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Summary. Secondary metabolism in bacteria and fungi 
requires a much narrower range of environmental con- 
centrations of key trace metals than that permitted for 
primary metabolism. The cells acquire appropriate 
quantities of the key metals at the initiation of the shift 
from primary to secondary metabolism. Evidence sug- 
gests that these essential micronutrients participate in 
regulating the expression of genes responsible for syn- 
thesis of secondary metabolites and/or morphological 
alterations associated with cellular differentiation. 
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Introduction 

The study of secondary metabolism, which has long 
been of interest to natural product chemists and to 
pharmacognosists, has become an important field of en- 
deavor for microbial and plant physiologists during the 
past half century. Advances in this area of study have 
contributed to discovery of novel compounds and to 
markedly improved yields of useful pharmacological 
agents. More recently, molecular geneticists have begun 
to examine the mechanisms responsible for the shift 
from the replicating vegetative phase into the mature, 
functionally differentiated cell. Elucidation of biologi- 
cal principles in regard to the control of microbial and 
plant cell secondary metabolism and differentiation ul- 
timately should be useful for increasing our under- 
standing of animal cell differentiation and dedifferen- 
tiation. 

Although secondary metabolism and differentiation 
ostensibly can be dissociated (e.g., cells that form an 
excessive amount of a particular secondary product 
may be unable to complete normal morphogenesis), the 
two processes of cell maturation are considered to be 
induced by a common regulatory mechanism (Wein- 
berg 1971; Katz and Demain 1977). During the phase 
of rapid cell multiplication, in either batch (Bu'Lock 

1961) or continuous (Hostalek 1979) culture, the matu- 
rational shift is suppressed. As the rate of growth be- 
gins to decline, gene products required for morphologi- 
cal and/or metabolic differentiation are synthesized in 
those cells that recently ceased dividing (Hostalek 
1979; Zahner 1979; Grootwassink and Gaucher 1980). 

Though still incomplete, the evidence acquired dur- 
ing the past 15 years indicates that regulation of such 
maturational processes primarily occurs at the level of 
transcription. Accordingly, genes that code proteina- 
ceous secondary metabolites (e.g., bacterial exotoxins) 
and enzymes required for the synthesis of low-molecu- 
lar-mass secondary substances (e.g., peptide antibiotics) 
are derepressed, whereas some genes that had been ac- 
tivated during the growth phase are repressed. 

The synthesis of bacterial and fungal secondary me- 
tabolites, as well as of structures required for cytodif- 
ferentiation, has a much narrower tolerance for a range 
of environmental concentrations of specific trace me- 
tal(s) than does vegetative growth of the producer cells 
(Weinberg 1970, 1977). Regulatory processes dependent 
on the quantitative adjustment of nutrients that are 
continuously required for other normal cellular activi- 
ties may seem hazardous (Rutter et al. 1973). Yet, in- 
creasingly, reports are becoming available that bacteria 
and fungi indeed utilize inorganic micronutrients to 
regulate transcription of processes of cell maturation. 
These reports are discussed below. 

Identification of the key trace metals 

The systematic study of the control of secondary meta- 
bolism began in the first decade of the 20th century 
with attempts to improve the yield of exotoxin from 
cultures of Corynebacterium diphtheriae for vaccine 
production. During the first third of the century, the 
quantities of this protein that were synthesized re- 
mained unpredictable. By 1935, it was recognized that 
the variability was associated with the amount of iron 
that contaminated the cultured cells either by leaching 
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f rom the walls  o f  the f e rmen ta t ion  vessels or  f rom in- 
gredients  o f  the med ium.  One  o f  the d iscoverers  o f  this 
fact  c o m m e n t e d :  "So na r row  is the zone  (of  i ron con-  
cent ra t ion)  in which  (d iphther ia)  toxin  is ob ta ined  and  
so sharp  the  p e a k  o f  m a x i m a l  p r o d u c t i o n  tha t  this sin- 
gle uncon t ro l l ed  fac tor  mus t  have  p l ayed  a grea ter  role  
in any  p rev ious  exper imen t s  than  the specif ic  condi-  
t ions s u p p o s e d l y  unde r  invest igat ion."  (Muel le r  1941). 

Dur ing  the 1930s and  1940s, n u m e r o u s  s econda ry  
metabol i t es  p r o d u c e d  by  fungi  and  ac t inomyce tes  be-  
gan  to be  ident if ied.  Unl ike  the bacter ia l  exotoxins  
which  of ten  are pro te ins  and  therefore  synthes ized via  
r i bosomal  systems,  the fungal  and  ac t inomyce ta l  me ta -  
boli tes genera l ly  are l ow-molecu la r -mass  p roduc t s  tha t  
are a s sembled  by  syn the tase  complexes .  Here ,  too,  mi-  
c ronut r ien ts  soon  were  recognized  as key  factors  affect-  
ing yield. A p ionee r  r e sea rcher  no ted :  "Wi thou t  a 
doubt ,  it is poss ib le  to al ter  p igmen t  excre t ion  o f  any  
fungus  ser iously  by  t race  e lement  nu t r i t ion"  (Fos te r  
1949). 

O f  the ten b io logica l ly  impor t an t  t rans i t ion  series 

metals  (i.e., a tomic  number s  23-30,  42, and  48), three  
have  been  ident i f ied as having  a key role  in the bio-  
chemical  and  morpho log i ca l  ma tu ra t i on  o f  diverse  
groups  o f  mic roorgan i sms .  To  facil i tate s econda ry  me-  
tabol i sm and  d i f ferent ia t ion  in species of  Bacil lus and  
in some  species  o f  fungi,  the concen t ra t ion  o f  m a n g a -  
nese mus t  be  careful ly  adjusted.  In  contrast ,  for  m a n y  
other  g roups  o f  p rocaryo tes ,  inc luding ac t inomycetes ,  
the quant i ty  o f  i ron is critical for  the shift  to cell ma tu-  
rat ion.  In  the case o f  some  ac t inomycetes ,  as well  as 
m a n y  groups  of  fungi,  the concen t ra t ion  o f  zinc is para-  
m o u n t  (Table  1). It  is not  yet  c lear  why  seconda ry  me-  
tabol ic  processes  and  d i f fe rent ia t ion  by  ac t inomyce tes  
of ten  require  the ad jus tmen t  o f  b o t h  i ron and  zinc, 
whereas  o ther  p roca ryo tes  genera l ly  r e s p o n d  to the ma-  
n ipu la t ion  of  only  i ron or manganese .  

In  the major i ty  of  cases examined ,  the me tabo l i c  
shift  occurs  over  a relat ively small  range  o f  concen t ra -  
t ions  of  the critical metal .  For  example ,  > 75% of  max-  
imal  g rowth  of  ac t inomyce tes  is obse rved  over  a range  
of  concen t ra t ions  of  i ron tha t  is near ly  three  orders  o f  

Table 1. Secondary metabolic products and structures that are synthesized through a range of concentrations of a key metal that is much 
narrower than the range that permits growth of the producer cells 

(A) Iron 

Procaryotes Fungi 

Small molecular products Protein products Differentiated structures Products 

Actinomycin D ~, actinorubin 2, al- 
kyl quinolones 2, antimycin 3, can- 
dicidin 1, chloramphenicol 2, gri- 
sein a, hydrogen cyanide 3, mito- 
mycin 2, monensin 1, neomycin 1, 
neopurpuratum 1, prodigiosin 3, 
pyocyanine 3, streptomycin ~, to- 
bramycin ~ 

Exotoxins of Aeromonas hydrophila 3, 
Clostridium tetani 2, Corynebacteriurn 
diphtheriae 4, Pseudomonas aerugino- 
sa 5, Shigella dysenteriae 3, Staphylo- 
coccus aureus 2 and Vibrio cholerae3 ; 
elastase, alkaline protease and lipase 
of Pseudomonas aeruginosa 6 

Cysts of Azotobacter vine- 
landii7 ; spores of Clostrid- 
ium bijerincki s 

Patulin 2, penicillin 2, 
stemphyloxin 9 

(B) Manganese 

Bacillus species 

Products 

Actiomycetes 

Differentiated structure Product 

Fungi 

Products Differentiated struc- 
tures 

Anthrax protective an- 
tigen ~°, bacillin 2, baci- 
tracin 2, D-glutamyl po- 
lypeptide 2, mycobacil- 
lin 2, subtilin 2, surfac- 
tin 11 

Endospores 2 
developmental entities 
bacteriophage 2, trans- 
fectants 2, transfor- 
mants 2 

Neomycin 2 Alternario112, fusarin C 13, 
malformin 2, patulin 14, rub- 
ratoxin 3 

Cleistothecia 15, oo- 
gonia 2 

(C) Zinc 

Actinomycete products Fungal products Fungal structures 

Actinomycin D 1, candicidin 1, can- 
dihexin 1, chloramphenicol 1, kana- 
mycin 3, neomycin 1, streptomycin 1 

Aflatoxin 3, alternarioP2, cynodontin 3, ergotamine 3, fusaric 
acid 2, furarin C 13, gentisyl alcohol 3, griseofulvin 3, lysergic 
acid 3, malformin 3, naphtharazine 3, ochratoxin 3, patulin 3, 
penicillin 3, rubratoxin 3, versicolorin 16, zearalenone 3 

Oogonia 3, sclerotia 3, vesi- 
cles 3 

1 Weinberg (1989), 2 Weinberg (1977), 3 Weinberg (1986), 4 Tai and Holmes (1988), 5 Lory (1986), 6 McKellar et al. (1987), 7 Page 
(1983), 8 Ahmed et al. (1988), 9 Manulis et al. (1984), lo Ristroph and Ivins (1983), 11 Cooper et al. (1981), 12 Coupland and Niehaus 
(1987), 13 Jackson et al. (1989), 14 Scott et al. (1986b), is Zonneveld (1975), 16 Failla and Niehaus (1986a) 
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Fig. I. Comparison of effect of iron on vegetative growth with 
that on yield of actinomycetal secondary metabolites. Reproduced 
with permission from Fig. 1 of Weinberg (1989). Shaded 
area = 75%-100% of maximal yield; cross-hatched area= 50%-75% 
of maximal yield; stippled area=25%-50% of maximal yield; 
blank area = 0%-25% of maximal yield. Key: (1) grisein; (2) neom- 
cin; (3) streptomycin; (4) actinomycin; (5) tobramycin; (6) candi- 
cidin; (7) monensin; (8) neopurpuratin; (9) vegetative growth 

magnitude. In contrast, the mean of the range that per- 
mits > 75% of maximal yield of eight typical secondary 
metabolites is < 80% of one order of magnitude (Fig. 
1). Similar contrasts in the permissible concentrations 
of iron required occur with other procaryotes, irrespec- 
tive of whether the secondary metabolite is a low-mo- 
lecular-mass molecule or a protein exotoxin (Weinberg 
1986). 

In some systems, iron is required for the production 
of protein secondary metabolites or of the synthetases 
of small molecules. In other systems, iron inhibits pro- 
duction. If the key metal present in a culture is less than 
the amount that represses or derepresses the secondary 
process, more of the element will be needed for the reg- 
ulatory activity. In contrast, if the quantity already 
present is excessive, reduction of the amount by chela- 
tion or precipitation may permit the metal to exert its 
function. In a few cases, however, a small amount of 
the metal may inhibit the system whereas a higher 
amount may stimulate the process. In such cases, the 
functional protein is assumed to have two metal bind- 
ing sites: at low concentration, the metal would com- 
bine with a high-affinity site. At the higher concentra- 
tion, the metal would bind to the second, weaker, site 
thus resulting in alteration of the configuration of the 
protein. 

Generally, a linear relationship is observed between 
the quantity of metabolite and the amount of iron when 
the metal concentration is plotted on a logarithmic 

scale. This relationship is observed also with manga- 
nese for Bacillus species and with zinc for fungi and 
actinomycetes. 

In some reports, additional trace metals appear to 
be active at supra-physiological concentrations. Often 
such observations simply indicate contamination of one 
reagent-grade metal salt with a small amount of an- 
other micronutrient. For instance, synthesis of a sec- 
ondary metabolic lipopeptide, surfactin0 by Bacillus 
subtilis required 1 p~M manganese or 1300 ~M iron 
(Cooper et al. 1981). In a different study, analysis re- 
vealed that 1300 ~M ferric chloride was contaminated 
with 3 p~M manganese (Scott et al. 1986b). 

The synthesis of exotoxin A by Pseudomonas aeru- 
ginosa was suppressed by either 2 ~M iron sulfate, or 
1000 l.tM manganese sulfate, or 1000 ~tM copper sulfate 
(Blumentals et al. 1987). No information was provided 
on the amount of iron contamination of the latter two 
salts. In another report, the production of diphtheria 
exotoxin was suppressed by 3 ~tM iron or by 2350 txM 
manganese, 120 ~tM copper, 500 I~M cobalt, or 2350 p~M 
nickel (Groman and Judge 1979). The amounts of iron 
contamination of the four other metal salts were stated 
by the commercial supplier to be less than that needed 
for suppression of toxigenesis. Unfortunately, the ac- 
tual quantities of iron were not verified experimentally. 

Cadmium, generally categorized as a non-essential 
trace metal, apparently can substitute for zinc in the 
regulation of secondary metabolism in some laboratory 
situations. For example, in a mutant strain of Aspergil- 
lus parasiticus grown in a zinc-deficient culture, 1 I~M 
cadmium caused a twofold increase in vegetative growth 
and a >60-fold increase in synthesis of versicolorin 
(Failla and Niehaus 1986b). Cadmium has a well-docu- 
mented affinity for metaliothionein; this binding of 
small amounts of the metal may release sufficient endo- 
genous zinc to overcome the zinc limitation of growth 
and maturation. Alternatively, cadmium may substitute 
for zinc as an activator of regulatory proteins. 

In procaryotes and mitochondria, superoxide dis- 
mutases require iron or manganese, whereas the cyto- 
plasm of eucaryotes contains the enzyme with copper 
and zinc. Williams (1982) has suggested that perhaps 
eucaryotes do not use iron or manganese in the cyto- 
plasmic enzyme because the reduced forms of these 
ions can be mutagenic. The mutagenic potential might 
present a greater danger to long-lived multicellular or- 
ganisms than to relatively short-lived procaryotes. Per- 
haps in those eucaryotic systems in which manganese 
or iron regulate secondary metabolism, mitochondrial 
rather than nuclear genes are involved. Other factors 
that could influence selection of specific metals include 
the relative levels of their availability as well as the re- 
dox potential of the environmental niches in which 
transport would occur. Cellular uptake of these inor- 
ganic nutrients is considered next. 

Regulation of acquisition of the key metals 

The well-defined quantity of the key metal(s) essential 
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for initiation of secondary metabolism and cell matura- 
tion must be present at the temporal phase of the cul- 
ture in which the cells are competent to acquire and uti- 
lize the element. If the metal is present too early in the 
culture cycle, the cells often refrain from activating 
their transport system until such time as the element is 
needed. Otherwise, they would be forced to store the 
metal in a safe compartment. If the metal becomes 
available after the time at which it normally would be 
utilized, the secondary process will be less efficient or 
may fail to occur. 

Accordingly, the narrow quantitative requirement 
for key metal(s) for the control of maturation should be 
reflected in a well-regulated control of uptake of the 
element(s) during the latter portion of the growth 
phase. For example, ceils of Candida utilis have a high 
capacity for uptake of zinc during the initial lag phase 
and again in late exponential phase (Failla and Wein- 
berg 1977). During the early and mid-exponential 
phase, the Vrnax of the transport system was 0.22 nmol 
Zn 2 + min-1 mg-1 dry mass; in late exponential phase, 
it was increased 17-fold to 3.65 nmol Zn 2+ min -~ 
mg-a dry mass. Predictably, iron, whose concentration 
is not critical for control of fungal secondary metabol- 
ism, should be accumulated throughout the batch 
growth cycle at a steady rate; this was, indeed, the case. 
Likewise, in fungal systems such as C. utilis in which 
manganese does not control the secondary process, cel- 
lular uptake and content of this metal remains rela- 
tively constant throughout the batch culture cycle (Par- 
kin and Ross 1986). 

In Aspergillus parasiticus, zinc overload suppressed 
the formation of the polyketide, versicolorin A (Failla 
and Niehaus 1986a). In this system, the rate of accumu- 
lation of the metal was increased threefold as the cul- 
ture progressed from 20 h to 60 h post-inoculation. In 
Alternaria alternata, 10 I~M zinc was required for alter- 
nariol synthesis; inclusion of 101xM manganese re- 
suited in a threefold increase in yield (Coupland and 
Niehaus 1987). Manganese was inactive in the absence 
of zinc. As in A. parasiticus, the time of addition of zinc 
was critical for production of alternariol. For maximal 
synthesis, the metal was required when the mycelium 
had attained 15% of its potential biomass. If addition 
was delayed until full biomass had been reached, zinc 
failed to stimulate alternariol production. 

Biosynthesis of the polyketide patulin by Penicillium 
urticae in a medium that contained 140 ~tM zinc re- 
quired 20 tIM manganese (Scott and Gaucher 1986). 
During the 3-h transition from vegetative growth to the 
stationary phase (22-25 h post-inoculation), cellular 
manganese acquisition increased by 40-50%. The first 
pathway enzyme for patulin production was detected at 
about 20 h and the remaining pathway enzymes ap- 
peared coordinately at about 24 h. In contrast, manga- 
nese-deficient cultures did not synthesize patulin, al- 
though the first enzyme in the biosynthetic pathway 
continued to produce 6-methylsalicylic acid (Scott et al. 
1986b). Vegetative growth was not modulated by altera- 
tion in manganese availability. 

In the procaryote Bacillus, manganese likewise is 

the key metal in the shift to secondary metabolism and 
maturation. Organisms in this genus rapidly accumu- 
late the metal early in exponential growth and then 
maintain a relatively constant quantity per cell during 
the remainder of the vegetative period. At 3 h into the 
sporulation process, manganese accumulation begins 
again (Silver and Jasper 1977). In other genera of pro- 
caryotes, iron would be expected to be assimilated early 
in the growth cycle and again at the time that vegetative 
growth is slowing. Such kinetics have been observed in 
cultures of Agmenellum quadruplicatum, a cyanobacter- 
ium (Hardie et al. 1983). 

The molecular site of action of the key metals 

The exotoxin of C. diphtheriae was discovered in 1895, 
the control of its synthesis by iron in 1935, and the ap- 
proximate site of action of iron in 1975. In the latter 
year, Murphy et al. (1976) isolated a fl-phage mutant 
lysogen of C. diphtheriae that partially was insensitive 
to iron suppression of toxigenesis. Presented data were 
consistent with the authors' model that association of 
iron with an aporepressor results in the binding of the 
holoprotein to the operator of the phage tox operon, 
thereby preventing transcription. Moreover, inhibition 
of toxigenesis was identical after the addition either of 
16 ~tM iron or 1.2 tiM rifampin, an inhibitor of RNA 
polymerase reinitation (Murphy et al. 1978). Additional 
evidence was provided by Kaczorek et al. (1985) who 
showed that the level of toxin mRNA was considerably 
higher in cells cultured in low-iron medium than in me- 
dium with high iron. 

Further insight regarding the suppressor influence 
of iron on transcription of tox has been obtained by 
construction of a tox-galK transcriptional fusion (Tai 
and Holmes 1988). A fragment of the tox operon con- 
taining the regulatory region was cloned into a galK 
transcription vector such that expression of galK activ- 
ity was controlled by the tox promoter; tox promoter 
activity was then monitored in the wild type and in an 
iron-uptake-defective mutant of Escherichia coli under 
both high- and low-iron growth conditions. Induction 
of galactokinase was prevented by iron. Measurement 
of tox-specific mRNA showed that this regulation oc- 
curred at the level of transcription. 

In E. coli, the genes encoding the biosynthesis of 
siderophores and their corresponding outer-membrane- 
protein receptors are organized as operons whose tran- 
scription is negatively regulated via a protein repressor 
Fur that uses iron as a co-repressor (Bagg and Neilands 
1987). The Fur protein was found to be essential for 
iron regulation of the fltox promoter (Tai and Holmes 
1988). The nucleotide sequence of the latter shared 10 
of the 19 nucleotides with the consensus sequence of 
several fur-regulated genes of E. coli (Tai and Holmes 
1988). The degree of similarity suggested that the Fur 
protein and iron regulate the tox promoter in E. coli by 
the same mechanism by which they regulate the iron- 
uptake operons. 

Iron-mediated regulation of the synthesis of exo- 
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toxin A by Ps. aeruginosa likewise has been shown to 
occur at the level of transcription. Lory (1986) observed 
that the sharp increase in exotoxin A mRNA in late ex- 
ponential and early stationary phases of the batch cul- 
ture cycle is blocked by extracellular iron at a half-max- 
imal concentration of 10 ~tM. The characteristic linear 
relationship between the logarithm of the iron concen- 
tration and the quantity of exotoxin A, as well as of 
exotoxin A mRNA, was demonstrated. The author sug- 
gested that iron could (a) bind to and activate a repres- 
sor, (b) bind to and inactivate a transcriptional activa- 
tor, or (c) act at a post-transcriptional level by altering 
the rate of mRNA turnover. 

Subsequently, Chen et al. (1987) reported that the 
exotoxin A gene inserted into either non-toxigenic 
strains of Ps. aeruginosa or into E. coli was prevented 
from transcribing exotoxin A mRNA by 100 gM iron. 
However, these authors cautioned that the metal might 
be functioning to enhance degradation of mRNA tran- 
scripts. In a different study on exotoxin A synthesis by 
Ps. aeruginosa, 20 p~M iron inhibited formation of the 
toxin-specific mRNA (Blumentals et al. 1987). 

Transcrition of the genes that code for Shiga-like 
toxin (SLT-1) in E. coli increased markedly when excess 
iron was chelated by 2,2'-dipyridyl (De Grandis et al. 
1987) and the SLT-1 operon was shown to be negatively 
regulated by the fur gene product (Calderwood and 
Mekalanos 1987). The latter authors noted that the ne- 
gative transcriptional regulation of both siderophore- 
based iron-uptake systems and SLT production by fur 
is an example of coordinate expression of virulence 
factors that is triggered by the exceedingly low availa- 
bility of free iron in mammalian tissues. A 21-base-pair 
dyad repeat in the promoter of the SLT-1 operon is 
identical to similar dyads in the promoter regions of 
three other fur-regulated genes and might represent the 
operator binding site for the iron-containing Fur protein. 

That iron participates in transcriptional regulation 
of acquisition of the metal is not unique to procaryotes. 
In human erythroleukemic K562 cells, for example, in- 
tracellular iron suppresses production of transferrin re- 
ceptor mRNA (Rao et al. 1986). 

Manganese, like iron, probably functions at the 
level of transcription. In E. coli, the metal can substi- 
tute for ferrous ion in the Fur protein and can generate 
an active repressor in vitro (Bagg and Nielands 1987). 
In the patulin-forming system of P. urticae, manganese 
neither modualted synthetase activities nor influenced 
translational processes (Scott et al. 1986a). Production 
of patulin-specific mRNA was prevented when actino- 
mycin D, an inhibitor of RNA synthesis, was added si- 
multaneously with manganese at 26 h. In contrast, acti- 
nomycin D was inactive if added at 28 h (2 h after man- 
ganese). On the other hand, if cycloheximide, an inhibi- 
tor of translation, were added either at 26 or 28 h, the 
patulin synthetases were absent. In view of the present 
information on the site of action of iron in maturational 
processes, it might be rewarding to search for accessory 
transcriptional factors that require manganese as a co- 
factor. 

Zinc has multiple roles in gene transcription (Wu 

and Wu 1987). Recent studies have focused on the eu- 
caryotic and viral transcriptional regulatory proteins 
that contain DNA-binding residues characterized as 
finger-loops (Sunderman and Barber 1988). These re- 
peat moieties of about 30 amino acids are stabilized by 
a zinc atom complexed in tetrahedral coordination to 
two cysteines and two histidines. Potential metal-bind- 
ing finger-loops are often found in the nucleic-acid- 
binding proteins (Berg 1986). Might the regulatory rote 
of zinc in fungal and actinomycetal secondary metabol- 
ism and maturation involve stabilization of such finger- 
loops in specific activators or repressors? 

Perspectives 

The remarkable sensitivity of secondary metabolism to 
small fluctuations in trace mineral conditions raises nu- 
merous questions for further research. For instance, 
why do the key metals differ among actinomycetes, 
most other bacteria, and Bacillus? Although it is tempt- 
ing to conclude the existence of a unitary role of the 
key metals that control secondary metabolism and cell 
maturation, much more work is needed especially with 
those systems that are regulated by manganese and/or 
zinc. In addition to participation in regulation of tran- 
scription, the key metals might also have important 
roles in translation and in synthetase activity. More- 
over, the mechanism whereby the process of adjustment 
of the quantity of key metal(s) is linked to the stage of 
the culture cycle at which the element(s) function re- 
mains unknown. 

To what extent are secondary metabolism and dif- 
ferentiation of cells of green plants and of animals con- 
trolled by trace metals? Inasmuch as secondary pro- 
cesses can now be studied in cell (rather than tissue or 
organ) cultures, the latter question can be investigated 
with the precision formerly available only for microor- 
ganisms. Many aspects of secondary metabolism and 
differentiation are shared by cells of plants, animals, 
and microorganisms (Weinberg 1983). In each of the 
three organismic groups, the secondary process re- 
quires completion of several cycles of cell replication 
followed by derepression of a programmed set of 
genes. In each taxonomic group, the quantity and qual- 
ity of specialized products formed by the maturing cells 
are under genetic, nutritional, and environmental in- 
fluences. Thus, it would not be surprising if trace me- 
tal(s) were to be identified whose permissable range of 
concentrations would be much narrower for secondary 
metabolism than for vegetative growth of plant and an- 
imal cells. 

Acknowledgement. My sincere thanks to Dr. Mark L. Failla for his 
review of this and previous manuscripts and for numerous provo- 
cative discussions on the manifold ramifications of trace element 
physiology. 
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