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Abstract Phyllanthus hainanensis is a shrub that has
been used in traditional herbal medicine. It has great
pharmaceutical potential for treating diseases such as
cancer and diabetes. As a prerequisite for propagation of
this species on a large scale, hairy roots in P. hainanensis
were induced using Rhizobium rhizogenes and various
factors affecting hairy root induction and growth
evaluated. Seven factors were tested: (1) type of explant,
(2) type of culture medium, (3) duration of pre-culture,
(4) R. rhizogenes inoculum cell density, (5) duration of
infection, (6) acetosyringone concentration in the culture
medium, and (7) duration of incubation. The optimal
protocol for hairy root induction and growth was:
young shoots, pre-cultured in Y1 for 2 d, inoculated with
R. rhizogenes broth with an OD600 of 0.6 for 20 min, and
incubated for 3 d. Putative transgenic hairy roots were
initially identiﬁed by morphology and then conﬁrmed by
polymerase chain reaction. Successful and optimal production of hairy roots is a critical prerequisite for industrial
scale clonal propagation of P. hainanensis. Being able to
cultivate the plant on a large scale will provide rapid and
ready supply of the plant materials that can be used in
herbal medicine and in scientiﬁc and industrial
exploitation.
Keywords hairy root induction, medicinal plant, MS
growth medium, Phyllanthus hainanensis, Rhizobium
rhizogenes
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Introduction

Phyllanthus (Euphorbiaceae) is a genus well known for its
use in traditional herbal medicine for treating a variety of
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diseases such as cancer, diabetes, hyperlipidemia, asthma,
ulcer, hepatitis and malaria. For example, Phyllanthus spp.
have traditionally been used as a therapeutic alternative for
the treatment of malaria and hyperlipidemia in South
America[1]. In China and South East Asia, both Phyllanthus amarus and P. urinaria have been used to treat
diabetes and diarrhea[2–4]. More recently, P. niruri was
found to be an effective treatment for kidney stones[5,6].
Bioactive compounds extracted from fruits of P. emblica
exhibit antidiabetic activity[7] and root extracts of
P. amarus are hepatoprotective and able to induce
apoptotic cell death in human breast cancer cells[8], and
induce antitumor immune responses against tumor antigen[9]. A variety of secondary metabolites with antioxidant, anticancer and antimicrobial properties extracted
from Phyllanthus have been identiﬁed, including diterpenoids, polyphenols, alkaloids, ﬂavonoids, terpenoids and
lignans[3,7,10–12].
Among the Phyllanthus spp., the shrub, P. hainanensis,
has become a focus due to the recent discovery of
phainanoids in extracts of this species[13,14]. Phainanoids, a
class of metabolites with immunosuppressive properties,
have great potential in treating diseases such as breast
cancer, diabetes, hyperlipidemia and hypertension. Six
phainanoids, A–F, have been isolated from root extracts of
P. hainanensis and shown to exhibit potent immunosuppressive activities[13,14]. The species has a tropical and
subtropical distribution, occurring in parts of Hunan,
Guangxi and Hainan of China[15]. P. hainanensis has been
used as herbal medicine for treatment of ophthalmic and
inﬂammatory diseases[4]. There is no reported cultivation
of the species. The growing demands for P. hainanensis
materials as herbal medicine and for scientiﬁc and
pharmaceutic exploitation have exerted pressure on the
wild populations and caused local extinctions. This species
is found only in small isolated populations in mountainous
areas within its range. In addition, collection of
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P. hainanensis from the wild is labor intensive and
expensive. Commercial cultivation of the species will
help conserve wild populations and should make its
commercial utilization more cost effective. As a critical
prerequisite for industrial scale clonal propagation of this
important medicinal plant, we undertook experiments to
develop a protocol for production of hairy roots in
P. hainanensis.
Hairy root is a phenotype of T-DNA caused by
Rhizobium rhizogenes (syn. Agrobacterium rhizogenes)
infection of plant tissues followed by the insertion of the
root-inducing plasmid (Ri plasmid) carried by the
bacterium into the host nuclear genome[16]. Hairy roots
are characterized by numerous branches, ageotropism, fast
growth, hormone independence and high level production
of secondary metabolites[17,18]. Induction of hairy roots has
been attempted in a large number of medicinal plant
species, including Cannabis sativa[19], Scutellaria ocmulgee[20], licorice (Glycyrrhiza spp.)[21], Rhaponticum
carthamoides[22], Panax ginseng[17] and Sphagneticola
calendulacea[23].
In this study, R. rhizogenes strain K599 was used to
induce hairy roots in P. hainanensis. To optimize hairy root
production, tests included different types of explant,
including leaves, young shoots and roots, and various
growth media and cultural conditions for hairy root
production and growth. Of the explant types tested, it
was found that young shoots were most suitable for hairy
root induction. The production of hairy roots was identiﬁed
by root morphology and conﬁrmed by PCR analysis.

2

Materials and methods

2.1

Starter cultures

R. rhizogenes strain K599, from cultures preserved at
-80°C, was grown on sterilized LB agar (pH 7.2) at 28°C
for 48 h in the dark. A single bacterial colony was excised
from the agar and placed in a 10 mL centrifuge tube
containing 3 mL LB broth. The tube was placed on an
orbital shaker at 200 r$min–1 for 20 h at 28°C in the dark.
The broth was opaque white-yellow after 20 h. This broth

was used as the starter for all subsequent experiments.
2.2

Plant material

Seedlings of P. hainanensis were collected from a
mountainous area of Changjiang County, Hainan, China
and were grown in a greenhouse at Huazhong Agricultural
University. A healthy plant was selected and propagated by
tissue culture as part of a separate study. These clonal
plants were potted and grown in the greenhouse. All plant
materials used in the present study were derived from these
plants.
2.3

Surface sterilization of plant materials

All plant material (leaves, young shoots and roots) were
cleaned and surface sterilized before use. Plant material
was ﬁrst soaked in saturated detergent solution for 20 min,
then cleaned with a soft brush and ﬁnally rinsed in running
water for about 1 h. After cleaning, the material was
surface sterilized in a laminar ﬂow cabinet; ﬁrst it was
soaked in 75% alcohol for 30 s, then rinsed with sterile
distilled water three times (2 min each), soaked in 0.1%
mercuric chloride solution for 10 min with frequent
stirring, rinsed with sterile distilled water ﬁve times, and
ﬁnally blotted dried with sterile ﬁlter paper. Surface
sterilized plant material was used in all experiments.
2.4

Experimental design

To determine the optimal protocol for hairy root production for P. hainanensis, a series of experiments were
conducted to evaluate the effects of (1) type of explant,
(2) type of culture medium, (3) duration of pre-culture,
(4) R. rhizogenes inoculum cell density, (5) duration of
infection, (6) acetosyringone (AS) concentration in the
culture medium, and (7) duration of incubation. Details of
the experiment design are presented in Table 1.
2.5

Effect of explant type and pre-culture medium

Experiment 1 was designed to study the effects of explant
(leaves, young shoots and roots) and the pre-culture

Table 1 Experimental design for testing factors affecting hairy root production of Phyllanthus hainanensis
Factor
Type of explant
Type of culture medium*
Duration of pre-culture
Inoculum cell density (OD600)
Infection time
Concentration of acetosyringone (AS) in the culture medium
Incubation time

Level
Leaves, young shoots and roots
MS and Y1
0, 1, 2, and 3 d
0.2, 0.4, 0.6, 0.8, and 1.0 in MS + 100 mmol$L–1 AS broth
5, 10, 15, 20, 25, and 30 min at OD600 of 0.5–0.6
50, 100, 150, and 200 mmol$L–1
0, 1, 2, 3, 4, and 5 d

Note: *, MS medium, Murashige and Skoog basal medium; Y1 medium, MS + 2,4-D (0.5 mg$L–1) + NAA (0.25 mg$L–1) + 6-BA (0.5 mg$L–1).
2,4-D, 2,4-dichlorophenoxyacetic acid; NAA, naphthaleneacetic acid; 6-BA, 6-benzylaminopurine; OD600, optical density at 600.
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medium (MS vs. Y1, see Table 1 for details), using a twofactor and unequal-level complete combination design for
a total of six treatment combinations.
Explant pre-culture: three to four small puncture wounds
were made in the leaves made with a sterile inoculation
needle; young shoots and roots were cut to about 10 mm
long. The explants were then transferred to the MS and Y1
growth plates and pre-cultured for 2 d at 25°C in dark. For
each treatment, a total of 12 explant pieces were placed on
each of three replicate plates.
R. rhizogenes inoculation: the pre-cultured explants
were immersed in a culture of R. rhizogenes (MS +
100 mmol$L–1 AS) with OD600 of 0.5–0.6 for 20 min with
occasional gentle stirring to ensure even and complete
coverage of the explants by the bacterium. The explants
were then removed from the R. rhizogenes broth,
blotted dry with sterile ﬁlter paper, placed on MS +
100 mmol$L–1 AS agar, and incubated for 3 d at 25°C in the
dark.
Hairy root production: after incubation, the explants
were transferred to MS + 100 mg$L–1 cefotaxime (Cef)
agar for hairy root culture. The addition of Cef to the
growth medium was to inhibit the growth of any residue
R. rhizogenes on the explants. After 30 d, the number of
main roots, number of hairy roots, root length and
number of explants with necrotic/browning spots were
recorded.
Of the six treatments, young shoots pre-cultured in Y1
gave the highest rate of hairy root production and fastest
root growth (Table 2). The timing of the ﬁrst hairy root
emergence also differed between the types of explant.
Hairy roots were ﬁrst observed after 5 d for root explants
and 7 d for young shoot explants; but hairy roots from root
explants were usually small and with limited branching
compared to those from young shoots. In contrast, it took
15 d for the ﬁrst hairy root to emerge from leaf explants.
Also, of the types of explant, a higher percentage of leaves
suffered from bacterial contamination, evidenced by
necrotic spots or browning, and died within the 30 d
experimental period. Thus, in all subsequent experiments,
only young shoots were used as explants.

2.6
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Effect of pre-culture time

To determine the effects of pre-culture time on hairy root
development, surface sterilized shoots were pre-cultured
on Y1 plates for 0 (no pre-culture), 1, 2 and 3 d at 25°C in
dark. The pre-cultured shoots were then inoculated,
incubated and assessed as in Experiment 1.
2.7

Effects of R. rhizogenes culture cell density

R. rhizogenes culture cell density, measured as OD600,
estimates the number of bacteria the explants are exposed
to when inoculated. If the culture density is too high, it can
cause severe browning and necrotic lesions, and reduce the
success rate of hairy root production. However, if the
culture density is too low, there may not be sufﬁcient
bacteria to infect the explants and induce hairy root
production. To determine the optimal R. rhizogenes culture
density for hairy root development, the pre-cultured
explants were immersed in broth with OD600 of 0.0
(control), 0.2, 0.4, 0.6, 0.8 or 1.0 for 20 min. The
inoculated explants were then incubated and assessed as in
Experiment 1.
2.8

Effect of infection time

Infection time refers to the length of time the explants are
immersed in R. rhizogenes broth. To study the effects of
infection time on hairy root production, the pre-cultured
shoot explants were immersed in broth (OD600 of 0.5–0.6)
for 5, 10, 15, 20, 25 or 30 min. The inoculated explants
were then incubated and assessed as in Experiment 1.
2.9

Effect of acetosyringone concentration

The phenol, AS, has the ability to facilitate the release of
signaling molecules of Ri plasmid of R. rhizogenes and
transfer into the host plant nuclear genome, hence
increasing the success rate of hairy root production.
Thus, AS was added to the MS broth for R. rhizogenes
culture and to the MS agar medium for incubation culture.

Table 2 Effect of explant type and pre-culture growth medium on hairy root development of Phyllanthus hainanensis
Growth medium
MS

Y1

Explant type

Hairy root induction rate/%

Number of roots/Explant

Average root length/mm

Mean

19.44.8 b

1.20.3 a

4810 a

Leaf

2.82.8 c

0.30.3 b

99 b

Young shoot

33.34.8 ab

1.60.1 a

696 a

Root

22.22.8 b

1.80.4 a

665 a

Mean

29.66.7 a

1.50.2 a

599 a

Leaf

8.34.8 c

0.80.4 b

3216 b

Young shoot

50.04.8 a

1.90.1 a

746 a

Root

30.67.3 b

1.90.2 a

707 a

Note: To compare MS and Y1, all measurements from the three explant types are pooled. Comparisons between different explant types are conducted separately for MS
and Y1. Means (n = 3) followed by the same letters are not signiﬁcantly different (P = 0.05). MS and Y1 indicate the same meanings as Table 1.
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The optimal concentration of AS varies with plant species.
To determine the optimal AS concentration for
P. hainanensis hairy root induction, various amounts of
AS (50, 100, 150 and 200 mmol$L–1) were added to the
culture broth and in the incubation medium and the effect
on hairy root development evaluated. The pre-culture,
inoculation, incubation and assessment were as in
Experiment 1.
2.10

Effect of incubation time

Incubation time refers to the duration the explants were
cultured on the solid medium immediately after inoculation with R. rhizogenes. To study the effects of incubation
time, shoot explants were incubated for 0, 1, 2, 3, 4, and 5 d
at 25°C in the dark. After incubation, the explants were
transferred to the solid growth medium of MS + Cef for
hairy root culture. After 30 d assessment were made as in
Experiment 1. Figure 1 comprises selected photographs of
hairy root development from various explants and growing
conditions.
2.11

Conﬁrmation of Ri plasmid by PCR analysis

R. rhizogenes transforms plant tissue by inserting the Ri

plasmid into the host nuclear genome which results in
hairy root production[16]. To verify the presence of Ri
plasmid in hairy roots, a PCR was performed on root DNA.
Total DNA of hairy and normal roots was extracted
separately using the CTAB method[24]. After puriﬁcation,
the total DNA from the hairy roots was used as the
template for PCR ampliﬁcation; the total DNA of the
normal roots was used as a negative control and R.
rhizogenes K599 as a positive control. Speciﬁc primers of
RolA and RolC designed for PCR ampliﬁcation are given
in Table 3.
PCR reaction system (10 mL): DNA template or K599
liquid culture 0.5 mL, sense and antisense primers (Tian
Yihui Pty Ltd., Guangzhou, China) each 0.5 mL, ddH2O
3.5 mL, 2  Es Taq MasterMix (Dye) (Kang Wei Century
Co., Beijing, China) 5 mL. The PCR procedure was predenaturation at 94°C for 5 min followed by 30 cycles of
denaturation (94°C for 30 s), annealing (55°C for 30 s) and
extension (72°C for 45 s) followed by further extension at
72°C for 3 min and preservation at 4°C. After the reaction,
6 mL of the PCR products were electrophoresed on 1%
agarose gel in the presence of 5 mg$L–1 of ethidium
bromide. DNA bands were observed and photographed by
automatic gel imaging system JY04S-3E (Biobase Co.,
Jinan, China).

Fig. 1 The effects of explants, growth medium, and Rhizobium rhizogenes incoulum cell density on hairy root development of
Phyllanthus hainanensis. (a) Leaf explants, day 0; (b) young shoot explants, day 0; (c) hairy roots from young shoot explants inoculated
with R. rhizogenes OD600 of 0.6 and incubated on MS medium, day 30; (d) hairy roots from young shoot explants are inoculated with
R. rhizogenes OD600 of 0.6 and incubated on Y1 medium, day 30; (e) hairy roots from root explants are inoculated with R. rhizogenes
OD600 of 0.6 and incubated on Y1 medium, day 30; (f) hairy roots from young shoot explants are inoculated with R. rhizogenes OD600 of
1.0 and incubated on Y1 medium, day 14, showing browning of explants and bacterial contamination; (g) P. hainanensis plants of 3
months old growing in pots. Scale bar = 10 mm.
Table 3 Primers for PCR ampliﬁcation
Gene

P1 (5′–3′)

P2 (5′–3′)

RolA

GCT CGT TGT CTC CGA CCT AT

GGT CTG AAT ATT CCG GTC CA

RolC

ATG GCG GAA TTT GAC CTA TG

TTA GTT CCA TCT GCC CAT CC

Note: Primer design follows that of Cao & Shockey[25].
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2.12

Data processing

The rate of contamination, i.e., the percentage of explants
that had necrotic lesions and/or browning spots, was
calculated as:
Rate of contamination (%) = the number of contaminated explants/the total number of inoculated explants 
100
The induction rate of hairy roots, i.e., the percentage of
explants that produced hairy root, was calculated as:
Induction rate of hairy root (%) = number of explants
producing hairy roots/total number of inoculated explants
 100
ANOVA was used to compare differences in induction
rate of hairy root, contamination rate, number of roots
produced and root length between treatments. For
comparison between MS and Y1 (Experiment 1), all
measurements from the three explant types were pooled.
Comparisons between different explant types were conducted separately for MS and Y1. All analyses were
conducted using SPSS 22. Statistical signiﬁcance threshold
was set at P < 0.05.

3

Results and discussion

3.1

Effect of explant type

Explant type plays an important role in hairy root
development and growth. Hairy root induction rate, the
percentage of explants that successfully develop hairy
roots, varied greatly between different types of explant and
between different plant species. For example, Vitis vinifera
internode explants were superior to leaf and node explants
in the number of hairy roots produced, hairy root growth
rate and time of ﬁrst hairy root emergence[26]. Even for the
same type of explant, development of hairy roots varies
with explant age. For example, 40-d-old leaf explants of
Echinacea angustifolia were the most suitable for hairy
root induction and growth[27]. In the present study, young
shoots were superior to roots and leaves in hairy root
induction rate (Table 2). For explants pre-cultured in Y1,
hairy root induction rate of young shoots was 19.4% and
41.7% higher than those of roots and leaves, respectively
(P < 0.05). Furthermore, young shoots produced more and
longer hairy roots than those produced by leaves
(P < 0.05); but the number of hairy roots and the average
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hairy root length produced by young shoots and roots were
similar (P > 0.05). Similar patterns in hairy root induction
rate, average number of roots produced and average root
length were observed for the explants pre-cultured in MS
(Table 2).
3.2

Effect of pre-culture time and medium

Pre-culture explants prior to inoculation of R. rhizogenes
can improve the rate of hairy root production, number of
roots produced and root growth rate. Pre-culture facilitates
the release of signal molecules and reduces contamination
of the explants, thus increasing hairy root induction
rate[19,20]. The type of pre-culture media effect hairy root
development and growth. Of the two pre-culture growth
media tested in the present study, Y1 was superior to MS
basal medium with 10.2% more explants pre-cultured in
Y1 producing hairy roots than those pre-cultured in MS
(Table 2, P < 0.05). However, explants pre-cultured in Y1
did not have signiﬁcantly different (P > 0.05) number or
length. There were large variations between the types of
explant, thus masking possible differences between MS
and Y1.
Pre-culture of the explants for 1 d increased hairy root
induction from 11.1% to 22.2%. The optimal pre-culture
time was 2 d, with the hairy root induction rate increasing
by 2.5 times compared to the 0-d controls (Table 4,
P < 0.05). No signiﬁcant differences were recorded for the
number of roots produced and average root length (Table 4,
P > 0.05). These results are similar to species such as
Psammosilene tunicoides[28] and Ardisia crenata[29],
which had a 2-d optimal pre-culture time.
3.3

Effect of R. rhizogenes culture cell density

Hairy root is a pathological reaction of host plant caused by
R. rhizogenes infection[30] so inoculum cell density is
important. The cell density of the R. rhizogenes inoculum
culture can have a profound inﬂuence on hairy root
induction and growth. The optimal culture OD600 varies
from 0.2 for Justicia gendarussa[31], 0.6 for Bacopa
monnieri[32] and 0.8 for V. vinifera[26]. In the present study,
hairy root induction rate and hairy root growth had a
distinct unimodal pattern as the OD600 of the R. rhizogenes
culture changed from 0.0 (control) to 1.0 (Fig. 2(a)). No
hairy roots were recorded for explants in the control. The
optimal culture OD600 was 0.6, at which 36.1% of the

Table 4 Effect of pre-culture time on hairy root induction in explants of Phyllanthus hainanensis
Pre-culture time/d

Hairy root induction rate/%

Mean number of root

Average root length/mm

0

11.12.8 c

1.70.3 a

252 a

1

22.27.3 bc

1.80.1 a

272 a

2

38.95.5 a

2.10.1 a

323 a

3

30.52.8 ab

1.90.2 a

293 a

Note: Means (n = 3) followed by the same letters are not signiﬁcantly different (P≥0.05).
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explants produced hairy roots, 8.3% higher than an OD600
of 0.4 (P < 0.05) and 9.4% higher than an OD600 of 0.8
(P < 0.05). However, no signiﬁcant effect on root length
between OD600 of 0.4 and 0.8 was recorded (Fig. 2(b),
P > 0.05). Also, the average number of roots produced per
explant were similar between explants inoculated with
cultures of different optical density.
Contamination rate showed a linear increase as
R. rhizogenes culture cell density increased from OD600
of 0.2 to 1.0, increasing from 8.2% to 58.3%, a 7-fold
increase (Fig. 2(a)). This large increase in contamination
rate associated with increasing cell density may have been
responsible for the decline in hairy root induction rate in
these treatments.
3.4

Effect of infection time

The infection time, or the duration explants were exposed
to R. rhizogenes broth, affects the transfer of the Ri plasmid
genes to host genomes and the infection of other host
tissues by the bacterium. Short infection times may result
in incomplete transfer of the Ri plasmid genes to host
genomes, thus reducing the hairy root induction rate.
Whereas, prolonged infection time may increase the risk of
explant tissues being contaminated by the bacteria, which
causes local necrotic lesions or death of the explant. The
optimal infection time varies between 10 min for
B. monnieri[32], 20 min for V. vinifera[26] and 30 min for
Semecarpus anacardium[33]. Our results showed that hairy
root induction had a unimodal pattern with infection time
with maximum induction rate (38.9%) recorded at 20 min
(Fig. 3(a)). A 5-min difference in infection time (either plus
or minus) reduced the induction rate by more than 10%.
For instance, when infection time was reduced from 20 to
15 min, hairy root induction rate was reduced by 11.1% to
27.8% (P < 0.05); at 25 min, the induction rate was 16.7%
lower than at 20 min (P < 0.05). As infection time
increased, contamination rate of explants increased. The

death of these contaminated explants reduced the hairy
root induction rate as no hairy root was produced on dead
explants.
In contrast to hairy root induction rate, the number of
roots produced per explant and average root length were
not signiﬁcantly affected by infection time (Fig. 3(b),
P > 0.05).
3.5

Effect of acetosyringone concentration

During hairy root induction, AS facilitates the release and
transfer of the Ri plasmid to the host. It has been reported
for a number of species that adding AS to the growth
medium increases hairy root induction rate [34,35] .
The effective concentration of AS ranges from 20 to
200 mmol$L–1, depending on the plant species. To
determine the optimal AS concentration for hairy root
induction in P. hainanensis, 0 (control) to 200 mmol$L–1
AS was added to the growth medium, and its effects on
hairy root induction and development were assessed. The
hairy root induction rate responded to changes in AS
concentration in a similar way to the response to
R. rhizogenes culture optical density (Fig. 3(a); Fig. 4(a)).
When no AS was added (control), only 19.4% of the
explants produced hairy roots. The percentage increased to
30.6% and 47.2% (P < 0.05), when 50 and 100 mmol$L–1
of AS were added, respectively; hairy root induction rate
declined when AS concentration was 150 mmol$L–1 or
above. In contrast, the number of hairy roots per explant
and average root length gave no signiﬁcant response to
different AS concentrations (Fig. 4(b), P > 0.05).
3.6

Effect of incubation time

After inoculation, an incubation period is necessary for the
Ri plasmid of the bacterium to fully integrate into the
genome of the host. The optimal incubation period varies
from 2 d for V. vinifera[26] to 4 d for Semecarpus

Fig. 2 Effect of cell density of Rhizobium rhizogenes broth concentration on hairy root induction rate (a) and growth (b) of Phyllanthus
hainanensis. Means (n = 3) with the same letter are not signiﬁcantly different (P≥0.05).
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Fig. 3 Effect of infection time on (a) hairy root induction rate and contamination rate and (b) hairy root development of Phyllanthus
hainanensis. Means (n = 3) with the same letter are not signiﬁcantly different (P≥0.05).

Fig. 4 Effect of acetosyringone (AS) concentration on (a) hairy root induction rate and (b) hairy root development of Phyllanthus
hainanensis. Means (n = 3) with the same letter are not signiﬁcantly different (P≥0.05).

anacardium[33]. In P. hainanensis, incubating the inoculated explants for 0 (control) to 5 d resulted in up to a 14fold variation in hairy root induction rate between
treatments (Fig. 5(a)). When the inoculated explants were
transferred directly to the MS + Cef agar without
incubation, only 2.8% produced hairy roots. The percentage increased steadily as incubation time increased from 1
to 3 d, and reached 38.9% when incubated for 3 d. The
percentage decreased as incubation time was > 3 d and
declined to 5.6% when incubated for 5 d. By comparison,
incubation time had no statistically signiﬁcant effect on the
number of hairy root produced and average root length
(Fig. 5(b)) with the exception of the control, which
produced one or two less roots per explant (P < 0.05)
and average root length was more than 20 mm shorter than
in the incubated treatments (P < 0.05).

3.7

PCR detection of Ri plasmid in hairy root

Hairy roots induced by R. rhizogenes are characterized by
considerable branching, ageotropism, rapid growth, hormone independence and increased secondary metabolites
concentrations[17,18]. Compared to normal roots, hairy
roots can be identiﬁed by their increased branching
and rapid growth in hormone-free MS medium. In
P. hainanensis, hairy roots showed the typical characteristics of increased branching. The PCR conducted in the
present study conﬁrmed that R. rhizogenes DNA fragments
of 215 and 433 bp, corresponding to the RolA and RolC
amplicons, respectively, was present (Fig. 6). These results
thus conﬁrmed that T-DNA of the Ri plasmid of
R. rhizogenes K599 was integrated in genome of the
hairy root.
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Fig. 5 Effect of incubation time on (a) hairy root induction rate and (b) hairy root development of Phyllanthus hainanensis. Means (n =
3) with the same letter are not signiﬁcantly different (P≥0.05).

Fig. 6 PCR gels for hairy roots of Phyllanthus hainanensis with Ri plasmid of Rhizobium rhizogenes strain K599. (a) RolA-speciﬁc
primer; (b) RolC-speciﬁc primer. M, DL 2000 DNA marker; 1–2, hairy roots; 3, normal roots (negative control); 4, R. rhizogenes K599
(positive control).

4

Conclusions

This study demonstrated that R. rhizogenes K599 can be
used successfully for hairy root induction in P. hainanensis. Hairy root induction and growth in P. hainanensis are
affected by a number of factors, including explant type,
culture medium, and infection and incubation time. The
young shoot explants gave the best results in terms of hairy
root induction rate, the number of hairy roots produced per
explant and optimal root growth. Other factors such as preculture time, cell density of bacterial culture, culture
medium, infection and incubation time were evaluated for
their effects on hairy root induction and growth. The
optimal protocol for hairy root induction and growth for
P. hainanensis was found to be: young shoots, pre-cultured
in Y1 for 2 d, inoculated by submergence in R. rhizogenes
broth with an OD600 of 0.6 for 20 min and incubated for
3 d. This is the ﬁrst attempt to induce hairy roots in

P. hainanensis. The successful production of hairy roots
and optimization of the production protocol is a critical
prerequisite step for industrial scale clonal propagation of
this important medicinal plant. In addition, hairy roots are
good source of extractable secondary metabolites. Being
able to cultivate the plant on a large scale will provide rapid
and ready supply of the plant materials that can be used in
herbal medicine and in scientiﬁc and industrial exploitation, thus diminishing the demand for P. hainanensis from
wild populations and help the conservation of this species.
Acknowledgements This work was supported by China Research Funds
for Universities (2662016QD021).
Compliance with ethics guidelines Zhaogui Yan, Shengyu Liu, Junlian
Zhang, Guan Huang, Lijun Duan, and Yaomei Ye declare that they have no
conﬂicts of interest or ﬁnancial conﬂicts to disclose.
This article does not contain any studies with human or animal subjects
performed by any of the authors.

Zhaogui YAN et al. Hairy root production in a medicinal shrub, Phyllanthus hainanensis

References
1. Dutra R C, Campos M M, Santos A R, Calixto J B. Medicinal plants
in Brazil: pharmacological studies, drug discovery, challenges and
perspectives. Pharmacological Research, 2016, 112: 4–29
2. Liu J, Lin H, McIntosh H. Genus Phyllanthus for chronic hepatitis B
virus infection: a systematic review. Journal of Viral Hepatitis,
2001, 8(5): 358–366
3. Bagalkotkar G, Sagineedu S R, Saad M S, Stanslas J. Phytochemicals from Phyllanthus niruri Linn. and their pharmacological
properties: a review. Journal of Pharmacy and Pharmacology,
2006, 58(12): 1559–1570
4. Xia Y, Luo H, Liu J P, Gluud C. Phyllanthus species versus antiviral
drugs for chronic hepatitis B virus infection. Cochrane Database of
Systematic Reviews, 2013, (4): CD009004
5. Freitas A M, Schor N, Boim M A. The effect of Phyllanthus niruri
on urinary inhibitors of calcium oxalate crystallization and other
factors associated with renal stone formation. BJU International,
2002, 89(9): 829–834
6. Pucci N D, Marchini G S, Mazzucchi E, Reis S T, Srougi M,
Evazian D, Nahas W C. Effect of phyllanthus niruri on metabolic
parameters of patients with kidney stone: a perspective for disease
prevention. International Brazilian Journal of Urology, 2018, 44
(4): 758–764
7. Yang B, Liu P. Composition and biological activities of
hydrolyzable tannins of fruits of Phyllanthus emblica. Journal of
Agricultural and Food Chemistry, 2014, 62(3): 529–541
8. Abhyankar G, Suprasanna P, Pandey B N, Mishra K P, Rao K V,
Reddy V D. Hairy root extract of Phyllanthus amarus induces
apoptotic cell death in human breast cancer cells. Innovative Food
Science & Emerging Technologies, 2010, 11(3): 526–532
9. Mohamed S I A, Jantan I, Naﬁah M A, Seyed M A, Chan K M.
Dendritic cells pulsed with generated tumor cell lysate from
Phyllanthus amarus Schum. & Thonn. induces anti-tumor immune
response. BMC Complementary and Alternative Medicine, 2018, 18
(1): 232
10. Murugaiyah V, Chan K L. Determination of four lignans in
Phyllanthus niruri L. by a simple high-performance liquid
chromatography method with ﬂuorescence detection. Journal of
Chromatography. A, 2007, 1154(1–2): 198–204
11. Newman D J, Cragg G M. Natural products as sources of new drugs
from 1981 to 2014. Journal of Natural Products, 2016, 79(3): 629–
661
12. Malayaman V, Sisubalan N, Senthilkumar P R, Sheik Mohamed S,
Ranjithkumar R, Ghouse Basha M. Chitosan mediated enhancement
of hydrolysable tannin in Phyllanthus debilis Klein ex Willd via
plant cell suspension culture. International Journal of Biological
Macromolecules, 2017, 104(Pt B): 1656–1663
13. Fan Y Y, Gan L S, Liu H C, Li H, Xu C H, Zuo J P, Ding J, Yue J M.
Phainanolide A, highly modiﬁed and oxygenated triterpenoid from
Phyllanthus hainanensis. Organic Letters, 2017, 19(17): 4580–
4583
14. Fan Y Y, Zhang H, Zhou Y, Liu H B, Tang W, Zhou B, Zuo J P, Yue
J M. Phainanoids A–F, a new class of potent immunosuppressive
triterpenoids with an unprecedented carbon skeleton from Phyllanthus hainanensis. Journal of the American Chemical Society,

521

2015, 137(1): 138–141
15. Li B. Flora of China. Angiosperma, Dicotyledon, Euphorbiaceae,
Hypophyllaceae. Vol. 44–1. Beijing: China Science Press, 1994 (in
Chinese)
16. Spano L, Cardarelli M, Mauro M L, Pomponi M, Costantino P.
Hairy root: molecular and physiological aspects. Molecular form &
function of the plant genome. AS1 Series A: Life Sciences, 1985, 83:
637–653
17. Adil M, Jeong B R. In vitro cultivation of Panax ginseng CA Meyer.
Industrial Crops and Products, 2018, 122: 239–251
18. Espinosa-Leal C A, Puente-Garza C A, García-Lara S. In vitro plant
tissue culture: means for production of biological active compounds.
Planta, 2018, 248(1): 1–18
19. Wróbel T, Dreger M, Wielgus K, Słomski R. The application of
plant in vitro cultures in cannabinoid production. Biotechnology
Letters, 2018, 40(3): 445–454
20. Vaidya B N, Jackson C L, Perry Z D, Dhekney S A, Joshee N.
Agrobacterium-mediated transformation of thin cell layer explants
of Scutellaria ocmulgee small: a rare plant with anti-tumor
properties. Plant Cell, Tissue and Organ Culture, 2016, 127(1):
57–69
21. Jaiswal N, Verma Y, Misra P. Micropropagation and in vitro
elicitation of licorice (Glycyrrhiza spp.). In Vitro Cellular &
Developmental Biology. Plant, 2017, 53(3): 145–166
22. Skała E, Kicel A, Olszewska M A, Kiss A K, Wysokińska H.
Establishment of hairy root cultures of Rhaponticum carthamoides
(Willd.) Iljin for the production of biomass and caffeic acid
derivatives. BioMed Research International, 2015, 2015: 181098
23. Kundu S, Salmaa U, Ali M N, Hazra A K, Mandala N. Development
of transgenic hairy roots and augmentation of secondary metabolites
by precursor feeding in Sphagneticola calendulacea (L.) Pruski.
Industrial Crops and Products, 2018, 121: 206–215
24. Allen G C, Flores-Vergara M A, Krasynanski S, Kumar S,
Thompson W F. A modiﬁed protocol for rapid DNA isolation
from plant tissues using cetyltrimethylammonium bromide. Nature
Protocols, 2006, 1(5): 2320–2325
25. Cao H, Shockey J M. Comparison of TaqMan and SYBR Green
qPCR methods for quantitative gene expression in tung tree tissues.
Journal of Agricultural and Food Chemistry, 2012, 60(50): 12296–
12303
26. Hosseini S M, Bahramnejad B, Douleti Baneh H, Emamifar A,
Goodwin P H. Hairy root culture optimization and resveratrol
production from Vitis vinifera subsp. sylvesteris. World Journal of
Microbiology & Biotechnology, 2017, 33(4): 67
27. Khalili S, Moieni A, Abdoli M. Inﬂuence of different strains of
Agrobacterium rhizogenes, culture medium, age and type of explant
on hairy root induction in Echinacea angustifolia. Indian Journal of
Genetics and Plant Breeding, 2014, 3: 49–56
28. Zhao S, Zheng Y, Xie H, Qian Z. Preliminary study on hairy root
induction. Chinese Medicine, 2012, 2: 176–179 (in Chinese)
29. Hu H, Mao M, Yang J, Dan F, Ma M. Effects of four kinds of
Agrobacterium rhizogenes on hairy root induction of aseptic leaves
from cinnabar root tissue culture. Journal of Northwest Botany,
2016, 36: 411–418 (in Chinese)
30. Otten L. The Agrobacterium phenotypic plasticity (plast) genes.
Current Topics in Microbiology and Immunology, 2018, 418: 375–

522

Front. Agr. Sci. Eng. 2020, 7(4): 513–522

419
31. Wahyuni D K, Haﬁda S N, Ermayanti T M, Wardoyo B P E,
Purnobasuki H, Utami E S W. Hairy root induction on Justicia
gendarussa by various density of Agrobacterium rhizogenes strain
LB 510. Biosaintiﬁka. Journal of Biology & Biology Education,
2017, 9: 26–32
32. Bansal M, Kumar A, Reddy M S. Inﬂuence of Agrobacterium
rhizogenes strains on hairy root induction and ‘bacoside A’
production from Bacopa monnieri (L.) Wettst. Acta Physiologiae
Plantarum, 2014, 36(10): 2793–2801

33. Panda B M, Mehta U J, Hazra S. Optimizing culture conditions for
establishment of hairy root culture of Semecarpus anacardium L. 3
Biotech, 2017, 7(1): 21
34. Zhang D, Wang R, Zhang L. Effects of different physical and
chemical factors on hairy root induction of Scutellaria baicalensis.
Biotechnology (Faisalabad), 2008, 18: 63–66 (in Chinese)
35. Yao S C, Bai L H, Lan Z Z, Tang M Q, Zhai Y J, Huang H, Wei R C.
Hairy root induction and polysaccharide production of medicinal
plant Callerya speciosa Champ. Plant Cell, Tissue and Organ
Culture, 2016, 126(1): 177–186

