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Zinc Oxide Nanoparticles Induce Genetic Transformation of Silybum
marianum L. Mediated by Agrobacterium rhizogenes ATCC13332

Nanoparticulas de 6xido de zinc inducen la transformaciéon genética de Silybum

marianum L. mediada por Agrobacterium rhizogenes ATCC13332

Islam Yasir Abdullah Al-Hamdany' ®, Shifa M. Salih* ©, Muthanna Jasim Mohammed?®

Highlights

* Zinc oxide nanoparticles significantly enhanced Agrobacterium rhizogenes-mediated genetic transformation efficiency in Silybum marianum.

* Hairy root-derived callus induction reached 100% on MS2 and WP-based media supplemented with auxins and cytokinins.

* rolB gene integration was confirmed by PCR in transformed roots, shoots, and calli, validating stable T-DNA transfer.
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ABSTRACT

Introduction. Nanoparticles have recently garnered substantial interest across vatious
scientific disciplines due to their novel physicochemical properties. These patticles have found
broad applications in medicine, agriculture, environmental sciences, and pharmaceutical
technologies. Objectives. To investigate the effect of zinc oxide nanoparticles (ZnO NPs)
on the transformation efficiency of the medicinal plant milk thistle (Siybum mariannm L.)
mediated by Agrobacterium rhizogenes. Matetials and Methods. Explants derived from
20-day-old seedlings were directly injected with _Agrobacterium rhizogenes ATCC13332 using
a 0.5 mL insulin syringe. Treated explants were cultured on solidified Murashige and Skoog
(MS) medium devoid of growth regulators. Results. Hairy roots were induced in 55.86%
of leaf explants, marking the first visible indicator of successful genetic transformation.
Callus induction from hairy roots reached a 100% success rate on MS2 medium (MS +
1.0 mg'I-' benzyladenine [BA] + 0.1 mg'L-! indole-3-butyric acid [IBA]). Polymerase
chain reaction (PCR) analysis confirmed the presence of the rolB gene in the genomic
DNA of transformed tissues. Shoot regeneration occurred during hairy root maintenance.
Furthermore, supplementing MS medium with varying concentrations (25-300 pg/mL) of
ZnO NPs significantly enhanced hairy root induction, achieving a maximum rate of 100%
in leaf explants cultured on MS medium containing 150 ug/mL ZnO NPs. Conclusions.
Zinc oxide nanoparticles effectively enhanced the genetic transformation frequency in S.
mariannm, demonstrating their potential as a nanobiotechnological tool in plant genetic
engineering;

RESUMEN

Introduccion. Las nanoparticulas han captado recientemente un notable interés en diversas
disciplinas cientificas debido a sus propiedades fisicoquimicas novedosas. Estas particulas
presentan amplias aplicaciones en medicina, agricultura, ciencias ambientales y tecnologfa
farmacéutica. Objetivos. Investigar el efecto de las nanoparticulas de 6xido de zinc (ZnO NPs)
sobre la eficiencia de transformacion genética de la planta medicinal cardo mariano (S#ybum
marianum 1.), mediada por Agrobacterium rhizogenes. Matetiales y métodos. Se utilizaron
explantes de plantulas de 20 dfas de edad, los cuales fueron inyectados directamente con
Agrobacterinm rhizogenes ATCC13332 Los explantes tratados se cultivaron en medio Murashige y
Skoog (MS) solidificado, libre de reguladores del crecimiento. Resultados. Se indujeron raices
pilosas en el 55.86% de los explantes foliares, lo cual representé el primer indicador visible de
transformacion genética exitosa. La induccién de callo a partir de raices pilosas alcanzé un
100% de éxito en el medio MS2 (MS + 1.0 mg-I.-" de benciladenina [BA] + 0.1 mg-I-' de
acido indolbutirico [IBA]). El analisis mediante (PCR) confirmé la presencia del gen rolB en
el ADN genémico de los tejidos transformados. Se observo regeneracion de brotes durante
el mantenimiento de las raices pilosas. La adicion de ZnO NPs (25-300 pg/mL) al medio MS
mejoré significativamente la induccién de rafces pilosas, alcanzando un 100 % en explantes
foliares con 150 pg/mlL. Conclusiones. Las nanoparticulas de 6xido de zinc resultaron eficaces
para aumentar la frecuencia de transformacion genética en S. marianum, 1o que demuestra su
potencial como herramienta nanobiotecnoldgica en la ingenierfa genética vegetal.
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INTRODUCTION
Milk thistle (Siybum marianum 1..) (Asteraceae) is native to the Mediterranean region and is now
widespread wortldwide ' ?. Historically, it has been used for the treatment of liver disorders, gallbladder

U9, Today, this plant is receiving growing attention for its cosmetic and

ailments, and depression
medicinal applications. Its therapeutic potential is largely attributed to a flavonoid compound called
silymarin, which possesses anti-inflammatory and antioxidant properties and is also used in treating

drug-induced liver injury and viral hepatitis ©.

In addition to silymarin, S. marianum seeds contain a high oil content ranging from 20% to 30% (0).
Various fractions of this plant are utilized in different industries, including oil extraction, animal feed,

and renewable energy production *”.

Genetic transformation using Agrobacterinm rhizogenes is an efficient and rapid technique applied in

several plant species, including Eruca sativa, Plukenetia volubilis, and citrus '

. Upon infection by 4.
rhizogenes, hairy roots—neoplastic growths—form at the site of inoculation due to the integration
of transfer DNA (T-DNA) from the root-inducing (Ri) plasmid into the plant genomic DNA V.
This T-DNA region carties the rolA, rolB, rolC, and rolD genes !?. Expression of these rol genes
in host plant cells alters auxin homeostasis, which in turn promotes the proliferation of hairy roots
at the wounded sites. Consequently, the initiation of hairy root cultures generally does not require

phytohormone supplementation '".

Among these genes, rolB plays a critical role in root induction and is associated with auxin sensitivity,
often producing distinct phenotypes in transformed plants. This gene is also known to influence plant
genetic pathways by stimulating meristematic cells and directing their development not only into roots
but potentially into other tissues or organs 7. For decades, rolB has been considered essential in

rooting processes ¥

and is also a strong inducer of secondary metabolite production in transformed
tissues Y. Moreover, it has been shown to modulate various physiological responses, including free

radical scavenging and enhanced photosynthetic efficiency 7.

In recent years, nanotechnology has opened new avenues in both basic and applied plant sciences 7.
Nanomaterials—defined as materials with dimensions between 1 and 100 nanometers—possess unique
physicochemical properties due to molecular-level structural modulation, allowing rapid biological
activity . Various nanoparticles (NPs), including those composed of zinc, gold, silver, magnesium,
carbon, and copper, have demonstrated potential applications across medicine, cosmetics, agriculture,

and environmental sciences 7.
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It has been proposed that nanoparticles can enhance the efficiency of plant genetic transformation by
facilitating the uptake and integration of exogenous DNA and by overcoming physical barriers such as the
plant cell wall 7. This strategy can lead to the development of genetically modified plants with improved

traits, including increased productivity and enhanced phytochemical profiles.

The present study aims to evaluate the response of S#ybum marianum 1.. to genetic transformation mediated by
A. rhizegenes and to establish stable hairy root cultures. In addition, this work explores whether the application
of zinc oxide nanoparticles (ZnO NPs) can enhance the genetic transformation efficiency of this medicinal

plant.

MATERIALS AND METHODS

Plant material

All experiments were conducted in the Plant Tissue Culture Laboratory, Department of Biology, College of
Education for Pure Sciences at the University of Mosul, Iraq. Seeds of Silybum marianum L. were obtained
from a local market in Mosul. For surface sterilization, seeds were immersed in 2% sodium hypochlorite
(NaOCl) for 15 minutes, followed by three rinses with sterile distilled water. Sterilized seeds were cultured in
100 mL sterile glass jars containing 25 mL of hormone-free Murashige and Skoog (MS) medium “?. Cultures
were kept in darkness at 25 £ 2 °C for the first three days and then transferred to a 16 h light / 8 h dark
photoperiod.

Preparation of A. rhizogenes inoculum

A. rhizegenes strain ATCC13332 harboring the Ri plasmid was acquired from the Leibniz Institute DSMZ
(German Collection of Microorganisms and Cell Cultures). Inoculum preparation followed the method of
Abdullah et al. ®. A single colony was cultured in 5 mL of nutrient broth (NB) and incubated in a shaker at
28 °Cand 150 rpm for 72 h. Optical density (OD) at 600 nm was recorded, and the bacterial suspension with
the highest OD (0.69) was used for inoculation 4. Rhizogenes.

Direct injection of the explants

The direct injection method desctribed by Nourozi et al. ” was used. A total of 145 leaves, 90 cotyledons,
and 57 stems from 20-day-old seedlings were injected with A. 7hizegenes ATCC13332 using a 0.5 mL insulin
syringe. Furthermore, leaves were specifically injected through the midribs. All explants were cultured on
solid MS medium without plant growth regulators (PGRs). Additionally, Woody Plant (WP) medium “” was
used as a comparative treatment under the same conditions. Cultures were maintained in darkness at 25 *

2 °C and monitored daily for the initiation of hairy roots.
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Establishment of hairy roots cultures

Hairy roots successfully induced from different explants were excised and cultured on MS and WP media,
both without PGRs and supplemented with 0.5 mg L' naphthalene acetic acid (NAA) ©". Cultures were

subcultured every 10 days and maintained under the same conditions.
Callus initiation from hairy roots

Hairy root segments (~1-1.5 cm) were transferred to glass jars containing the following five different media
types for callus induction: i) MS1: MS + 1.0 mg L' BA + 0.5 mg L* NAA; ii) MS2: MS + 1.0 mg L' BA +
0.1 mg L' IBA; iif) MS3: MS + 3.0 mg L'* BA + 0.5 mg L'* IBA; iv)W1: WP + 0.5 mg L' NAA; v) W2: WP
+ 1.0 mg " NAA. Twenty-four cultures were prepared for each medium type. All the jars were placed in
the growth room at 25°C under a 16/8 h (light/dark) photoperiod. The callus initiated from hairy roots was

maintained by subculturing on to the best medium for initiation every 15 days.
Detection of rolB

Genomic DNA was extracted from hairy roots, callus derived from hairy roots, regenerated shoots, and
control (non-transformed) seedlings using a commercial kit (Promega Genomic DNA Purification Kit,
USA). The presence of T-DNA was confirmed by PCR amplification of the rolB gene, following the primer
set described by Hom-Utai et al. “: Forward (F = ’ATGGATCCCAAATTGCTATTCCTTCCACGA3’;
Reverse (R) = TTAGGCTTCTTTCTTCAGGTTTACTGCAGC3’ (Target amplicon size: 580 bp). The
PCR reaction mixture was prepared in a final volume of 24 uL using a commercial premix containing MgCI2,
KCl, Tris-HCI, dN'TPs, and Taq DNA polymerase, and was used to amplify the rolB gene. Amplification was
carried out in a T100 Thermal Cycler (Bio-Rad, USA) under the following conditions: an initial denaturation
at 95 °C for 10 minutes; 35 cycles of denaturation at 95 °C for 1 minute, annealing at 58 °C for 1 minute, and
extension at 72 °C for 1 minute; followed by a final extension at 72 °C for 5 minutes *’. After the reaction,
5 uLL of each PCR product was loaded onto a 2% agarose gel, and the amplified DNA bands were visualized

using a high-sensitivity digital camera.
Effect of zinc oxide nanoparticles on hairy roots initiation

Explants (145 leaves, 90 cotyledons, and 57 stems) from 20-day-old seedlings were injected with .A. rbizogenes
ATCC13332 as described above. They were then transferred to MS medium supplemented with various
concentrations of ZnO nanoparticles (25, 50, 100, 125, 150, 200, and 300 pg/mL). ZnO NPs (<100 nm
particle size) were obtained from Sigma-Aldrich (UK). Cultures were incubated in darkness at 25 + 2 °C. For
callus induction, hairy roots were transferred to WP medium containing 1.0 mg L-' NAA, also supplemented
with ZnO NPs at concentrations of 50, 100, 150, and 200 pug/ml..
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Statistical analysis

Since the data were parametric, analysis of variance (ANOVA) was used to compare means. Significant
differences were identified using Duncan’s Multiple Range Test (DMRT) at a 5% significance level .
A Completely Randomized Design with multiple replications was employed. All statistical analyses were
performed using SPSS version 16 (IBM, New York, NY, USA).

RESULTS

Table 1 indicates significant differences between explants in induction rates and time to hairy root appearance.
Leaf explants significantly outperformed others, with hairy roots appearing within 6 days (Figure 1A).
Cotyledons and stem sections both showed roots by 10 days (Figure 1B, C), with no significant difference
between them. No hairy roots appeared on the water-injected (control). The hairy roots were thin and white
(Figure 1D). The highest induction rate (55.86%) was observed on leaves.

Table 1. Hairy root induction in Silybum marianum explants following direct injection with A. rhizogenes
ATCC13332 (no PGRs or ZnO NPs added)

No. of Responsive . Period of hairy
Hairy roots
Type explants / No of Inoculated . . roots appearance
induction %
explants (day)

Leaves 81/145 55.86 6
Cotyledonary Leaves 22/90° 24.44 10
Stems 21/57° 36.84 10
*Control 0/30¢ 0.0 0.0
P-value 0.00

*Explants inoculated with sterile distilled water. Values with different letters differ significantly (p < 0.05).

Figure 1: Direct injection of S. marianum explants by A. rhigogenes on MS medium. (A) Hairy roots on leaves. (B) Hairy roots on
cotyledonary leaves. (C) Hairy roots on stems. (D) Culture of hairy roots.
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Interestingly, hairy roots derived from leaf explants grown on MS medium supplemented with 0.5 mg L-'
NAA occasionally regenerated shoots (Table 2). Regeneration initiated via callus formation, accompanied
by the emergence of small leaf primordia (indicative of organogenesis) within one week of subculture
(Figure 2A), and shoots were fully developed within one month (Figure 2B). However, all attempts to root

these regenerated shoots failed.

Figure 2: Shoot regeneration from S. marianum hairy roots (leaf explants) on MS + 0.5 mg/L NAA. (A) Shoots after one week.
(B) Shoots after one month.

The ability of hairy roots to initiate callus varied by explant, origin, and cultured medium (Table 2). For leat-
derived roots, on media MS2, MS3, and W2, all hairy root segments (6/6) formed callus (100%), significantly
higher than others. For cotyledon roots, MS2, MS3, and W2 also outperformed others (Table 2). For stem-
derived roots, W1 and W2 were the best (6/6, 100%) versus only 2.75/6 on MS3 (45.4%). W2 medium was
selected as the best medium for inducing and maintaining callus from hairy roots (Figure 3A, B, C).

Figure 3: Callus induction from transformed hairy roots originated from different explants of Siybum marianum 1.. on WP + 1.0

mg L-' NAA. (A) Callus of hairy roots originated from leaves. (B) Callus of hairy roots from cotyledonary leaves. (C) Callus of
hairy roots from stems.
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Meanwhile, 70/B was not detected in the untransformed seedling samples, which served as the negative
control (Figure 4).

Figure 4. PCR analysis of genomic DNA from S#fybun marianum L. tissues. Lane M: 1500-bp DNA ladder; Lane 1:
DNA from hairy roots transformed by A. rhizogenes ATCC 13332; Lane 2: DNA from callus derived from hairy roots;
Lane 3: DNA from genetically transformed shoots; Lane 4: DNA from seedlings (negative control).

Table 2: Callus initiation from hairy roots of Silybum marianum on MS and WP media supplemented with different

growth regulators

Number of hairy roots producing callus Callus initiation frequency %
: : Hair .
: Hairy Hairy roots of . : v Hairy
Media Hairy roots  Hairy roots roots of
roots of cotyledonary roots of
of stems of leaves cotyledonary
leaves leaves stems
leaves
MS1 5.25 £0.50" 450 £1.29° 4.50£1.29" 87.5 75 75
MS2 6.0 +0.0° 4.25 £1.500 6.0 £0.0° 100 100 70.83
MS3 6.0 £0.0° 275 £1.71¢ 6.020.0° 100 100 45.4
W1 450 £ 0.58° 6.0 £0.0° 0.0 £0.0¢ 75 0 100
W2 6.0£0.0° 5.25 £0.96° 6.0 £0.0° 100 100 87.5
MSO control 0 0 o 0 0 0
WPO
0 o' o 0 0 0
Control
P-value 0.00 0.025 0.00

*The number of cultured hairy roots in each medium is 24. Values with different letters differ significantly (p < 0.05).
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Treatment with ZnO nanoparticles significantly enhanced hairy root induction (Figure 5). The highest
induction rate (100%) was achieved in leaf explants cultured on MS medium with 150 pg mI-' ZnO NPs.
Other concentrations (50, 100, 125 pg mL-') also enhanced hairy root formation across explant types. In
cotyledons, significant improvements were observed at 50 and 100 pg mL-' compared to the control, while
150, 200, and 300 ug mI.-' yielded comparable results.

These results suggest that ZnO NPs are an effective elicitor of hairy root induction. However, the highest

concentration tested (300 ug mL-") had a negative impact, reducing induction rates.
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Cotyledonary leaves 22 30 45 45 23 0 ] 0
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E Leaves B Cotyledonary leaves @ Stems

Figure 5: Percentage induction of hairy root of different explants of Silybum marianum in MS medium
fortified with various concentrations of ZnO NPs. Values with different letters differ significantly (p < 0.05).

DISCUSSIONS

Direct injection is considered a key transformation method and has been successfully applied in various
plant species such as Plumbago zeylanica *, Calendula officinalis ", and Eruca sativa®. The appearance of hairy
roots serves as the first visible indicator of successful genetic transformation and T-DNA transfer from the
Ri plasmid to the plant genome “%. The favorable response observed in leaf explants compated to other
explants may be attributed to differences in endogenous hormone content among tissue types. Moreover,
injections targeted the midrib area of the leaves, a region rich in active meristematic cells ©”. Previous studies
have confirmed that explant type and age significantly influence hairy root induction 7, as do the strain of

29-3

A. rhizogenes *7" and the culture medium used ©".

Spontaneous shoot regeneration from hairy roots has been observed in other species as well. Abdullah et al.
© reported spontaneous shoot formation during subculture and maintenance of hairy roots in Eruca sativa
cultured on MS medium without growth regulators. Similarly, this phenomenon has been noted in hairy root

cultures of the medicinal plant Lopezia racemosa “”. The regenerative capacity of hairy roots may be due to an
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alteration in endogenous hormone content following Agrobacterinm-mediated transformation. It has been reported
that 70/B gene expression promotes the formation of new meristematic cells, which in turn trigger organogenesis
(13

. Additionally, shoot regeneration may be related to hormonal imbalance or nutrient depletion in the culture

medium ¢,

The success of callus formation from hairy roots could be associated with the expression of 70/ genes and auxin
biosynthesis genes (7aalM, iaaH, tr) located on the T-DNA, leading to auxin overproduction *. Previous studies
showed that transgenic cucumber roots containing the zzzM and zaaH genes were highly branched and thick, which
was atttibuted to an overproduction of auxin ©”. The detection of /B in transformed hairy roots, regenerated
shoots, and callus derived from hairy roots confirmed successful T-DNA integration. While the appearance of

hairy roots is generally considered a preliminary indicator of successful genetic transformation with 4. rhizogenes

(36-37 (8, 38-39)

', rol gene detection is regarded as a definitive confirmation, as also supported by other studies

Nanoparticles are considered more efficient, functional, and prominent in their action compared to their macro-

sized counterparts due to their nanoscale dimensions and increased surface area %

. These properties enhance
their effectiveness in various biological processes. The impact of nanoparticles on plant transformation has
been demonstrated in several studies "~ *". The significant effect of ZnO nanoparticles in enhancing hairy root
induction observed in this study may be attributed to evidence that NPs facilitate horizontal gene transfer (HGT)
between plant cells and bacteria “?. Additionally, ZnO NPs may act as elicitors that induce vatious physiological

0-41,43)

responses . Their interaction with plant cell walls may also alter membrane permeability and cellular activity,

as observed in Trigonella foenum graecum V.

The results cleatly indicated that low concentrations of ZnO nanoparticles significantly enhanced hairy root
induction, whereas high concentrations (300 pug ml.-") suppressed this process. Khan et al. similarly reported that
low NP concentrations stimulate metabolic processes, while higher doses may be toxic due to accumulation in

cellular organelles 9.

CONCLUSIONS

Successful genetic transformation of milk thistle (Szybum marianum 1..) was achieved via Agrobacterium
rhizogenes in this study. The application of zinc oxide nanoparticles (ZnO NPs) significantly enhanced the
transformation frequency, particulatly at 150 pg/mlL in leaf explants. These findings may provide a useful

platform for improving the production of secondary metabolites in this important medicinal plant.
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