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Multi-walled carbon nanotubes improved growth, anatomy,
physiology, secondary metabolism, and callus performance
in Catharanthus roseus: an in vitro study
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Abstract

This study was conducted to monitor the physiological and molecular responses of Catharanthus roseus (rose periwinkle)
to multi-walled carbon nanotube (MWCNT) incorporation into the culture medium. The seeds were grown on hormone-
free MS medium supplemented with 0, 50, 100, and 150 mgL'of MWCNT. The supplementations of culture medium
with MWCNTs led to significant increases in plant growth indexes such as leaf width, leaf area, leaf fresh weight, root
length, and total plant biomass). Slight increases were also observed in chlorophyll a (Chla), Chlb, and carotenoid contents
(mean=18.6%) in MWCNT-treated seedlings. Protein concentrations increased by an average of 34% relative to the control.
The application of MWCNT resulted in twofold increases in the catalase and peroxidase activities. A similar trend was also
observed in the phenylalanine ammonia lyase activities (by an average of 36.5%), soluble phenols (by 23%), and alkaloids
(by 1.7-fold). Moreover, upregulations (mean =37-fold) in the transcriptions of the DAT gene resulted from the MWCNT
supplementations. Exposure to MWCNT improved cell sizes and xylem conducting tissue in treated seedlings. The applica-
tions of MWCNTs also stimulated the callus initiation and performance, implying their effects on proliferation and possible
differentiation. This study has provided evidence of role MWCNT play in improving plant performance and production of
pharmaceutical secondary metabolites.
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Introduction

The sterile and controlled environment of plant cell, tissue,
organ culture has been widely used to study changes to plant
anatomy, physiology, biochemistry, and genetics when the
culture media is supplemented with various compounds
(Kim et al. 2017; Safari et al. 2017; Asgari-Targhi et al.
2018; Moghanloo et al. 2019a, b). Attempts have been made
to optimize culture media by changing the formulations
and/or inclusion of highly potent elicitors through which a
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cellular proliferation, differentiation phenomena, and pro-
ductions of valuable pharmaceutical secondary metabolites
may be modified (Asgari-Targhi et al. 2018; Moghanloo
et al. 2019a, b). Besides, it has been shown that nano-based
products, owing to their unique physiochemical traits, may
interact with a multitude of biological systems and function
as an epigenetic factor (Yan et al. 2013; Asgari-Targhi et al.
2018). Taking callus, plant regeneration, and in vitro early
seedling performance into account, the differential behaviors
of diverse plant species in response to various nano-products
have been reported in different plant species, including nano
zinc oxide in rice (Salah et al. 2015; Sheteiwy et al. 2016,
2017) and pepper (Iranbakhsh et al. 2018), nano-Ag in Sola-
num nigrum (Ewais et al. 2015), nano chitosan in pepper
(Asgari-Targhi et al. 2018), and nano silicon in Astragalus
fridae (Moghanloo et al. 2019a, b). It has been reported that
the chitosan nanoparticle displayed the hormone-like activity
through which the micropropagations of nodal explants of
pepper were accelerated (Asgari-Targhi et al. 2018). Moreo-
ver, the nanoparticles may reprogram cellular transcription
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(Safari et al. 2018). Considering the worldwide high produc-
tion and numerous industrial functions of carbon nanotubes
(CNTs), these nano-products have gained a lot of attention
(De Volder et al. 2013). Furthermore, chemical modifica-
tion and functionalization of CNTs with the carboxylic acid,
amine, or other groups are considered as one of the most
critical factors contributed to their solubility, dispensability,
reactivity, bio-system reactions, and environmental remedia-
tion (Manzetti and Gabriel 2019; Seddighinia et al. 2019).
Recent work of Joshi et al. (2018) and Seddighinia et al.
(2019) strongly confirmed the MWCNT uptake and translo-
cation. The utilization of CNTs as a plant growth regulator to
influence diverse biological functions has been demonstrated
in seed germination and early seedling performance (Joshi
et al. 2018; Seddighinia et al. 2019), cell cycle (Khodako-
vskaya et al. 2012), growth (Oloumi et al. 2018; Joshi et al.
2018), anatomy (Joshi et al. 2018; Seddighinia et al. 2019),
flowering (Seddighinia et al. 2019), nutrition (Joshi et al.
2018; Seddighinia et al. 2019), and gene expression (Yan
et al. 2013). Furthermore, CNTs also showed ameliorating
roles in various plant species challenged with stress condi-
tions, including salinity in broccoli (Martinez-Ballesta et al.
2016) and Cd in Helianthus annus (Oloumi et al. 2018). On
the other hand, exposure to MWCNT was found to provoke
toxicity in T87 suspension cells of Arabidopsis as indicated
by the reductions in cell viabilities, chlorophyll, and dry
mass (Lin et al. 2009). Likewise, in rice, the presence of
MWCNTs in the suspension cell cultures caused a reduction
in cell viability and the accumulation of reactive oxygen
species (Tan et al. 2009). Martinez-Ballesta et al. (2016) pro-
vided evidence that MWCNTs influenced plasma membrane
characteristics of broccoli cells. Moreover, Yan et al. (2013)
provided the molecular evidence of the CNT-associated epi-
genetic modification in maize seedlings. Additionally, CNTs
in Satureja khuzestanica accelerate callus formation and
biosynthesis of secondary metabolites (Ghorbanpour and
Hadian 2015). Hence, CNTs may be a good candidate as
highly potent elicitors used in plant tissue culture, thereby
modifying plant growth, primary and secondary metabolism,
and protecting plants when exposed to stressful conditions.
However, there is a gap of knowledge of the possible roles
of CNT applications as a supplement into the rooting culture
medium, which needs to be further explored.
Catharanthus roseus (a member of the Apocynaceae
family) commonly known as rose periwinkle has attracted
a lot of concerns as a potentially important medicinal plant
due to possessing unique secondary metabolites with excep-
tional medicinal characteristics, in particular, anticancer and
antioxidant. Hence, it has been widely exploited in pharma-
ceutical industries to treat a multitude of important human
diseases, especially cancer and diabetes (Senbagalakshmi
et al. 2017). Moreover, the most efficient anticancer drugs,
including vincristine and vinblastine are derived from this
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plant species. Figure 1 shows the schematic pathway of these
terpenoid indole alkaloids in C. roseus. These compounds
are originated from catharanthine and vindoline monomers,
the mono-terpenoid indole alkaloids present in C. roseus
(Wang et al. 2010). Furthermore, the ultimate phase of vin-
doline biosynthesis is mediated through the catalytic func-
tion of deacetylvindoline4-O-acetyltransferase (DAT) (Mag-
notta et al. 2007).

We hypothesize that the application of MWCNTs induces
anatomical, physiological and molecular changes, thereby
stimulating growth, morphogenesis, metabolism, gene tran-
scription, and callogenesis in the plants cultured in sterile
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Fig. 1 Biosynthesis route of vinblastine and vincristine (the pharma-
ceutically valuable terpenoid indole alkaloids) in Catharantus roseus.
DAT deacetylvindoline-4-O-acetyltransferase
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in vitro condition. This study was conducted to monitor
responses of C. roseus to MWCNT incorporation into the
culture medium. The key objectives of the current research
were to learn the MWCNT roles in a dose-dependent manner
on (I) growth, morphology, and anatomy traits; (II) photo-
synthetic pigments; (III) enzymatic antioxidants; (IV) sec-
ondary metabolism indexes; (V) transcription of DAT gene,
and (VI) callus performance.

Materials and methods

Seeds of C. roseus were purchased from Seed and Plant
Improvement Institute in Karaj, Iran. The MWCNT com-
pound was supplied by US Research Nano Materials, Inc
(3302 Twig Leaf Lane Houston, TX 77084, USA) with the
characteristics, including young’s modulus (GPa): 1200, ten-
sile strength (GPa): 150, density (g/cm3): 2.6, thermal con-
ductivity (W/m k):3000, and electron conductivity (S/m):
10°-10".

Seeds of C. roseus were soaked in water for 24 h and
were then successively surface-disinfected in several steps
using 1.5% sodium hypochlorite for 7 min, 0.4% Benomyl
for 3 min, and 70% ethanol for 50-s. The seeds were then

Table 1 Forward and reverse primer sequences for deacetylvindoline
O-acetyltransferase (DAT) and 18S rRNA as housekeeping gene

Primer name Sequence (5-3) T,
DAT-F TCCAACCCCTCAATCCCTCA 59.35
DAT-R CAACGGATACGCACGTTTGG 59.35
18-F GGACGTATATTGGCCTCCCG 61.4
18-R GGTCGTTCGGACACCTAGAC 61.4

thoroughly rinsed three times with sterilized water after each
disinfection step. Then, seeds were grown in Petri dishes
containing different doses of MWCNT (0, 50, 100, and 150
mg L") for 3 days. Thereafter, the germinating seeds were
cultured in the hormone-free MS medium (Murashige and
Skoog 1962) supplemented with 0, 50, 100, and 150 mg L~!
of MWCNT. The activated charcoal was also applied in the
culture medium to reduce the production of the phenolic
compounds which can be toxic to plants resulting in their
browning. All cultures were incubated under a controlled
environment (temperature of 25 °C; photoperiod 16 h and
light intensity 40 pu mol photon m~2 s™1). Finally, 60 days-
old seedlings were harvested and subjected to the required
analysis.

Photosynthetic pigments

The photosynthetic pigments (Chlorophyll a (Chla), Chloro-
phyll b (Chlb), and carotenoid) were determined according
to the equations previously represented by Lichtenthaler and
Welburn (1983).

Enzyme extraction, protein concentration,
and activities of catalase, and peroxidase

Enzyme extraction from the well-grounded leaves in lig-
uid nitrogen was carried out at 4 °C in an extraction buffer
(phosphate buffer (0.1 M; pH of 7.2), containing 0.5 mM
ascorbic acid and 0.5 mM Na,-EDTA). The extracts were
then centrifuged at 4 °C and the supernatants containing
the enzyme extracts were stored at — 80 °C. The protein
concentrations were measured based on the Bradford (1976)
protocol. Using a spectrophotometer, the peroxidase activity

Fig.2 The MWCNT-mediated differential growth and morphology in the 60-day old. Catharanthus roseus seedlings grown in the MS medium
supplemented with different doses of MWCNTs. a Control; b CNT50; ¢ CNT100; d CNT150
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Fig.3 The MWCNT-associated changes in growth and biomass accumulations in 60-day old Catharanthus roseus seedlings cultured in MS

medium supplemented with different concentrations of MWCNTSs

was estimated in the reaction mixture containing phosphate
buffer (0.05 M; pH 6.5), H,0,, and guaiacol and the quanti-
fication of the absorbance variations at 470 nm per min. The
peroxidase activity was expressed in Unit E g~ fw. Catalase
activity was also spectrophotometrically assessed according
to Dhindsa et al. (1981) method.

Phenylalanine ammonia lyase (PAL) activity
and total soluble phenols

The PAL activity was measured according to Beaudoin-
Eagan and Thorpe (1985) method. The activity of this
enzyme was calculated based on the standard equation of
cinnamate and expressed in pg C;, min~! g~! fw. In addition,

Pielase clla)l auan
KACST &1l oglell 22 a Springer

the concentrations of total soluble phenols were quantified
based on the Folin-Ciocalteu method from tannic acid as a
standard curve (Asgari-Targhi et al. 2018).

Alkaloid determination

The concentration of total alkaloids was quantified accord-
ing to the method of Harborne (1973). The homogenized
leaves in 10% (v/v) acetic acid in ethanol (stand for at least
4 h) were filtered and the resulted extracts were concen-
trated in a water bath. The addition of concentrated ammo-
nium hydroxide to the samples in a dropwise manner was
performed until the complete precipitation appearance. The
sediments were resolved in 0.1 M H,SO,. The maximum
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Fig.4 Changes in photosynthetic pigments in 60-day old Catharan-
thus roseus seedlings following supplementation of MS medium with
different doses of MWCNTs

absorbance in the range between 270 and 380 nm was deter-
mined and the alkaloid level was expressed in ODg ™! fw.

Gene expression

The expression patterns of the DAT gene were monitored in
leaves. The leaf samples were stored in — 80 °C. According

to the manufacturer’s instructions of Kit, the RNA extrac-
tions from the well-grounded leaves in liquid nitrogen were
performed. Then, using RT-PCR, the synthesis of cDNAs
(complementary DNA) from the extracted RNA was carried
out using the specific Kit (YT4500, YektaTajihzAzma, Iran).
The forward and reverse primer sequences for DAT target
gene and 18S rRNA as a housekeeping gene are displayed
in Table 1. The expression of the DAT gene in each treat-
ment group was assessed using the real-time quantitative
RT-PCR approach and specific Kit (qPCRBIOSyGreen Mix
Lo-ROX). The relative expression rate of the target gene
(DAT) was calculated according to the convenient common
AAC, method (2724€Y and expressed as fold differences
(Babajani et al. 2019).

Histological procedure

To evaluate the anatomical differences, the cross-sections
of the basal stem [1 cm above transition zone of root to
shoot; fixed in ethanol/glycerol (70:30 v/v)] were made
(thickness of 10 um). The sections were then exposed to
sodium hypochlorite for 15 min and acetic acid for 3 min.
Finally, these samples were stained with carmine and meth-
ylene blue, observed and photographed monitored using a
light microscope (Moghanloo et al. 2019a, b; Seddighinia
et al. 2019).

Complementary callus experiment

For callus induction, the leaves originated from the 2nd node
(from stem base) of 8-week-old sterile seedlings were sub-
jected for preparation of explants. The explants were taken
from the middle of the leaf (1 cm) containing midrib. The
leaf explants were cultured on the MS medium containing
0.5 mg I"' BAP and 1 mg 17! 2,4-p hormones. After 45 days
later, the calli were harvested, photographed and subjected
to the further analyses.

Statistical analysis and experimental design

The experimental design was completely randomized. There
were four different treatment groups of MWCNT-treated
seedlings with three replicates. The statistical analyses of
data (one-way ANOVA) were conducted using SPSS soft-
ware. All data were represented as mean + standard error
(SE) values of three independent replicates. The significant
mean differences among the groups were assessed accord-
ing to Duncan’s multiple range test at the P <0.05 level of
significance.
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Fig.5 Changes to different biochemical traits, including protein con-
tent (a), catalase activity (b), peroxidase activity (c), PAL activity
(d), total soluble phenols (e), and concentrations of alkaloids (f) in

Results

The applications of different concentrations of MWCNT
improved seedling early growth and performance (Fig. 2).
Leaf characteristics, including leaf length, width, area,
and fresh mass were found to be altered in response to the
MWCNT treatments (Fig. 3). In comparison to the untreated
control, the MWCNT treatments significantly improved the
leaf width, area, and fresh mass. While the slight decreases
in leaf length were recorded in the MWCNT-treated seed-
lings (Fig. 3a—d). The supplementations of culture medium
with different doses of CNT led to the significant (P <0.05)
increases in root length by approximately twofolds relative
to the untreated control (Fig. 3e). The CNT-treated seedlings
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60 day old Catharanthus roseus in response to supplementations of
MS medium with different concentrations of MWCNTSs

exhibited significantly higher amounts of total fresh mass by
mean twofolds when compared to the control group (Fig. 3f).
Similarly, these plants significantly (P <0.05) possessed
higher dry mass amounts (Fig. 3f).

The CNT50 treatment caused a slight increase in Chla
content, whereas the two other CNT treatments did not find
to make a significant (P <0.05) change in this trait relative
to the control group (Fig. 4a). Except for CNT50, the CNT
treatments of 100 and 150 resulted in the augmentations in
the Chlb levels by 9.7% and 27.5% respectively (Fig. 4b).
The increases in carotenoid contents were also observed in
the CNT-supplemented seedlings among which the change
made by the CNT50 was not found to be a significant
(Fig. 4¢).
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Fig.6 The MWCNT-mediated changes in expression of DAT gene
in 60-day old Catharanthus roseus grown in the MS medium supple-
mented with different doses of MWCNTSs

The CNT treatments significantly (P <0.05) increased
concentrations of protein by a mean of 34% (Fig. 5a). These
treatments also led to significant twofold induction in the
leaf catalase activities relative to the untreated control
(Fig. 5b). With a similar trend, the CNT-treated seedlings
had higher peroxidase activity in leaves than the control
(Fig. 5¢). The PAL activities were significantly (P <0.05)
induced by an average of 36.5% (Fig. 5d). Likewise, the
utilization of CNTs significantly enhanced the total soluble
phenols by a mean of 23.6% over than the control (Fig. 5e).
Also, the CNT treatments significantly improved the produc-
tion of alkaloids when compared to the control (Fig. 5f).
Moreover, the CNT applications significantly upregulated
the expression of DAT gene (Fig. 6). The cell sizes and the
magnitude of xylem conducting tissue were also increased
in response to the CNT treatments (Fig. 7). In the com-
plementary experiment, the presence of CNTs in the cul-
ture medium stimulated callogenesis process (Fig. 8). The
MWCNT treatments also enhanced the callus fresh and dry
weights (Fig. 8).

Discussion

The results underline the considerable potencies of MWC-
NTs as the elicitor/growth-promoting supplements when
used under in vitro conditions. The incorporations of
MWCNT into the culture medium modified growth, tis-
sue differentiation, anatomy, physiology, biochemistry, and
transcription program.

Our findings in C. roseus further substantiate the growth-
promoting roles of CNTs which have recently been reported
in various other plant species (Khodakovskaya et al. 2012
in tobacco; Zhai et al. 2015 in maize and sorghum; Joshi

et al. 2018 in wheat; Seddighinia et al. 2019 in bitter melon).
The MWCNT-associated modifications in properties of
plasma membranes (Martinez-Ballesta et al. 2016), cellu-
lar elongation (Joshi et al. 2018; Seddighinia et al. 2019),
cell cycle (Khodakovskaya et al. 2012), root system (Yan
et al. 2013; Joshi et al. 2018; Seddighinia et al. 2019), tissue
differentiation, especially in xylem and phloem conduct-
ing tissues (Seddighinia et al. 2019), nutrition, and water
uptake (Lahiani et al. 2013; Martinez-Ballesta et al. 2016),
photosynthesis efficiency (Lahiani et al. 2018), transcrip-
tional regulation (Lahiani et al. 2016), epigenetic control
(Yan et al. 2013), and metabolism (Hatami et al. 2017)
have been illustrated as the underlying mechanisms through
which CNTs may improve plant growth, development, and
physiology. Moreover, the CNT-mediated up-regulation in
SLR1 and RTCS (genes involved in root development) and
down-regulations in RTH1 and RTH3 genes (implicated in
root-hair development) have been proposed as the casual
mechanisms through which CNT treatments in maize seed-
lings altered root phenotypes (Yan et al. 2013). Furthermore,
the growth-promoting effect of MWCNT presence has been
attributed to the up-regulation in transcriptions of genes
contributed to several critical biological events, including
the cell division (CycB), cell wall extension (NtLRX1), and
aquaporin (NtPIP1) (Khodakovskaya et al. 2012). Several
lines of evidence have confirmed the phytotoxicity of high
doses of CNTs (Tan et al. 2009; Begum et al. 2014; Wang
et al. 2014). However, in our study, the MWCNT exposure
resulted in no detectable phytotoxicity. Hence, further work
needs to explore this kind of interaction.

In our study, the induced activities of PAL (a key
enzyme in the phenylpropanoid metabolism), higher con-
centrations of phenolic compounds and alkaloids, and the
up-regulated expression of DAT gene (contributed to the
synthesis of alkaloids) were recorded in the MWCNT-
supplemented seedlings. There are significant correlations
among the activities of enzymes involved in secondary
metabolism (especially PAL), growth performance, and
plant resistance against stress condition (Babajani et al.
2019; Sheteiwy et al. 2019). Moreover, the MWCNT treat-
ments induced the activities of catalase and peroxidase
(two main enzymatic antioxidants). Sheteiwy et al. (2019)
highlighted the importance of activations in antioxidant
machinery and secondary metabolism in response to seed
priming. These findings can support this hypothesis that
the MWCNT application may associate with the activa-
tion of defense system through which plant resistance
against the unfavorable condition. These data underline
the MWCNT function as a highly potent elicitor. In agree-
ment with our observation, the MWCNT treatments rang-
ing from 25 to 500 pg ml~! in Satureja khuzestanica (a
medicinal plant) were found to act as an efficient elicitor,
thereby enhancing secondary metabolism (evaluated based
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Fig.7 The cross sections (10 um thickness) of basal stems (1 cm
above transition zone of root to stem) of the 60-day old Catharan-
thus roseus seedlings cultured in the hormone-free MS medium con-

on the concentrations of caffeic acid, rosmarinic acid, fla-
vonoids, and phenolics and PAL activity) and inducing
antioxidant machinery as estimated by the activity of per-
oxidase and polyphenol oxidase (Ghorbanpour and Had-
ian 2015). Furthermore, as complementary evidence, the
MWCNT treatments were found to efficiently modify the
callus initiation and performance, implying its effects on
the proliferation and differentiation processes. Likewise,
incorporating MWCNT at 25 and 50 pg ml™' into the
culture medium stimulated callus performance initiated
from the leaf explants of Satureja khuzestanica, whereas
the contrary results were observed at 100, 250, and 500
pg ml~! (Ghorbanpour and Hadian 2015). It seems that
MWCNT effect on proliferation and gene transcriptions
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taining different concentrations of MWCNT. a Control; b CNT50; ¢
CNT100; d CNT150. Pa parenchyma, Xy xylem

may be dose-dependent. For instance, low concentra-
tions of MWCNT displayed the growth-promoting role in
tobacco cell culture, whereas dramatic declines in the cel-
lular growth were recorded in the samples exposed to the
high doses (Khodakovskaya et al. 2012). Furthermore, the
SWCNT treatments in maize caused epigenetic modifica-
tion via inducing the transcriptions of HDA101, HDA102,
and HDA106 genes (histone acetyltransferases) and down-
regulating HDA108, HD1b and HD2 genes (histone dea-
cetylases) and consequently provoking an augmentation
in the global histone acetylation in the genome (Yan et al.
2013). It appears that the incorporations of MWCNTs
into the culture medium act as a highly potent elicitors/
epigenetic factor influencing plant growth, differentiation,
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Fig.8 The MWCNT-associated modifications in the callus induction,
morphology, and biomass. The calli were derived from the 45 days
old leaf explants of Catharanthus roseus cultured in the MS medium

development, metabolism, and gene regulation through
modulating the transcription program, epigenetic modi-
fications, and physiological alteration. This hypothesis is
supported by recent work of several researchers (for exam-
ple Lin et al. 2009; Khodakovskaya et al. 2012; Yan et al.
2013; Lahiani et al. 2016; Joshi et al. 2018; Seddighinia
et al. 2019).

Conclusion

The convincing evidence was provided on the potential
benefits of MWCNT application as a supplement in C.
roseus grown under in vitro conditions. This study empha-
sizes the considerable potencies of MWCNTs as a high
potent elicitor or growth-promoting agents. Interestingly,
the MWCNT application modified seedling growth, tissue
differentiation, anatomy, physiology, antioxidants, second-
ary metabolism, and transcription program. Moreover, the
MWCNT treatments efficiently improved the callus initia-
tion and performance, implying its effects on the prolifera-
tion and differentiation processes. It could be concluded
that MWCNT (a cost-effective nanomaterial product) can

containing 0.5 mg 1-' BAP and 1 mg 17! 2, 4-p hormones and differ-
ent doses of MWCNT. a Control; b CNT50; ¢ CNT100; d CNT150

improve plant growth, performance, and production of
pharmaceutically valuable secondary metabolites.
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