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INTRODUCTION

I n recent years, plant cell and tissue culture has received agreat deal of attention for the
production of useful plant-specific chemicals. The advantages of plant cell culture
compared with whole plant cultivation are that: cell cultures are unlimited by
environmental, ecological or climate conditions; cells can proliferate at a higher growth
rate; alarge amount of cellscan be obtained in abioreactor with limited space; metabolite
accumulation can be improved through regulation of culture conditions; downstream
processing of products from cell cultures may be relatively easier.

Thefirst report dealing with cell and tissue cultures of Peri//z may be that by Sugisawa
and Ohnishi (1976), and there have been many related publications since the 1980s. As
shown in Table 1, these works were concerned with the formation of perilla pigments,
caffeic acid, monoterpenes, sesquiterpenes, and essential oil by Peri//a cells, as well as
glucosylation, resolution, and morphogenesis of the cell cultures.

The cultural factors which affect cell growth and metabolite accumulation in plant
cell culturesincludebiological (cdl line, culture age, inoculum density, and cell aggregate
size), chemical (such as medium composition), and physical factors (such astemperature,
light irradiation, oxygen supply, and shear stress).

CELL AND TISSUE CULTURES

Callus Culture
Basic requirementSard media

The basic requirements for plant tissue culture work are: () an area for medium
preparation; (i) a sterile room or sterile air cabinet for aseptic transfer; (iii) a constant
temperature room or incubator for growth of callus cultures; (iv) shaker facilities for
cell suspension cultures. The main physical requirement for growth and maintenance of
plant cell cultures is constant temperature. Callus cultures are grown in plastic Petri
dishes, glass culture tubes or plastic pots with screw cap lids. Suspension cultures are
usually in glass conical flasks (Dixon, 1985).

Components of media for the growth of plant callusand suspension cultures can be
classified into six groups, and this division is usually reflected in the way in which stock
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Tablel Reportson cell and tissue cultures of Perilia

Culture conditions Authors (year)
Metabolites:
petilla pigments MS medium, 100 ppm NAA, 2 ppm KT,
25°C, with light Ota (1986)

LS medium, 10 uM NAA, 1 uM BA,
25°C, light 3000 lux for 12 h

L.S medium, 1 uM 2,4-D and 1 UM BA,
25°C, Light at 17-20.4W /m?*

Koda et al (1992)
Zhong ¢ a/. (1991,
19932, 1994a)

phenylpropanoids B, medium, 5 ppm NAA, 1 ppm KT,
25°C, light at 2000 [ux Tamura ¢ a/. (1989)
caffeic acid MS medium, 1 ppm 2,4-ID, 0.1 ppm KT Ishikura ¢z 2/ (1983)
monoterpenes MS medium, 1 ppm 2,4-D, 5 ppm KT Sugisawa & Ohnishi
25°C, dlightly dark (1976)
sesquiterpene MS medium, | ppm NAA, 1 ppm KT,
25°C, light 3000 lux Nabeta ef a/. (1985)
modified MS, 1 ppm 2,4-D, 5 ppm KT Shin (1986)
ursolic acid LS medium, 1 uM NAA, 10 uM KT Tomita & Ikeshiro
(1994)
cuparene MS medium, 1 ppm NAA, 1 ppm KT
25°C, light at 3000 lux Nabeta ef o/ (1984)
essentia oil modified MS, 1 ppm NAA, 5 ppm KT
27+2°C Shin (1985)
Glucosylation LS medium, 1 uM 2.4-D, 25°C, dark Tabata ¢z a/ (1988)
MS medium, 1 uM 2 4-D, 26°C, dark Furukubo e 4/ (1989)
Resolution LS medium, 2,4-D, 26°C, dark Terada ez /. (1989)
Morphogenesis MS medium, NAA, or 2,4-D, BA, Tanimoto & Harada

NOA

(1980)

Abbreviations: BA, benzylamino-purine; 2,4-D, 2,4-dichlorophenoxyacetic acid; KT, kinetin;
NAA, 1-naphthaleneacetic acid; NOA, naphthoxyacetic acid. MS: Murashige and Skoog's,
LS: Linsmaier and Skoog's.

solutions are prepared and stored. The groups are: (i) major inorganic nutrients;
(i1) trace elements; (jii)iron source; (iv) organic supplement (vitamins); (v) carbon source;
(vi) organic supplement (plant growth regulators). Table 2 shows a typica medium for
Perilla frutescens cdl cultures (Zhong ¢ o/, 1991).

Callusinduction

The callus of P. frutescens was induced as follows: seeds were germinated on an agar
medium of LS (Linsmaier and Skoog) minus growth regulators to produce young
seedlings for use asasourceof explants. Young leaf sections (5 mm?) were excised and
transferred to MS (Murashige and Skoog) basa medium containing sucrose (30 g/L),
2,4-dichlorophenoxyacetic acid (2,4-D) (1.0 pprn), kinetin (KT) (5.0 ppm) and Difco
bacto-agar (0.9%w/v). T he callustissuewas subcultured every 3weeksduring 6 months
at 25°C in poor light conditions. A suspension culture derived from the callus of the
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Table2 Medium composition for cell culturesof 2. fruzescens

Inorganic Concentration (#z¢/ L) Organics Concentration (7¢/1.)
KNO, 1900 Myo-inositol 100
NHNO, 1650 Thiamine HC] 0.4
CaClL,2H,0 440

MgSO47H,0 370 Sugar Concentration (g/L)
KH,PO, 170 Sucrose 30

Na, EDTA 37.3

FeSO,7H,O 278 Hormone Concentration (M)
MnSO,4H,0 22.3 24-D 1
7080, TH,O 86 6-BA 1
H.BO, 6.2

KI 0.83

Na MoO,2H,0 0.25 pH 5.8-6.0 (before autoclaving)
CoCl,6H,0 0.025

CuSO,5H,0 0.025

eighth generation was maintained in a similar medium, without agar, on a rotary shaker
at 25°C for 6 weeks (Sugisawa and Ohnishi, 1976).

Cdl line sHection

Selection experiments have already yielded alarge number of mutants. There are three
approaches of cdl line cloning: by plating cell aggregates, by protoplast culture, and by
single cdl culture. Selection of high-producing cell line by the method of cell aggregate
cloning is as follows (Yamamoto ¢ 4/, 1982). The calli were cut into many segments
(volume, cz. 3mmq) with ascalpel. Each segment was coded and placed on agar-medium
(25 ml) in a sectioned Petri dish 9 cm in diameter. The agar-medium consisted of the
liquid medium and 0.8 % (w/v) agar. The segments were cultured under suitable
conditions for acertain period. Each of the 9 segmentson aPetri dish was cutinto two
cell-aggregates; one (D) for subculture and the other (D,) for quantitative analysis of
the pigment. From the andysisof D,, we selected the reddest D, cell-aggregate from
each Petri dish. These selected cell-aggregates were cut into several segments (volume,
ca. 3 mm°). All these segments were coded and transplanted onto fresh medium in a
9-section Petri dish. This selection procedure was repeated many times.

Suspension Culture
Flask culture

Flask suspension cultures were obtained by the transfer of friable callus lumps to an
agitated liquid medium of the same composition as that used for the growth of callus.
A relativelylargeinitial inoculum was advantageous, as this would ensure that sufficient
single cells and/or small clumps were released into the medium to provide a suitably
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A 50 N I
Figurel Photographof suspension cells of Perilla fruzescens culturedin a sheke flask

high cdl density for subsequent growth. Rotational speedsof the orbital shakersshould
be in the range of 30-150 rpm with an orbital motion stroke of 2—4 cm.

For example, suspension cells of P. frutescens (Figure 1), which produced a high level
of anthocyanin, were cultured in a 500 m! conical flask containing 100 ml LS medium
with theaddition of 3% sucrose, 1 uM 2,4-D and 1 uM benzylamino-purine (BA). The
cdlswereincubated on arotary shaker (75 rpm) at 25A°under continuouslight irradiation
supplied by ordinary fluorescent lamps (17-204 W/m?). The subculture period and
inoculum density weregenerally controlled at 7-1 0 days and 25 g wet cells /1., respectively
(Zhong ¢ 4/, 1991).

Bioreactor Ul ture

Large-scaleculture of plant cells has developed from the need to study the problems of
scale-upin the development of commercial processesfor the production of biomassor
secondary products. However, the growth of plant cell suspensions in bioreactors aso
dlowsthe study of theeffectsof conditions such as aeration, oxygen and carbon dioxide
levels on growth and secondary product formation, astudy not possiblein shakeflasks.

For bioreactor operation, a reactor was filled with a certain amount of medium and
autoclaved at 121°C for 30 min prior to the start of acultivation. After the reactor had
cooled to room temperature, the agitation speed and aeration rate were set as required.
The cultivation temperature was set and then automatically controlled as required.
Inoculation was performed by pouring the inoculum through a large opening in the
head plate. Theinoculum density was the same asin flask cultivation.
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Table3 Pigment content of P fiuzescens after cell line selection
SHectiongeneration 3rd 4th 5th
Pigment content (mg/g dry cell) 80.6 196. 4 197.1

FACTORS AFFECTING METABOLITE FORMATION BY PERIIIL.A CELLS

Cédl Line, Cdl Aggregate Size, Subculture Period and Inoculum Density
Cdl line

In the production of anthocyanins (pigment) and rosmarinic acid (phenylpropanoid)
from cultured callustissueof Akachitimen-shiso (Peridlasp.), Tamura ez 2/. (1989) claimed
that the relative amount of certain anthocyanins produced by the calus tissue was
different and greater than found in the intact plant. However, by means of several
subcultures, in which the pigmented cell line was selected, the anthocyanins of the
caluswere changed in amount and nature to that found in theintact plant. This change
might be attributable to gene mutation in the cultured cell.

In anthocyanin production by P. fruzescens cdls, a high-pigment-producing strain in
the cultured cellswas sel ected through the method of cell-aggregate cloning as described
above. Theresult is shown in Table 3 (Yoshida, M., Master thesis, Osaka Univ., 1989),in
which the pigment content was measured as described elsewhere (Zhong ¢z #/, 1991).

Cdl eggregete siz¢

Theinfluence of the sizeof the cell-aggregatein suspension culture of P. frutescens on
anthocyanin accumulation was investigated by inoculating with cell-aggregates of a
screened size in successive subcultures, while for the control, the cdl aggregate sizes
werewithout screening. As shown in Table 4, compared with the control, the anthocyanin

Table4 Effect of sizesof cell aggregates on anthocyanin accumulation by P, frutescens cells
subcultured successively in a shake flask'

Size Anthocyanin content (mg/g dry cdl)
(km) Subenlture

st 2nd 3rd 4th 5th
Control 90 87.4 81.7 90. 2 77.9
250- 2000 67.6 56.2 66. 2 5.5 21
149- 250 76.3 50.3 8.8 79.7 81.4
37-149 105 71.9 88.7 85.5 64.9

'The cell growth was almost the samein al the above cases. The data shown here was an average
of at least 3 samples. The cell aggregate sizes of the control were in the range of 37- 2000 pm
with adistribution similar to that as described (Zhong e 4/, 1999).
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Figure 2 Effect of subculture period on anthocyanin accumulation by P. frutescens
cdllsin aflask culture. Symbolsfor subculture period: Open circle, 5 d; closed circle, 7 d;
closed triangle, 10 d; open triangle, 14 d

content of flask cultures which were inoculated with cell aggregate sizes greater than
250 um was lower. The pigment content in other cultures, which wereinoculated with
cell aggregate sizes smaller than 250 pm, was amost the same as that of the control.
The result suggests that cell-to-cell communication, which may be important to the
metabolite formation, probably depends on a certain range of cdll aggregate sizes.

Subcultureperiod

Theeffect of subculture periods on P. frxzescens cell cultureswas studied by subculturing
the cdls at an interval of 5,7, 10 or 14 days (Zhong and Yoshida, 1994d). The results
indicated that the cells subcultured at an interval of 7 or 10 days yielded a higher
anthocyanin content, i.e. higher specific anthocyanin production (mg/g dry cells),
compared with those at an interval of 5 or 14 days. In these cases, the anthocyanin
content proved to be unstable during subcultures. The results indicated that alteration
of the subculture period is one way of overcoming the instability of metabolite
production in plant cell cultures, which is one of the main obstacles to the
commercialisation of plant cdl culture processes.

A further investigation on the growth and production dynamicsof thecell culturesat
different subculture periodsindicated that although the cells which were subcultured at
an interval of 5 days propagated rdatively faster, the anthocyanin content was rather
lower, compared with those at an interval of 7 and 10 days. The cells subcultured at a
14-day interval showed lower cdl growth and anthocyanin content, compared with those
at a 7- or 10-day interval (Figure 2). The results indicate that the physiological and
metabolic aspects of cultured cells varied greatly with different subculture periods.
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Tnoculum densty

The effect of inoculum density (15, 25, 50 and 75 g wet cells/L) on cell growth and
anthocyanin formation by suspension cells of P. fruzescens was investigated by using a
500 ml conical flask containing 100 ml medium (Zhong and Y oshida, 1995). T he results
showed that the growth rate and cell concentration reached at around 10th day were
quite similar for different inoculum densities, and the substrate (sugar) was aso almost
completely consumed by that day in al the cases (Zhong and Y oshida, 1995). However,
the anthocyanin content (i.e. specific anthocyanin production, mg/g dry cells) and total
anthocyanin production (g/L) were very different at various inoculum densities. The
production and specific production of the pigment reached the highest at aninoculum
density of 50 g wet cells/T. (Zhongand Y oshida, 1995).

Chemicals
Carbon suree

I'n plant cell cultures, sucroseis usually a suitable carbon source. | n P, fruzescens cultures,
Harada (Harada, H., Master thesis, Osaka Univ., 1988) and Koda & 4/ (1992) found that
among different carbon sources, sucrose was found to be the best one for both the cell
growth and formation of anthocyanin pigment.

I n high density batch cultures of P. frxsescens (at aninoculum size of 50 gwet cells/ 1),
the initial sucrose concentration showed a conspicuous effect on the kinetics of cell
growth, sugar consumption, and anthocyanin production by P. fruzescens cells. The
maximum cell density of 38.3g dry cells/1. was obtained after 11 days' cultivation at an
initial sucrose concentration of 60 g/L, while the highest pigment production of more
than 5.8 g/L was attained at 45 g/1. of sucrose (Zhong and Y oshida, 1995).

In addition, the data indicated that the initial sucrose concentration affected the
excretion of anthocyanin by cell cultures of P. fiutescens (Zhong ez al, 1994c). When the
medium contained 40-50 g/I. of sucrose a much higher amount of anthocyanin was
released from the cultured cells, compared with the control of 30 g/1 of sucrose. Further
experiments confirmed this result.

Nitrogen source

Aninvestigation of the effect of the nitrogen source on the growth and anthocyanin
production by P, frutescens cells has been carried out. The results indicated that the total
amount of nitrogen and theratio of nitrate to ammonium saltsin the LS medium were
the most suitable for the cell cultures (Harada, H., Master thesis, Osaka Univ., 1988).
But astudy made by another group showed that aNO, /NH, " of 10with atotal nitrogen
of 30 mM gave the best results for thegrowth of, and pigment formation by, P. fiutescens
cultures (Koda ¢f 4/, 1992).

Plant growth regulator

Table5 showsthat caffeicacid of 1.1-2.7 mg per g freshweight of calluseswere estimated
to be present in Perz/la calli. The yield from the cells in MS-III medium containing
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Table5 Caffeic acid formation in Peri//z calus cultured in various media

AR wedia Growth regulators Fresh wt. (g) Freshwt. () Caffeic add (mg)
(mg/ L) of callus of callusexstured FH gfresh wr
2,4-D NAA finetin. Subcultured for21 days of the callus
SH-M 0.5 — 0.01 3.89 18.32 1.82
MS| 1.0 — 0.1 3.64 20.00 1.53
MS-11 1.0 — 5.0 415 20.18 2.67
MS-I1I — 1.0 0.1 4.01 12.11 2.60
G 1.0 — _ 3.85 19.45 112

1-naphthyl aceticacid (NAA, 1.0mg/L) instead of 2,4-D andin MS-I1 medium containing
a high concentration of kinetin (5.0mg/L) were about double those in MS| and G
media (Ishikuraes al, 1983).

Shin (1985) reported that an addition of one ppm of NAA instead of 2 4-D in the
modified MS medium containing 5 ppm of kinetin caused 75% increasein the growth
of P. frutescens cdls and two-fold increasein production of essentia ails.

In anthocyanin production, Harada’s result indicated that 1 M of 2,4-D in
combination with 1-10 uM of BA in LS medium was the most suitablefor cdl growth
and pigment formation (Harada, H., Master thesis, Osaka Univ., 1988) whereas Koda
¢ g/, (1992) claimed that 10 uM NAA in combination with 1 um BA was the best for
P frutescens cultures (Table 6).

Precursor

In atwo stage culture of the young leaf of Peri/lz species, Shin (1986) reported that the
addition of mevalonic acidlactone (10ppm) increasedthewet cells and yield of essential
ail (including sesquiterpene hydrocarbons and sesquiterpene alcohol) of callusfrom 1.8
to 2.6 g and from 4.7 to 18.7 mg/tube, respectively.

Table 6 Effects of phytohormones on growth and pigment production by P. fiwtescens cells

Auxin Cytokinin Fresh sz, Pigment
(2/ flask) Vg (CV/ flask)

24-D10° M BA10°M 3.80 0.66 2.51
IAA 1.09 1.54 1.68
NOP 3.21 4.25 13.64
NAA 10* M 2.81 3.87 10.87
NAA 10° M BA10° M 3.52 6.12 21.54

BA 10°M 3.21 6.84 21.96

BA10"M 1.85 4.84 8.95
NAA 10°M BA10°M 1.99 3.15 6.27
CV =[0OD,,, (Samplewt (g) + 10)]/Sample wt (g)

Abbreviations BA, benzylamino-purine; 2,4 D, 2,4-dichlorophenoxyacetic acid, IAA, indole-3-
acetic acid; NAA, 1-naphthaleneacetic acid, NOP, naphthoxypropionic acid.
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Table7 Growth and valdile matter content in Perz/z cdlus fed with and without mevaonate
Without With mevalonate
Non-labeled 22°H, 44°H, 55'H,

Growth index 5.87 1.29 1.29 1.29 1.06
Volaile content 0.067 1.83 . — —

(10°% freshwt,)

Seqquiterpene content

(10°% fresh wt.) 0.013 0.025 _ -+

Seqquiterpenes
Isolongifolene
o-Curcumene
B-Bisabolene
Chamigrene
Thujopsene
Cuparene
o-Farnesene
B-Farnesene
Farnesol

, hot determined; +, detected by GC/MS andyss

T e S
+ +

+ +

+ +

+ 4+ + +

A

Later, Nabeta ¢/ 2/ (1993) claimed that the administration of mevalonate (MVA, 10
mmol/8 ml culture medium) significantly retarded the growth of Perii/z callus tissues
[growthindex (freshwt.): 1.06—1.29with MVA and 5.87 without, seeTable7]. However,
a significant increasein the level of total volatiles was observed (24 times higher than
that in the calli grown without MVA, see Table 7). The increase in the total volatile
content was mainly due to the formation of long-chain compounds including palmitic
acid, tetradecane, 2,4-decadienal and butyricacid. Thelevd of sesquiterpenehydrocarbons
in the calli with MVA was 1.8 times higher than that in the calli without. Sesquiterpene
hydrocarbons were aways observed in the cali cultured with the deuterated MVAs, and
deviationsin their qualitativepatterns were observed upon the additionof thedifferently
deuterated MVAs. Cuparene and B-bisabolene, however, were dways observed.

Inhibitor

In order to clarify the biosynthetic regulation of caffeic acid in Peri//z cell suspension
cultures, Ishikura e7 2/ (1983) examined the response of the cells to three inhibitors,
L -2-aminooxy-3-phenylpropionic acid (L-AOPP), 2-aminooxyacetic acid (AOA) and
N-(phosphonomethyl) glycine (glyphosate). The administration of 1.-AOPP, AOA and
glyphosate to the Perz//z cdlsinhibited caffeic acid formation to alarge extent. An 80%
inhibitionof caffeicacid formation was caused by 10* M L-AOPP whereasphenylalanine
and tyrosine contents of the cells became 7.5 and 2.3 times higher at this 1.-AOPP
concentration than those in the control. An 85% inhibition of caffeic acid formation
was achieved at 10° M glyphosate concentration, while 10° M AOA inhibited caffeic
acid formation by 95% and also growth rate by 80%.

Copyright 1997 by Taylor & Francis Group, LLC



J-J. ZHONG AND T. YOSHIDA

Table8 Comparisonof parameter valuesin cultivation of P. frutescens cdls at different
temperatures in flask cultures

T M X e TA }/X/.? Y, 0
Q@) @/L) mg/g) @) @ @y (mg/L/d)
22 021 216 185.1 3.67 0.70 0115 211
25 032 19.9 176.9 3.52 0.66 0112 268
28 037 19.2 67.6 1.25 0.62 0.032 68

T, temperature; 1, specific growth rate; X, maximum cdll concentration; AC__, maximum
anthocyanin content; TA, total anthocyanin; Y, ., cdl yidd; Y, ., anthocyanin yield; Q, volu-
metric anthocyanin productivity.

X/8 P/S?

Inarelated work, Ishikura and Takeshima (1984) reported that when 1 mM glyphosate
was added to the cell culture in the logarithmic and stationary phases, the amount of
caffeic acid ceased toincrease and remained at anearly constant level during the following
several days. Theshikimic acid content of cellsfrom 14-day culturegrownin the presence
of 1 mM glyphosate increased up to 74.9 pg per g fresh weight during 6-day culture,
whereas that of the control cellswas undetectable. The dosage of 0.15mM L-AOPP, an
inhibitor of phenylalanine ammonia-lyase, to the cells did not cause shikimic acid
accumulation.

Temperatute

Theeffect of culture temperature on cell growth and anthocyanin formation by the cell
cultures of P. frutescens has been investigated (Zhong and Yoshida, 1993b). The results
showed that at different incubation temperatures (i.e. 22°C, 25°C and 28°C), although
the maximum cell concentration obtained wasidentical (about 20 g/L), the growth rate,
anthocyanin content and total anthocyanin produced were very different. At a higher
temperature, inarangeof 22~28°C, ahigher specific growth ratewas obtained. However,
anthocyanin production, its productivity and yield were remarkably reduced at 28°C
compared with those at 22°C and 25°C, respectively (Table 8). The highest anthocyanin
productivity wasobtained at 25°C. The above resultsindicated that the culture temperature
was animportant factor regulating the mechanism of anthocyanin biosynthesisin cultured
cells of P. frutescens, and that this parameter should be strictly controlled during these
cultivations.

Light Irradiation

In plant cell-tissue cultures, light has stimulatory, inhibitory, or insignificant effects on
cell growth and the accumulation of plant metabolites. For example, in modified MS
medium containing 1 ppm of 2,4-D and 5 ppm of kinetin, Shin (1985) claimed that
light (irradiation at 1600 lux) decreased the callus growth by 25% but rather increased
the content of essential oil by two-fold, i.e. from 2% to 4%.
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Table 9 Effect of light source on cdl growth and anthocyanin content of P, fruzescens cdls
cultivated for 12 day s in 500 ml conical flasks

Light spectrum Growth Anthocyanin content
(g wet cells/ 100 wl.) (mg/ g dry cells)

Ordinary fluorescent lamp 273 296.1

Plant lamp 29.8 239.7

UV lamp 16.6 187.2

*The ordinary fluorescent lamp hes light spectrum range of 450-610 nm; the plant lamp
possesses two pegksin its light spectrum at 460 nm (blue) and 655 nm (red) for each; the UV
lamp has alight spectrum pegk at 325 nm. Light irradiationintensity was 1000-1100 luxin dl the
cases.

Until now, detailed investigations on the optimisation of light irradiation conditions
arevery scarce. More serioudly, thereisalack of information concerning the optimisation
of light irradiation on a bioreactor scale, although such an investigation is essential to
the design and optimisation of large scale processes for metabolite production by plant
cell cultures. Here, a systematic study on the effect of light irradiation on anthocyanin
production by P. frutescens cells is described.

Influence of light spectruman anthocyanin accumnlation

We found (Table 9) that irradiation from the light source of an ordinary fluorescent
lamp with a spectrum range of 450—610 nm was most effective for anthocyanin
production by Perz/iz cells, while irradiation by a plant lamp decreased the anthocyanin
content a little, and irradiation by a UV lamp showed inhibition to both growth and
pigment formation of the cultured cells. | n other studies, Ota (1986) claimed that perilla
pigment was produced by exposing to a 450—500 nm bluish fluorescent lamp, while no
pigment production occurred with a 580 nm daylight fluorescent lamp.

Effects of irradiation period and /g4 intensify on anthocyanin formetionin a flask or ronx bottle

The effect of light irradiation period on anthocyanin content of P. fiusescens cells was
investigated (Zhongetal., 1991). Although the cell masswasincreased 12 fold compared
with theinoculum in dl the cases, the anthocyanin content of thecellswasvery different
for each case. Light irradiation for the first 7 days or the whole cultivation period was
effective for anthocyanin production, while only a small amount of anthocyanin was
obtained in the cases of no light irradiation in the first 7 days, even when light was
supplied in the subsequent 7 days.

Investigation of the effect of light intensity on pigment production was attempted
by using a 500 ml roux bottle with alighting area of 164 cm?* at 0.4 vvm (Zhong ¢f 4/,
1991). The results demonstrated that after 14 days' cultivation the anthocyanin content
and total production increased with the increase of light intensity up to 27.2 W/m? of
the daylight irradiation supplied by an ordinary fluorescent lamp.
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Figure 3 Effect of light irradiation on anthocyanin production in cedl cultures of
P, frutescensina2-L (working volume) bubblecolumn reactor. Symbolsfor lightirradiation
intensity (W/cm?): triangle, 0; circle, 13.6; rhombus, 27.2; square, 54.4

Effect of Zlight irradiation on anthocyanin productionin a bioreactor

From the above results, to trandlate the small scale result to a bioreactor scale, it was
clearly necessary to investigate what light irradiation intensity was most suitable for
anthocyanin production by cultured cells of P. fruzescens on the bioreactor scale.
Experiments in a 2-L (working volume) bubble column reactor were made with light
irradiation at different intensitieswhile maintainingthe other cultivation conditions the
same. Figure 3 indicates that in the bioreactor cultivation without light irradiation, the
total anthocyanin was 1.4 g/1. In acultivationperformed at 13.6W/m? of lightirradiation
intensity, on the 10th day of the cultivation about 2 g/L of total anthocyanin was
accumulated. When the light irradiation intensity was increased up to 27.2 W/m? a
maximum anthocyanin of 3.0 g/1. was obtained on the 10th day of the cultivation and
this valueis comparableto that accumulated in the flask culturewhere 3.5g/L of total
anthocyanin was formed after 12 days incubation (Zhong ¢f &/, 1991). The pigment
productivity (g/1./day) reached 2.5 and 1.5fold compared with that without lighting or
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with lighting at 13.6 W/m?, respectively (Figure 3), and it was even alittle higher than
that in aflask culture.With afurther increaseof lightingintensity to 54.4% /m?, however,
the total anthocyanin was markedly reduced (Figure 3). This means that such a high
irradiation intensity was harmful to pigment formation. The results obtained above may
serve as aguide to the optimisation of light irradiation in the scale up of the cultivation
process for mass production of the anthocyanin.

Oxygen Supply

Figure 4A shows atypicd example of the time course of acultivation in a2-L turbine
reactor (at 150 rpm and 0.2wm). The maximumamount of anthocyanin produced was
0.48 g/1. on day 11. The highest cdl concentration, about 17 g dry cell/L, was aso
reached on that day. The anthocyanin content continuously decreased from 65 mg/g
dry cell at the beginningto 25 mg/g dry cedl at theend of cultivation.

The reasons why anthocyanin yield was poor under the above conditions had to be
elucidated. Because theinitial volumetric oxygen transfer coefficient (k a) valuewaslow
(ca6.8h™) (Zhong et al, 19932), it was considered possi ble to enhance pigment formation
by improving oxygen supply to obtain results like those in cultivations using a shake
flask (Zhong ez 4/., 19932). Experiments were made by using a modified reactor with a
sintered sparger to observe the effect of oxygen supply on anthocyanin production by
the cells. In the modified reactor, at 150 rpm initia k a valuesof 9.9and 15.2 h" were
obtained at 0.1 and 0.2 vvm, respectively (Zhong ¢ 4/, 1993a).

Figure 4B showsthat the total amount of anthocyanin produced at aeration rates of
0.1and 0.2vvm was 0.55 ¢/L. on day 10 and 1.65g/L on day 12, respectively, while cell
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Figure4 Effect of oxygen supply on anthocyanin production in cdl cultures of P.
Jrutescens ina2-L (working volume) stirred bioreactor at 150 rpm. A, ring sparger (at 0.2
wm); B, sintered sparger (at 0.1 and 0.2 vvim). Symbols: triangle, cell concentration;
rhombus, anthocyanin production. In Figure 4B, white and dark symbols are for an
aeration rate of 0.1 and 0.2 wm, respectively.
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growthwasvirtually the same for both cases. Anthocyanin content decreased continuously
from 250 mg/g dry cell to 35 mg/g dry cell on day 10 at a0.1 vvm aeration rate. At an
aeration rate of 0.2 vvm, the pigment content decreased from 220 mg/¢ dry cell to 75
mg/g dry cell on day 6, but after that increased to 120 mg/g dry cell on day 12. At an
aeration rate of 0.1 vvm using the sintered sparger, the production of anthocyanin was
poor, showing almost the same result as that at 0.2 vvm using aring sparger (Figure 4A),
when the other cultivation conditions were maintained the same. However, when the
aeration rate was increased to 0.2 vvm with the new sparger being used, product
accumulation increased almost 3-fold, i.e. 1.65 g/1. was obtained compared to that at
0.1 vvm using the same sintered sparger or at 0.2w m with the ring sparger. Theresults
indicate that the oxygen supply conditions affected product biosynthesis.

In addition, regardless of the different cultivation conditions mentioned above, we
observed asimilar pattern of change in dissolved oxygen (DO) level during cultivation,
with the lowest DO value being around 10--20% of air saturation. An investigation of
theeffect of D Olevel onanthocyanin productionindicated that therewas no difference
in production at aD O levd controlled at 20% or 80% of saturation (unpublished results).
It is suggested that the phenomenon observed was due to differences in the oxygen
uptake rate (OUR) between cells producing anthocyanin and those not producing
anthocyanin, withthe OUR of theformer beinglarger. We confirmed such a difference
in OUR between more anthocyanin-producing cells and less anthocyanin-producing
cells (Zhong ez al, 1994b).

Shear Stress

Plant cdlsare usualy sensitive to hydrodynamic stress as each usually has alarge volume
(ranging from 20 to as much as 100 lim in diameter) and arigid cellulose-basedinflexible
cell wall, and often has avery large vacuole, comprising up to 95 % or more of the cell
volume. Such characteristics of plant cellsimply that they are easily susceptible to damage
under a certain degree of shear. In our case, the detrimental effects of shear stress on
P. frutescens cellswere demonstrated in both short-term experiments and batch cultivations
in bioreactors (Zhong et 4/, 1993a and 1994a).

The quantitative shear effects on cell growth and anthocyanin production by the cell
culture were analysed in a series of batch culturesin a 3-L (working volume) plant cdll
reactor with amarine impeller having a diameter of 85 mm (larger impeller) or 65 mm
(smaller impeller). Figure 5 shows the effects of the average and maximum shear rates
on the specific growth rate and specific production of anthocyanin (i.e. anthocyanin
content) of P, fiutescens céllsin the bioreactor cultivations. Here, the maximum shear rate
is assumed to be represented by theimpeller tip speed (ITS).The specific growth rate
was apparently reduced at an average shear rate (ASR) over 30s” or at an ITSof over 8
dm/s. The anthocyanin content was relatively high at an ASR below 30 s* or an ITS
below 8 dm/s. At higher shear rates, the pigment content of the cultured cells showed
an obvious decrease. The effects of shear on the maximum cell concentration, total
anthocyanin production and the volumetric productivity of anthocyanin were similar to
those as shown in this figure. Relatively high cell concentration, pigment production
and pigment productivity,aswell as cell and pigment yields, were achievedin the bioreactor
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Figure5 Effect of shear on the specific growth rate and anthocyanin content in cell
cultures of P. frutescens in a3-L (working volume) plant cell bioreactor with a marine
impeller. A, average shear rate; B, impeller tip speed. Symbols: circle, bigimpeller; triangle,
small impeller

at an ASRof 20-305s" or at anITSof 5-8 dm/s (Zhong ¢# 4/, 1994a). These criteriawere
equivalent to the following operationa conditionsin the reactor: an agitation speed of
120-170 rpm using thelarger impeller (85 mmin diameter). At an ASR of over 30s™ or an
ITSof over 8dm/s, the cell growth, pigment production and its specific production, as
well as theyieldsof the cellsand the pigments were poor due to the detrimenta effects
of the shear stress on the cultured cells.

CONCLUSIONS AND INDUSTRIAL PERSPECTIVES

In this chapter, the basic techniques for cell and tissue cultures of Per7//z, including
calusinduction, cel line selection as well as establishment of suspension cultures, were
introduced; and the progress in the cell and tissue cultures since the 1970s has been
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reviewed. The factors affecting the cell and tissue cultures of Peri/lz were cdl line, cdll
aggregatesize, inoculum density, culture age (biol ogical factors); light irradiation, oxygen
supply, shear stress, culture temperature (physica factors); precursor, inhibitor, and
medium components (including carbon and nitrogen sources as wel as plant growth
regulators) (chemical factors). A systematic study on the optimisation of these factors
for anthocyanin production was shown.

As demonstrated in our previous work (Zhong ez @/, 1991), the bioprocess of
anthocyanin production by suspension cdls of P. frusescens was successfully scaled up
from ashake flask to a bioreactor scale (withworking volumeof 3 L) by payingattention
to the factors of light irradiation, oxygen supply and shear stress. Through a similar
approach, the cdl cultivationin a100-1. jar fermentor was succeeded by San-ei Chemical
Industry Co. (Osaka, Japan) (Koda ¢ al., 1992); the red pigment produced in the big
fermentor was 7-fold increase compared with itsinoculation level, and the amount was
estimated to be equivalent to that extracted from 35 kg of fresh perilla leaves (Koda
et al., 1992). For commercial production of anthocyanin pigment by the cdl cultures,
however, much further improvement in the efficiency of the San-ei processwas necessary.

In the case of famous shikonin process devel oped by Mitsui Petrochemicals Co., the
shikonin productivity by cdl cultures and the market value of the product in 1987 were
0.1g/L/d and US$4000/kg, respectively (Ilker, 1987). I n contrast, at that time the pure
anthocyanin was sold at US$ 1250~2000/kg, while the highest pigment productivity
obtained viacdl culturewas only 55mg/1./d (Yamakawa ¢z 2/, 1983). Dueto therelatively
cheaper value and lower yield of anthocyanin compared with those of shikonin, it is
apparent that further technol ogical improvementswererequired for itspractica industrial
exploitation. In our recent work, a high anthocyanin productivity of ca. 0.3g/1/d was
achieved (in abioreactor) (Zhongezal., 1991), and more recently it was further enhanced
upto0.58g/1./d (inashake flask) (Zhongand Yoshida, 1995). Here, it may be reasonable
to consider that abig step has been taken towards the commercial anthocyanin production
by cdll cultures. Future work includes further bioreactor scale-up aswell as the product
safety test (especialy for its application in food industries).
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