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ABSTRACT 

Higher p l a n t s  produce many i n d u s t r i a l l y  important  products.  

t h e s e  are drugs and medicinal  chemicals,  e s s e n t i a l  o i l s  and f l a v o r s ,  

vege tab le  o i l s  and f a t s ,  f i n e  and s p e c i a l t y  chemicals,  and even some 

commodity chemicals. Although, c u r r e n t l y ,  whole-plant e x t r a c t i o n  i s  t h e  

primary means of ha rves t ing  t h e s e  materials, t h e  advent of p l a n t  c e l l  

t i s s u e  c u l t u r e  could be a much more e f f e c t i v e  method of producing many 

types  of phytochemicals. The use of immobilized p l a n t  cel ls  i n  an 

advanced b i o r e a c t o r  conf igu ra t ion  wi th  exc re t ion  of t h e  product i n t o  t h e  

r e a c t o r  medium may rep resen t  t h e  most s t r a igh t fo rward  way of commerciali- 

z ing  such techniques f o r  lower-value chemicals. 

h a n g  

Important  r e sea rch  and development oppor tun i t i e s  i n  t h i s  area 

include:  sc reening  f o r  p l a n t  c u l t u r e s  f o r  nonmedical, lower-value 

chemicals,  understanding and c o n t r o l l i n g  p l a n t  c e l l  physiology and 

biochemistry,  op t imiz ing  e f f e c t i v e  immobil izat ion methods, developing 

more e f f i c i e n t  b i o r e a c t o r  concepts ,  and p e r f e c t i n g  product e x t r a c t i o n  

and p u r i f i c a t i o n  techniques.  
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PLANT CELL TISSUE CULTURE - A  POTENTIAL SOURCE OF ~~~~~~~~~ 

Char les  D. S c o t t  and Donald KI Dwgall 

10 INTRODUCTION 

Higher p l a n t s  are used ex tens ive ly  for Tood, fodder ,  and s t r u c t u r a l  

materials. However, many chemical products  can a l s o  be obtained from 

p l a n t s s  Various p l an t -de r ived  pharmaceutfcals have been used f o r  

hundreds of years, and o t h e r  products  such as f l a v o r s ,  f ragrances ,  and 

o i l s  have been and cont inue  t o  be important  p l a n t  pr0ducts . l  

p a s t ,  t h e s e  materials have been e x t r a c t e d  from mature plants. But, more 

r e c e n t l y ,  i n t e r e s t  has  been inc reas ing  i n  ob ta in ing  products  by 

c u l t u r i n g  i s o l a t e d  p l an t  cells t h a t  can then be grown e i t h e r  in suspen- 

s i o n  or  immobilized i n t o  o r  on to  s o l i d  p a r t i c u l a t e s .  TRe c u l t u r e  of 

p l a n t  cel ls  is  under i n t e n s e  s tudy by app l i ed  b i o l o g i c a l  s c i e n t i s t s ,  and 

t echno log i s t s  are beginning t o  cons ider  t h e s e  systems as w e l l .  The 

c u r r e n t  emphasis seems t o  be on t h e  use  of immobilized p l a n t  ce l l s  wi th  

advanced b io reac to r  concepts.  As a r e s u l t ,  such techniques are a l s o  

being s e r i o u s l y  considered for  l a rge-sca le  processing. Severa l  u s e f u l  

reviews of t h i s  f i e l d  have been publfshed i n  t h e  r ecen t  pas t  i n d i c a t i n g  

t h a t  t h i s  r e sea rch  area i s  becomfng more m a t ~ r e . ~ - ~  

I n  t h e  

It i s  now apparent  t h a t  a w i d e  v a r i e t y  of chemical products can be 

produced by c u l t u r e d  p l an t  cel ls ;  however, most r e sea rch  and development 

has  been conducted wi th  systems t h a t  produce high-value, low-volume 

substances.  Fuels  and high-energy chemicals can be obtained f r o m  some 

p l a n t  ce l l s ,  but  many s c i e n t i f i c  and technologica l  problems w l l l  have t o  

1 
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be  over come before  t h e  product ion of lower-value chemicals by p l a n t  

c e l l s  w i l l  have economic f e a s i b i l i t y .  

Th i s  r epor t  is  not  intended as an exhaus t ive  review oE p lan t  c e l l  

t i s s u e  cu l tu re .  Typical  but  important pub l i ca t ion  c i t a t i o n s  and r e s u l t s  

are l i s t e d ,  but  t h e  s e v e r a l  e x c e l l e n t  review papers  on t h i s  s u b j e c t  t h a t  

are included can be t h e  b m i s  f o r  a d e t a i l e d  understanding of t h e  s u b j e c t  

and a more complete bibl iography.  

2. CONCEPTS FOR PLANT CELL TISSUE CULTURE 

The advent of p l an t  c e l l  t i s s u e  c u l t u r e  i s  r e l a t i v e l y  r ecen t*  It 

has  been suggested t h a t  t h e  f i r s t  tnie p lan t  t i s s u e  c u l t u r e  w a s  obtained 

i n  1934 . l '  

f i r s t  d e t a i l e d  by Routien and Nickel1 i n  1956.11 "heir concept was 

based on t h e  well-developed use of microorganisms f o r  fermentation. 

The a r t  of p l an t  t i s s u e  c u l t u r e  has  been f u r t h e r  developed by many 

o the r  i n v e s t i g a t o r s ,  and, as of 1979, t h e r e  were over 22 r e p o r t s  of 

c u l t u r e s  producing concent ra t ions  of chemical products  t h a t  were equal  

t o  o r  g r e a t e r  than  those found i n  t h e  whole p l a n t * l 2 , l 3  

The product ion of chemicals from p lan t  t i s s u e  c u l t u r e  w a s  

Recent r e sea rch  has  shown t h a t  t h e r e  are f i v e  s y s t e m  where product 

y i e l d s  i n  c u l t u r e  were i n  excess  of 20% of t h e  dry weight of t h e  biomass, 

a t  l e a s t  seven more r e s u l t e d  i n  y i e l d s  of 10-20% of biomass dry,  and 

another  1 2  systems r e s u l t e d  i n  product y i e l d s  of 1-10% of t h e  biomass 

d ry  weight.14 Even h igher  y i e l d s  of product may be e s s e n t i a l  f o r  t h e  

u l  t irna t e product i on  of commodity chemicals . 
Organized groups of c e l l s  t h a t  ca r ry  out a mul t i tude  of s p e c i a l i z e d  

t a s k s  are present  i n  p lan ts .  However, p l a n t  c e l l  t i s s u e  culture i s  
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carried out with unorganized cells t h a t  are p resen t  as suspensions of 

i n d i v i d u a l  cells, loose  aggrega tes ,  o r  sometimes as an immsbi1i.zed mss 

of cel ls .  

2.1 SUSPENSION CULTURES 

Typ ica l ly ,  t h e  t i s s u e  c u l t u r e  i s  i n i t i a t e d  by t h e  i s o l a t i o n  of 

s m a l l  p i eces  of p l a n t  t i s s u e  t h a t  up011 c u l t u r i n g  develop a callus of 

unorganized cells. 

s o l u t i o n s  t h a t  are contained in enclosed vesselsc  As t h e  c e l l s  grow and 

subdiv ide ,  they r e s u l t  i n  a suspension of unorganized and v i a b l e  p l a n t  

cel ls  t h a t  can carry out  va r ious  chemical t ransformat ions  t o  produce 

primary o r  secondary me tabo l i t e s  or  t o  produce more biomass. 

The c a l l u s  is then suspended i n  a g i t a t e d  n u t r i e n t  

The t i s s u e  c u l t u r e  process  can be c a r r i e d  out  i n  a convent ional  

s t i r r ed - t ank  system ope ra t ing  as a batch r e a c t o r  or chemostat ,15 bu t ,  In  

sane cases ,  more novel  b i o r e a c t o r  systems have been used. For example, 

columnar o r  tank systems i n  which a i r  i s  introduced i n f o  a c e n t r a l  open 

tube t o  induce a g i t a t i o n  and mixing have been s tudied . I6  

system mst accommodate f o u r  c h a r a c t e r i s t i c s  of p l a n t  cells:  ( 1 )  they 

are more s e n s i t i v e  t o  damage by turbulence  than are microorganisms, (2 )  

they  grow more slowly than  microorganisms (doubl ing t i m e s  20-30 h), ( 3 )  

they  have lower opt imum temperatures  (25 t o  30°C) and lower thermal death 

p o i n t s  than  do microorganisms, and ( 4 )  they have a lower oxygen demand 

than  do microorganisms. 

The b iQreaCtQr  

2.2 MMORILIZED PLANT CELLS 

J u s t  as wi th  b i o r e a c r o r s  u t i l t z i n g  microorganisms, i n  some cases, 

t h e r e  are c e r t a i n  advantages i n  tmmobilizing t h e  p l a n t  c e l l s  on to  o r  
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i n t o  a s u i t a b l e  p a r t i ~ u l a t e . ~ * ~ - ~  

washout i n  t h e  e f f l u e n t  during continuous opera t ion ,  and i t  w i l l  reduce 

t h e  d e l e t e r i o u s  e f f e c t  of t h e  shear  fo rces  t h a t  are imposed by f l u i d  

motion t h a t  is r equ i r ed  f o r  good b i o c a t a l y s t  con tac t  and mixing. Thus, 

immobil izat ion can r e s u l t  i n  much h igher  concent ra t ions  of t h e  p l a n t  

c e l l s  w i th in  t h e  b i o r e a c t o r  but  i n  a p ro tec t ed  microenvironment. 

Fu r the r ,  provided t h e  c e l l s  are maintained i n  an adequate phys io log ica l  

s t a t e  by supplying s u i t a b l e  n u t r i e n t s ,  they should cont inue  producing 

t h e  chemicals f a r  longer  than do ce l l s  i n  batch cu l tu re .  Most research  

i n  t h i s  area has  u t i l i z e d  hydrocol lo ida l  gels such as a l g i n a t e  and 

carrageenan t h a t  were used t o  e n t r a p  t h e  p l an t  cel ls  i n t o  a g e l  mat r ix  

whi le  a l lowing easy  access of s u b s t r a t e s .  

This w i l l  r e t a r d  l o s s  of t h e  cel ls  by 

2.3 DISPOSITION OF PRODUCTS 

Perhaps t h e  most e f f i c i e n t  bioprocessing concepts f o r  t h e  microbta l  

product ion of commodity chemicals r e s u l t  i n  t h e  products  being excre ted  

i n t o  t h e  b i o r e a c t o r  medium where they can be more e a s i l y  recovered. But, 

p l a n t  cel ls  i n  c u l t u r e  have some f e a t u r e s  t h a t  are similar t o  micro- 

b i o l o g i c a l  processes .  For example, t h e  product may be a secondary 

me tabo l i t e  t h a t  i s  excre ted  i n t o  t h e  r e a c t i o n  medium o r  the  product may 

normally be accumulated wi th in  the  i n t r a c e l l u l a r  vacuole of t h e  c e l l s  e 

I n  t h e  former, t h e  p l an t  c e l l  m a s s  opera tes  p r imar i ly  as a b i o c a t a l y s t  

t o  convert  a s u b s t r a t e  t o  a f i n a l  product,  while  i n  t h e  l a t t e r  ease, i t  

w i l l  be important t o  have a s i g n i f i c a n t  ra te  of biomass propagat ion i n  

o rde r  t o  have high p roduc t iv i ty .  
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I n  o rde r  t o  opt imize t h e  economics of t h e  p l a n t  cel l  t i s s u e  c u l t u r e  

process ,  i t  w i l l  be d e s i r a b l e  t o  u t i l i z e  a system where t h e  product is 

excre ted  i n t o  t h e  b i o r e a c t o r  bulk medium. One o€ t h e  m0st f r u i t f u l  

areas of r e sea rch  f o r  t h e  product ion of lower-value products  mat: be t h e  

s tudy  of methods t o  induce product leakage from cel ls  t h a t  normally 

accumulate t h e  product. Immobilization techniques coupled wi th  n u t r i e n t  

stress, so lven t  exposure,  pH v a r i a t i o n ,  and phytohormone t rea tment  i n  

conjunct ion  w i t h  appropr i a t e  i l l umina t ion  have been shown t o  have t h i s  

d e s i r e d  e f f e c t  f o r  some a p p l i c a t i o n s e 7 9 1  

t o  “ p u l l ”  me tabo l i t e s  from t h e  cel ls  may promote excre t ion .  

Apso, adso rp t ion  on r e s i n s  

2.4 ENERGY AhlD GROWTH SOURCES 

A number of p l a n t  c e l l  c u l t u r e s  appear green and con ta in  

ch lorophyl l ,  but  very few have been shown t o  u t i l i z e  photosynthe t ic  

energy sources .  Even when t h i s  has  been achieved, t h e  rates of photo- 

s y n t h e s i s  have been low.3 This might be an important  area f o r  f u t u r e  

r e sea rch ,  s i n c e  use  of C02 would r ep resen t  t h e  least expensive carbon 

source  and l i g h t  would be an inexpensive energy source.  

Although s m a l l  q u a n t i t i e s  of mic ronu t r i en t s  and hormones are 

requi red ,  a usab le  carbon source  i s  t h e  necessary  major feed material. 

This  w i l l  be requi red  f o r  cel l  growth and maintenance, bu t ,  also, such 

a material i s  usua l ly  r equ i r ed  f o r  t h e  s u b s t r a t e  i n  bioconversion 

processes .  J u s t  a s  i n  most microb ia l  fe rmenta t ion  processes ,  s imple 

sugars are t h e  s u b s t r a t e s  of choice.  



2.5 BIOPROCESSING SYSTEMS 

The b a s i c  processing s t e p s  required f o r  p l an t  c e l l  t i s s u e  c u l t u r e  

systems, wi th  an emphasis on bioconversion of a s u b s t r a t e ,  are shown i n  

Fig. 1 .  These are q u i t e  s imilar  t o  comparable microbia l  fe rmenta t ion  

systems and w i l l  inc lude  a means of producing c e l l u l a r  mass e i t h e r  as 

t h e  crude product or  as t h e  necessary b i o c a t a l y s t  f o r  a conversion 

process.  For lower-value, high-volume products ,  i t  w i l l  undoubtedly be 

d e s i r a b l e  t o  use a system where secondary metabol i tes  are excre ted  i n t o  

t h e  succeeding bioconversion reac tor .  In  t h i s  case, t h e  t i s s u e  ce l l s  

w i l l  ac t  as t h e  conversion c a t a l y s t  e i t h e r  i n  f r e e  suspension but  more 

l i k e l y  i n  an immobilized form w i t h i n  t h e  bioconversion r eac to r .  Product 

recovery and p u r i f i c a t i o n  s t e p s  must a l s o  be included. 

3. PRODUCTS FROM PLANT CELL TISSUE CULTURE 

Although p roduc t iv i ty  from most p l an t  t i s s u e  c u l t u r e  processes  with 

today ' s  technology i s  t o o  low t o  be economic, except f o r  a few high- 

valued m a t e r i a l s ,  s i g n i f i c a n t  recent  advances have been made and 

a d d i t i o n a l  research  w i l l  undoubtedly al low even more h ighly  product ive  

systems. Various r e sea rche r s  have demonstrated t h a t  a wide v a r i e t y  of 

chemicals can be produced from p l a n t  t i s s u e  c u l t u r e s ,  a t  least  as many 

d i f f e r e n t  types as are found i n  t h e  numerous spec ie s  of p l a n t s ,  

3.1 HIGH-VALUE PRODUCTS 

The e n t r i e s  i n  Table 1 i l l u s t r a t e  t he  d i v e r s i t y  of uses  and types 

of high-value materials t h a t  have been de tec ted  i n  p l an t  c e l l  c u l t u r e s ,  

r ega rd le s s  of t h e i r  yield.  In many of t hese  cases ,  t h e  y i e l d s  are 
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Table 1. Typical  high-value subs tances  t h a t  have 
9 12-14 been found i n  p l a n t  ce l l  t i s s u e  

Types of subs tances  Products  
. ~ ._ 

A g r i c u l t u r a l  and chemicals Growth r e g u l a t o r s  

Hormones 

I n s e c t i c i d e s  

P l a n t  v i r u s  i n h i b i t o r s  

B i o ch emi c a1 s Amino ac ids  

Enzymes 

Enzyme i n h i b i t o r s  

L ip ids  

Nucleic  acids and d e r i v a t i v e s  

Pep t ides  

P r o t e i n s  

V i  t a m i  ns 

Food a d d i t i v e s  and f r ag rances  Condiments 

Emuls i f i e r s  

Flavanoids 

F lavors  

Fragrances 

Perfumes 

Spices  

Sweeteners 

Medicinals  and drugs Alkaloids  

Allergens 

Anticancer agents  

Antimicrobial  agents  

Card ioac t ive  subs tances  

Opiates  

Immunochemi cals 

S t e r o i d s  
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q u i t e  low, but where y i e l d  improvement has been attempted by opt imizing 

medium andfor  s t r a i n  s e l e c t i o n ,  remarkable Pncreases have been achieved. 

Now t h e r e  are r e p o r t s  of ginsengosides  a t  23% dry wt of Panax g inseng  - 
c u l t u r e s ;  l 2  rosmar in i e  a c i d  at 232 of dry w t  of Coleus blumei;14 

sh ikon in  (napthoquinones) a t  12% dry  w t  i n  Lithospermum e ry th ro rh leon ;  

be rbe r ine  a t  10% dry w t  i n  B e r b e r i s  s t o l o n i f e r a ,  8% dry  w t  i n  C o p t i s  

j a p o n i c a ,  and 12% dry w t  i n  Thal ie t rum mfnus*14 and anthraquinones a t  

27% d ry  w t  i n  Morinda c i t r i f o l i a  and 22% i n  Galium glaucum and Rubia 

f ruc tosa .14  

i n  t h e  p l a n t  by a f a c t o r  of 5 or  more. Thus, some t i s s u e  c u l t u r e s  may 

-7 

- 
These y i e l d s  are, i n  a l l  cases, i n c r e a s e s  over t hose  found 

s i g n i f i c a n t l y  enhance t h e  y i e l d  of d e s i r a b l e  p l a n t  phytochemicals. 

The materials produced by t h e s e  c u l t u r e s  are e i t h e r  high-value 

compounds wi th  p o t e n t i a l  commercial value o r  model compounds chosen for 

experimental/demonstration purposes. However, t h e r e  are a t  l eas t  two of 

t h e s e  t h a t  have been commercialized. One, shikonin,  which is t r a d i t i o n a l l y  

used as a s u r f a c e  a n t i s e p t i c  and a dye, is  being produced by t i s s u e  c u l t u r e  

f o r  use i n  " b i o l i p s t i c k "  i n  Japan,21 The o the r ,  ginseng, is being pro- 

duced f o r  human consumption using t i s s u e  c u l t u r e s  i n  Japan. 

o f  ginseng, t h e  processing v e s s e l s  used are 20 m3 i n  volume.22 

In t h e  case 

Most of t he  p a s t  r e sea rch  on plant cel l  t i s s u e  c u l t u r e  has empha- 

s i z e d  the product ion of medicinals  and drugs; however, food a d d i t i v e s  

inc lud ing  f l a v o r s  and e s s e n t i a l  oils may a l s o  become important products ,  

and va r ious  o t h e r  biochemicals and s p e c i a l t y  chemicals are l i k e l y  

candidates .  
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3 2 LOWER-VALUE CHEMICALS 

Various o i l s ,  carbohydrates ,  hydrocarbons, and va r ious  oxychemicals 

are a l s o  important  products  of many h ighe r  p l an t s .  Tissue c u l t u r e s  of 

such p l a n t s  may a l s o  u l t i m a t e l y  produce v i a b l e  products  t h a t  could have 

a n  important impact on f u t u r e  sources  of f u e l s  and energy-intensive 

chemicals. Some of t h e  types  of campounds which f a l l  i n t o  t h i s  class 

and which have been de tec t ed  i n  p l an t  t i s s u e  c u l t u r e s  are l i s t e d  in 

Table 2.23 

Table 2. Commodity-type chemicals t h a t  have been 
de tec t ed  i n  t i s s u e  c u l t u r e  

Commodity chemical Re f e. r e  nce s 

Ethy l  ene 2 4 ,  25 

Latex  

O i l s  and l i p i d s  

Organic a c i d s  

Phenol ics  

26 

27-31 

23,  32, 33 

34-4 1 

Sugars and o the r  carbohydrates  3 2 ,  42-48 

Terpenes 49-55 

Ethylene is an important chemical feeds tock  t h a t  is c u r r e n t l y  

produced from fossil materials. However, a whole series of p l an t  t i s s u e  

c u l t u r e s  have been shown t o  produce t h i s  product. These inc lude  mung 

bean, soybean, rose ,  f l a x ,  wheat, r i c e ,  and o thers .24  Ethylene would be 

an i n t e r e s t i n g  product s i n c e  i t  is a gas and would be r e l a t i v e l y  easy t o  

recover  from the: r e a c t i o n  vesse l .  Yields of t h i s  product are q u i t e  low 



a t  t h i s  stage of development, bu t  some c u l t u r e s  can be s t imu la t ed  by 

chemicals such as 2,4-DaZ5 

Various p l a n t  l a t e x e s  have been used f o r  rubber and o t h e r  important 

commercial materials. S y n t h e t i c  latexes are now made p r i m a r i l y  i n  t h e  

petrochemical  i ndus t ry .  Such material has a l s o  been produced as secondary 

me tabo l i t e s  by p l a n t  c u l t u r e s .  There has  been a l i m i t e d  amount of work on 

t h e  a c t i v a t i o n  of such systems by chemical add i t ions .26  

would be r e l a t i v e l y  easy t o  recover  from a b i o r e a c t o r  s i n c e  i t  is  inso l -  

u b l e  i n  water. 

Such material 

Seve ra l  d i f f e r e n t  types of l i p i d s  and v a r i o u s  o i l s  can be produced 

i n  p l a n t  t i s s u e  c u l t u r e s .  These materials w i l l  g e n e r a l l y  have t o  be 

recovered fram t h e  t i s s u e  i t s e l f .  The l i p i d  con ten t  of morning g l o r y  

ce l l  suspensions and s e v e r a l  o t h e r  species has been ~ t u d i e d . ~ ~ - ~ ~  

o i l s  are produced by s e v e r a l  d i f f e r e n t  types of t i s s u e s ,  and t h e r e  has 

been a s p e c i f i c  i n t e r e s t  i n  palm 0 i l . 3 0 9 3 1  The consensus as of 1974 w a s  

t h a t  i t  would no t  be p o s s i b l e  t o  economically produce t h i s  material on a 

commercial scale. C e r t a i n l y ,  a s i g n i f i c a n t  amount of a d d i t i o n a l  r e sea rch  

would have t o  be c a r r i e d  out  be fo re  t e c h n i c a l  f e a s i b i l f t y  is f u l l y  

est abl isbed.  

P l a n t  

Organic a c i d s  such as acetic and c i t r i c  are important products  i n  

t h e  convent ional  f e rmen ta t ion  i n d u s t r y ,  and a d d i t i o n a l  r e sea rch  w i l l  

make t h e s e  p rocesses  more e f f i c i e n t .  A t  least 18 o rgan ic  a c i d s  can a l s o  

be produced i n  p l a n t  c e l l  t i s s u e  c u l t u r e , 2 3  al though t h e r e  has  been 

l i t t l e  r ecen t  r e sea rch  i n  t h i s  area. 

and o x a l i c  a c i d 3  

demand. 

Of t h o s e  mentioned, c i t r i c  a c i d 3 2  

r e p r e s e n t  i n d u s t r i a l  chemicals t h a t  have l a r g e  tonnage 
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Severa l  d i f f e r e n t  r e p o r t s  have ind ica t ed  t h a t  va r ious  types  of 

phenol ics  and polyphenols are c o n s t i t u e n t s  of p l an t  cu l tu re s .  34-38  

Surp r i s ing ly ,  however, t h i s  type  of c o n s t i t u e n t  has  not  been s tud ied  

ex tens ive ly .  There is evidence t h a t  some chemical and environmental  

f a c t o r s  are c r i t i c a l  i n  enhancing t h e  y i e l d  of phenolics.39141 

be t h e  b a s i s  f o r  an  en l igh tened  research  e f f o r t  t h a t  m i g h t . r e s u l t  i n  

v i a b l e  process  concepts.  

This  can 

Although s i m p l e  sugars  are produced i n  many plant t i s s u e s ,  t h e r e  

a r e  only a few r e p o r t s  on t h e  product ion of sugars  i n  p l a n t  c e l l  t i s s u e  

cu l tu re .  32,42,43 

and energy source.  Severa l  i n v e s t i g a t o r s  have repor ted  on t h e  produc- 

t i o n  of e x t r a c e l l u l a r  polysaccharides  t h a t  occur i n  p l a n t  c u l t u r e s  .44-48 

Such products  could have unique p r o p e r t i e s  wi th  an  important  i n d u s t r i a l  

market . 

I n  most cases, these  subs tances  are  used as t h e  carbon 

Many d i f f e r e n t  te rpenes ,  s imilar  compounds, and mixtures  of te rpenes  

have been important products  of p l a n t s r  These hydrocarbons have proper- 

t ies  t h a t  could allow them t o  be considered f o r  chemical feeds tocks  o r  

f u e l s  i f  they could be produced economically. Monoterpenes have been 

r epor t ed  i n  some t i s s u e  c u l t u r e s , 4 9  but  several .  d i f f e r e n t  d i -  and 

t r i t e r p e n e s  and te rpenoids  have a l s o  been s tud ied  i n  t i s s u e  cu l tu re .  

Some sesqui te rpenes  have a l s o  been repor ted  i n  c u l t u r e s  of Andrographis 

pan icu la t a .  54, 5 5  There has  been l i t t l e  research  i n  enhancing y i e l d s  o r  

s tudying  chemical a c t i v a t o r s  f o r  t h e s e  products.  

There has  been no sys t ema t i c  examination of t h e  e f f e c t s  of ope ra t ing  

condi t ions  inc luding  medium composition on t h e  y i e l d  of lower-value 

chemicals. Despi te  the absence of such da ta ,  i t  i s  reasonable  t o  assume 
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t h a t  s i g n i f i c a n t  improvements can be made on t h e  product ion of t h e s e  

i n d u s t r i a l l y  important  chemicals by p l a n t  t i s s u e  c u l t u r e s ,  e s p e c i a l l y  

s i n c e  i n t e n s e  r e sea rch  on t h e  product ion of high-value chemicals ha8 

r e s u l t e d  i n  l i t e r a l l y  order -ofmagni tude  i n c r e a s e s  i n  y i e l d  and product ion 

rate. 

4. CHOICE AND OPTIMIZATION OF PLANT CELL PROCESSES 

Although t h e r e  has  no t  y e t  been a s e r i o u s  e f f o r t  to develop p l a n t  

c e l l  p rocesses  f o r  t h e  product ion OP lower-value chemicals,  t h e  sequence 

of development would be similar t o  t h a t  f o r  high-value products  (see 

Fig. 2) .  This  w i l l  s tar t  wi th  t h e  choice  of t h e  product and progress  

through t h e  a c t u a l  development of a process  and u l t i m a t e  v e r i f i c a t i o n  of 

t h e  i n t e g r a t e d  system. As t h e s e  s t e p s  are considered f o r  commodity 

chemicals ,  p a s t  exper ience  wi th  o t h e r  systems should be very re levant .  

4.1 CHOICE OF PRODUCTS AM) FEED MATERIAL 

Since  an economic process  will probably demand an excre ted  product 

t h a t  can be produced i n  a cont inuous bioconversion sys t em,  our choices  

should probably be r e s t r i c t e d  t o  those  types of systems. The choice 

w i l l  a l s o  be a f f e c t e d  by s e v e r a l  market cons idera t ions .  Although 

Table  2 does no t  r ep resen t  an exhaus t ive  l i s t  of such chemicals,  i t  

could be a reasonable  i n i t i a l  slate of products.  

Another way i n  which candida te  chemicals could be i d e n t i f i e d  i s  t o  

f i n d  types  of chemicals which are produced widely i n  whole p l an t s .  

The i r  product ion by whole p l a n t s  i m p l i e s  t h e  presence of t h e  g e n e t i c s  

and of adequate  enzymatic machine f o r  s y n t h e s i s  i n  t h e s e  p lan ts .  These 
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SELECT DESIRED 
PRODUCTS AND 

FEED MATERIALS 

SELECT POSSlBLE 
TYPES OF TISSUES 

OPTIMIZE THE 
BIOLOGICAL PROCESS 

DEVELOP BBQCATALVST 
FORM AND BIOREACTOR 

DETERMINE PRODUCT 

DESIGN AND TEST 
lNTEGRATED SYSTEM 

Fig. 2. Steps required in the development of a viable plant cell 
tissue culture processing step. 
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c a p a c i t i e s  should a l s o  be p re sen t  i n  t i s s u e  c u l t u r e s  from t h e  same 

spec ies .  Carbohydrates are ex tens ive ly  p re sen t  i n  t h e  ce l l  walls and, 

t hus ,  could be legit imate target products ,  but  t h e  s imple sugars are 

of very law value.  

b e t t e r  choice. 

Perhaps unique polymeric carbohydrates  would be a 

P l a n t s  are a l s o  cha rac t e r i zed  by ex tens ive  product ion of phenol ic  

compounds inc luding  no t  only monomers but  a l s o  h igh  cross- l inked 

subs tances  such as l i gn in .  These and va r ious  chemicals t h a t  are 

produced as in t e rmed ia t e s  i n  t h e  biochemical pathway may be u s e f u l  

candidates .  The o t h e r  types  of materials l i s t e d  in Table 2 should be 

considered,  e s p e c i a l l y  i f  they can be produced cont inuously a8 excre ted  

p roduc t s . 
The carbohydrate  feed material or s u b s t r a t e  chosen f o r  each s t e p  

should be as inexpensive as poss ib l e ,  probably one of t h e  simple sugars  

t h a t  is commercially a v a i l a b l e  from one of s e v e r a l  biomass sources.  

Photosynthe t ic  systems us ing  C02 as t h e  carbon source  also r ep resen t  

i n t r i g u i n g  p o t e n t i a l  p rocess ing  approaches. 

4.2 CHOICE OF P U N T  CELL CULTURES 

I n  a few cases, t h e r e  i s  some very  pre l iminary  informat ion  an t h e  

product ion of commodity-type products  i n  t i s s u e  c u l t u r e ,  but  t h e  y i e l d  

in p l a n t  t i s s u e  c u l t u r e s  i s  somewhat c o r r e l a t e d  wi th  t h e  y i e l d  in t h e  

whole p l a n t ,  so some of t h e  pre l iminary  screening  can be c a r r i e d  out  

w i th  t h e  whole p l a n t  t i s s u e .  The rea f t e r ,  those  t h a t  have t h e  h ighes t  

y i e l d s  should be f u r t h e r  t e s t e d  in t i s s u e  cu l tu re .  
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I n  such a sc reen ing  of s p e c i e s  and v a r i e t i e s ,  one must cons ider  

t h a t  some media ( p a r t i c u l a r l y  depending on t h e  growth r e g u l a t o r s  used) 

may allow no d e t e c t a b l e  product ion of t h e  t a r g e t  compound even i n  

c u l t u r e s  from p l a n t s  known t o  be g e n e t i c a l l y  competent t o  produce t h e  

t a r g e t  compound. In  those  cases, t h e  impact of a v a r i e t y  of growth 

r e g u l a t o r s  on the growth of t h i s  t i s s u e  o r  on t a r g e t  product product ion 

ra te  must be determined. 

4.3 OPTIMIZING THE BIOLOGICAL PROCESSES 

A t  least  two b i o l o g i c a l  processes  must be considered: (1) t h e  

product ion of t h e  t i s s u e  cel ls  t h a t  w i l l  act as the bioconversion cata- 

l y s t  o r  even t h e  source  of t h e  end product ,  and ( 2 )  t h e  bioconversion 

process  i t s e l f  where t h e  t i s s u e  cells c a r r y  out  t h e  chemical t r a n s f o r -  

mation. Optimization of t h e s e  s t e p s  w i l l  r e q u i r e  ex tens ive  s tudy of t he  

s u b s t r a t e  composition inc luding  carbon sources ,  n i t rogen  sources ,  

phosphate concent ra t ion ,  pH, and a d e t a i l e d  s tudy of growth r e g u l a t o r s  

f o r  s t e p s  (1) and (2 )  and metabol ic  r e g u l a t o r s  €o r  s t e p  ( 2 ) .  Quite 

l i k e l y ,  t h e  optimum parameters f o r  t hese  two s t e p s  w i l l  be d i f f e r e n t .  

Cu l tu re s  c o n s i s t  of a mixture  of c e l l s  wi th  d i f f e r e n t  l e v e l s  of 

accumulation of chemicals o r  metabol ic  rates. As a consequence, 

improvements i n  p r o d u c t i v i t y  can be achieved by s e l e c t i o n  from wi th in  

t h e  o r i g i n a l  cu l tu re .  Improvement has  been achieved by examining 

subpopulat ions and by examining s i n g l e  cells €or  t h e i r  y ie lds .  Improved 

y i e l d s  from subpopulat ions appear t o  be s t a b l e  on subsequent passaging 

of t h e  c u l t u r e ,  whereas improved y i e l d s  from s i n g l e  ce l l s  appear t o  be 

unstable .  However, t h i s  c o r r e l a t i o n  is not  f i rmly  e s t a b l i s h e d  nor i s  

i t s b a s i s  understood. 
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The p o s s i b i l i t y  t h a t  some c u l t u r e s  or s t r a i n s  may n o t  be en t . i r e ly  

s t a b l e  over long term i s  a catme f o r  concern; however, t h i s  can be 

p a r t i a l l y  accommodated i n  systems where t h e  bioconversion process  is not  

coupled w i t h  growth. There mus: be a t t e n t i o n  t o  d e t a i l  f n  t h e  main- 

tenance of c u l t u r e s  t o  minimize v a r i a t i o n s .  Fur ther ,  w i th  s e l e c t e d  

s t r a i n s ,  t h e  rate of d e c l i n e  i n  y i e l d  i n  one case w a s  t h e  r e s u l t  of 

d i f f e r e n c e s  i n  media composition. It is  d i f f i c u l t  t o  determine if 

changes in t h e  chemical environment r e s u l t  in p r e f e r e n t i a l  s e l e c t i o n  of 

u n s t a b l e  components of a popula t ion  o r  i f  spontaneous mutat ions are 

occurring. One would expect  t o  be a b l e  t o  minimize changes i n  y i e l d  by 

us ing  some s o r t  of s e l e c t i v e  agent  i n  t h e  c u l t u r e s .  However, methods 

have not  been designed t o  l i n k  t h e  grawth of cells t o  t h e i r  a b i l i t y  t o  

produce a t a r g e t  compound and, t hus ,  favor  t h e  high-producing cells  i n  

t h e  population. It i s  c l e a r  t h a t ,  whi le  u n c e r t a i n t y  concerning y i e l d  

s t a b i l i t y  exis ts  and knowledge of i ts  mechanis t ic  b a s i s  i s  nonexis ten t ,  

a s i g n i f i c a n t  problem of long-term s t a b i l i t y  of t h e  use  of p l a n t  t i s s u e  

c u l t u r e s  f o r  any process  w i l l  cont inue  t o  e x i s t .  

4.4 CHOICE OF BIOCATALYST FORM AND BIOREACTOR CONFIGURATION 

For bioconversion processes ,  t h e  p l a n t  cel ls  can be used as 

suspended c u l t u r e s  o r  immobilized into a p ro tec t ed  environment t h a t  

remains r e s i d e n t  i n  t h e  b ioreac tor .  Much of t h e  r ecen t  r e sea rch  wi th  

p l a n t  c e l l  systems has  been d i r e c t e d  toward t h e  use of ce l l s  immobilized 

i n t o  g e l  beads o r  entrapped on one s i d e  of a membrane. Where poss ib l e ,  

t h e s e  immobil izat ion techniques appear t o  be s u p e r i o r  t o  suspended 

cultures. Since t h e  ce l l s  are more pro tec t ed ,  a h ighe r  c e l l  concentra- 

t i o n  can be maintained and h ighe r  product ion rates are a n t i c i p a t e d ,  
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This  technique would not  be u s e f u l  i f  t h e  c e l l  mass had t o  be harves ted  

i n  o rde r  t o  recover  t h e  product.  

There is some experience i n  t h e  use  of l a rge ,  s t i r r ed - t ank  bioreac- 

t o r s  t o  grow tobacco cells.  Here a marine impe l l e r  was used a t  very low 

speed (-30 rpm) with  a r e a c t o r  having a height /d iameter  r a t i o  of unity.56 

These condi t ions  r e f l e c t  c h a r a c t e r i s t i c s  of p l an t  c e l l  c u l t u r e s ,  namely 

l a r g e  cel ls  > 100 pm which are damaged by high turbulence  i n  t h e  

v e s s e l ,  but for which low oxygen exchange rates are needed because of 

slow metabolism of slow-growing cells. An a d d i t i o n a l  Consequence of 

t h e  slow growth rates of p l an t  c e l l s  is  t h a t  g r e a t  a t t e n t i o n  has  t o  be 

devoted t o  t h e  achievement and maintenance of s t e r i l i t y  i n  b io reac to r s ,  

e s p e c i a l l y  where suspension c u l t u r e s  are used. Immobilized cel ls  may 

have some degree of microaseps is  t h a t  would r ep resen t  another  advantage 

of immobtlization. 

There has  been some concern and examination of problems which 

occur as the  dens i ty  of t h e  c u l t u r e  increases .57 

wi th  t h e  consequent v i s c o s i t y  of t h e  suspension r e s u l t i n g  i n  incompletely 

r e v e r s i b l e  e f f e c t s  of shea r  f o r c e  on t h e  f l u i d i t y  of t h e  suspension. 

Thus, an exp lo ra t ion  of c y l i n d r i c a l  ves se l s  r o t a t e d  on t h e i r  s i d e  has 

been performedOs8 In  a d d i t i o n ,  t a l l  v e s s e l s  designed t o  enhance t h e  

s t i r r i n g  a c t i o n  of t h e  a i r  stream and wi th  no mechanical s t i r r i n g  have 

been used. These, however, appea r  t o  be i n e f f e c t i v e  a t  h igher  c u l t u r e  

These are as soc ia t ed  

d e n s i t i e s  and r e q u i r e  a d d i t i o n a l  mechanical a g i t a t i o n .  59 

In cases where a two-stage fe rmenta t ion  i s  used, one f o r  biomass 

product ion followed by one f o r  chemical product ion by ce l l s ,  t h e  require-  

ments o f  the  b i o r e a c t o r s  f o r  each s t a g e  w i l l  probably be d i f f e r e n t .  For 
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example, in the second stage a very high loading of biomass with conse- 

quent effects on viscosity, stirring characteristics, and gas transfer 

may be desirable to increase the productivity of the second stage. If 

immobilized cells are used for production of the chemical, then the 

effects of factors such as tissue density in beads, bead size, as well 

as agitation, aeration, etc., in bioreactors would need to be examined 

to develop optimum conditions for maximum productivity. In that case, 

the resulting bioreactor configuration might be a fixed bed or fluidized 

bed. 

The operating mode of the bioreactor must also be optimized. 

Continuous operation is preferred, but where batch reactors are con- 

sidered, the substrate addition techniques must be established. The 

optimum process will probably include a two-step configuration wlth the 

growth of biomass in a stirred tank followed by a continuous columnar 

or membrane reactor utilizing high concentrations of Immobilized cells 

for the conversion process. 

4.5 PRODUCT RECOVERY AND PURIFICATION 

The preferred process will result in the target chemical being 

excreted into the bioconversion reactor fluid stream, either as a gas or 

liquid. In the former case, simple phase disengagement followed by 

adsorption or membrane processes should result in a useful product. 

Where the product is dissolved in the liquid phase, some of the same 

processing techniques that are found to be effective in the fernentation 

industry will be useful here. 

Most product concentration and purification techniques w i l l  require 

a post hioreactor stage where preferably law-energy-requirement separa- 
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t i o n  processes  w i l l  be used such as adsorp t ion ,  i o n  exchange, and 

so lven t  ex t r ac t ion .  In  some cases ,  t hese  same techniques may be incor-  

porated i n t o  t h e  bioconversion r e a c t o r  i tself  i f  t h e  s e p a r a t i o n  reagent  

does not  i n t e r f e r e  wi th  t h e  bioconversion k i n e t i c s .  This complicates  

t h e  des ign  and ope ra t ion  of t h e  b i o r e a c t o r  u sua l ly  by adding another  

phase but i t  does reduce t h e  number of process ing  s t eps .  It may a l s o  be 

e f f e c t i v e  i n  cases where product i n h i b i t i o n  of t h e  bioconversion s t e p  i s  

a problem o r  where the  product must be p ro tec t ed  from ox ida t ion  o r  

d e s t r u c t  ion. 

5 .  RESEARCE AND DEVELOPMENT OPPORTUNITIES 

Since  t h e  use  of p l a n t  t i s s u e  c u l t u r e s  is  a t  a very  e a r l y  stage of 

development and because t h e  product ion of commodity-type chemicals 

imposes a d d i t i o n a l  requirements  on t h e  system, s e v e r a l  important 

r e sea rch  and development needs can be i d e n t i f i e d .  Some of t hese  can be 

addressed us ing  model systems before  a t a r g e t  compound i s  i d e n t i f i e d ,  

o t h e r s  may more proper ly  be addressed i n  t h e  context  of t h e  s tudy of 

process  concepts f o r  t h e  product ion of s p e c i f i c  chemicals. 

5.1 SCREENING PLANT CELLS FOR CHEMICAL PRODUCTION 

It is  fmportant t o  expand t h e  very l i m i t e d  d a t a  base on p l a n t  c e l l  

t i s s u e  c u l t u r e s  t h a t  can produce lower-value chemicals (Table 2). A t  

t h e  very leas t ,  much a d d i t i o n a l  sc reening  work should be conducted on 

p l a n t  c e l l s  from p l a n t s  t h a t  are known t o  accumulate such chemicals. A 

s e r i o u s  e f f o r t  should r e s u l t  i n  t h e  i d e n t i f i c a t i o n  of s e v e r a l  more 

s p e c i e s  t h a t  can be considered f o r  process  app l i ca t ions .  
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5.2 RELEASE OF CHEMICALS FROM CELLS 

Economic p l a n t  t i s s u e  c u l t u r e s  f o r  t h e  product ion of lower-value 

chemicals o r  f u e l s  w i l l  probably r e q u i r e  a bioconversion process  t h a t  

r e s u l t s  i n  t h e  release of t h e  product from t h e  p l a n t  cel l  t o  t h e  

b i o r e a c t o r  environment, but  many compounds are s t o r e d  i n  t h e  unique 

vacuole i n t e r n a l  t o  p l a n t  cell  w a l l s .  U m i t e d  d a t a  suggest  t h a t  t h e  

membrane around t h e  vacuole,  s e p a r a t i n g  i t  from t h e  rest of t h e  cells 's 

c o n t e n t s ,  is d i f f e r e n t  from t h e  membrane surrounding t h e  cel l  and 

d e l i n e a t i n g  i t  from t h e  environment. Some empi r i ca l  probing of t h e s e  

d i f f e r e n c e s  wi th  t h e  o b j e c t i v e  of enhancing t r a n s f e r  of compounds from 

t h e  vacuole t o  t h e  c u l t u r e  medium would be very useful .  This could 

inc lude  t h e  development of a d d i t i o n a l  chemical o r  environmental  agen t s  

t o  induce such exc re t ions .  A better understanding of el iciters could 

a l s o  r e s u l t  i n  t h e  c o n t r o l  and enhancement of product formation.60 

A sys t ema t i c  s tudy of t h e  i s o l a t i o n  and p u r i f i c a t i o n  of t h e  two 

membrane systems t o g e t h e r  w i th  s t u d i e s  of t h e i r  composition, f u n c t i o n ,  

and s t r u c t u r e  may be even more productive.  A s tudy of t h e  i n t r a c e l l u l a r  

compartments i n  which s y n t h e s i s  of Chemicals occurs may also be 

necessary,  because i f  s y n t h e s i s  occurs  i n  one l o c a t i o n  in t h e  c e l l  and 

i s  followed by t r a n s p o r t  t o  t h e  vacuole f o r  accumulation, t hen  an 

a l t e r n a t i v e  t o  be s e r i o u s l y  considered is  prevent ion of vacuolar  accumu- 

l a t i o n  and consequent enhancement of release i n t o  t h e  medium. 

5.3 CONTROL AND ENHANCEMENT OF CELL GROWTH 

The growth of p l an t  cel ls  w i l l  c e r t a i n l y  be an important s t e p  i n  

p l a n t - t i s s u e  c u l t u r e  processes.  Therefore,  s t u d i e s  on t h e  c o n t r o l  and 
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enhancement of ce l l  growth are very  appropr ia te .  Severa l  types  of 

chemicals a r e  known t o  a f f e c t  c e l l  growth. Analogs of compounds wi th  

growth r e g u l a t o r  a c t i v i t y ,  such as those  t h a t  inc lude  c h l o r i n e  or  o the r  

halogens,  may have very l a r g e  e f f e c t s  on t h e  y i e l d s  of chemicals wi th  

only minor e f f e c t s  on biomass accumulation.61 

e f fec ts  of such analogs on phytochemicals product ion i s  u rgen t ly  needed 

t o  provide a sys t ema t i c  body of data .  N o w  t hese  analogs achieve such 

remarkable d i f f e r e n c e s  i n  y i e l d  is not understood. The mechanisms may 

be a s soc ia t ed  wi th  t h e  amounts of e s s e n t i a l  enzymes in t h e  b iosyn the t i c  

pathways o r  i t  may be a s soc ia t ed  with t h e  supply of enzyme-synthesized 

precursors .  It i s  tempting t o  specu la t e  t h a t  t hese  compounds c o n t r o l  

t h e  a c t i v i t y  and express ion  of t h e  genes f o r  b iosynthes is .  However, 

i n  t h e  case  of most phytochemicals,  a g r e a t  d e a l  of knowledge about t h e  

biochemistry and r e g u l a t i o n  of syn thes i s  w i l l  be needed before  ques t ions  

of gene responses  can be addressed. 

Information on t h e  

The doubl ing time of p l a n t  c e l l  c u l t u r e s  i s  gene ra l ly  24-36 h when 

they have been w e l l  adapted. With improvements i n  medium, 18 h has been 

r epor t ed  f o r  tobacco.62 

p l a n t s  have c e l l  d i v i s i o n  t i m e s  of 10 to 14 h, t h i s  may a l s o  be poss ib l e  

i n  t i s s u e  cu l tu re .  Decreasing t h e  doubling t i m e  of p l an t  c e l l  c u l t u r e s  

t o  12  h would have an important  impact on t h e  ra te  a t  which biomass 

could be generated.  As a f i r s t  s t e p ,  medium opt imiza t ion  should be 

performed followed by de termina t ion  of whether oxygen a v a i l a b i l i t y  

f u r t h e r  l i m i t s  growth r a t e .  There i s  sporad ic  information i n  t h e  

l i t e r a t u r e  t o  suggest  t h a t  environmental  l i m i t a t i o n s  are occurrltng. An 

Since  t h e  cel ls  i n  t h e  roo t  t i p s  of most whole 
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a d d i t i o n a l  area of i n v e s t i g a t i o n  could inc lude  a p p l i c a t i o n  of a selec- 

t i o n  p res su re  t o  c u l t u r e s  f o r  i nc reased  growth rate. 

5 .4  MECHANISM BY WHICH YIELD CHANGES OCCUR IN CELLS I N  CULTURE 

Wide v a r i a t i o n s  i n  phytochemical y i e l d  have been seen when cel ls  

are taken from a c u l t u r e  and grown sepa ra t e ly .  The range of y i e l d s  

does not  s i g n i f i c a n t l y  decrease  even i f  t h e  high-yielding c u l t u r e s  are 

passed through t h e  same cycle .  Thus, t h e r e  appears  t o  always be a 

heterogeneous populat ion.  C lea r ly ,  popula t ions  i n  which a l l  ce l l s  are 

n o t  producing t h e  maximum amount of chemical are less product ive  than 

those  which are. 

The n a t u r e  of t h e  d i f f e r e n c e s  between high- and low-producing 

ce l l s ,  t h e  mechanism o r  mechanisms by which changes i n  c e l l u l a r  y i e l d  

occur, and methods of prevent ing  t h e s e  changes need t o  be i d e n t i f i e d .  

Such an e f f o r t  would c a l l  f o r  q u a n t i t a t i v e  i n v e s t i g a t i o n s  of i n d i v i d u a l  

cells  and t h e i r  behaviors ,  f o r  biochemical a n a l y s i s  of t h e  d i f f e r e n c e s  

between high- and law-yielding ce l l s ,  f o r  s t u d i e s  of t h e  molecular  

mechanisms by which t h e  changes occur ,  and f o r  t he  des ign  and t e s t i n g  of 

methods t o  prevent  high-yielding cells changing t o  low-yielding cells. 

5.5 INCREASING THE RATE OF PRODUCTION OF PHYTOCHEMICALS 

The rate o r  t h e  amount of a chemical produced by a c u l t u r e  may 

be l i m i t e d  by t h e  a v a i l a b i l i t y  of enzymes o r  p recu r so r s  requfred. 

Research is needed t o  develop methods f o r  a c t i v a t i n g  o r  maintaining 

t h e  s y n t h e s i s  of requi red  enzymes. In  some cases, t h i s  w i l l  r e q u i r e  

development of the necessary  biochemical knowledge of t h e  pathways. I f  

p recu r so r s  are l i m i t i n g ,  t h e  problem is similar i n  t h a t  t h e i r  supply 
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must be enhanced. The ra te  o r  accumulation o r  exc re t ion  of a c h e d c a l  

may be l i m i t e d  by i t s  ra te  of d e s t r u c t i o n  i n  t h e  c e l l .  Rates of 

s y n t h e s i s  and d e s t r u c t i o n  of chemicals i n  c e l l s  can he measured. T f  

d e s t r u c t i o n  i s  s i g n i f i c a n t ,  then  removal of t h e  enzyme ca t a lyz ing  t h e  

f i r s t  degrada t ive  r e a c t i o n  would be needed. Knowledge of t h e  bio- 

chemistry of t h i s  r e a c t i o n  would be requi red  f o r  progress  i n  t h i s  

d i r e c t i o n  whether through des ign  of i n h i b i t o r s  of t h e  enzyme o r  v i a  

removal of t h e  gene f o r  i t s  syn thes i s .  

5.6 CELL IMMOBILIZATION CONCEPTS 

Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  f o r  many a p p l i c a t i o n s ,  t h e  

immobil izat ion of t h e  p l a n t  c e l l  b i o c a t a l y s t  could r e s u l t  i n  b e t t e r  

ope ra t ion  wi th  b e t t e r  product iv i ty .  This is e s p e c i a l l y  t r u e  f o r  

advanced b io reac to r  concepts such as continuous f i x e d  beds and f l u i d i z e d  

beds. However, t h e  immobil izat ion techniques c u r r e n t l y  used have not  

been optimized f o r  p l a n t  c e l l  use,  but r a t h e r  they have been adapted 

from similar r e sea rch  wi th  microbia l  systems. The e f f e c t  of c e l l - t o - c e l l  

con tac t  could be very impor tan t ,  and immobllized ce l l s  may behave much 

d € f f e r e n t l y  from suspended cells. Thus, a more systematic i n v e s t i g a t i o n  

of immobil izat ion would be very usefu l .  Encapsulat ion of t h e  ce l l s  i n t o  

g e l  matrices, entrapment i n t o  meshes and porous ma te r i a l s ,  and t h e  

i s o l a t i o n  by membranes should a l l  be more thoroughly s tudied.  

5.7 ADVANCED BIOREACTOR CONCEPTS 

Much work has  a l ready  been c a r r i e d  out  on advanced b i o r e a c t o r  

concepts  f o r  o the r  b ioprocess ing  app l i ca t ions .  Many of t hese  resu l t s  

can be d i r e c t l y  adapted f o r  p l an t  t i s s u e  use. Bioreac tors  f o r  c e l l u l a r  
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growth w i l l  l i k e l y  be r e l a t i v e l y  convent iona l  s t i r r e d  tanks, hopefu l ly  

ope ra t ing  cont inuous ly ,  o r  more e f f i c i e n t  conf igu ra t ions  such as air- 

l i f t  systems. Optimizat ion of t h e  ope ra t ion  of t h i s  type of r e a c t o r  f o r  

s p e c i f i c  a p p l i c a t i o n  w i l l  be required.  

On t h e  o t h e r  hand, t h e  bioconversion s t e p  f o r  product ion of 

lawer-value chemicals o r  f u e l s  will probably be most e f f i c i e n t l y  done 

wi th  continuous b i o r e a c t o r s  t h a t  allow high biomass loading  and t h a t  can 

accommodate the f r a g i l e  p l a n t  cells. Fixed-bed, f luidized-bed,  or 

membrane b i o r e a c t o r s  with immobilized p l an t  cell  b i o c a t a l y s t  would 

probably be the most a p p r o p r i a t e  f o r  t h i s  app l i ca t ion .  A thorough s tudy  

of t h i s  class of b i o r e a c t o r s  f o r  p l a n t  ce l l  a p p l i c a t i o n s  should be 

c a r r i e d  out.  Important f a c t o r s  t o  cons ider  should include:  

(1) minimizat ion of t h e  e f f e c t s  of shea r  f o r c e ,  ( 2 )  opt imiza t ion  of 

t h e  immobil izat ion technique,  (3) enhancement of necessary t r a n s p o r t  

phenomena, and (4) t h e  p o t e n t i a l  f o r  t h e  use of a combined bioconversion 

and product recovery system. 

6 CONCLUSIONS 

P l a n t  c e l l  t i s s u e  c u l t u r e  i s  progress ing  from an  art t o  an  under- 

s t andab le  sc i ence  and technology. At t h i s  stage of development, 

commercial izat ion of two p l a n t  t i s s u e  c u l t u r e  processes  f o r  high-value 

products  has occurred. Information on p l a n t  t i s s u e  systems f o r  t h e  

product ion of lower-value, commodicy-type chemicals o r  f u e l s  i s  very 

ske tchy ,  but  t h e r e  is an i n d i c a t i o n  t h a t  a v a r i e t y  of such chemicals can 

be produced by p l a n t  t i s s u e s .  These processes  are no t  w e l l  understood, 

and y i e l d s  and product ion rates are f a r  less than r equ i r ed  f o r  economic 
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cons idera t ion .  However, some of the same r e sea rch  approaches used f o r  

h i g h v a l u e  products  coupled wi th  advanced bioprocessing concepts ,  such 

as c e l l  immobil izat ion and continuous b i o r e a c t o r  systems, should 

m a t e r i a l l y  enhance t h e  p roduc t iv i ty .  

Th i s  i s  c e r t a i n l y  no t  a short-term re sea rch  t a sk ,  and u l t i m a t e  

economic success  cannot be completely ensured f o r  any p a r t i c u l a r  

product ,  but a concerted r e sea rch  e f f o r t  i n  t h i s  area should make 

va luab le  a d d i t i o n s  t o  our s c i e n t i f i c  and t echn ica l  d a t a  base and provide 

f u t u r e  opt ions  f o r  chemical and f u e l  product ion t h a t  are not  n m  

ava i l ab le .  
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