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oxygen, thia bacterin can utitizc dthtr kaa owidu 02 
manganuc oxides as 'oxygcn s~bstirntes~ for respiration. It 
attache to ~ c h  oxidn, usu than an its raphatory oxidant, 
cvcntually dissolving thc  oxidn and producing reduced metals 
(ferrous or manganous ions) in solution: (8) takm with an 
cnvironmcntd scanning clcctron microncope shows what the 
oganiyn looks like in natum-a particlc of mctal  cxidc 
coatcd .Arith bacteria that art invhihle because of the poly- 
saccharide film produccd by the bacteria, In (b ) ,  cakm at & 
same magnification, but with a high vacuum scanning 
electron miaoscope, the bacteria and t h c  m a d  oxide on 
which it dts arc dcarly visible. This imagc shows the intimate 
contact between the respiring  bactcria  and char metal 
oxidants. Such ptoetsrcr are common in redimeno aiound the 
world. 

read tbe subtlc signs from earth's earliest living days, and 
follow the cffccts of life on the planet as it   pmpcrd, 
evolved and moved inmorably towards the pnsenf-day 
bio1og-y that we fctl (probably incorrectly) we understand 
reasonably well. Tn contrast, discussion of the future deals 
with issues of earthly lift moving off our planet as well as 
thc issues of the probabilities and consqucnc= of 
dctccting lifc irl extraterrestrial sites. I& attempt tD =con- 
struct some fcaturcs of past life, or predict thoK of fufilrc 
life, wc will begin with a consideration o f  pruent-day life 
and work in both directions. We will deal h m  nather 
with the origin of life nor of its earliest tbrms. Rather, we 
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will be content to conftont the isaucs surrounding ar1y 
cellular lie: what it may  have beta like, the problems it 
faced and a scenario for the evolution of life to thc 
present state The basic question is whether, by looking at 
present-day life wad thc fossil record of the planet, w1: can 
m t c  a Io&d flow of events that leads to and is 
consistaa with, today% life. And, i f s o ,  doa this excr&e 
provide us with insights as to what lifk might look likein 
non-e& e&-ts? That is, 'What can we learn 
from the study of carthly lifk (both past and present) that 
will dlow us to frum the search  for atraterrestn'd life 
propcrln to assure that we don't do the  unthinkable and 
miss c&atermtrial lifk when wc encounter it?' 
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2 PRESENT-DAY UFE 
We b+n with the most d i f f idr  part of the work, the 

dc6nition of life. The debition must be sufficiently broad 
that it would cncoznpas all lifc with which we are 
hiliar, including life found in extreme environments. It 
should be suthdently g d  that, with it, we wouId also 
not miss lire that might be fundamentally diffmnt from 
earthly lif'c The &hition must also include pmperties 
that are measurable-if it is not measurable  we  are  not . 

interestd! With rcgard to this isauc, wc hearken back to 
the words of' Lord Kelvin: 'When you can measure what 
you arc speaking about and ocprcss it in numbers, you 
know something  about it; but when YQU cannot express it 
in numbers, your knowledge is meagre and unsatisfac- 
t o r y ;  it may be the beginning of  knowkdgc, but you have 
scarcely advanccd to thc state of sdcncc! With thcsc 
caveat8 in mind, we ofer the following: 

L& has some structure. It is a machine daigncd to 
comru~ physical or chemical energy to a biofogically 
usdid  form-to  accomplish this cnd, some kind of 
'hardme' for cncrgy conversion is needed (cg. life 

Life has unique &mis@ associated with its structure. 
Fix earthly lifc, this is a carbon-based  chemistry with 
an elcmcntal ratio that is easily recognizable  and 

' distinguishable from the earth's crustal abundance, 
and &om minerals and concretions of abiotic origin. 

0 Life strim to +cate with Wty. Copia of complex 
structures and thc mokcules that comprise them are 
made routinely as a part of the life ~ I W K S ,  and in fact 
are pn & definition of succcss of any given group 
of biota. We proceed from a fcw copia of many 
difftnnt molecules to many  copics of (often vcry 
complex) moleda oflife. 

e Lift evolves. Life makes a sufficient numbcr of 
mistakes during replication that some variability is . 

built info the ~ p t c m ,  thus allowing for biological 
evolution of chemistry, structure and behviour. 

e Life consumes energy from the environment, using the 
energy to make the complex chemicai structures of 
which it is composed. It $so ncatu metabolic 
products as a result of thgcncrgy consumption. IO 
many cases, it is p05.31"~ to recognize Iife by gradients 
ofrcxtants and products produced during growth and 

' metabolism, which can be found in the lbssil record. 
e Life mmt dnrdup some means for escaping  from its 

own metabolic md products. Pcrhaps one of the first 
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Figure 2. . K C ~  propcrtiu ofpmkaryutn urd cutr)latu. This 
fibare is meant to point out xlmc fundamental f'turw dthc 
two major forms of I&, which may play key roles in dictating 
the ecological mlu and cvolurion ofthue group of  orguliuns. 
Thc prokaryotic properties ofrmdl dze, rigid ceU wab a d  
high metabolic  divcrsity all tcnd to m u h k  the abit'ty of 
prokaryotes to do ehcrnistry and wmpctc h r  chemiral niches. 
Along with this may be a push to m i n  und, maintaining 
thc  'chemical advantage'. The eukuyota, on thc othcr hand, 
bavc bccomc compla and luge, their ability to uptrkc 
largc parrida and organism fiapxnm to dmlop many food- 
gathering strategies. C l d y  bccoming Iargcr haa its advan- 
t a w  for this lifmtyle. H&eva, becomhg large rquirca atra 
cncrgy, and thc optimization to an Tp-rcquiring mfira- 
tory system is consistcat with the energy needs of rhc 
~ h r y o t m ,  even the dngic-ccllcd oq@smr. 

innovations of life  would thu be  motility,  although as 
lifc becomtv abundant, specific symbioses may be used 
to achieve the same ends. 

(a)The rratrcrs pnd &&&dm oft+ oli oarsk 
?bday we  havc a wide a m y  OT life Grms that arc, for 

the sake of convenience and order, separated into two 
major groups, the prokaryota and the eukaryotes (figure 
2). Prokaryotic celh are simple and usually small, with 
fm or no. intracdlular structurts, no nuclear membrane 
surrounding thc genetic material (DNA) and (oftcn) 
rigid cdl 4 s .  In contrast,  euLaryotic  c& are large and 
complex,  with i n t r a c d h  structures, a deus 
(surroundcd by a nuclear membrane)  containing two 
copies of each chrorn~~ome and (for the animals) usually 
non-rigid cell walls. In addition to thee cdlular dttinc- 
tions, prokaryota ate prim;uily unicdlnkr,  while e@=- 
yuta can be either unicddar (algae and protists) or 
multicellular, with complex  structures and behavioural 
features.  Wr  the most p m ,  eukaryotes  use organic 
carbon as an energy source and have an oxygcn-buscd 
respiratory metabolism- Prokaryotu, on the o b  hand 
have a great diversity of both energy sourccs (organic and 
inorganic)  and rapintory oxid-, surviving well in the 
h e n c e  of oxygen and utilizing a wide array of oxygen 
Wxtituto' for respiration (Gottscfialk 199% schlegcl 

L:, 1996; Nealson 1977a). 
nc. Let us look at  some of the key prokaryotic propcrtirs 

(figure  2). The prokaryota arc mall; they  have opt;-. 
mized th& surface-to-volume ratio x) as to maximize 
chemistry. On averagc, for the same amount ofbiomass, a 
prokaryote  may  have 10-100 times more surface area- As 
a consequence, in environments such as lakes and oceans, 
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where pdaryutcs comprise about 50% of the totaI 
biomass, they account for 91-99% of the active rurfac+ 
area, and in oxygen-poor (SUM or anoxic) crrviron- 
mcnts, where thc biomass ir primarily prokaryotic, the ' . 

active surhce ~ a r  are virtudy entirely prokaryotic. plr 
essence, if you want to know  about  environmental cbrm- 

The rigiGty of prokaryotic cdl walls preciudes the 
uptake of Iarge partides  and, thus, life as prtdi\ton. 
Because they am capabk of synthesis of VirtuaIIy al1 their 
own essential vitamins a d  amino-acids, the prokaryotes 
arc*acccilcnt prey for  thc  prcdatory dngle-cded cukar- .- 

yo& (prociots called &@at= and  ciliates), but they are 
not predators thansdvu. Instcad, they.- restricted  to 
life as chemists, and do tha t  metabolism via transport 
and chemistry. Thcy cxcrctc cxtracdular enzyma, 

;try, you must I d  to the protaryam! 

reduce polymcn to monomen and transport the soluble 
suhrtrates a c m  their membranes. This is in marked 
contrast to the eukaryotes, which arc capblc of engulKnng 
(by a p c t u  called phagocytosi) othcr C ~ Y ,  and thus 
engaging in one of the primary processes of what wc 
think of bioIogy (e.& food gathering, foraging or 
predation). Ifi essence, the prokaryotes spurn life as biolo- 
gists while opthizing thdr skills as chemists. Thc full 
d c c t  of such evoludon is now easily seen in the genomic 
analyses of pmkaryotcs, whcrc, in genml, high percen-. 
tap of the identifiable genes are indvcd with 
membrane and tmnsport procwscs. h many castb, up to 
25% or more of the total genome deals with the iataface ' 
between the ccll surfkce-and the cnvimnment  and is 
involved with uptake, transport or metabolism of cnviron- 
mental chemicals (see the Institute of Genome Research 
(TIGR) web site for more information; wwzu .~o tg /  
inakxhtnd). In eukaryotes on the other hand, much of the 
DNA is devoted to the more biologid concerns, such as 
regulation, development and ccll and organism differen- 
tiation 

Finally, the prokaryotes are  metaboIically very &me; 
they arc able to utilize almost any energetically useful 
chemical u m g y  chat is abundant on earth. Evolution and 
competition  have  undoubtedly driven these ingenious 
chemists to dcnlop methods for hamuting virt~ally 
cvt fy  worthwhile  corner of the chemical markct, 
including both organic and inorganic e m q y  sources of 
ncdy all kinds. Let us look, for cxample, at some of the 
sowcs of chemical encrgy available on earth today 
(figure 3). On the left one sees thc cncrgy somes, ranked 
fhm the most energy rich at the  top to the  least cncrgy 
rich on the bottom. On the right are the  oxidants  that  can 
bc used to 'burn' thuc fuels; with the bat  oxidant 
(oxygcn) at the bottom, and the worst one (carbon 
diaxide) towards  the top Since a fuel nmds to be 'burned' 
to yidd cncrgy, we can estimate the, amount of encrgy 
available simply by connecting a &en furl with an 
oxidant (these combinations of fuels  with oxidants are 
CaIled redox pain). If the arrow connecting any redox 
pair s l o p  downwards,  it jpdicata that  energy is avail-. 
able Earn this ccunbktio$ and there is almost certain to 
be one or more microorganisms capable of using it. In 
marked contrast, the eukaryotes utilize only a few organic 
carbon  compounds as fuek and only molecular oxygen as 
t h ~  oxidant-thcy sacrifice  metabolic divcrsity for high- 
e n q y  +Id, while the prokaryote3 occupy the divenc, 
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Figure 3. Thcrmodynamia  applicd  to 
planetary life. In this diagnm, we have 
illustrated many of the major ci~crgctic 
processes that occur on earth in tcrms of 
rdativc amounta of energy. On thc I& are 
saurp~ of cncrgy: physical (sunlight), 
organic chemical or inorganic chemical 
energy. Thuc arc arranged from the molt 
cnergctic (most rcducing)  at  thc  top to thc 
least energetic (most oxidizing) at the 
bottom. On the right sidq the exidrats t h a t  
u n  be used to bum thcsc fuds arc arrangcd 
in the same order, with the stroryat oxidat  
(molecular cmygen) at the bottom, and  thc 
0th- in decreasing oxidative  strcngth as 
one proccedr upwards. If an arrow drawn 
fmm a fuel to an axidant k s  a ncptivc 
dope then the reaction 4 . I  yield energy (and 
an organism that uszu thir energy will 
probably &t). 

Largely because of the nature of the tools then a d -  
ablc (human qt, hand lens and, later, simple micro- 
xopc), it is not surpriring that phylogcnet; trcn were 
dominated by thc macroscopic, rnukicdlular e m t a  
such as the fungi, phnts and &ah. Thc tiny eukaryotic 
protists (amocbac,  paramecia, giardia, etc.) being visible 
but not understood, were  relegated to the next-to-the- 
bottom position in'thc tree, while the microscopic prokar- 
yotes ( a h  called monera or bacteria) were placed  at thc 
bottom w h m  they CouId be acknowledged, although nor 
seriously so. Tht entire appraach was reasonable  and 
useful at the time, in the s a x  that structural d i m i t y  
was driving chdcat ion,  and the single-dad, anudeatt 
prokaryotes have little that could be casily compand 
with the structurdy and behaviounlly d i m e  large!' 

This orgaaizational acheme of the biosphere has 
dramatically charyad in the past 15 ycan with thc advent 
of molecular taxommy and phylogeny The basic idea 
behind this approach is that e are some m o l d c u  
common to d clvthly life, and that by systematic 
comparison of the  sequences of thwc molecules, it should 
be possible to derive the taxonomic, and even phylo- 
genetic, relationship kt- the organisms that contain 
them. In eEcct, the m m  of structuru used for 
taxonomy is rcphccd by a single, universally  distributed 

eukaryotic  organisnrr. 
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Figure 4. The davical fivc kingdom, oflifi. This view of the 
distribution of life shows in diagrammatic form the major 
group of organisms as thcy WCFC viewed h r  many d u d &  
'l'be plank, Ylid and fungi rcprescnt thc thrce major king- 
doms, with the protists or pmtocrtrtr (nmebac, protam, slime 

monera or bacteria. The diagram% meant to convey net only 
the d i d o n  of organisms into  major taxonomic group, but 
.mmc saw o f  thc way in which evolution occprrcd, 6wm 
smaller to larger, and from simpler to more compIcx. 

. moulds, erc.) forming a d i h c  group bcIow them, md the 

molecule.  whose molecular sequence is wed for compar- 
ison. Molecular phylogeny has utilized, up until now, 
primarily the 16s rRNA, a slowly evolving rn~kculc 
common to nearly all life on earth, and at the ame o f  
writing, there arc many  thousands o f  rqucnccs in the 
international ribosomal data base (RDB). While the gam 
of this idea is actually decades old, it came to hition 
only recmtly with the dcvdopmcnt of new tcchniqm in 
scqucncing  of nuddc acids, and the.= of this informa- 
tion for organismal cornparisom (Wocse  1987,  1994: 
Amann et ~ l .  1994). Fmm the point of view of the pro&- 
yotes,  which lack features that can be used to compare 
them fo each other or to the eukaryotes,  this  molecular 
methodology  allowed one, for the &st b e ,  to have a 
sensc of the phylogeny (a natural history which had been 
previously lacking)  of the van'ous groups (Stahl 1994 
Okcn et d. 1994). It also allowed prokaryotic p b y b p y  
to be comparcd dircctly (on the same scalc) with the 
eukaryotes icdlular counterparts-organisms that may 
be related only through their chdd (metab&) mots. 

The rest118 of this approach WCE dramatic: the  four 
eukaryotic kingdoms wcrc found to be a nther homogc- 
n e o a  single group, while the prokaryote were found to 
be rmfficiently diverse that they were cxpandd to two 
separatc kingdoms, referred tu as Bacteria and A r k  
(figure 5). A quick glance at the phylogenetic free rcvclrls 
that thc hnajor genetic variation among the cukayotcs is 
s e n  in the unicelIuIar protists, while the three prcviausly 
dominant kingdoms (plants, animals and f&) are 
ciusecrcd at the end of one branch of the eukaryotic 
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ApparaY; it is p o m e  to achieve structural 
and b c h a v i d  diversity while runaining g c m w l y  
r* homogeneour. When one considen that rnulticd- 
hdrrr eukaryotes cvohrcd only r c c d y ,  and that for nearly 
3 billion yeam the prokaryotcs dominated the marfkcc of 
the earth (sa below), one should  not bc surpiised that 
the bulk of the apparent genetic diversity on the planet 
resides in this group. 

Another 'major insight gained through molecular 
tawnomy and phylogeny arose when the ie+niqua 
began to be used for analyses of natural populations 
(Fqce 1996).  Almost immcdiatdy it became apparent that 
ambng the  prokaryotes, there were many more organism. 
types (as judged by I6 S rRNA sequences) than could be 
cultivated. In fact, it seem clear that 143s than 1% of all 
prokaryotic  diversity has been successfully grown in the 
laboratory-in essence, wc still have no idea of thc true 
genetic or metabok diversity of the prokaryote on our 

So now we have arrived at a classification scheme that 
arganizer lifc into two major 5 t m t u r a l  pups comprised 
of three kingdams However, we  have  ye^ m define fife in 
a fuactional sense as we sec it on carth d a y .  The. 
problem miy be that a focus on structural dements, 
whcthcr thcy be orgadmd, cdlular or molecular, does 
not ncccssarily lead to an understanding of how life 
relates to h physical, chemical or gmlogical c&n- 
ment. So, let us view life not in terms of structure, but in 
terms  of energy flow and metabolic capabiiity. For 
&PIC,  with  regard to energetics and metabolism, we 
might divide the living world into functional groups such 
as physicists, chemise or biologism, as follow: 

(i) physicists-those organisms that use physical sources 
of cncrgy ach as light or heat ( a g .  on earth, photo- 

(ii) d~emistP"oue organisms that  use chemical enagy, 
atha organic or inorganic 

(iii) biologists-those organisms that f e d  on other 
organisms, using behavioud adaptation3 to gain 
organic carbon which they  utilize as chemists. 

own pknct (Pam 1996). 

syntheric Oqpisms) 

This vim allcrws us to consider  life in t a m  of energy 
supply and 8oufces on the planet.  What we see with such 
a treatment is fint, that some of the mbipitia of 
dealing with We on the basis of structures begin to disap- 
pear and ,second, that life on earth is, as apccted, very 
wcll .daw to the energy sources that arc available here 
This approach ?Is0 snggestr that before looking for  life 
anywhere, one should spend considcrabie time in the 
study of energy 3cuttcs in the cvldidate environment. 

If such an approach is valid, it must first work with. 
pmcnt day Iifc on earth. If so, thcn one can use it to infer 
some of the characteristics of past and perhaps extra- 
terrestrial ( f i t u r c )  life. So what about thc earth? The 
major source of energy is physical, the light fiom our sun 
(table l), with solar energy accounting for 178 000 tcrabib 
(trillion watts), and the ne% most abundant (geothermal 
energy), accounting for 014.30 tmwatts! Other sowcs 
of rncrgy (tidal energy of 3) seem nearly trivia in 
comparison (Davis 1990). However, to put  thing^ in 
pcraptctivc, it is estimated that. thc yearly global 
consumption of energy by thc entire biota of earth d a y  
totals only IOOtcrrawam, 50 that sources such as 

LO 'd SPPE6EET8TBB6 01 SNOIlW3118nd 30s WOtfA LZ:ST 666T-nON-T0 



0.10 

/ 
Vairimorpha 

Figure 5. The thrcc kingdom view of We: thc thrcc kingdoms oflifc, 1u d&cd by sequencc  comparisons of ribosomal RNA 
(IGS rRNA). 'l'his view of thc txc  of life a h w r  thrcc ofthc prorious Lingdoms (animdr, plmnts and fungi) drutcrrd at rhc end of 
one kingdom, now called the eucarya. Thc major genetic divarity in thir kingdom is accounted fa+ by thc singlc-cded eukaryotu 
called the protists. The other two kingdom arc bnth comprised ofsinglc-cded pmkaryotcs formerly gmupcd in the Monera 
(figure 4)- Thee groups, called Bactaia and Archacn constitute a major amount of the gcnctic divmity ai judgcd by compvison 
of ribosamaI RNA scqucnca 

Table 1. Sources ofm~ on earth 

source yady budget 

- 
(ternwat t$)  

solar radiatian (incoming) 178000 
heat fmm evaporation 40 000 
energy rdcctcd to space 53 000 
reradiated heat &om cad 82 000 
cncrgy used for photosynthah 100 
g c o r h d  energy 30 
tidal energy 3 

gcothcmd energy could, in theory, contniute to  the 
biomass in a si&ficant way if they could be hvvcsted 
This would be  particularly rckvant on eaily c3rth, where 
geothermal fluxes are thought  to haw been much higher 
and life WS, by definition, much less abundant. Hawevcr, 
if life is evolutionarily 'smart' i t . 4 1  not miss the k t  that 
therc is a lot of energy, d & l e  &om the sun, and onc 
CXPCC~S the pIanct to be dominated by the 'physiasts' and 
their ability to harvest light energy. Wc should not be 
surprised to lcarn that for life on earth today, the physi- 
cists (phototrophic, iight-utilizing organisms) have the 
nppa hand in terms of energy harvcsting ( f i p c  6). 
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F i p n  6, Encrgy flow on earth. This di- dcpicu the 
enkrgy flow on cad through the various biological r(3ervoits. 
Light k ucd dircctly by pholoaynlhedc organisms (bacccria, 
cyanobacteria  and plants) fo produce 6xed carbon via  thc 
rcduction of carbon dioxide. Gcothcrmrl cnagy is converted 
to a varicty of reduced imrganic compounds, which are &en 
utilized by lithotrophic o r g a b  (Bactcria  and Archrca) td 
pmduce Gxed carbon via the reduction of carbon dioxide. In 
both of thmc cma, new oqpiams arc created, and organic 
carbon is addcd to thc mvimnment via excrction or death. 
Thc predatory animals  and protir0 complete the eydc by 
ruing other organism u thdt m m c  of energy, while thc 
organotrophs (hetcmtrophic bacteti? and hgi) utilitc 
organic carbon Tor en-. In both c a m  the k e d  carbon 3s 
oxidizcd to carbon dioxide, allowing &e cycle to continue. 

Light energy is used directly by the physicists (phorn- 
trophs producing both biomass (more otganh) and 
uccrctcd orgnnic carbon in the fbrm of waste p m b  
(figure 6). In contrast, gt0th-d encrgy is used 
indircdy, being fint convetted to reduced inorganics 
such as hydrogen, hydrogen sulphide, ferrous iron, e&, 
which are used by the inorganic chemists (the so-called 
lithotrophs)  to product biomass and organic carbon. 
From this point forward, energy h through  the 
organotrophs, those organic chcmirts  that live via the 
consumption of organic matter, and biologists, which 
specialize in food gathering (predation). As will be 
discussed below, this rimplc vim is not adequate to 
mplain the cycling of oganic matter in anaerobic cnvir- 
onrncnts, but it is a good starting point. 

Using such an energetic  format in which to categorize 
life  liberates one &om some of the restrictions *at arc, by 
definition, a part of any structural approach. We can ask 
first what is the chemistry and cnugy dow of an 
ecosystem or organism, and then use  orher cues (such as 
structufe) to do more detailed taxonomy or phylogeny. In 
a scnse, the energeric approach allows US to thinL o f  life 
in a way that embraces thc structural and functional 
differcnccs rath- than  ignoring or incorrectly catalo- 
guing thrm. As shown in table 2, it is possible to pt all Of 
the known l'oms of lift into om or more of the three cate- 
goris based on c n q  -Re. we can also call out some 
of the major coxwtraints on various group of O + S ~ S  
(tdbie 2). For example, the photosynthetic organisms are 
evolutionarjly limited bmause they nccd to be at or nlat 
the surface of the planet, thcy need to interact  directly 
with potentially  destructive wavehgtks of dtd 
light (c.g. ultraviolet), and  they must develop a f i i y  
sophisticated for harvesting d i f f r ~  light 
energy ( c g .  photos~thetic antennae sysrtms and light- 
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absorbing pipa such as chlorophyll). Homvu, given 
the advantages o f  such B WstyIe on thia planet, it is not 
surphing that this evolutionary path has proven 
r u c c d  for both prokaryotes uld cdmyotcs. The 
c h e d  consist of bath prokaryotes and eukaryotes. 
OrgylouO~hJ include the nighttime &totrophs, the 
f i q i  and many organotrophic prokaryotes. The ability to 
g-rw on organic matter of dl sorb is an adaptation  pecu- 
tis to ~ ~ . ' g r o u p c r ,  and a naon  for their widcapread 
succcu in soil and sedimentary environments. In marked 
contrast, Iith~tmphic metabolism (the ability to we inor-. 
@e energy ronrces) is the domain of the prokaryotes; r? 
not fir@ arc capable ofthis type of metabolism. 

Thir condcration dpuzt We has focused OA ener- 
gctic iyruts-~~ admittedly diffncnt approach. It frcca us 
&om the constraints of specific morphologies or functions, 
and even from iasucs of spccica diversity, dif€mtiation ' 

and evolution. Such a consideration tic3 us tightly to the . 
environment in the sense that  understanding the cncrgy 
flow in an ecosystem may well allow us m predict what. 
the major form of fife might be in a given environment, 
on earth or beyond i t  It warm us to look for evidence of 
proccssca  rather than apccific structures or orgrrnisms 
when seearching for  new life. We h i d  enter the search 
with an open mind, knowing that the measurcmcnt of 
pmc- can yicid information that infers lifq and then 
searching for the smucturca and chemistry rclcvant to the 
pmesses measured. 
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(b) fimw* 
Having a simple structure ccnfcn upon the prokaryota 

a degree s f  environmental toughness ~t seen in the more 
complex eukaryotes. The pruIcaryota are the cwirw-  
mental 'tough guys'-toIcrant to many  environmental 
extrema of pH, temperature,  salinity, radiation and 
dryness. To accommodate such organisms, the word m e -  
rnophilc has crrpt into our  vocabulary in the past dccadc, 
invented  to describe organisms that arc mistant to, and 
evm thrive i q  atrtmc conditions. PC prokaryotes have 
become renowmi for their ability to withstand physicd 
and  chemical extrema a s  ddintd by us &rly non- 
talerant I ~ o  m p i c r n s .  The definition of 'exweme' is, of 
C O , ~ ,  in the C ~ C  O f  thc b&dder. Our COSY body, main- 
tained at a comfortakde 37 "c, H treacherously hot for 
many psychrophilic (cold-loving) marine bacteria, and 
too cold for t k  thcnnophilcs of the Ykllowstonc ponds! 
Egurc 7 prncnts a schematic picture of the limits of lite 
for tempuature and pH in order to comparc the 
blcrated by life on earth today. This should be ngardcd 
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Figure 7. physical and chemical exwemophila. This diagram shows onc physical variable (tempcraturc) and one chemical 
variable (pH), the rangu that Lifc L now known to tolcratc for both e u k w t c s  and prokax-yotts, and some of thc m a  that 
havc been erected to dacribc the oqmhms lhilt live ovcr thuc ranges. Similar profila can k shown for many othn variables, 
including radiation, drynas and salinity (table 3). The pictura depict envimnments on d: upper I&, the Antarctic dry 
vallcy; uppcr right, a thd pool in YJlwrone  Park lowcr ldt, an acidic pond resulting from acid mine drainagc; and, lowcr 
right, Mono Lake, CA, an alkalinc lake ofpH tpptasdmatdy 10. 

a8 a progress report, not the final truth, as new e ~ m m o -  
philes are  constantly being found and characterized (cg. 
the limits of life are continuously e x p a d i i )  (table 3). 

,$$ &trcrnopMes can bc mistant to physical (tcmpcnture, 
dryness, radiation) or chemical (pH, s a l i n i t y )  cxtrcmeq 
but it should be  remembered that it is seldom in nature 
that an organism encounters just one atreme. For 
exmplc physicaI exmmcs of temperatun are ofim 
assodated  with high salinity, high radiation or drync~, 
while high-pressure  cnvironrncnts  can be either m y  hot 
or very cold. As will be discussed below, metabolic 
stresses, one  of the things that  prokaryotes talcrate besr, 
arc also frcquedy associated with physical or chemical 
extremes. 

Figure 8 cmphasizes an important additional  property 
of prokaryotes, which we refii to here as metabolic  extrc- 
rnophily. Giwn that eukaryotes arc almost mtirdy 
limited to growth on organic carbon with oxygen a.8 the 
oxidant, any set of' conditions in which organic carbon or 
o x ~ g e n  is absent is potentially life-thnat&g fa them. 
For the pmkaryota, however, such environments simply 
posc the challenge to continue living with a  different 
metabolic system. While it cannot be said wilh certainty 
when such mctilbolic div&ty arose on carth, its very 
cxistee forces anyone who is hunting for lifc to jnclude 
such 'extreme' habitats in the search, and to broaden the 

definition of life m include mersbolic abilities that, kw 
yeam ago, might have been summarily dismissed as 
impossible. The ability to grow lithotrophically on cpezgy 
sources such as carbon monoxide, ferrous iron, hydrogen 
dpbide or even hydrogen gas, implia that bacteria 
could inhabit worlds not previously considered as candi- 
date for c*uaunatrial l i f c  In fact, it may well be that 
mch mc&dic  plasticity is the biggest adaptation of the 
prokaryotes. If chemical cvolution is the hallmark of 
prokaryotic evolution, the prediction is that the biochcm- 
kal diversity (with regard to energy sources and 
oxidants) should reflect this. To this end, one nota simply 
that while the ptokaryotcs and eukaryotes share a 
common mechanism of energy ( A n )  formation, the 
prokaryotes use h t  every redox pair that is in abun- 
dance on  the planet ( f i s u . . 5  3 and 8; N&n 19974, 
while the eukaryotes, for the most part, kt confined to 
sugars or organic acids (and then only a few of these)  as 
fuels, and Oxygen as the oxidant. furthermore, proliar- 
yotic life on earth  today is chawtcrized by the ability to 
degrade organic matter  under &aerobic conditions, using 
a wide variety of organic and inarganic  oxidants, and to 
utilize a remarkable array of organic or inorganic 
compounds a3 fuels or energy sources. 

.One strategy of life that often emerges under extreme 
con&riona is that of adopting an endolitbic lifcstyic, e.g. 
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Rprc  8. Mcmbolic exncmophily. While physical and 
chcmical Cxtrcrner are den rcfcrrcd to, mctabdic  extrema 
are commonly cmounrwd even  on carth. H a t  we see the 
comparison of prokaryotu md eukuyota, dcrnoneuating 
that thc cukaryota do reasonably wclf when rich organic 
.carbon is prcscnt (C = carbahydrata; L = lipids; P= proteilu; 
S = sugaa; F t fatty ac*; A= Vnino acids), although they do 
not use  many orgamc compounds, such w dulore, chitin or 
complcx organiw. When inorganic encrgy m m s  a* 
tohidered, thc cukaryow can use nonc ofthem. while ehc 
prokrryoca can usc a wide range. Similarly, with regard to 
oxidants, thc abg~cc'of  oxygen is usually fital for eukaryota, 
whilc the prokaryotes udlire a wide range, including Mn'* 
oxidcs ( s e e  figun: I ) .  Th;r tfle of extremophily may in fact be 
thc most common  encountwed. 

to asociate with rocks, wuay  just under the surfkc 
(Fncdmann 1982, 1993). h Cdifoda's alkatinc, h y p -  
saline Mono Lake, for example, we can MC that the tufa 
mounds (stalagmite-like carbonate pillars) that dominate 
the lake, and which appear to be dead, arc actually 
teeming with life (figure 9). A few millimetrcs under the 
rock surface arc popuhtions of cyanobaceria that arc 
gcoIogically shidded from the intense sunlight, and thus 
position themselves for optimum metabolism and growth. 
A similar situation occurs in many desert mils, w h m  
photosynthctic  microbes  are found under  the surfaces o f  
rodc ' laycn (figure 10). Thcsc ubiquitous endolithic 
communities can be foud ranging fwm the v"y low 
tcmperatura of Antarctic rodu to very high tcmperaturer, 
of hot and dry dcurts around the world. 

A final point the prokaryotes rciatcs to their 
tcnacity and ability to survive for long ptriods of time. 
There arc many examples of bacteria being revived der 

. long-term storage in salt (halite) crystals (Denncr d ai. 
1994), amber  million^ of ycan in age (Can0 & Borucki 
1994), and Siberian and Antarctic permafrost (Shi 
et a(. 3997). With regard to the latter mvirollmmt, David 
Gilichinsky and his colleagues from Puschino. Russia, 

PhiL T i  R. &c Lmd. B (1999) 
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Figure 11. ?'kc layered mimbd communities of the BIncL 
Sca water column. This flgure depicts in ( a ) ,  the l a y c d  
chemical strata as xcn in the Black S a  during an arpcdilien 
in 1988, urd in (4,  a picmre of two acie~~tists retricving a 
sampling bottle from dcpth. Such tcchniquw stre med to 
obtain deepwater mplc~, and the nutrient  analyses of such 
sampla a function ofdcpth rnd the stratificd cornmu- 
Ntiu as shown im (a). Although  thc Black Sen h 1800m in 
depth at rhir location, only the top 50 IU arc oxic. The 
remainder ofthc profils nvcal a mkmatic usagc ofthc 
electron acccpton until all mept sulphate arc exhausted. 
Hydrogen sulphide (the product of sulphate reduction) 
dominatu most marine *terns because sulphate is IO 

plcntifirl in seawatcr. 

to create without active chunicalptalysis, and will dissi- 
pate if  the syatcms arc poisand or killed. Basically, such 
s y t m  allow us, through the rncasuruncnt of metabolites 
that arc d y  and commonly measured (PJealsOn & 
S&hl1997), to infa the cxistence oflaymd prokaryotic 
cornmunitics. Such iaycrcd communities arc found in 
sediments around the wodd, as well as some stratified 

S N O I l t D I l ~ i n d  3ffi tl WOtl3 TE:ST 666T-MlN-TE) 



to identify  how, and over which scala, to search for 
t h e n  

To summarize our views of the  present,  life on earth is 
remarkably diverse, occupying h o s t  every behavioural 
and  mktabolic niche that is adable.  The eukvyata 
have perfwted  the arts of bchavioural  diversity and struc- 
tural diversity  (dcvdopmcnt), and focus on using the b a t  
energy sources on the  planet ( d i g h t  and organic 
carbon as fuds and oxygen as an oxidant). Prokaryotes, 
on thc othcr hand, distingaish thcmsdvcs not  qirly by 
their m a n  size, their toughness d their  tenacity, but 
also by their metabolic didty-their  ability to survive 
in mctabolicdly  extreme ~nvitonments where  the energy 
flow is .low by expIoiang  both  electron dollon a d  elcc- 
t m  acccptoT3 not available to the cukarptu. Such 
prokaryotic  abilities led to the  widespread GX~SK~UCC of 
layered  microbial  communities, which arc commody seen 
in anacrobic nichcs.  Understanding  the cncrgy flow of 
present-day life on this pIanct leads one to the c d u s i o n  
that life is energetically  opportunistic  and efficient. The 
study of its auccudd occupation o f  the planct provides a 
useful  Tormat for understanding  past  and  present  life, and 
for  the formulation of strategies for searching  for life in 
mvirorimalt.3 off ofour planet. 

3. PAST LIFE 

In its early iife-compatiilc stage?,  the  earth  was still a 
fdidy inhovpitable spot for life as we know it now. It was 
hot, lackcd  oxygcn in its  atmosphere and, consqucntly, 
could fwm little ozcmc: to protect  the  emerging  bioca from 
harmftI UV light. s t ,  it was in such an environment  that 
life vase and ltft its earliest record(s). From studies of 

gygeological sequences of the Issua formation in Greenland 
(Schidlowski et OL 1975; Mojzsis ctaL 1996), tracts dmeta- 

m- bolic activity  (carbon  metabolism) indicate chat  life 
. cxistcd on Earth as carly as 3.8 Gyr ago. This suggest3 

that the invention of life took place rather rapidly, 
roughly  within 200 Myr of whcn the planct  cooled and 
thcrcby bccamc  habitablc, i f  not hospitable, for carbon- 
based lie. Such discoveries  have triggered speculation 
about life in general (e.g the  problems  associated  with 
the  invention of compla living sytans), as well as the 
possibility  that similar living systems might  have  evolved 
on other  planets.  For  aramplc, it is generally agrccd that 
from the early period of planetary development up until 
about 3.5 Gyr ago, Mars and earth shared  similar  planet- 
ary conditions. This has led many to pw't that life might 
have had adequatc time and thc proper conditions to 
develop on early Mars Subsquently, howeva, Mars lost 
its magnetosphere,  hydrosphere  and most of its atmos- 
phcrc, making the  surface of  Mars, by earthly standards, 
an extremely  hostile eavimdmmt. Fbr aample, at 
current subzero teIYIpeKitm?S and low atmospheric  pres- 
sure on Mars, the triple  point of water  precludes  the 
exictemt! nf liquid water  on  the  surface  of the planet. 
Howevcr, while the currcnt  conditions of high W light, 
absence of liquid water and low temperatures  seem to 
eliminate  the  possibility  of  extant  surface  life,  the  possi- 
bility that i t  may  have once dcd can not be excluded 
based on our knowledge of the hiotory of the planet. 

. The  preponderance of evidence of the earliest lifi on 

I& 

a r t h  b in the form of chemistry, as thcn M f m  wdl- 

Rh! ?-mu- R Ser I m d .  B (1999) 
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P- andent fossils (Knoll 198% Schopf & Kldn E 
199% Mopf 1999). The absence of a robust fossil record 2- . .% 

is due to a combination of rock destruction via plate. ~ 

tectonics,  biological recyding and the  fact that simple, 
unicddar life (with no casily  preserved hard parts) + 
dominated tbc ar ly  earth. This is consistent with what Zu 

conditions necafary for f'il preservation. In ha, until .. . 

about 2 Gyr.agu there was UMe axygen on the pknct, 
and the ddopment o f  cornpiex eukaryotic cells, (which 
live  via oxygenic respiration) was probably Mt possible. 
Based on the study o f d r n t  rails, Rye 8t Holland (1998) 
ccnduded that  oxygen '&st appcarcd  (and rose rapidly) 
in the  atmosphere  approximately 2 Gyr ago (Holland & 
Rye 1997; Ryc & HoUand 1998; figure 13). Given  the  need 
far cfficienr energy metabolism to support complex life, it 
fallows that it was only  upon this risc  that the develop- 
ment of eukaryotic organisms was pou~blc The 
Cambrian  explosion of species  and  complex  multicellular 

did not occur until approximately 500 Myr ago, whcn 
oxygen =ached current  levels (Knoll 1982; Schopf 1999). 
Fium that point qmcds, the earth began to take on what 
wi: would find a familiar appearance: occupied by plants, 
animals and fungi. However, m m  before the rise of . 

the paspectin that must be kept in mind  when  searching 
for Lift on other ptancts of unknown cvolutiormry age. 
Indeed, other planets  could bc in any of thcsc smgu, and 
the search for life can not simply assume that a given 
stage of life  or planetary evolution wdl have been 
reached.  One  should a b  note that the evolution of earth 
has been drastically impacted by lifc. The oxygen we 
breathe is a product of the  evolution of oxygenic  photo- 
synthesis.  Without  tbis  innovation, the planet  might we11 
be alive, but ib life wodd .look, taste and smcll much 
difErcnt frsm that we xt today. 

Ib pursue this further, one might zsk how a planet that 
is generating  rcduccd gasa via hydrothermal activity 
could become more oxidizing with time. while this can 
be done  abioticaUy to wme extent via the loss of 
hydragm, if a planet has sufficient gravity to maintain its 
atinosphuc, onc of the kcy inventions of lifc must  bc the 
use of  light energy for the production of chemical ' 

axidants that can then be used to maintain an active 
biota. That is, thc invention of photosynthesis is critical to 
the  evolution of large and complex life such as we see on 
earth today. In addition to the  normal  role  of  photo- 
synthais in  the global carbon cycle (e+  thc generation of 
fixed organic carbon; fiyn 6 above), we now imagine a 
anond major role for phoeooynthcsib, namely the genera- 
tion o f  oxidants, Because tintran donors are needed for 
charge balance during the photosynthetic reaction, 
0xidanw are generated during phMwynth& ( f i g u r e  14). 
For the anaerobic  photosynthetic  bacteria, a variety of 
electron donors can he used, including  reduced sulphur 
compounds or fnrous iron, whicjp malt in the production 
of  oxidized sulphur compouds (clement4 sulphur or 
sulphate) or even oxidized  (ferric)  iron. In contrast, for 
cyanobactcria and  thc  cukaqmtic  photatrophs (c.g. algae 
and plants), the electron donor is water  and the product is 
&ygen (figure 14)- Once these processes come into play 
the oxidation  lcvcl of a planet can increase,  and  the 
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of UniCelluIar life on the planet today, and of 

eukaryotes (containing tissues, organeltes, 'organs, etc) 

axygeq earth was teeming with microbial life-this is 
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Fip;irrc 13. Variation  in oxygcn concentration  over timc, and rdntiotuhip of thb to appearance o f  organism jn the fosil rccord. 
'LbL oxygen  pmfilc .*own in this figure is modeled nRa that published by Ryc # Holland ( 1 9 9 9 ) ,  and has supcrimpmed upon it 
thc ncimatu of whcn major p u p a  downismr appcarcd. Note that no evidence for complex cukar]rotic cells is sccn in the fcnrii 
record until the major riae in oxygen can4mtration, approximtdy 2 G r  W .  in addition, wc ham dcd aemc spculativc 
points concernkg thc existence of mdd- and reductants Over time. We have ruperimposed some ofthc major midants a d  
rductnnta at tima that they might haw appeared. I'his part ofthc dirgmm is meant to stimulatc thought rather h n  p m a t  
t l ~ a  hcts, as, with the exception of oxidized iron. which is known to be prcscnt because of the widesprcad bandcd iron tbnnations, 
little cvidcncc is available as to the appearance of thnc oxidants on the ancient carth. 

origin and evolution of respiration should follow, 
proceeding toward3 the  evolution of more  energy- 
intensive cdiular sysrtms. 

Given the above disnusion, it m t y  bc tt&d to look at 
the diagram of Rye & Holland &om another ppectivc: 
namely  that of the appearance of rpccific oxidants over 
time, as depicted in figure 13. Wlth the facts we have 
available today, it is bard to d& with ~utcllacy exactly 
whcn cach oxidant appeared ( e g .  the exact timu and 

\ , d ~ w ~  amounts dmjvctants). However, such a  recomtruction of 
k k  the redox history of thc  carth ( s e t  D~Maraia et d. 199% 
"'* Canficld & Take 1996) forms a reasonable backdrop  for 

thinking about thc Nolution of metabolism and ib rela- 
(ionship to the evolution of  the c a d  Thcn ia little doubt 
that the invention of photosynthair has had an immense 
impact on the face of our planet, but  what kind of photo- 
synthesis, and when? The geoIogicai record ofthc planer 
shows that massive iron deposits (bandcd iron formations 
or BIFs) accumulatrd in thc  billion  years before the rise 
in oxygcn, suggesting  that thc iron wb~ being systemati- 
cally m o v e d  from thc ocean. The usual explanation for 
this is that oxygenic  photosynthesis had kdy cmlvhf, 

and the iron was king moved by chemical oxidation 
( to  insaluble ferric hydroxide) by molecular oxygen. 
However, it has also k e n  suggested that iron-bascd 
photosynthesis evolved during this time, and that  the 
rnrvive iron accumulations were due to the me of iron as 
~ I I  clcctron donor, producing masaive amounts of 
oxidized iron under anaMbic conditions (Widdell rt al. 
1993; Ehrenreich & Widdcl 1994). It is these kinds of 
unccrtaintics that may be Cleared tap ab we learn mom 
about the metabolic  evolution o f  the planet and try to 
correlate it to the geologid record The exact mechanism 
aside, it is very W y  that in its carliest  days, the carth 
was anoxic, with a redox potential dictated by the abun- 
dant reduced iron (ferrous/ftrric couple) in the earth's 
o c c d ~ .  Given this, it is not difficult to s e e  why inn was 
the metal of choice  for much of our metaI-drinn 
biochemistry Once oxygemc 2 photosynthesis cwlvcd, 
however, Life had played  a cruel trick on itsclf-not only 
did the toxic oxygen necessitate the invcntion of mcchan- 
isms for protection, but  aRer  iron  was atablijhed as the 
major cellular  transition metal, it became drnost inacca- 
ribla to Jiii due ,m the prcsmc of molecular oxygen, 

. .  
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which efficiently r~movtd it at the neutd pH ~ U C S  

Oxygen may  have played mother dtical role in cvolu- 
lion in the sense that of all thc electron acceptor6  whose 
chemistry is compatible with carbon-based 1% only it 
and carbon dioxide are pes. Pmumabl~ i f  complex 
mima1 life was to movc on to land, it must either have at 
its disposal a gascous oxidant or invent a method for 
k q X r t  of a nou-gaseous oxidant on to land Thw the 

,invasion of the land by complex  multicellular animal Life 
. was almost certainly depenkt  on the invention of 

oxygcnic  photosynthuis atld the appearance of oxygen as 
;I major component of the atmosphere. 

Such an mcrgctic view of thr: evolution of life is one 
I I W I ,  if cornplctc, would allow us to search for life else- 
dlcrc ova broad temporal sccales, e.& if wc knew the 
arqucncr: of events that led to prescnt-day life, we could 
look f ir  simiiar events through analysis of planetary 

' ;rrmosphcra. If we continue to learn about our own 
planctazy history and the reiationship o f  life to the 
c*wlIItion of the planet, we may well produce  the intd- 
lrctual kamework necdd for the intcrpmaaon of 
planetary spectra as they begin to appear thmugh space 
interfernmetric methods in the next millennium. It m q  
wc.11 be the ability to interpret this spectral infbrmation 
that allows us to make thc correct decision(s) as to 
wl1ich planets to send missions to and/or investigate 
more fidly. 

. rtlaracten'stic o f the  earth3 surface. 

Phi/. Tmtu. R. k, I d .  B (1999) 

4. mRE UFE 
Fix purposes of this d i s c d o n  we view the future as 

the attempt to discover life outside of the earthly d r o n -  
mat .  As wc are ready to proceed to other celestial bodies 
in  search of Lift, we 6nd that our definition of habitability 
is quite different h m  that we embraced just a few ycars 
ago; it continues to expand physicdlx, chemically and 
metabolically as we learn more about life on earth. In 
r a p m e  to tht, we must: 

(i) consider that  the physical and chemical conditions 
tolerant to life are broader thm wc once thmght 

(5) examine thc potential energy m r c c s  a d a b l c  and 
look catefully for I& f o m  utilizing any mdr energy 

(iu) be preparcd  for subtle, singhcelled life that may not 
be obvioua at first glance, cvm hoking in places 
where life  might have been prcsavtd ag dormant 
forma. 

In kct, the future l o o k s  quite exciting. In thc near term we 
see an ambitious and robust serin of midom to Mars, 
beginning with the Mars Surve r Program of NASA, 
ahady in progress. As pan z* thu mission, a snics of 
aampie return missions arc plaaned, which will give IL~, for 
the Bnt time, accm to selected, pristine samples from 
another placc in our solar system. The architecture for the 
first set of missions k planned and bcing executed now, 
with the fint launch planned for 2003 and the return of 
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Figure IS,' Architecture ofa mission. 1 % ~  ZOO3-2OO5 joint US1F-h d o n  arehitccturc ir shown hat.  In 2003, a iandcr/ 
m c r  combination will be launched, arriving to a predetermined site on Man in 2004. The r w t r  will collect aatnpla, return 
rhcm LO thc lander and place them in a siamplc cannirrtu in the Man w n t  &re. This rampk cannister will be scaled and 
thch placed into Man orbit via the aScent vchidc. In 2005, a dmihr mission will be launched, but winR a French launch vehicle 
(himme 5) that ia 1aqc emugh to a h  launch an orbiitcr/euth return vehicle. This miwian will ab0 place I sample cannirter 
into Mnrr orbit, and thc orbiting mtcllite (Earth Return Vehicle) will l m t c  and rerriore both samples and return them to earth 

. " "- 

1 for scientific studies. 
I 

two samples scheduled for 2008 (figure 15). Although d y  
about 700 to 1000 g of sample wil l  be returned, pi.tn the 
sophistication  and scnsitivity of today's analytical abilities, 
we stand to gain an almost immeasurable amount of new 

The Mars midons will a h  include extensive in situ 
mcasurements aimed at physical, chemical and (perbp) 
biological characterization of Man By such studies, we 
will further develop the methods for life detection off of 
cnrth. This is an irnportmxt issue, as aftcr Man, it will not 
he casy to obtain returned samples. Even the n a t  doaest 
candidate, the  icy moon of Jupiter called Europ, is four 
years away and in the intense gravity well ofJupita, so 
that  sample return with d a y ' s  propulsion systcnru an 
impossibility. Thus propuIsion technologics tM d lo~  
faster flight and more power must be developed before 
more far-flung sample returns are likely. Howcvzr, i f  we 
use Man as a test-bed to develop the methods for in r i b  lifc 
detection, it seuns likely that m CM examine a varicrty of 
other sites using both remote and in-situ uulpa. 

. knowledge  about our ncighbduring pknet 

5. BIOSIGNATUREG AND SCALE 
We began this discussion with the definition of life 

and the explanation that on the basis of this definition 

PfiU Tmnr R. Lmpd. B (1999) 

wc would dcvtlop biosignaturcs, but what are such 
biosignatum, and over what scaIts should they be 
measured? They mud differ with differing xales of 
view and with diflmnt subjects of investigation. lkr 
instance, fivrm afar ,  the only reasonable biwignaturcs 
dill be those of planetary atmosphuw. If' our definition 
of E hoIds, then we will bok  for atmospheres that are 
Out of equilibrium-those that contain mixtures of gases 
that should not be pment together. These shouid be 
rnen~urrd as a function of  planetary latitude (looking 
for  temperature  dependent and/or seasonal proccsscs), 
and as a function of time (looking for life-driven kinetic 
cffecb). One imagines that if spatial and temporal rwo- 
lution can be  achieved,  it will be possible to separate 
those changes that arc due to normal gcoiogical and 
chemical  evolution of the planet from thosc catalysed by ,WM 

a  metabolically active biota. On earth, nearly cvuy gas 
b out of cquillbrium by orden of magnitude, and these zn 
disequilibria arrc cxacerbapd by seasonal efkcw (Love- 
lock 1974). of  course, if'onc see3 planets with oxygen- 
rich atmospheres thcx will become primc candidata for 
hrther investigation, but it cannot be forpttcn that for 
most of its history, earth has not had an oxygen-rich 
atmosphere  even  though it has been teeming with life. 
Studics at chis scale may well allow us to narrow thF 
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: *$%e 'scarrh space' for potential living p l a n ~ y  using this 
i i  *'.. : knowledge to identify the most pmmising ldtm to scnd 

*.+'t,r , , .  - high-resolution missions for further exploration Whether 
* , '  or not .om supportr the Gaia hypathcSs dcvclopcd by 
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Lovelock and M a w i s  during the mid-19708, we can dl 
agree  that the earth viewed $pcctroscopicJly (or wen 
visually) from space would look wry difircnt from the 
other p h c t s  in our solar system. With the earth's abun- 
dant and  reactive oxygen-rich atmosphere,  intelligent 
extratcrrcstrial  scientists w o a  surely suSpcct that.some 
biotic proccssa wcrc  afoot, feeding gam into the atmw- 
pherc in  concentrations that would defy the thermo- 
dynamic predictions of OW cxtratcrratrid counterparts! 
So if there is a planetary biosignaturr, what  then of a 
solar system biosiptun? Galactic biiignature? Indecd, 
would an abiotic universe look diffcrtnt than this one 
docs? These questions, though ~eemingly impnderable, 
must be asked in light of the recent dibcovtrics of other 

potential habitats for life outside our solar system coupled 
with a deeper understanding of the extent of habitability 
on chis  planet cannot help but raise our expectations that 
life beyond the earth will ultimately be bund. As the 
very deiinitions of runotc and in situ sensing arc, in fxt, 
dependent on the scale o f  ~asurcmtnt-not just prox- 
imity to investigator and sample-we will n d  to bc 
preparcd with not only micr0x;opcs and binoculars, but 
telescopes as w d ,  because the 1- the scde of thc 
biosignature the more distant the observer can be. 

PkdllCtdr)' SySkIlI8 ChW O u t  Own. T h C  d i s c O V q  Of DeW 

6. SUMMARY 

As wc bcgin the ncxt millcnnim, technology has 
already surpassed the dreams of many, and who is to say 
where it will lead us. Great opportunitk for e~pl0rat . i~  

'await us, our children and their children, of whom can 
exploit this unique situation. Vk subdcribe to the belid 
that life will soon be discovered & c ~ c ~  whether it bc 
simple prokaryotic-like life or life advanced fdr beyand 
our own. Consider  for  the  moment, for example, that in 
thc past 0.01% of thc planet's  habitable  hictory, lire has 
moved. from the  simplest of haminid forms to life SO 
advanced that it can communicate  with robotic rpaceadt 
hundreds of' millions of miles from our own plmtt. Given 
thc number of galaxies, solar s y s t m  and,  probably, 
habitable planets, why would we not a p c t  a planet 
somewhere to be a million (or 10 O S  100 million) y m  
advanced  beyond our own system? What would this life 
bc &kc? What would it know and haw would it use that 
knowledge? The s p a c e c d  and inttrftrometut we 
struggle to build now WOuId haw long since been 
discarded  by  this life, and cnergy might  be used in way# 
we have  yct to drcam of. Alttrmjtidy, W e  might find 
plancts that mimic earth in its carlicr stam, milliona to 
billions o f  yeam behind us in evolutionary 6mt-a 
chance to examine OUT own histary. The study of past and 
prcacnt lifc on our piancr tells us that life has dramati- 
cally impacted the ge~&mical  cvolurion of the plantt, 
and suggests that if we really understood the intimate 
relationships of thcse two processes, then it &t bc 
possihlc to locatc life by measuring these effects at scales 
presently  not wen conceived. This is the challenge, and 
this is our future. 

PhiL T w .  R. SOL h d .  B (1999) 
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