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ABSTRACT

 This report described the growth characteristics and production of physalins from Physalis 
minima hairy roots in shake fl ask culture. The presence of lateral branches in the inoculum had a 
negligible effect on the fi nal root biomass dry weight (DW), specifi c growth rate (μ), doubling time (td) 
and production of physalins. However, excising the primary and lateral root tips reduced μ and the total 
root length but not the fi nal biomass. Mature root tissues were observed to accumulate more physalin 
B and F (1.55 and 3.74 mg.g-1 DW, respectively) compared to the root tips (0.65 and 1.47 mg.g-1 DW, 
respectively). Increasing the number of root tips from 2 to 12 and the medium volume signifi cantly 
reduced μ and extended td. Decreasing the medium volume with a small number of inocula reduced td, 
improved the biomass and production of physalins and μ. Using a 100 mL fl ask, four root tips cultured in 
25 mL medium provided the optimum conditions for biomass (0.24 g DW) and production of physalins 
(1.68–3.5 mg.g-1 DW). 
Keywords: Physalis minima, hairy roots, physalin, inoculum morphology, inoculum size, medium 

volume

INTRODUCTION

 Physalis minima plants are tetraploid with 
globular fruits enclosed in an infl ated bladder-like 
calyx and belong to the Solanaceae family (Burkill, 
1966; Nayeemulla et al., 2006). The plants have 
been used traditionally to remedy headache, 
earache, fever, ulcers, spleen disorder, wound 
pustules, intestinal pains and gonorrhoea and as 
a purgative, a diuretic and a tonic and to restore 
fl accid breasts (Burkill, 1966; Kirtikar et al, 1975; 
Sethuraman and Sulochana, 1988; Ashok Kumar 
et al., 2010). Physalis minima contains several 
physalin (13,14-seco-16, 24-cycloergostane) 

compounds (Sen and Pathak, 1995; Kawai et 
al., 1996; Jualang et al., 2002, 2005); some of 
these compounds (especially physalin B and F) 
were reported to have great potential for use as 
an anti-infl ammatory (Vieira et al., 2005; Pinto 
et al., 2010), antimycobacterial (Pietro et al., 2000, 
Januário et al., 2002), antimicrobial (Silva et al., 
2005), antileishmanial (Elisalva et al., 2009), and 
anti-cancer (Antoun et al., 1981; Chiang et al., 
1992a, b; Hemerson et al., 2006; Ooi et al., 2010; 
Hsu et al., 2012). 
 Hairy root cultures offer high and stable 
production of valuable secondary metabolites 
in many plants cultures (Guillon et al., 2006; 
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Makhzoum et al., 2013). Hairy roots grow rapidly 
and are highly differentiated, show plagiotropic 
growth and are highly branched on phytohormone 
free medium (Tenea et al., 2008; Saravanakumar 
et al., 2012). For the past 25 years, hairy roots 
have been investigated as a biological system 
for the production of valuable compounds from 
medicinal plants. However, the main constraint 
for commercial exploitation cultivations of 
hairy root is the development and scaling up to 
a bioreactor that permits the mass growth and 
production of secondary metabolites (Cui et al., 
2011; Makhzoum et al., 2013). Emphasis has 
focused on optimizing the parameters to culture 
the delicate and sensitive plant hairy roots. The 
shake fl ask culture is a very common and useful 
tool for small-scale submerged studies. Using 
shake fl ask cultures has many advantages, as they 
are easy to manipulate, require little material and 
manpower expense and it is possible to carry out 
several experiments concurrently especially for 
studies like primary screening, testing of culture 
media, strain selection and growth evaluation (Van 
Suijdam et al., 1978; Kanokwaree and Doran, 
1997a, b; Hu and Du, 2006).
 The relationship between the inoculum 
morphology and culture performance is an 
important consideration in the development of 
large-scale processes using hairy root culture 
(Falk and Doran, 1996; Sun et al., 2012). The 
root inoculum prepared by mechanical chopping 
or partial homogenization often consist of a 
mixture of mature roots with tips, roots with lateral 
branches with all tips intact, and roots with excised 
or damaged tips (Ramakrishnan et al., 1994; Falk 
and Doran, 1996; Sun et al., 2012). The growth 
rate of hairy roots depended on a high rate of linear 
extension (root elongation), the formation of new 
growing points (lateral branches), and a secondary 
increase in root diameter (Rhodes et al., 1990). 
Previous work with Atropa belladonna hairy 
roots has shown that the specifi c growth rate and 
biomass yield varied with the root morphology. It 

has also been reported that the specifi c tissues that 
accumulated higher secondary metabolites are in 
mature roots compared to those in the tips (Falk 
and Doran, 1996). The inoculum density of the 
hairy root and medium volume also contributed 
to the effect of oxygen and nutrient utilization 
(Kanokwaree and Doran, 1997a). It is well known 
that shake fl ask cultures are greatly limited by the 
nutrient supply, total oxygen supply and oxygen 
mass transfer in the roots and by the need to limit 
the intensity of agitation in order to protect the 
biomass from shear damage (Van Suijdam et 
al., 1978; Kanokwaree and Doran, 1997a, b). 
Therefore, the aim of this study was to determine 
whether the inoculum morphology, inoculum 
density and medium volume exert an infl uence 
on the growth and physalins production in hairy 
root cultures of P. minima. The general site of the 
accumulation of physalins in hairy root cultures 
of P. minima was also considered.

MATERIALS AND METHODS

Hairy root cultures
 Leaf-derived hairy roots of Physalis 
minima were initiated by using Agrobacterium 
rhizogenes strain LBA9402 (Jualang et al., 
2002). The bacterium-free hairy roots were 
aseptically cultured in 25 mL of B5 hormone-free 
basal medium (Gamborg et al., 1968), pH 5.7, 
supplemented with 3% (weight per volume, w/v) 
sucrose and incubated in the dark at 25 ± 2 0C on 
an orbital shaker (110 rpm). In subculturing, 3-6 
primary root tips, aged 8 d and 5.0 ± 0.5 cm in 
length were used as the inoculum. Experimental 
units were carried out in 10 replicates using 100 
mL fl asks and grown under similar conditions.

Inoculum root morphology
 Five different inoculum root morphologies 
were denoted as culture types A, B, C, D and E 
(Figure 1) consisting of: the control (primary root 
with tip); the primary root with tip (0.5–0.7 cm) 
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Figure 1 Different inoculum morphologies of Physalis minima hairy root cultures: (a) Control (primary 
root with tip) designated as A; (b) Primary root with tip excised designated as B; (c) Primary 
root tip with lateral branches designated as C; (d) Primary root tip intact with lateral branches 
and root tips excised designated as D; and (e) Primary root tip excised with lateral root tips 
intact designated as E. 

excised; the primary root tip with lateral branches; 
the primary root tip intact with lateral branches 
root tips excised; and the primary root tip excised 
with lateral root tips intact, repsectively. For each 
treatment, one root tip of 5.0 ± 0.5 cm in length 
was inoculated into a fl ask containing 25 mL 
medium. The cultures were monitored daily for 8 
d to measure the total root length and number of 
root tips, and harvested at day 15 to determine the 
biomass dry weight (DW) and physalins content. 
The morphological parameter of root growth unit 
was calculated according to Yu and Doran (1994) 
and Falk and Doran (1996)

Localization of physalin accumulation in hairy 
roots
 One root tip of 5.0 ± 0.5 cm in length 
per flask of primary root with meristem tip 
(morphology type - A) was used as the inoculum. 
The tips (0.7–1.0 cm) and the remaining mature 
part of the roots without tips were then collected 
and analyzed separately after 15 d of culture. The 
roots with tips intact were used as the control.

Inoculum size and medium volume
 Different numbers of root tips (1, 2, 3, 4, 
6, 8, 10 or 12) of the primary root with meristem tip 
(morphology type - A, 5.0 ± 0.5 cm in length) were 
inoculated into 12.5, 25 and 50 mL of medium. 
The total root length, number of lateral roots (LR) 
and LR length were measured at 6 d of culture, 
while the biomass DW and physalins content were 
determined at 15 d after culture. 

Kinetics growth analysis
 The mathematical kinetic growth analysis 
of the hairy roots in the shake fl ask cultures was 
undertaken by adapting methods by Stanbury and 
Whitaker (1984) and Hjortso (1997) using the 
biomass DW as the variable parameter.

Extraction procedures and high performance 
liquid chromatography analysis
 Two-gram samples of dry powdered 
tissue were extracted with methanol (MeOH) at 
room temperature under dark conditions. The 
crude methanolic extracts diluted with the same 
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volume of distilled water were partitioned twice 
by hexane and CHCl3. The CHCl3 partition was 
evaporated and dissolved in 65% (v/v) MeOH 
(spectra grade) and fi nally fi ltered through a Sep-
Pak Classic Cartridge (Waters Corp.; Milford, MA, 
USA) for analysis using high performance liquid 
chromatography (HPLC) (Jualang et al., 2002). 
HPLC was performed on a Waters Associates 
model Baseline 810 high performance liquid 
chromatography attached to a Waters 501 solvent 
delivery system  and detected at 220 nm using 
model 486 tunable absorbency detector (Waters 
Associates Inc.; Milford, MA, USA). A 3.9 × 150 
mm I.D. Nova Pak C18 60Å steel cartridge column; 
fi tted at 4 μm (Waters Associates Inc.; Milford, 
MA, USA) containing dimethyloctadecylsilyl-
bounded amorphous silica and methylalcohol was 
used with the mixtures of methanol-water (65:35, 
volume per volume, v/v) as the eluents at a fl ow 
rate of 1.0 mL.min−1. The mixtures consisted 
of methanol aqueous isocratic solvent (Uvasol, 
spectroscopy grade, Merck Group; Darmstadt, 
Germany) and double reverse-phase distilled 
water. Chromatograms of individual physalins 
were referred to as the authentic compounds.

Statistical analysis
 The results were analyzed by one-way 
analysis of variance and the mean values were 
compared at P < 0.05 by Duncan’s multiple range 
test (DMRT) to fi nd the signifi cant difference using 
the General Linear Model Procedure of the SAS 
version 9.1 (SAS Institute, NC, USA).

RESULTS AND DISCUSSION

Effects of inoculum roots morphology on 
culture performance
 Table 1 and Figure 2 show the growth 
characteristics of P. minima hairy roots in 100 mL 
fl asks containing 25 mL medium. Generally, the 
μ value of the different inoculum morphologies 
did not differ much and varied between 0.37 
and 0.41 d-1. The same value of μ obtained in 
cultures A and C indicated that the presence of 
lateral root tips did not signifi cantly infl uence root 
growth. Meanwhile, excising of root tips resulted 
in 7.9–10.8% reduction of the μ value, with the 
lowest value being in culture B (0.37 d-1). These 
results were different from those reported by Falk 
and Doran (1996) in Atropa belladonna hairy 

Table 1 Effect of different inoculum morphologies on growth characteristics of P. minima hairy root 
cultures.

   Total root   Physalins production
Inoculum morphology    length    (mg per gram DW)
   (cm)   Physalin B Physalin F
A: Control (primary  0.41 1.7 10.7±0.7a 39.0±4.0b 0.15±0.10a 1.75±0.10a 4.00±0.21a

   root with tip)       
B: Primary root with  0.37 1.9 6.9±0.5c 46.0±8.0b 0.11±0.02b 1.68±0.20a 3.90±0.30a

   tip excised       
C: Primary root tip  0.41 1.7 11.3±0.5a 87.0±7.0a 0.17±0.11a 1.90±0.12a 4.20±0.16a

   with lateral branches       
D: Primary root tip  0.38 1.8 11.1±0.3a 52.0±6.0b 0.13±0.00b 1.83±0.05a 4.10±0.30a

   intact with lateral        
   branches root tips        
   excised       
E: Primary root tip  0.40 1.7 9.40±0.4b 93.0±5.0a 0.17±0.01a 1.70±0.16a 3.90±0.25a

   excised with lateral        
   root tips intact       

μ = Specifi c growth rate;  td = Doubling time, DW = Dry weight. 
a, b, c =  Mean values ± SD in the same column with the same lowercase letter are not signifi cantly different at P < 0.05 by Duncan’s 
multiple range test (n =10). 

 μ td  No. of  Biomass
 (d-1) (d)  root tips (g DW)
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Figure 2 Effect of different inoculum morphologies on root growth units of P. minima hairy roots 
observed after 8 d in shake fl ask cultures. (A  = the control (primary root with tip); B = primary 
root with tip (0.5–0.7 cm) excised; C = primary root tip with lateral branches; D = primary 
root tip intact with lateral branches root tips excised; and E = primary root tip excised with 
lateral root tips intact.)

roots, where μ was increased up to 25% when the 
inoculum consisted of roots with the primary root 
tips excised (culture E). 
 During the exponential growth phase, 
the root DW tissue was doubled from X0 to 2X0 at 
regular intervals, named as the doubling time (td). 
The td varied between 1.7 and 1.9 d (Table 1) with 
cultures A, C and E showing the fastest growth 
development (1.7 d, respectively). Longer td values 
were obtained in cultures B (1.9 d) and D (1.8 d). 
Culture C produced the longest root length (11.3 
cm), but this was not signifi cantly different from 
cultures A and D. The elongation of root growth 
was reduced signifi cantly when the primary tip was 
excised in cultures B and E. Even then, the number 
of root tips in both cultures was 12.5 and 24.1% 
higher than that in the original roots of cultures 
A and C, respectively. In the case of horseradish, 
madder (Kino-oka et al., 1999), Nicotiana (Aoki 
and Syōno, 2000) and Calotropis (Sun et al. 
2012) hairy roots, it was proved that injured 
cells will stimulate the expression of genes that 
were homologous to rolB, rolC and open reading 

frames (ORFs) in the cellular T-DNA region of 
the genome. Therefore, the results obtained from 
the current study may explain the fl uctuation in 
the expression of the rol genes and ORFs due 
to wounding of the hairy root tissues (Aoki and 
Syōno, 2000; Bettini et al., 2010; Verma et al., 
2012). In particular, it has been reported that the 
meristematic tips require ten times more oxygen 
than other parts of root tissue (Falk and Doran, 
1996) and yet oxygen supply may be a limiting 
factor for continued growth proliferation. This 
could explain why the specifi c root growth rate 
of culture E was lower than for culture C.
 Among the root morphologies, type A 
had a higher root growth unit, while the lowest was 
in culture E for the fi rst 2 d of culture incubation 
(Figure 2). However, the ratio of the root length 
to the number of root tips reduced following 
the culture time. No significant difference 
was observed in root growth unit between the 
root morphologies after culturing for 6 d. The 
root growth unit is a morphological parameter 
indicating the ‘branchiness’ of the root system 
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(Yu and Doran, 1994). The root growth unit 
obtained in this result was much higher than that 
in Atropa belladonna hairy root cultures (Falk 
and Doran, 1996); that is, P. minima hairy root 
cultures formed many lateral roots rather than 
undergoing root elongation. For most of the 
measurement period, the ratio of the root length 
to the number of tips ranged from 0.05 to 0.65 cm 
for all root morphologies. The lateral roots grew 
2.5–4.5 cm in length without forming any new 
lateral branches; formation of a new tip occurred 
mainly on the primary root over the 6 d of culture. 
New lateral root branches only appeared after 
day 7, particularly in the fastest-growing cultures 
of A, C and E. Variation in root morphology has 
been proven to be closely related to other root 
characteristics such as the growth rate, production 
level and adaptability to liquid culture and could 
be an important factor in the design of reactors for 
large-scale hairy root culture production (Lenk 
et al., 2012; Neelwarne, 2012).
 Culture C also produced the highest 
biomass DW (0.17 g per fl ask) at 15 d, but this was 
not signifi cantly different from cultures A and E. 
The lowest biomass DW was obtained in culture 
B (0.11 g per fl ask). These results indicated that 
there was no signifi cant difference between roots 
containing lateral branches (culture C) or without 
lateral branches (culture A) in terms of the fi nal 
biomass production. Physalin B and F synthesis 
was not signifi cantly affected by the inoculum root 
morphology. This fi nding was in line with Falk and 

Doran (1996) for tropane alkaloid production in 
Atropa belladonna hairy roots.

Localization of physalin accumulation in hairy 
roots
 Physalin B and F accumulation (Table 2) 
was found to be higher in the mature root tissues 
(1.55 ± 0.26 and 3.74 ± 0.12, respectively) 
compared to the root tips (0.65 ± 0.20 and 1.47 
± 0.44, respectively). Mature roots often contain 
higher concentrations of secondary metabolites 
than the root tips (Falk and Doran, 1996; Kuźma 
et al., 2009; Gangopadhyay et al., 2011). Taking 
into account the biomass DW and specific 
physalins content, the amounts of physalin B and 
F in the whole roots were equal to the sum of 
the amounts in the tips and mature parts within 
experimental error. Although culture E produced 
more root tips than the A, B, C or D, the specifi c 
physalin levels were not affected signifi cantly 
since a proportionally greater mass of mature root 
tissue was also generated. Because the length of 
the root growth unit was similar in each culture, 
preferential accumulation of physalins in particular 
parts of the roots did not result in different specifi c 
physalin contents from the different inoculum 
morphologies. This result however, did not identify 
the site of synthesis of the physalins, because at 
present, it is not clear where the biosynthesis, 
translocation and storage processes of physalins 
occur in the roots. 

Table 2 Localization and accumulation levels of physalin B and F in P. minima hairy roots after 15 d 
in shake fl ask cultures.

 Root part DW (g) Physalins production (mg per gram DW)
  Physalin B Physalin F
Whole root (control) 0.15 ± 0.02a 1.90±0.50a 4.22±0.35a

Mature part (tips excised) 0.10 ± 0.02b 1.55±0.26a 3.74±0.12b

Tips 0.05 ± 0.02c 0.65±0.20b 1.47±0.44c

Dw = Dry weight.
Mean values ± SD in the same column with the same lowercase letter are not signifi cantly different at P < 0.05 by Duncan’s 

multiple range test (n = 3).
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Effects of inoculum number and medium 
volume on culture performance
 Figure 3 and Table 3 show the relationship 
between inoculum number, medium volume and 
growth performance of P. minima hairy root 
cultures. The number of lateral roots (LR), 
the length of LR, and total root length did not 
signifi cantly differ between the different inoculum 
numbers. However, the trend of these growth 
parameters appeared to reduce when the inoculum 
number increased from 3 to 12 tips per fl ask. The 
highest number of lateral root tips was obtained 
when the inoculum contained 3 root tips which 
was similar to Beta vulgaris hairy root culture 
(Carvalho et al., 1997). The increased number of 
inoculum root tips also substantially reduced the 
root growth unit, while the μ in 12.5 mL inoculated 
with 12 tips was 29.6% lower than with 4 tips; and 
in 50 mL, 12 tips growth was 5.9% lower than 
with 4 tips. These results agreed with the growth 
characteristic of Atropa belladonna (Yu and Doran, 
1994; Kanokwaree and Doran, 1997a) and Panax 
ginseng (Jeong et al., 2009) hairy root cultures. 
The variations in the growth rate of hairy root 
cultures are not simply related to the number of 

inoculated root tips per milliliter of medium. When 
the inoculum density was maintained at a constant 
level, but the number of root tips and the amount of 
liquid volume were changed, the growth rate of the 
roots was also altered signifi cantly. For example, 
the initial μ of 4 tips in 25 mL was 14.7% higher 
than with 8 tips in the 50 mL medium. Similar 
results have also been reported in different plant 
species (Hilton and Rhodes, 1993; Doran, 1994; 
Kanokwaree and Doran, 1997a; Jeong et al., 2009; 
Saravanakumar et al., 2012). The inoculum size 
of different medium volumes also influenced 
the doubling time (td) values. The td values of 
culture inoculated with 4 root tips were 30.0, 
22.2 and 5.3% faster than those of 12 root tips in 
the 12.5, 25.0 and 50.0 mL medium, respectively. 
Evaluation of the td value of P. minima (1.5–2.6 
d) hairy roots and other plant species such as A. 
belladonna (1.3–2.3 d; Kanokwaree and Doran, 
1997a) and Catharanthus roseus (3.1–5.9 d; 
Bhadra and Shanks, 1995) hairy root cultures 
have suggested that the specifi c oxygen demand 
of P. minima and A. belladonna was considerably 
higher than that in C. roseus hairy root cultures. 

Figure 3 Effect of inoculum size on: (a) Growth performance (total root length, number (No.) of lateral 
roots (LR), length of LR); and (b) Root growth units of P. minima hairy roots after 6 d in 
shake fl ask cultures. (Vertical bars show the SD.)
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Table 3 Effect of inoculum number and medium volume on growth characteristics of P. minima hairy 
roots.

 Medium  Number  Maximum  Biomass    Physalins production      
 volume  of  growth yield from  μ (d-1) td (d) (mg per gram DW)
 (mL) inoculum  (g DW) total sucrose    Physalin B Physalin F
  root tips     (g.g-1)   
 12.5 2 0.15c 0.40 0.45 1.5 1.51±0.01b 3.51±0.50a

  4 0.13c 0.35 0.35 2.0 1.72±0.03a 3.63±0.23a

  8 0.13c 0.35 0.28 2.5 1.13±0.10c 3.01±0.68a

  12 0.13c 0.34 0.27 2.6 0.92±0.06d 2.62±0.12b

 25.0 2 0.24b 0.32 0.46 1.5 1.47±0.03b 3.49±0.35a

  4 0.24b 0.32 0.39 1.8 1.68±0.10a 3.50±0.75a

  8 0.22b 0.30 0.33 2.1 1.40±0.08b 3.45±0.68a

  12 0.25b 0.29 0.32 2.2 1.30±0.04bc 3.10±0.52a

 50.0 2 0.33a 0.22 0.40 1.7 1.35±0.10bc 2.65±0.67b

  4 0.35a 0.23 0.36 1.9 0.98±0.15d 1.60±0.64c

  8 0.43a 0.28 0.34 2.0 0.93±0.07d 1.45±0.38c

  12 0.38a 0.25 0.34 2.0 0.76±0.09d 1.25±0.30c

μ = Specifi c growth rate;  td = Doubling time, DW = Dry weight.
Mean values ± SD in the same column with the same lowercase letter are not signifi cantly different at P < 0.05 by Duncan’s 

multiple range test (n =5).

 Biomass DW increment for different 
inoculum numbers with a constant medium 
volume was only observed with 1 to 2 inoculum 
root tips, and the addition of more root tips did 
not significantly influence the final biomass 
productivity. In addition, P. minima root cultures 
do not appear to display a minimum inoculation 
density as observed for most plant cell suspensions 
(Jualang et al., 2005; Mathur and Shekhawat, 
2013). Hence, it is possible to conduct growth 
studies at very low densities (Neelwarne, 2012). 
Increasing the number of inoculum root tips with 
a constant medium volume would be expected to 
promote more rapid conditioning of the medium 
and therefore, better growth, yet the experimental 
results showed the opposite relationship between 
the root growth and the number of inoculum 
tips (Ono and Tian, 2011; Saravanakumar et al., 
2012). The absence of a lag phase in the cultures 
even when inoculated with the smallest number 
of tips supported the conclusion that ‘medium 
conditioning’ effects do not play a signifi cant role 
(Kanokwaree and Doran, 1997a) in P. minima 

hairy root cultures. Biomass DW production in 
25.0 mL (0.24 g per fl ask) was about 82.7% higher 
compared to that in 12.5 mL (0.13 g per fl ask). 
However, when the volume doubled from 25.0 ml 
to 50.0 mL, the increase was only 44.0%. In terms 
of economic processes, high yields of biomass 
with lower medium support would reduce the 
maintenance cost (Ono and Tian, 2011; Georgiev 
et al., 2012). The ratio of the biomass DW to the 
total initial sucrose was also reduced when the 
medium volume increased from 12.5 mL to 50.0 
mL and the inoculum size increased from 2 to 12 
root tips. This result suggested that an increase in 
the medium volume up to the optimum conditions 
would reduce the growth effi ciency with respect 
to substrate utilization. 
 Specifi c physalin B and F production were 
also signifi cantly affected by the number of inocula 
and the medium volume. The yields of physalin 
B and F reduced up to 25 and 20%, respectively, 
when the number of inocula increased from 4 to 
12 root tips and the medium volume doubled from 
25 mL to 50 mL. Taking the biomass DW yield 
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into account, the highest physalin B and F yields 
(17.6 and 38.4 mg.L-1 culture, respectively) were 
obtained in cultures containing 25.0 mL medium 
inoculated with 4 root tips. This result was in line 
with ginsenosides production in Panax ginseng 
hairy root culture (Jeong et al., 2009).

CONCLUSION

 This work demonstrated that the presence 
of lateral branches with or without root tips used 
as inoculum has negligible infl uence on growth 
and the production of physalins in P. minima 
hairy roots. However, excising the primary and 
lateral root tips reduced μ and the total root length 
but not the fi nal biomass. Physalin B and F were 
mostly accumulated in the mature root tissues 
(1.55 and 3.74 mg.g-1 DW, respectively) rather 
than in the root tips (0.65 and 1.47 mg.g-1 DW, 
respectively). Increasing the number of inoculum 
root tips from 2 to 12 and increasing the medium 
volume signifi cantly reduced the μ and td values. 
However, decreasing the medium volume with a 
small number of inocula reduced td, improved the 
biomass and production of physalins and μ. Using 
a 100 mL fl ask size, 25 mL of medium with four 
root tips was the optimum condition for growth and 
physalin production. Hairy root morphology type A 
showed easier and more homogeneous production 
among the replicates. In addition, culture A 
produced the same performance as cultures C 
and E in terms of the biomass and production of 
physalins. Thus, it was recommended that 25 mL 
of medium with four root tips of morphology type 
A should be used as the optimum conditions for 
shake fl ask cultures.
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