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THE M YTH OF THE PUTATIVE 'FIRST O RG ANISM '1

1. TH E MYTH

The 'o rgan ism ' is a fundam enta l and essentia l myth o f Darw inian biology. In 
con tem pora ry  biology, the 'o rgan ism ' is conventiona lly  taken as a single d is­
cre te  and au tonom ous indiv idual -  an observable, genetica lly-determ ined en­
tity  enc losed w ith in  a continuous structura l boundary. Further, in the traditional 
N ew ton ian /D arw in ian  schem e o f th ings, 'life ' is seen as the sum o f discrete 
un its ('o rgan ism s') occupying a p re-determ ined place in the natura l world, the ir 
'n iches'. The conventiona l p icture  show s a varie ty  o f such niches, each ready 
and w aiting in the physical w orld, and various kinds o f organ ism s as passive 
inhab itan ts  o f those pre-estab lished places.

Even m ore critica lly , an 'o rgan ism ' is seen as a single culture determ ined by 
a s ing le  set o f genetic  com ponents. To look conventiona lly  at any anim al (e.g., 
a bull) is to look only at w hat is conta ined w ith in  its topological structure, 
a ho llow  doughnut (a torus, if you'll excuse the  pun): the hide is clean, the 
lungs are c lean, the lining o f the gut is clean. Such a creature is to ta lly  defined 
w ith in  the con tou r o f its topo log ica l surface  and is thus devoid o f any endo- or 
ec to -sym bion ts , the m icrob io ta  w ithou t w hich it could not live. It is this m otion 
o f a d iscre te , passive, and un i-genom ic ind iv idua l that constitu tes the m ythical 
'o rgan ism ' o f conventiona l biology.

2. A  D YNAM IC  AND E C O LO G IC A L ALTER N A TIVE : THE G EN ER AL V IE W

I w ish to  cla im  tha t th is trad itiona l o rgan ism ic  notion is to ta lly inadequate to 
understand the very real com p lex ity  o f living system s. In the non-traditional 
v iew  I d iscuss  below, 'life ' appears and pers ists not as a sum o f m ultip le d is­
cre te  en tities  but as a single ecology. Here eco logy is not a passive issue o f 
real es ta te  -  not the static  p lacem ent o f living system s in a pre-estab lished 
env ironm ent -  but the m ulti-leve led em bedded consequence o f life 's active 
and con tinuous m etabo lic  operation.

11 have Rod Swenson to thank for this most felicitous phrase.
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A dynam ic and ecologica l view, th is a lternative  Weltbild is a ltogether d iffe r­
ent from  the  trad itiona l view. It p rovides an operationa l view  o f b io logical 'ind i­
viduals' -  not 'organism s' -  w ith overlapp ing subsystem s, d iffe ren t levels of 
organization, and the co-presence o f m ultip le  boundaries. It is the operationa l 
unity o f these overlapping system s that m arks living system s both spatia lly  
and tem pora lly  as ecological individuals:

- spatial unity o f operation is evidenced in the expansion of cells, populations 
and com m unities into ecologica l space, using the  w aste o f others as food;

- temporal unity o f operation is evidenced in the  extension o f in tim ate asso­
ciations retained am ong living system s over tim e.

Sym biosis (the protracted associa tion between m em bers o f d iffe ren t spe­
cies) and the endosym bio tic  orig in o f nucleated (eukaryotic) cells are founded 
on the fac t o f the un itary  and in tegrated operation o f partners: m ulti-leveled, 
m utually em bedded, and organ izationa lly  co-determ ined. If ind iv idua ls have 
boundaries at all beyond cell m em branes, they  are operationa l boundaries
-  and if there  are d istinctions am ong living system s, they are operationa l 
ones, not structura l.

Fig. 1. Geologic time line

- 122-
http://rcin.org.pl/ifis



3. THE EM ER G EN C E OF LIFE, THE EXPANSIO N OF THE LIVING

The figure  be low  show s the stretch o f geo log ic  tim e extending from  the ori­
gin o f the so la r system  and the Earth, at about 46 x 108 years ago (4 600 m il­
lion years ago) on the fa r left, through the orig in o f life and the expansion o f 
five  k ingdom s o f living system s into the present tim e on the fa r right. The 
branched line extend ing from  the question m ark at the early Archean Aeon to 
the  present tim e traces the evolution o f ce llu lar life, charting the paths by 
w hich ce lls  pro life ra ted, form ed a lliances, and invaded each other through 
tim e. This tem pora l extension o f cell re la tionsh ips has produced d iffe rent 
k inds o f ce llu la r organization, grouped as five  kingdom s o f living system s. 
M onera (bacteria), the o ldest and s im plest o f all contem porary living system s, 
are p rokaryotes (o f non-nucleated cells) and are d iffe rent in kind from  m em ­
bers o f the o ther fou r k ingdom s, all eukaryotes (o f nucleated cells): Protoctists 
(e.g. am oebae, green algae), Fungi, P lants, and Anim als.

Now ne ither end o f th is geo log ica l tim e stretch is controversia l, nor is there 
any question as to  the fac t o f life 's having orig inated som ewhere between. 
W hat, then, is the question tha t m arks the orig in o f life in the m iddle o f the fig ­
ure? It has to do w ith  the cond itions on the very early Earth between 4 600 
and 3 800 mya. W hile  w e do not know  those conditions exactly, still a tm os­
pheric chem ists  and geochem ists  have extrapolated, calculated, and m odeled 
them , and scientis ts in orig ins-o f-life  research laboratories can now conduct 
phys ico -chem ica l experim ents tha t s im ula te  reactions under plausible cond i­
tions o f the early  Earth, e.g., under m oderate ly-reducing h igh-density atm os­
pheres o f n itrogen and carbon d ioxide (W a lke r 1985; Kasting 1986). But the 
question also concerns tim e as well as cond itions: when did life em erge? A n­
swering tha t second question depends in good part on developing answers to 
the first: the m ore w e find out about cond itions on the early Earth, the better 
w e can ad just the location o f the question m ark from  the left; and the m ore 
ev idence we ga the r abou t early  living system s (e ither physical evidence from  
foss ils  o r theore tica l ev idence from  m etabo lic  pathways), the better we can 
ad just the location o f the  question m ark from  the right. As we advance our 
con jectu res from  the  le ft and press our find ings back from  the right, the m ore 
and m ore c learly  w e can des igna te  the tim e and the cond itions under which 
life m ust have em erged on Earth -  the m ore we narrow  the w indow  in which 
w e can p lace the  question mark.

I w ish to  em phasize  here tw o particu lar concepts illum inated in th is figure. 
First, in the unbroken line extending forward from life's origin to  its contem po­
rary form s, is d iag ram m ed the  notion tha t life is a phenom enon which is con­
tinuous from  its anc ien t and s im plest possib le form  to its m odern and m ost in­
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trica te . That continu ity is the unceasing process o f m etabolism  w hich began 
m ore than 3 500 mya and still operates today. Indeed it is the very operationa l 
con tinu ity  o f ce llu lar m etabolism  that defines the phenom enon o f life -  that 
d is tingu ishes w hat we call 'life' from  everything e lse we see around us.

Does continu ity o f m etabolic  operation over evo lu tionary tim e mean that 
early  ce lls  would have had as intricate a m etabolism  as con tem pora ry  cells? 
Not at all: the in tricacy which characterizes contem pora ry m etabo lism  has re­
sulted from  the em ergence o f d iffe ren t levels o f cell o rganization -  is a product 
o f ever-increasing com plexifica tion in co llective  entrop ic system s over tim e 
(Swenson 1991). Prior to com plex organization, the firs t cell system s m ust 
have had the very s im plest possib le  m etabolic  organization. The cell o rgan i­
zation that m akes m etabo lism  possib le provides the m inim al defin ition o f the 
living: while  la ter living system s in the ir in tricacy m ay exh ib it 'm ore ' there could 
be no living system  w ith 'less'.

C ells now have an extraord inary m etabolic  in tricacy tha t is based on pro­
te ins, required fo r certa in cell s tructures (e.g., m em brane transporters  and 
pum ps) and in much o f the ce ll's  activity. C ontem porary p ro te in-dependency 
invo lves all the structura l prote ins and enzym es, all the s tructures and m ole­
cu les specific  to protein synthesis (e.g., ribosom es, m RNAs, and rRNAs), plus 
tR N A  and DNA, genetic  m olecu les w hose synthesis in the contem pora ry cell 
is enzym e-dependent (F le ischaker 1990b).

In contem pora ry cells, the activ ity  o f RNA and D NA is o f two c learly  d istinct 
kinds: enzym atic activ ity  (resulting from  the s teric  three-d im ensiona l structure 
o f the nucleic-acid m olecule) and in form ational rep lication (resulting from  the 
sequentia l tw o-d im ensional s tructure  o f the nucle ic acid-m olecule). It is p lau­
sib le  tha t in early cells RNA played the dual role, w ith both enzym atic and rep­
lica tive  activ ities2, and was involved d irectly  in protein synthesis3. In 1986, 
th ree  independent cases w ere m ade fo r the evo lu tionary antiqu ity  o f RNA: fo r 
an "R N A  w orld" (G ilbert 1986), fo r R NA-based cells as the  firs t living system  
(A lbe rts  1986; Lazcano 1986), and fo r R NA-po lym erase as one o f the firs t en­
zym es (Lazcano 1986). Figure 2 show s three steps in the postu lated evolution 
o f p resent-day cells, cu lm inating in the 'centra l dogm a' o f the  D N A-genom e
-  an evo lu tionary product o f em erg ing m etabolic  com plex ity  in once-sim ple 
cells.

2 The possibility of RNA's capability for that early dual role is supported by recent find­
ings of RNA enzymatic activity (Cech 1985) and of DNA-independent and protein- 
independent production of RNA (Sharp 1985).
3 Protein synthesis is known to take place in the absence of DNA but not in the absence 
of RNA (Lazcano 1986).
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The second concept I w ish 
to  em phasize from  the geo­
log ic  tim e line is this: in the 
absence of any line extend­
ing backward from life's ori­
gin is d iagram m ed an em er- 
gen tis t v iew  tha t life ap­
peared suddenly and d is- 
con tinuous ly  from  the physi­
ca l w orld. That v iew  is quite 
d is tinct from  the g radua lis t 
v iew  tha t life evolved linearly 
and continuously  in the 
physica l w orld -  tha t life re­
su lted from  'adequate ' pre- 
b io tic  evolution, from  m o­
lecu la r s tructures having be­
com e 'su ffic iently  com plex' 
ove r tim e. In saying rather 
tha t life em erged, I contend 
tha t the firs t living th ings ap­
peared suddenly (over geo­
log ic  tim e) and, by the uni­
versa l laws o f physics, inevi­
tab ly. W here the g radua lis t 
in orig ins-o f-life  research m ay have experim enta l concerns that are centered 
on p rob lem s o f p reb io tic  chem is try  (w ith chem ical properties and the availab il­
ity, synthesis, and assem bly  o f d iscre te  m olecu lar com ponents), the em er- 
gen tis t in orig ins-o f-life  research w ou ld  be m ore likely concerned w ith the or­
gan ized production and rep lacem ent o f sequestered m olecu lar com ponents, 
the  com ponent ro les played w ith in  the un itary operation o f a cell system.

C erta in ly  the firs t living th ings w ere  materially continuous w ith the physical 
w orld  from  which life em erged. Ye t living th ings are not un iversally  d istin­
gu ishab le  on the basis o f th e ir s truc tu ra l e lem ents: a fte r all, the carbon, hy­
drogen, n itrogen, and oxygen a tom s are m ateria lly continuous w ith the origin 
o f the  Universe. W e are qu ite  lite ra lly  m ade o f stardust, as N obelist astrono­
m er W illiam  Fow ler likes to rem ind us. And just as certainly, because m aterial 
system s are sub ject to  the un iversa l laws o f physics, the earliest living th ings 
w ere  energetically continuous w ith  the  physica l world from  w hich life emerged. 
But the em ergence o f m etabo lism , tha t peculiar dynam ic organization o f com -

RNA-based cells 

( ^ R N A
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Fig. 2. Three postulated steps in the evolution of cells
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ponent re la tionsh ips w hich m arked life 's origin, carved life out from  that sam e 
e lectrochem ica l substra te  -  a four-d im ensiona l d iscontinuity, ca tegorica lly  d is­
tinc t in the  world from  w hich it em erged by v irtue o f its organization.

4. D EFIN IN G  LIV ING  SYSTEM S: A M IN IM AL U N IVER SAL CELL

But if the em ergence o f life is categorical, it seem s fa ir to ask: By w hat crite­
ria w ou ld  m em bers o f tha t ca tegory be recognized''* How w ould we exam ine 
an en tity  and ask: Is th is a living th ing?

P ecu lia r to living system s is the o f l ^ i f l b a o o o ^ /
coupling o f energe tic and m ateria l in- ^
te rac tions  organized in a unitary net- \  §
w ork  o f processes w hose outcom e is ^  ^
the physica l production o f all system  1|T ‘
com ponents, including the constituents
o f its m em branous boundary structure. ^O q *  <PC
The draw ing o f a m inim al un iversal cell °uuuu0°
(figure  3) d iagram s the set o f autopoie- 
tic  operations by w hich the living is
un ique ly  defined -  tha t is, the sing le  se t Fig 3 A mlnimal universal ce" 
o f opera tiona l criteria  by w hich the living is both m in im ally  and universa lly  de­
fined and by which the living is d is tingu ished from  the non-liv ing (Varela et al. 
1974; F le ischaker 1988, 1990a, 1992).

To be categorized as living, a system  m ust be physica lly  se lf-bounding, self- 
genera ting , and self-perpetuating. To be self-bounding m eans that the entity  in 
question  has an in te rio r and a boundary constitu ted by d iscre te  com ponents, 
and tha t all system  com ponents se lf-assem ble, including the boundary struc­
tu re  w hich is an integral part o f the  w ho le  system . To be self-generating 
m eans tha t all in terio r and boundary com ponents are produced by com ponent 
transform ations, and tha t all system  com ponents com e into being as the result 
o f transfo rm ations w ith in the system . To be self-perpetuating m eans that all 
com ponen t transfo rm ations are dete rm ined by re la tionsh ips am ong com po­
nent properties, and tha t cycles o f com ponent production are synchronous 
and con tinuous in tim e, resulting in the  constant rep lacem ent o f all system  
com ponen ts  by operations en tire ly  w ith in  system . The m olecu la r sum  o f these 
genera l criteria  is a b io logica l cell, the physica l product o f its own activ ity  -  
a system  w hich m ain ta ins its coherence  in space and its duration over tim e by 
the in tegrity  o f its unitary processes o f production (F le ischaker 1990a, 1990b).

As can be seen in figure  3, the on ly  required structure  is the boundary 
s tructure , its com ponents phys ica lly  assem bled in a ’flu id  m osaic ' like the 
m em brane tha t bound all con tem pora ry  cells. In physicochem ica l term s, we
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know  that se lf-bound ingness o f the cell is accom plished in an aqueous m e­
dium  by the e lectroste ric  a lignm ent (not chem ical po lym erization) o f m olecu lar 
boundary com ponents under e lectrochem ica l fo rces o f hydrophob ic ity  (Tan- 
fo rd  1978) tha t encloses an in ternal dom ain under therm odynam ic constra in t 
(M orow itz 1981). Because the m em branous boundary structure is active ly  and 
se lec tive ly  perm eab le  to ions and sm all m olecules, it sequesters a m icroenvi­
ronm ent in w hich e lectrochem ica l concentra tions can vary from  concentra ­
tions  from  the  outside (H argreaves and D eam er 1978; Deam er and Barchfeld 
1982; D eam er 1985). Se lf-generation, the  e lectrochem istry  of com ponent pro­
duction, a rises as a dynam ic consequence o f tha t sequestered m icroenviron­
m ent. A rrow s drawn in the figure  3 ind icate  the  capture  of energy and intake o f 
m a tte r at the  cell's surface, the transduction  o f energy and the transform ation 
o f m atter in a network o f pathways resulting in production o f structura l com po­
nents, and the  extrusion o f energe tic  and m ateria l wastes (heat, ions, and 
m olecu les) into the im m ediate surrounding. Se lf-perpetuation, the e lectro­
chem is try  o f rep lacem ent and continuous rep lacem ent o f system  com ponents, 
requ ires in tegrity  o f cell o rganization over tim e and, thus, operation o f the 
system  at a d is tance from  equilibrium .

In em bodying the unitary organization of the living and its pecu lia r continuity 
o f operation over tim e, the autopo ie tic  crite ria  m ake explicit the fo llow ing sys­
tem -log ica l tru ths o f any m etabo lic  system : tha t function o f the energe tic- 
m etabo lic  netw ork requires con tinuous pathw ays (i.e., the products o f one re­
action serve as raw  m ateria ls fo r som e o the r reaction), that se lective concen­
tra tion o f m ateria ls  requires a topo log ica lly-c losed structure, and, fina lly, that 
because no s ing le m etabo lic  process has in tegrity  apart from  the entire net­
w ork o f processes, no single m etabo lic  product has privilege w ith in tha t net­
work.

As the  organ iz ing princ ip le o f living system s, autopoiesis provides a set o f 
opera tiona l crite ria  w hose enactm en t resu lts  in a living system, a cell: a se lec­
tive  s tructura l boundary, the captu re  o f energy, and the intake o f m aterial, all 
dynam ica lly  organized as a netw ork o f com ponent production and from  which 
w aste  (as heat, gases, liquids, and so lids) are d ispersed into the  system 's 
im m edia te  surround ings. Such a system  is necessarily  em bedded both m ate­
ria lly  and energe tica lly  in tha t surround (and that surround, o f course, can it­
se lf be a living system ).

These crite ria  define the  living m in im a lly  in that they establish a set o f gen­
era l cell opera tions w hose dem onstra tion  g ives necessary and su ffic ien t evi­
dence  tha t an entity  is a m etabo lic  system , a 'liv ing system 1. The firs t living 
system  on Earth would have been the  ve ry  s im p lest possible m etabo lic  sys­
tem  able to sa tis fy  these genera l c rite ria  under the  early cond itions o f our par­
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ticu la r planet. These criteria o f the living are m inim al in another w ay as well: 
as the s im plest em bod im ent o f those  necessary and suffic ien t operations, the 
m etabo lic  cell is the m inim al physica l unit o f life -  the sm allest possib le living 
system , the living individual ('ind iv idual' from  the Latin individuus, "indivis ib le", 
from  dividere, "to div ide"). This identifica tion o f the irreducib le unit o f life is not 
to  be confused w ith a reduction is t o r essentia lis t account o f the living -  e ither 
structura l (m o lecu les as build ing b locks) o r instructional (m olecu les as in fo r­
m ational m essages) -  in w hich the (whole) living system  is exp licab le  in te rm s 
o f its m olecu la r com ponents (parts). To the contrary, in pointing out tha t ce lls 
are the sm allest s ing le  living system s and that all living system s are com ­
posed o f cells, I contend that operations o f w hole  living system s cannot be re­
duced to any com ponen t part o f tha t cell system . That is, it is not the isola ted 
operation o f any  s tep w ith in the system  netw ork tha t defines the system  as 
living but the unity o f operations at the w ho le -ce ll level. This is one face  o f the 
b io log ica l prob lem  o f 'wholes' and parts, o f course, and speaks to the d ifficu lty  
o f the 'assem bly m etaphor1 fo r living system s: ’"Parts ' do not have a p rior ex is­
tence  in iso la tion such that 'w holes ' are m ade up by assem bling those ’parts'". 
B ehavior o f a w ho le  system  and the properties o f its parts d isp lay them se lves 
in d iffe ren t contexts, and "the properties o f the  parts them se lves com e into 
ex is tence only in the whole" (Lew ontin  1991).

Note tha t living system s are thus defined not in particu lar 'm etabo lic ' p roc­
esses but in the organ ization o f those dynam ic processes as a single unitary 
operation. Thus, by th is  set o f criteria  it is not the physica l replication o f com ­
ponent parts tha t de fines the system  as living but the self-generation o f a net­
work of component production. That netw ork o f production is the system 's 
end-product and the consequence o f its own activity, and it is tha t netw ork 
w hose operation estab lishes m etabo lic  activity, itse lf both e ffect and cause o f 
system  operations (F le ischaker 1992). It is the operationa l evidence o f that 
netw ork o f production tha t is sought in orig ins-o f-life  research laboratories in 
m inim al e lectrochem ica l system s (M orow itz et al. 1988; F le ischaker 1990a).

These sam e crite ria  define the  living universally by specify ing system  proc­
esses not restric ted to particu lar k inds o f m olecu les or structures -  tha t is, not 
restricted to  those  nucle ic-ac id /p ro te in /lip id  life fo rm s w ith w hich we are fam il­
ia r on Earth. W hat is critica l here are the operations them selves, not the spe­
c ific  m echanism s o r m olecu les em ployed in those operations. Accord ing to 
th is universal defin ition , if m olecu les are organized in such a w ay that a physi­
cal system  is produced and perpetuated as the  result o f a se lf-generating 
e lectrochem ica l netw ork o f production, tha t system  is a living system . 
The strength  o f these operationa l criteria  is in the ir potentia l use in outer 
space to  confirm  the  existence o f life -  m ost p lausib ly but not necessarily
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based on reduced-carbon chem istry -  as well as in our laboratories to dem ­
onstra te  the recap itu la tion o f life's origin on the early Earth.

5. SP ATIAL U N ITY OF O PE RATIO NS

As soon as life em erged as a p lanetary phenom enon, it began an im m ediate 
expansion. By v irtue o f the ir unity o f operations, cells, populations, and com ­
m unities w ould have expanded into ecological space, using the waste o f o ther 
ce lls  as food. Such unity o f spatia l o rganization o f living system s is found in 
the  m etabo lic  opera tions w ith in any con tem pora ry ecosystem . A  superb ex­
am ple  is provided in the m icrobial m at com m unities inhabiting the salt 
m arshes and evaporite  fla ts at Laguna F igueroa, Baja C aliforn ia Norte, Mex­
ico, "s tudied ex tens ive ly  because o f the ir ana logy to  Precam brian m icrobial 
m at com m unities preserved as s trom ato lites and m icro fossils  in cherts" (Stolz
1990). In looking across the fla ts one sees a large stretch o f mud broken into 
desicca tion  polygons, a pattern o f large plates, the ir edges curled slightly up­
w ard, fo rm ed in the  rapid drying o f the  m ud's surface. The mud is a lam inated 
sed im ent deposited by com m unities o f photo trop ic  ("light-nutritive") bacteria. It 
is com posed o f a surface m at a few  m illim eters th ick and deposited sedim ents 
as m any as tens o f centim eters below. A  handsam ple o f the m at shows d is­
tinc t layers, each predom inated by certa in m icrobia l species, each with a d if­
fe ren t co lo r due to the p igm ent o f the photo troph ic bacteria l species. Each o f 
the top three layers is approx im ate ly  1- to  2 -m m  thick, while  the fourth layer 
(the bo ttom m ost layer o f the  photo troph ic surface m at) is on ly "pencil thin". 
Beneath the surface  m at is the p reviously deposited mat, its contents now 
being degraded.

The occurrence  o f d iffe ren t m icrobia l spec ies in such stratified com m unities 
is dete rm ined by the w ave leng th  o f light and the presence o f oxygen in each 
layer. C om m unity  m em bers are d istributed accord ing to the ir light-harvesting 
capab ilities  and th e ir oxygen-to le rance  such tha t species w hich are oxygen- 
to le ran t and u tilize short-w ave leng th  radiation are found at the surface (e.g., 
va rious cyanobacteria), those  w hich are  anoxic  and utilize longwavelength ra­
d ia tion are found in the  deeper layers (e.g., green bacteria in the second, 
purp le  bacteria  in the th ird), and those  w hich are oxygen-in to lerant and utilize 
long-w ave lenght radiation are found at its deepest extrem e (e.g., sulfur- 
oxid iz ing purp le  bacteria). O xygen ic  photosynthes is  take place in the top two 
layers, and anoxygen ic  photosynthesis in the top two layers, and anoxygenic 
pho tosyn thes is  in the  bo ttom m ost layers.

The com m un ity  is organ ized such tha t s ing le  m icrobial types com bine the ir 
d iffe ren t m e tabo lic  operations so tha t the w aste  o f one is utilized as food by 
another. And th is  is typ ica l o f all ecosystem s: w hat is taken in by one living
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ind iv idual is used nutrient, and the transform ed rem ainder ("waste") is passed 
on to  be taken as nutrient ("food") by another. It is the unity o f these m etabolic  
operations that binds m em bers in a com m unity, tha t m akes the w hole system  
itse lf an operationa l individual. Each set o f operations here in the m icrobial 
m at com m unity -  operations o f a particu lar bacterium , a bacteria l layer, the 
extended mudflat, o r the entire  evaporite  ecosystem  -  can be d iscussed as 
'an individual'. The boundary fo r each is an operationa l one, not a structura l 
one. And the operations o f each im beds that ind ividual in its surroundings: 
each is an ecological individualA.

6 . TE M PO R A L UNITY OF O PE R A TIO N S

Yet living system s are em bedded not only spatia lly  but tem pora lly  as well. 
Tem pora l unity o f system  operations is evidenced in the various protracted 
associa tions between living system s, associa tions w hose level o f partner inte­
gra tion (opportunistic, obligate, o r genetic) ind icates the  length o f tim e over 
which that in tim ate associa tions has been retained (M argu lis  1976). O f these 
three levels o f intim acy, fo r exam ple, opportun is tic  associa tion is the loosest, 
the least in tim ate partner o f in tegration, providing evidence o f a fa irly  recent 
re la tionsh ip  -  a protracted associa tion reta ined over on ly a short period o f 
evo lu tionary  time. S im ilarly, genetic  associa tion , the m ost intim ate, is evidence 
o f a protracted integrated re la tionsh ip  tha t has been reta ined over a long pe­
riod o f evo lu tionary time. Exam ples drawn from  contem pora ry living system s 
w ill illustra te these d iffe rent degrees o f operationa l intim acy.

First, illustra ting opportun istic  associa tion , is the protracted re lationship be­
tw een Hydra viridis (an anim al) and Chlorella (a p ro toctis t) -  a partner in tegra­
tion w ith  a re lative ly low degree o f in tim acy (M argulis  1981; Ahm adjian and 
P a racer 1986). Hydra viridis appears green because o f the  unice llu lar green 
a lgae it ingests from  the pond o r lake w a te r in w hich it lives. Hydra does not 
d iges t these algal ce lls but re ta ins them  in vacuo les o f the cells  lining its gas- 
trovascu la r cavity. There the sym bio tic  a lgae take  up nutrients and photosyn- 
thesize; the ir photosynthetic products are taken up in turn as nutrients by Hy­
dra. A  Hydra viridis deprived o f its photosyn the tic  sym biont can survive and 
grow , if provided w ith enough nutrients. Thus this associa tion is 'opportun istic ' 
in tha t w hile Hydra viridis p re fe ren tia lly  takes up the photosynthesizing 
Chlorella, it can also survive w ithout it.

4 Subsystems of the larger individual are neither hierarchically expandable (e.g., con­
ventionally "cells, tissues, organs, organism") nor are they hierarchically reducible (e.g., 
conventionally "cells, molecules, atoms, subatomic particles").
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Second, illustra ting ob ligate  associa tion, is the protracted re lationship be­
tw een a fungus and a photosynthetic  m icrobe (e ither a lgal o r cyanobacteria l) 
tha t results  in an a ltoge ther d iffe ren t structura l entity: a lichen. Lichen partner­
sh ips have a very high degree o f intim acy. The fungal hyphae o r threads that 
m ake up m ost o f the  lichen g row  around the cells o f the photosynthetic partner 
to form  a tigh tly-w oven m atrix  which we observe in m acroscop ic form  as the 
s tab le  thallus o r body o f the lichen. The physio logy o f the  partners is a ltered 
as a result o f the sym biosis, producing chem ical com pounds that are unique 
to the lichen partnersh ip. W hile  there is a w ide varie ty o f fungal partners in the 
approx im ate ly  15 000 'species ' o f lichens, there are only about 30 d iffe rent 
pho tosyn the tic  partne rs (Ahm adjian 1982; Ahm adjian & Paracer 1986).

Third, to illustra te genetic  associa tion and the greatest degree o f intim acy, is 
a report o f the acqu is ition  o f an obligate Amoeba -  bacteria l sym biosis and the 
in tegration o f bacteria  "as hered itary  cell com ponents" (Jeon 1983, 1987,
1991). In 1966, Kwang Jeon found that his long-standing laboratory cultures of 
Am oeba proteus had becom e heavily infected w ith bacteria  on the order o f 60- 
150 000 bacteria l ce lls  per s ing le am oeba, w ith harm ful e ffects leading even­
tua lly  to  death in m ost o f the am oebae. The extraction o f bacteria from  in­
fected  am oebae and the ir in troduction into otherw ise -hea lthy am oebae re­
sulted in the death o f the new ly-a fflic ted am oebae a fte r only a few  cell d iv i­
sions, dem onstra ting the v iru lence o f the bacteria l invaders. The orig inally- 
in fected am oebae w ere  care fu lly  tended and cultured, and over several years 
the  severity  o f in fection began gradua lly  to d im inish. (The invading bacteria 
w ere  dubbed 'X -bacteria ' to  indicate tha t the ir origin was unknown.) A fte r 200 
cell genera tions o f Amoeba  (about five  years), the X-bacteria  had decreased 
to a stable carrying num ber o f 42 000 cells  per am oeba and could not survive 
outs ide the in fected Amoeba. The in fected am oebae grew  well and had be­
com e m etabo lica lly  dependent upon the ir bacteria l invaders: rem oval o f bac­
teria  brought death to  the deprived am oeba in less than a week, and deprived 
am oebae could be 'rescued ' by ré introduction o f the X-bacteria. W hat had oc­
curred here, over a short period o f tim e in the scientific  laboratory, was the 
e ffec tive  evo lu tionary  trans fo rm ation  from  an in itia lly pathogenic infection to 
an obligate  genetic  associa tion  betw een two once-d istinct kinds o f living sys­
tem s.

7. C ELLS AS M IC R O BIA L C O M M U N IT IES

The re tention o f eve r-c lose r associa tion over tim e m eans the integration o f 
partne r func tions such tha t a d istinct and different, co-determ ined entity  
com es into being -  a new ly-o rgan ized individual em erge w ith  a new repertoire 
o f func tions  not ava ilab le  to  any o f its ancestra l partners -  is the basis o f the
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endosymbiontic theory for the origin of eukaryotic cells: from the merger and 
protracted association of different ancient bacteria (prokaryotes) has emerged 
a distinctly different type of cell organization (eukaryotes) (Margulis 1981; 
Margulis & Bermudes 1985; Bermudes & Margulis 1987; Taylor 1987). Thus, 
according to the theory, cells of all eukaryotes -  protoctists, plants, animals, 
and fungi -  are singular microbial communities which have emerged over 
evolutionary time from ancient bacterial alliances (Margulis 1985; Margulis et 
al. 1986; Margulis 1992).

The phylogeny in figure 4 shows the proliferation of the five kingdoms of

Fig. 4. A phylogeny of the five kingdoms: cells as microbial communities
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life 's phyla5. The o ldest kingdom , and the m ost diverse, is the Kingdom  Mon- 
e ra  (bacteria) w hose earliest m em bers root the phylogeny; M oneran types and 
represen ta tive  m em bers (e.g., cyanobacteria , Synechococcus ) nam ed across 
the  top o f the phylogeny are m odern counterparts o f partners in anc ient sym ­
b io tic  associa tions. The fo u r k ingdom s o f eucaryotes named across the top -  
Plants, Protoctists, An im als, and Fungi -  group the m odern descendents o f 
those  sym bio tic  associa tions. A t the  orig in o f the eukaryotic  branches are 
prim itive  am oeboids, d irect descendents o f the firs t m erger (between archae- 
bacteria  such as Thermoplasma and m itochondria-like  respiring bacteria  such 
as Paracoccus ) and the second (an a lliance with sp irochete bacteria by which 
the  sym bio tic  associa tion acquired in trace llu la r m otility  via undulipodial struc­
tures). P lants em erged from  yet ano the r alliance, a m erger o f the sym bio tic  
associa tion w ith p lastid -like  cyanobacteria  such as Synecochoccus, by which 
the  sym bio tic  associa tion acqu ired photosynthetic  capabilities. A s you can 
see, th is schem e is not un id irectiona l o r h ierarchica l at all, and the branches o f 
th is  phylogeny are non-conta ined: instead o f progressive linear deve lopm ent 
a long any estab lished line there  are sideways connections, anastom oses, 
am ong phylogenetic  branches.

This g ives us con tem pora ry  living beings, which are very com plex and 
w hose organization g ives ev idence o f longtim e associa tion between once- 
d is tinct subsystem  parts, once-free -liv ing  bacteria. But where is 'the individual' 
in all o f th is? Is it som e un itary  anc ien t bacterium ? Is it the m erged bacteria 
w ho are  the progen ito rs  o f eucaryo tic  cells? Is it the plant or anim al ce lls  h ier­
a rch ica lly  arranged as tissues, organs, and bodies? Is it the socia l aggregate 
o f ce lls  operating as a unified population or com m unity? My answ er is that all 
are 'ind iv idua ls ' because the  m etabo lic  processes at each level are organized 
in a unity o f operation.

And these are 'eco log ica l ind iv idua ls ' because at each level the operational 
w ho le  em beds itse lf by those  ve ry  processes. The very sm allest such individ­
ual is a s ingle b io log ica l cell; the  ve ry  largest, the s ing le g lobal system , Gaia 
the  operationa l unity o f living system s at all levels. That g lobal system  is 
trea ted  in the ph ilosophica l o r system -theore tica l d iscourse as a 'population o f 
one ' -  a concept tha t a llow s accounting  o f its pers istent operation and evolu­
tion in te rm s o f d iscontinuous (em ergent) change, o f m icro-nondeterm inacy 
and m acro-dete rm inacy, and o f non-sum m ative co llective  effects, i.e. the cor­
re lated actions o f m ultip le  en tities  acting back on the single w hole (W eiss 
1969, 1978; Sw enson 1991).

5 See Margulis & Schwartz 1988 for thorough descriptions and illustrations of all phyla 
assorted over the five kingdoms.
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The neo-D arw in ian b io logical d iscourse  is inadequate to  a descrip tion o f 
such a un itary g lobal system . C la im ing the s ingle p lanetary system  e ithe r as 
"g loba l organ ism " (Love lock 1986, 1988) or "superorgan ism " (W ilson and So­
ber 1989) m ust fa il s ince the w hole -Earth  system lacks processes even 
ana logous to on togen ic  deve lopm ent or reproductive capacity, requisite  char­
acteris tics  o f the puta tive  organism . And neo-Darw in ian c la im s e ithe r fo r or 
aga inst evolu tion o f the  single p lanetary system  m ust fa il s ince there is no 
population o f develop ing, reproducing, and com peting w hole -Earth  system s 
on which natura l se lection can act.

8 . AN EM E R G E N T EC O LO G Y OF BEING: THE PH ILO SO PHIC  BO TTO M
LINE

First, underly ing m y w orking assum ptions throughout is an ontological 
commitment to the experientia l world, both m aterial and non-m ateria l, and an 
epistemological claim  tha t the m ateria l world is log ica lly and ex is tentia lly  prior 
to  the nonm ateria l. D iscourse is not our experience (onto logical) but its post 
hoc  descrip tion (epistem ological). This onto logical com m itm ent and ep is tem o­
logical cla im  are m ade from  a ph ilosophic position o f natura l realism  -  position 
located betw een two necessarily  con trad ic to ry  m etaphysical views: phenome­
nalism  and physicalism. In its avowed m onism , natural realism  can be seen to 
have the best o f both views: in granting existential and causal primacy to  or­
gan ized m atte r in the natura l universe, it avoids the extrem es o f 'm ere ' physi­
ca lism  (a com m itm ent to the physical a t the expense o f the m ental); in g ran t­
ing epistemological primacy to our perceptua l observations o f that natura l uni­
verse, and in requiring as science a pub lic  testing and consensual va lidation 
o f those  observations, natura l realism  avoid the extrem es o f 'm ere ' phenom e­
nalism  (a com m itm ent to  the m ental at the expense o f the physical).

In b roadest term s, the onto logical com m itm ent o f natura l realism  is to a con­
tinuous and em ergen t universe (B litz 1992). In it, the phenom enon o f life is it­
se lf one resu lt o f the continu ity o f g loba l evolution, subject to the universal 
laws o f physics, tha t underlines an emergent ecology of being : the w orld o f 
d iscourse  has em erged from  the cogn itive  world and its processes; the cogn i­
tive  w orld and its processes have em erged from  the b io logical world and its 
processes; the bio logica l w orld and its processes have em erged, in turn, from  
the  physica l w orld and its processes. W hile  we may d istinguish am ong those 
’w orlds ' in te llectually, they are not on to log ica lly  distinct.

Second, is a cau tionary note drawn from  th is philosophic position: w h ile  the 
opera tions o f the living are real, 'ind iv idua ls ' as such exist only in our descrip ­
tion o f those  operations. That is, the  eco logy o f nature is seam less. Living 
system s are not com partm enta lized and are not reductib le  to  autonom ous
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units: the d is tinctions o f nature are carved in our d ichotom ous (descriptive) 
observations, the product o f hum an sc ien tific  d iscourse. W e as scientists, as 
philosophers, as d iscursors o f any kind, observe the natural world at very par­
ticu la r foca l levels -  we focus 'here' to the exclusion o f 'there', we draw  'this' as 
boundary to  com partm enta lize  'that' -  and it is that act o f focused observation 
which brings 'the ind iv idual' into being. C ontra ry  to w hat is held true in con­
ventiona l b io log ica l th inking, 'autonom y' o f the living is in the eye o f the be­
holder.

FIG UR E C RE D ITS
Figure 1. Geologic time line [© Lynn Margulis, reprinted with permission. Originally ap­

peared in L. Margulis, Life on the early Earth, "Engineering & Science" 1977, May-June, 
p. 13 -19 ]

Figure 2. Three postulated steps in the evolution of cells [© "American Zoologist", re­
printed with permission. Originally appeared in B.M. Alberts, The function of the heredi­
tary materials. Biological catalyses reflect the cell's evolutionary history, "American Zo­
ologist" 1986, v. 26, s. 781-796.]

Figure 3. A minimal universal cell [© A. Deepak Publishing, reprinted with permission. 
Originally appeared in G. R. Fleischaker, Three models of a minimal cell, in: C. Pon- 
namperuma, F.R. Eirich (eds.), Prebiological self organization of matter, Hampton VA  
1990, Deepak, p. 235-246 ]

Figure 4. A phylogeny of the five kingdoms: cells as microbial communities [© L. Mar­
gulis, reprinted with permission from Yale University Press. Originally appeared in 
L. Margulis, Origin of sex, New Haven C T 1986 Yale University Press.]
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