonoid content was 3.21 #0.13 mg
RE-g' WW, which was significantly higher than
the same parameter in the control (2.45 +0.23 mg
RE-g! WW) (Figure 7). Further increasing the Cr(VI)
concentration in the medium to 50 and 100 mg-L*
progressively suppressed the synthesis of these
secondary metabolites. The specific flavonoid content
in these samples was 1.76 £0.13 and 1.05 £0.14 mg
RE-g't WW, respectively.

A linear regression analysis, encompassing all
individual measurements of specific flavonoid content
across Cr(VI) concentrations from 25 to 100 mg-L?,
demonstrated a significant inverse relationship
(v = 3.59-0.03x). The high coefficient of determination
(R?=0.80) supports the strong dependence of flavonoid
accumulation on Cr(VI) concentration within this
range.

Evaluation of Reducing Activity in Hairy
Root Extracts

When assessing the bioactivity of the extracts of
transgenic roots in the reaction with ferric chloride

Total Cr(VI) content in the medium after 7-day incubation of hairy roots

solution (Figure 8), it was found that the reducing
power (EC . = 3.62 +0.50 mg WW) at a low Cr(VI)
concentration (25 mg-L1) was not statistically different
from that of the control group (4.45 #0.61 mg WW).
However, a significant decline in the reducing power
of extracts from these hairy roots was observed with
increasing Cr(VI) initial concentrations, reaching
8.56 £0.87and 10.50 +0.71 mgWWat50and 100 mg-L*,
respectively. It should be mentioned that higher EC .
values indicate that more plant material is needed for
the reaction, reflecting lower sample activity.

A significant inverse linear correlation was observed
between the EC . values and the specific flavonoid
contentoftheA. tilesii hairy root extracts (Figure 9). This
strong relationship is supported by a high coefficient
of determination (R? = 0.94) for the established
regression model (y = 14.05-3.43x). The inverse nature
of this correlation suggests that higher flavonoid
concentrations are directly associated with enhanced
reducing activity. Consequently, flavonoids are
identified as key contributors to the observed reducing
activity within these extracts.

Thus, in this study, the effect of hexavalent chromium
on the growth of A. tilesii hairy roots was concentration-
dependent. At 25 mg-L' Cr(VI), root weight gain
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Figure 7  Specific flavonoid content in the hairy roots of Artemisia tilesii Ledeb. after a 7-day incubation with potassium
chromate at concentrations of 25-100 mg-L* Cr(VI), compared with control samples (0)
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Figure 8  Reducing power of the extracts after a 7-day incubation of Artemisia tilesii Ledeb. hairy roots with potassium
chromate at concentrations of 25-100 mg-L* Cr(VI), compared with control samples (0)
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Figure 9

Regression analysis of the relationship between EC, . and specific flavonoid content in Artemisia tilesii Ledeb. hairy

root extracts after a 7-day incubation with potassium chromate at concentrations of 25 (1), 50 (2), or 100 (3) mg-L*!

Cr(VI), compared with control samples (4)

was statistically indistinguishable from the control,
whereas higher concentrations significantly inhibited
growth. This type of response is well-documented
in the literature. For example, high concentrations of
Cr(VI) have been shown to cause growth arrest and
biomass reduction in Brassica juncea (Fengxiang et
al,, 2004). The research demonstrated that excessive
Cr(VI) levels affected sweet potato (Gao et al,, 2021)
and wheat(Wang et al,, 2017).

The values of the tolerance index confirmed
the significant toxicity of Cr(VI) in high concentrations.
In the case of roots grown in the medium with a lower
Cr(VI) concentration,the TI was 1.02. This parameter
decreased to 0.76 and 0.68 when the roots were grown
with Cr(VI) in higher concentration (50 and 100 mg-L™*
Cr(VI), respectively). These results are consistent with
studies conducted on other plants (Redondo-Gémez
et al.,, 2011; Sinha et al., 2014; Srivastava et al., 2021;
Boros-Lajszner et al, 2023). Perotti et al. (2020)
also evaluated Cr(VI) remediation by hairy roots of
Brassica napus. They found that the roots grew well
at concentrations up to 10 mg-L?* Cr(VI), while higher
concentrations were toxic for the hairy roots (Perotti et
al,, 2020). In our work, it was found that A. tilesii hairy

roots are significantly more resistant to the effects of
Cr(VI), since the weight gain in the presence of even
25mg-L* of Cr(VI) did not differ from that of the control,
and the tolerance index under such conditions was
high (TI = 1.02).

Plants of the Artemisia genus are known to produce
compounds with antioxidant and reducing properties,
including various phenoxy acids (gallic, coumaric,
chlorogenic, syringic acids) and flavonoids such as
quercetin and rutin (Ferreira et al., 2010; Stambulska
et al, 2018; Bisht et al., 2021; Sharifi et al., 2022;
Sadowska et al., 2023; Abdullajanov et al., 2025). While
heavy metals are typically toxic, low concentrations can
sometimes stimulate the synthesis of these protective
secondary metabolites. For instance, the flavonoid
content in Lycopersicon esculentum Mill. (tomato)
increased in response to low levels of copper and zinc
in the soil (Shomali et al., 2022).

Our results revealed a similar pattern. The addition of
alowconcentration of Cr(VI) tothe medium significantly
increased the flavonoid content in our plant cultures to
3.21 £0.13 mg RE-g! WW, compared to 2.45 +0.23 mg
RE-g? WW in the control. However, this stimulatory
effect was reversed athigher concentrations. Increasing
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the Cr(VI) levels to 50 and 100 mg-L* inhibited both
plant growth and flavonoid biosynthesis, reducing
the flavonoid content to 1.76 +£0.13 and 1.05 +0.14 mg
RE-g' WW, respectively. This inhibition also diminished
the associated reducing activity of the plant extracts.
EC,, value for reducing activity increased from 3.62
+#0.50 mg WW in the control to 4.45 +0.61, 8.56 +0.87,
and 10.50 £0.71 mg WW at Cr(VI) concentrations of 25,
50, and 100 mg-L!, respectively, indicating a weaker
antioxidant capacity. These findings are consistent with
previous research showing that Cr(VI) toxicity inhibits
growth and alters secondary metabolism in plants
(Dubey et al., 2018; Kumar et al., 2022).

Previous research by Ontafion et al. (2014)
demonstrated the capacity of Brassica napus hairy
roots in a hydroponic system to accumulate Cr(VI).
Our experiments with A. tilesii hairy roots similarly
showed Cr(VI) accumulation. The total Cr(VI) content
in A. tilesii hairy roots was independent of the applied
Cr(VI) dose for initial concentrations between 25 and
100 mg-L!, ranging from 0.098 to 0.152 mg.

The observed higher efficiency of Cr(VI) reduction by
hairy roots at lower initial medium concentrations,
coupled with the absence of growth inhibition, may be
attributed to several factors. As suggested by Matsia et
al. (2022), this could involve the formation of specific
flavonoid complexes and the reduction of Cr(VI) to
Cr(II) by plant metabolites. These metabolites possess
significant reducing and antioxidant activity, enabling
them to neutralize reactive oxygen species and,
consequently, better mitigate cellular damage induced
by oxidative stress.

Conclusions

Thus,ourresearch exploredhowvaryingconcentrations
of Cr(VI) in the nutrient medium affect A. tilesii hairy
roots. We found several key differences:

e No growth inhibition at low concentrations.
A. tilesii hairy roots showed no growth inhibition
when Cr(VI) concentrations did not exceed
25 mg-LL

e High tolerance at low concentrations. The roots
exhibited a high tolerance index in growth
conditions where Cr(VI) concentrations did not
exceed 25 mg-L1.

e Sensitivity to higher concentrations. Conversely,
A. tilesii hairy roots demonstrated high sensitivity
to Cr(VI) at higher concentrations.

e Increased flavonoid content at low Cr(VI). Roots
exposed to relatively low Cr(VI) levels (up to
25mg-L1) in the medium showed a higher specific

content of flavonoids compared to the control
group.

e Efficient bioremediation at low concentration.
Light more than 10% of the initial total Cr(VI)
content remained in the culture medium when its
starting concentration was 25 mg-L.

Our results show that Artemisia tilesii hairy roots
can efficiently phytoremediate Cr(VI)-contaminated
media when the initial concentration does not exceed
25 mg-L'. At or below this threshold, root viability
remains uncompromised, enabling the removal of up
to 90% of soluble Cr(VI) during the cultivation period.
These results highlight the practical potential of A
tilesii hairy-root cultures as a biotechnological tool for
treating moderately chromium-polluted water.
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