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Background: Datura innoxia Mill. is one of the medicinal plant which can produce
tropan alkaloids such as hyoscyamine and scopolamine with analgesic and
antiasthmatic activities. Objective: In this research, the effect of various factors such
as culture media and bacteria strain were studied on hairy roots induction and
secondary metabolites production in Datura innoxia. Methods: Strains A4, Al3,
R1000, MSU, 15834, 2656 and 11325 of Agrobacterium rhizogenes with two
different concentrations (OD = 0.5, 1) used for co-cultivation of leaf and stem
explants prepared from 1-3-month-old and 5-7-month-old plants to optimize the
production of hairy roots and then 6 different media were used for establishment and
growth of hairy roots. Results: The results of data analysis showed that A4 strain
with 86.6 % hairy root production was the best strain than others. Also, dark
conditions, younger explants and higher concentration of bacteria caused the highest
amount of induction of hairy roots. ¥2 MS medium was recognized as the best
medium for the growth of hairy roots. The results of HPLC analysis also showed that
the level of hyoscyamine in hairy roots was lower than that of normal roots which,
of course, can be compensated by the higher growth of hairy roots. Conclusion: The
appearance and growth of hairy roots depends on various factors such as bacterial
strain, culture medium, explant and its age and other factors that need to be optimized
at the beginning of any research.

1. Introduction

alkaloids, whose chemical synthesis is difficult

Datura innoxia Mill. belongs to Solanaceae
family and is well-known as the angel’s trumpet
or thorn apple in the world. This plant is a
perennial and dicotyledonous which can grow in
the form of bushes in warm climates [1]. Datura
species produce a wide spectrum of tropane

and uneconomical [2]. The use of hairy roots can
be a good alternative for the production of
specialized metabolites on a large scale [3].

The utilization of hairy root culture is a
relatively new approach that has received
increasing attention in recent years. However, in

Abbreviations: MS Medium, Murashige and Skoog Medium; B5, Gamborg et al. Medium; YMB, Yeast Maltose Broth
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the mid-1980s, evidence of the potential of hairy
roots was obtained through a series of studies that
focused on the alkaloid production [4].
Agrobacterium rhizogenes transmits the part of a
root-promoting plasmid to the plant cell and
causes hairy root production [5].

The hairy roots are longer and more branched
than normal roots, also they have no geotropism
and apical dominance. They can grow rapidly in
the absence of external plant growth regulators.
Since the production of secondary metabolites is
usually greater in differentiated tissues, hairy
roots provide an alternative technique to the use
of cell suspension cultures [4, 6].

Most studies using hairy roots have been
associated with the production of valuable
medicinal compounds. Hairy roots have also
been used to isolate new natural products with
medicinal activity, regenerate transgenic plants
with beneficial traits and studying the regulatory
pathways of secondary metabolism [7, 8]. The
phenolic acid compounds in the hairy roots of the
bitter melon plant Momordica charantia [9] and
the medicinal compound sanguinarine in hairy
roots of Macleaya cordata plant [10] showed
enhanced accumulation of metabolites compared
to natural roots.

Recombinant proteins can also be produced in
transgenic hairy roots, so they have a great
potential for the pharmaceutical industry. The
production of M12 monoclonal antibody with
good efficiency was done by Hakkinen et al.
(2014) in hairy roots of tobacco plant [11].
Another research is the production of human
gastric lipase in the hairy roots of Brassica napus
plant, this enzyme has therapeutic properties and
is used to compensate the deficiency of
pancreatic enzymes. It contributes to fatty acid
release from ingested triglycerides [12]. There
are various researches about molecular farming
through production of recombinant proteins in
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hairy root culture [13]. Due to the importance of
hairy roots, this study aimed to investigate the
effect of different strains of A. rhizogenes and
other factors on production and growth of hairy
roots.

2. Materials and Methods
2.1. Induction of hairy roots in diploid plants

The leaves and nodes of 6-8 weeks old plants
of Datura innoxia (with herbarium code 11257,
FUMH), grown in the greenhouse, were used as
explants. The explants were sterilized with
sodium hypochlorite 2 % for 15 minutes and then
washed with sterile water three times. In this
experiment, strains A4, Al3, R1000, MSU,
15834, 2656 and 11325 of Agrobacterium
rhizogenes were used in YMB culture medium
containing 100 mg/L of rifampicin antibiotic.
Sterile leaf explants were placed upside down in
petri dishes containing solid MS [14] and B5 [15]
media in a laminar air flow compartment and
inoculated with bacterial suspension using a
100 pl insulin syringe.

Stinging was performed mostly on the veins
and marginal parts of leaf explants. 500 mg/L
cefotaxime was used to remove the bacteria.
About two weeks after inoculation, the first
transgenic hairy roots appeared at the inoculation
site. When the length of the emerging roots
reaches about 2-3 cm, the roots are cut and
transferred in to the flasks containing 30 ml of
Y/ MS liquid culture medium containing 300
mg/L of cefotaxime and pH 5.5. The flasks were
then placed in the dark on a rotary shaker at 1 g.
To confirm the transgenic nature of hairy roots, a
specific PCR reaction was performed for the
amplification of rolC gene. The primers used to
amplify the rolC gene are: Forward primer
with 5'-CTCCTGACATCAAACTCGTC-3’
sequence and reverse primer with 5'-
TGCTTCGAGTTATGGGTACA-3' sequence.
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2.2. Investigation of various factors on the
appearance of hairy roots

The factors were studied for the appearance of
hairy roots, described below. The variables were
examined in separate experiments. All strains
A4, Al13, R1000, MSU, 15834, 2656 and 11325
of A. rhizogenes with two different
concentrations (OD = 0.5, 1) used for co-
cultivation of leaf and stem explants prepared
from 1-3-month-old and 5-7-month-old plants.
The explants were located on MS and B5 media.
In the next step, MS and B5 media containing
cefotaxime were used to culture the explants. In
this way, the samples cultured on MS culture
medium were transferred to both MS and B5
media containing cefotaxime. The culture
medium contained cefotaxime until the
appearance of hairy roots. The same situation
was done for explants cultured in B5 medium. To
measure the effect of light and darkness on the
appearance of hairy roots, the samples were
exposed to both dark and light conditions. The
percentage of root appearance was calculated by
dividing the number of inoculated explants with
roots to all the inoculated explants.

2.3. Investigation of factors affecting hairy root
growth

Among the factors affecting the growth of
hairy roots, we studied factors such as bacterial
strain, size of hairy roots at the time of
transferring to the liquid culture medium, type of
liquid culture medium and storage conditions of
culture medium (shaking and no shaking). In this
regard, an experiment was performed to
investigate the effect of bacterial strains (strains
A4, Al13, MSU, 15834 which produced a high
percentage of hairy roots) and the size of hairy
roots at the time of transferring to the liquid
culture medium (2 and 5-7 cm). Experiments
related to the effect of liquid culture medium and
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their storage conditions on the production of
hairy root biomass were performed as a factorial
experiment in a completely randomized design
for two strains of A4 and Al13 that grew well
compared to other strains.

Six liquid culture media of MS, > MS, Y4
MS, B5, Y, B5 and !/, B5 with sucrose
concentration of 30 g/L, in 100 ml vials
containing 25 ml of culture medium containing
300 mg/L cefotaxime, each with 5 replications
and under two conditions of shaker and without
shaker were used. After twelve weeks, when the
roots grew well, the roots were freeze-dried,
weighed and stored for alkaloid extraction.

2.4. Extraction and measurement of hyoscyamine
alkaloid

Freeze-dried samples were powdered in
mortar and used for alkaloid extraction. 300 mg
of each powder was weighed and put into the 50
ml Falcon tubes. 10 ml of 96 % ethanol was
added to each of them and then were placed on a
shaker for 48 hours with a gentle motion at 25 °C.
After that, the ethanol was evaporated by vacuum
evaporation and 5 ml of 5 % sulfuric acid was
added to each and placed in a gentle rotation for
16 hours at 25 °C. Then, in 3 steps, 3 ml of
chloroform was added to the mixture in each
time, and the chloroform precipitate containing
colorants was removed.

The precipitated acidic solution was filtered
and adjusted to pH 10 using NaOH of 10 N.
Then, in 3 steps, 3 ml of chloroform was added
to the remaining solution and the chloroform
precipitate containing the alkaloids was
removed. The evaporated solvent was dissolved
in the mobile phase and 20 pl of each was
injected into the device after passing through a
syringe filter. The HPLC device was from the
German company Zorbox, with a two-pump
system, equipped with a S2600 photodiode
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detector with a loop volume of 20 ul, and the EZ
Chrom Elite software program with integration
capabilities .The constant phase used was Cis
column with an inner diameter of 4.6 mm and a
length of 250 mm, and water: methanol:
acetonitrile with a ratio of 80:10:10 was used as
the mobile phase. The wavelength used was also
254 nm. The mobile flow velocity in this
experiment was considered to be 1 ml/min.
Solution of pure hyoscyamine powder in
methanol was used to prepare 2500 ppm of
hyoscyamine as standard.

2.5. Data analysis

The variables were examined in separate
experiments as completely randomized design
with five replications for each treatment.
Statistical analyzes were done after data
normalization. All data containing the percentage
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of hairy root appearance normalized by Arcsin
equation and then analysed by JMP ver 4
software. Mean comparisons were done using
LSD test and the curves were drawn by Excel
software.

3. Results
3.1. Production of transgenic hairy roots
Transgenic hairy roots began to appear from
the inoculation site about two weeks after
inoculation of leaf with A. rhizogenes A4, and
this process continued for 15 days after that. The
exit site of transgenic hairy roots from the
inoculum was showed in Fig. 1. When the size of
the emerging roots reached to 5-7 cm, the roots
were cut off and transferred to B5 liquid culture
medium (Fig. 1C). ¥/> MS liquid culture medium
was used for establishing the hairy roots and
decreasing the bacterial contamination.

—

Fig. 1. Hairy roots appearance from the inoculation site after co-cultivation with A4 strain (A and B), hairy root growth
in B5 liquid culture medium (C) and the hairy apperance of the roots (D)
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The transgenic hairy roots had a high growth
rate, hairy and branched appearance (Fig. 1).
Also they were able to produce callus, mainly
due to the presence of an internal source of the
auxin hormone [16] while normal roots had less
growth and branching compared to the transgenic
hairy roots.

The amount of transgenic hairy roots after two
months of growth in */>2MS liquid culture medium
increased significantly, which made it possible to
conduct a study to evaluate the stability and
growth rate.

Different clones of hairy roots had significant
differences, so the clones with slow growth were
removed. Therefore, in this study, from the
available clones, the clones that had a better
growth rate were selected for the following
experiments.

3.2. Appearance of hairy roots
3.2.1. The effect of different bacterial strains

100 -

80 -
60 -
40 -
20 -
0 -
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By applying 7 bacterial strains (A4, Al3,
15834, 2656, MSU, R1000 and 11325) on
explants, a significant difference was observed
among the strains in terms of the percentage of
hairy root appearance. All of these bacterial
strains except 11325 strain were able to produce
hairy roots. All strains of A4, A13, 15834, R1000
and MSU were able to produce hairy roots after
15 to 20 days of inoculation, while in explants
inoculated by 2656 strain, transgenic hairy roots
began to appear after four weeks.

Strain 11325 did not produce any hairy roots
and only callus appeared at the inoculation site.
The results of data analysis showed a significant
difference between different strains of bacteria in
terms of the percentage of hairy root production.
The percentage of hairy root appearance was
different in bacterial strains as it was in A4 (86.66
%), Al3 (66.66 %), 15834 (75.95 %), 2656
(15.38 %), MSU (45 %), R1000 (28.45 %) and
11325 (0 %) (Fig. 2).

Appearance percentage of hairy roots

15834 2656 R1000 11325

Agrobacterlum rhizogenesis strains

Fig. 2. The effect of bacterial strain on the percentage of root appearance. (The error bars are SE and the same letters
show no significant difference based on LSD test at 0.05 significant level)

Therefore, A4 strain in the same conditions
showed the highest percentage of hairy root
production compared to other bacterial strains.
They also had a higher rate of growth. In strain
11325, only callus production was observed at
the inoculation site and no hairy roots appeared
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(Fig. 3). Strain 2656 also produced very delicate
and small roots after one month of inoculation,
which died after three days.

These results showed that the kind of bacterial
strain is affected the production of hairy roots
which depends on their pathogenicity.

December 2022, Vol. 21, No. 84: 50-64
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3.2.2. The effect of A4 bacterial concentration
This experiment was performed using A4
bacteria with two concentrations of OD (0.5 and

1) in five replicates. The results showed a

P. Naderian, et al

significant difference between the two ODs.
Approximately, 56% and 76% of root appearance
were observed at OD 0.5 and 1 respectively

(Fig. 4).

Fig. 3. Calli formed on the explant due to inoculation with strain 11325

100 ~
80 -
60 -
40 -

20 -

Root appearance percentage

0 -
0.5

Bacterial OD

Fig. 4. The effect of bacterial OD of A4 strain on root appearance percentage. (The error bars are SE and the same
letters show no significant difference based on LSD test at 0.05 significant level)

3.2.3. Co-culturing

This experiment was performed to determine
the most suitable medium for co-culturing with
bacteria and the appearance of hairy roots. Two
culture media included B5 and MS were
compared in Table 1.

The results showed that MS-MS and MS-B5
were the most suitable media with 72% of hairy
root appearance. But between the two best, MS-
MS culture medium seems to be more desirable
for preventing high bacterial contamination in
explants. High concentration of inorganic salts in
MS medium probably prevents the high growth

Journal of Medicinal Plants

of bacteria. The rapid growth of bacteria at the
same time in B5 culture medium compared to
MS is quite evident in Fig. 5.

3.2.4. Age of explants for inoculation

The age of seedlings from which explants
were prepared, also had an effect on the rate of
hairy root appearance. 4-6-week-old seedlings
inoculated with bacteria had the highest
percentage of root appearance in the shortest
time, i.e. two weeks, and the appearance of hairy
roots decreased when the explants obtained from
5-7 months old plants.

December 2022, Vol. 21, No. 84: 50-64
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Table 1. Percentage of hairy root appearance in different culture media

Co-culturing medium

Culture medium containing cefotaxim for Percentage of hairy root

root appearance appearance
MS MS 7228
MS B5 728
B5 MS 64°
B5 B5 52°¢

Fig. 5. Bacterial growth rate around explants in the same time in two culture media: B5 (A) and MS (B)

3.2.5. Types of explants

Leaf explants had the highest ability to
produce transgenic hairy roots after inoculation
with A4 strain and the time was also shorter than
the other ones. The first hairy roots appeared
from leaf explants, 2 weeks after inoculation, but
the first hairy roots appeared in stem explants
about one month after inoculation. As a result,
leaf explants appear to be more suitable for
inoculation.

3.2.6. The effect of light and darkness

The results showed that the appearance and
growth of hairy roots in dark conditions was greater
(4-5 days earlier) than in the light conditions. Also,
more growth and density of hairy roots was
observed in dark conditions (Fig. 6).

Journal of Medicinal Plants

3.2. Confirmation of the transgenic nature of
hairy roots

The results of PCR analysis also confirmed
the presence of a 612 bp fragment related to the
rolC gene in hairy roots (Fig. 7). The PCR with
the same primers and DNA of natural roots did
not produce any bands.

3.3. Growth of hairy roots
3.3.1. Effect of bacterial strains

There was a significant difference in growth
of hairy roots which were obtained by
inoculation of strains A4, A13, 15834 and MSU
in %2 MS liquid culture medium. Obtained hairy
roots using A4 strain, had the highest growth rate
but the hairy roots using MSU strain, had the
lowest growth compared to other clones (Fig. 8).
Meanwhile, hairy roots using strains A13 and A4
showed better growth than those inoculated by
MSU and 15834, so the experiments continued
with focus on these two strains.

December 2022, Vol. 21, No. 84: 50-64
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612 bp
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Fig. 7. Confirmation of transgenic natures of hairy roots by PCR, line 1 is a negative control, line 2 is also a PCR
product of MS liquid culture medium, line 3 is natural root showed no band, lines 4 and 5 are related to the mplified
rolC gene in transgenic hairy root, amplified rolC gene belonging to Agrobacterium rhizogenes A4 and line7 is the size

marker (Ladder 1 kb, fermentase)

Root biomass (mg fresh weight

per vial

600
500
400
300
200
100

1

15834

Bacterial strains

a a
C I [
MSU A4 Al13

Fig. 8. Root biomass (mg fresh weight per vial) after 1 month in %2 MS medium (The error bars are SE and the same
letters show no significant difference based on LSD test at 0.05 significant level)
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In order to determine the growth of hairy root,
a factorial experiment in a completely randomized
design including two factors of bacterial strains
(A4 and A13, which had better growth than other
strains) and times (2, 4, 6, 8 and 10 weeks of
growth) was performed with 5 replications for
each treatment in ¥ MS culture medium and the
growth trend was plotted (Fig. 9).

In general, it was concluded that the growth
rate is different at various times, culture media
and strains.

There was a difference in the morphology of
roots from different strains. The hairy roots from
A4 strain were white, branched and longer, also
they had high density, fast growing and a callous
state. In A13 strain, white roots, short hairs with
high density, more branching than A4 and little
callus status were observed. Strain 15834
produced roots with many branches and fewer
hairs than strains A13 and A4. Slow and weak
growth was another characteristic of transgenic
roots obtained from these strains. The MSU
strain also produced delicate roots with thin,
short hairs that grew little and died after a while.

P. Naderian, et al

3.3.2. The effect of hairy root size during
transferring to culture medium

To achieve a suitable mass of hairy roots, they
were separated from the leaves and transferred to
a new culture medium. When the size of the hairy
roots reached 5-7 cm and almost covered the
surface of the petri, it was a good time to separate
them from the leaves. It seemed that earlier
transferring (2-3 c¢cm) caused no growth and
damage to the hairy roots. Bacterial
contamination will also occur due to the presence
of possible bacteria.

3.3.3. Influence of culture medium

Reports indicate that the rate of hairy root
growth varies in different culture media. In this
regard, an experiment was performed in MS, %2
MS, ¥4 MS, B5, 5 B5, ¥ B5 culture media with
two bacterial strains (A4 and Al13) and 5
replications for each treatment.

In general, liquid culture media ¥2 MS, ¥4 MS
and B5 showed the highest growth rate, which
may be due to the low concentration of salts in
these media. Also, as can be seen, the effect of
culture medium on the growth rate of hairy roots
is different among different strains and in
general, A4 strain has better growth than A13,
but in this situation, ¥a MS did not show a
significant difference (Fig. 10).

_ 1600 -
2 1400 -
S 1200 -
(<5
= 1000 -
2= 800
o3 .
cE»> 600 - Ad
o 400 - — 713
g 200 -
S
m O T T T T T 1

2 4 6 8 10 12

Time (week)

Fig. 9. Growth curve of hairy roots obtained from two bacterial strains at different times in %> MS culture medium. (The
error bars are SE)
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MS 1/2MS 1/4MS  B5 1/2B5 1/4B5

Liquid culture medium

Fig. 10. The effect of different culture media on hairy root biomass from two strains after 3 months (The error bars are
SE and the same letters show no significant difference based on LSD test at 0.05 significant level)

M shaking

1400
1200
1000
800
600
400
200

 No shaking

Root biomass (mg fresh weight per
vial)

A4

MS 1/2MS 1/4MS  B5 1/2B5 1/4B5

Liquid culture medium
A q

B Shaking

 No shaking
b

Al13

MS 1/2MS 1/4MS B5 1/2B5 1/4B5
B Liquid culture medium

Root biomass (mg fresh weight per

Fig. 11. The effect of culture medium and shaking condition on hairy root biomass of A4 strain (A) and A13 (B),
(average comparison was done for each environment separately) (The error bars are SE and the same letters show no
significant difference based on LSD test at 0.05 significant level)
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3.3.4. Effect of shaker and no shaking conditions

By analyzing the data from the conditions
considered for the culture medium of hairy root
growth (on shaker and without shaker), it was
concluded that shaking is more suitable (Fig. 11
A and B). After 2.5 months, the biomass of
961.66 and 932.5 mg of fresh weight were
recorded for hairy roots obtained for A4 and A13
strains, respectively on shaking condition and
820 and 746 mg in without shaking.

18 -
16 -
14
12

| I ‘

hairy root clone
1/2 M5

Hyoscyamine {mg per g dry
weight)

[=TRNN S I = VI - ]

hairy rcot clone

hairy root clone
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3.4. Comparison of hyoscyamine content

In general, natural roots had more hyoscyamine
than hairy roots from diploid plants. Also, hairy
roots grown in MS medium produced more
hyoscyamine than hairy roots grown in %2 MS
and B5 medium (Fig. 12). The low production of
hyoscyamine may be due to the conversion of
hyoscyamine to scopolamine.

normal root diploid plant

Fig. 12. Hyoscyamine content in different clones (The error bars are SE)

4. Discussion

In this experiment, different factors for
appearance and growth of hairy root culture in
Datura innoxia were examined and the results
showed that different strains of bacteria, kind of
explants, age of explants and culture medium
affected the appearance and the growth of hairy
roots. Differences in biomass production and
secondary metabolite production in different
clones of hairy roots have been observed
previously in different studies [17, 18, 19, 20,
21]. Due to random insertion of T-DNA,
different doses and different T-DNA expression
in the host transgenic cell genome, significant
differences among clones can be justified and it
seems that the selection of superior clones to
increase production, is very important [22]. Also
the various strains of Agrobacterium have
different gene arrangement in their root inducing
plasmid so they have different capacity for
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induction of roots [13]. Sathasivam et al. [23]
observed a significant difference among the six
strains in terms of hairy root production. In their
study, the transformation efficiency of various A.
rhizogenes strains (ATCC 13333, ATCC 15834,
A4, R1000, R1200, and R1601) was examined in
Ocimum basilicum. Among the strains, the
R1601 was the best for high transformation
efficiency of 94 %. Plant species can affected
considerably the selection of a suitable strain of
Agrobacterium to obtain transformed hairy roots,
SO it needs to be investigated experimentally
[24]. In Catharanthus roseus, a significant
difference in the rate of hairy root appearance
was observed among the five strains of A4, Al3,
15834, R1000 and MSU [25]. Also in Datura
stramonium plant, a significant difference was
observed between A4 and LBA9402 strains for
hairy root production (80 % and 40%
respectively). Also, the growth rate of transgenic
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roots with A4 was higher than LBA9402 [20].
This phenomenon was observed in other study
[26].

Different explants with various ages have
different capacity for producing of hairy roots
because they have varied contents of indigenous
hormones which affected the hairy root
production [3]. In Datura 3-month-old plants
was better than older for hairy root production.
The time for hairy root appearance was reduced
to two weeks in younger seedling [27].

Co-culturing media was also affected the
production of hairy roots as if we use MS
medium, the percentage of root production will
increase. MS medium have more inorganic salts
and lower organic material in comparison with
B5 medium [14, 15]. Therefore the growth of
bacteria in MS medium was lower than B5
medium and the contamination with bacteria was
lower. So the chance of survival explant will
increase for producing of hairy roots.

The appearance and growth of hairy roots was
also better in dark than light. When the roots are
directly exposed to light, there is a reduction in
root length [28]. Light can stimulate the root
growth by producing sugars and auxin in aerial
parts of whole plant and also red and blue light
exhibit a positive effect on root elongation in
comparison with darkness [29]. However, adding
of sucrose to the culture medium can sometimes
reverse this effect [30].

Higher concentration of hyoscyamine in MS
medium can be due to higher concentrations of
nutrients, especially ammonium and nitrate in the
culture medium [31]. Although the production of
hyoscyamine alkaloid was lower in transgenic
hairy roots than in normal roots, but due to the
high growth rate of transgenic hairy roots, the
total production of hyoscyamine in them is
higher. Another hypothesis is that the most of
produced hyoscyamine was consumed for
production of scopolamine. In a study by
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Moyano [32] on Datura, Suwon et al. [33] on
Hyoscyamus and Farsi et al. [20], similar results
were obtained. There are different repots about
the content of metabolites in hairy root clones
from different plants [34, 35]. If we could take a
hairy root clone with high production of
hyoscyamine and scopolamine content, it can be
a good alternative for production of specialized
metabolites in  pharmaceutical  industry.
Although  other  alternatives such  as
polyploidization and metabolic engineering can
be used for increasing the metabolites in
medicinal plants [36].

5. Conclusion

Root appearance and its growth can be
affected by A. rhizogenes strain, kind of explant
and lower age of explants. Also culture media
and the light can impact on root appearance and
its growth. Culture media especially MS and %2
MS with low concentration of MS salts
determined as the optimized medium for better
growth of hairy roots. Although the hyoscyamine
content was lower in hairy root clones, the
growth of hairy roots was more than normal roots
in a short time, so using hairy roots for producing
specialized metabolites can be a good alternative
for the whole plant.
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