
together two Pto molecules for 
cross phosphorylat~on. Pathway 
actlvatlon may also cause phos- 
phorylat~on of the llgand ~tself. 
Gene t~c  ev~dence lnd~cates that 
Pto actlon requlres a closely llnked 
gene, Prf, whlch encodes a leu- ., . ,. 
cine-rich rc 
though Prf 

:peat 
does 

: protein 
not aDD' 

(9). Al- 
ear to  be - . . 

involved in specificity, it may 
function as an  anchor to localize 
the kinase 
interaction 

(see 
bet! 

figure). 
veen Prf 

Physical 
and Pto 

might create a two-component 
receptor system closely resem- 
bling the rece~tor- l ike  rotei in 

should also give a quick test of the ligand- 
receptor mechanism in the recognition of 
viral and fungal pathogens for which R genes 
have been isolated. 

AvrPto and Pto are both relatively small, 
compact proteins and hence should be ame- 
nable to structural analysis by x-ray crystal- 
lography. It would be immensely satisfying if 
the series of brilliant studies starting with 
Flor's work 50 vears aeo culminate in the - 
elucidation of plant-pathogen recognition 
svstems at the angstrom level. Such informa- " 
tion would allow the rational design of R genes 
encoding receptors with novel recognitional 
specificities-powerful tools for engineering 
enhanced croD ~rotect ion in the continuing 

a .  

Molecular specificity. A direct interaction between prod- kinaie encoded by Xa21: It will struggle to secure food production. 
- 

ucts of a plant resistance gene (AvrPto) and an avirulence be interesting to see which re- 
gene (Pto) in a pathogenaccounts for the gen 
specificity between plant and pest. 

resembling components of the type 111 secre- 
tion system used by bacteria-such as Salmo- 
nella, Shigella, and Yersinia-for the secretion 
of virulence proteins into mammalian host 
cells (5, 6). Operation of such a mechanism 
(see figure) would allow aw  gene products to 
interact with cytoplasmic plant proteins, and 
in fact awB from P. syringae glycinea induces 
an  R gene-dependent resistance response 
when ex~ressed as a transgene in ~ l a n t  cells (7). . . 

~cofi'eld et al. (2) a n d v ~ a n ~  e; al. (3) report 
a similar effect when awPto from P. svringm 

< - 
tomato is expressed in plant cells carrying Pto, 
and then take the story a decisive step further 
by demonstrating a direct physical interaction 
between the gene products with yeast two- 
hybrid genetic selection as an assay system (2, 
3). A second protein kinase, Fen, with greater 
than 80% sequence similarity to Pto, does not 
interact with the AvrPto protein. Fen, which 
is tightly linked to Pto, confers sensitivity to 
the insecticide fenthion but does not mediate 
resistance in response to awPto. Creation of 
chimeric Pto-Fen proteins shows that the Fen 
gene product can be made competent to inter- 
act with the AvrPto ligand by substitution of 
a small segment of Pto involved in substrate 
binding, and mutations in either awPto or Pto 
that render the plant-pathogen interaction 
biologically compatible likewise disrupt the 
physical interaction between the gene prod- 
ucts. Thus, the exquisite specificity that char- 
acterizes gene-for-gene biological incompat- 
ibility in plant-pathogen interactions can also 
be discerned at the molecular level. 

Protein kinase activity is required for the 
function of Pto in disease resistance, and 
mutations at conserved catalytic residues 
also block the physical interaction with 
the AvrPto protein. AvrPto binding might 
directly stimulate Pto kinase activity to trig- 
ger the phosphorylation cascade involved in 
activating the resistance response (see fig- 
ure) (8). Alternatively, AvrPto might bring 

e-for-gene gion, if any, i f  the Xa21 product 
interacts with the corresponding 
AvrXa2 1 protein. 

The isolation of bacterial genes is highly 
tractable, with over 30 cloned so far, and 
hence the use of two-hybrid selection may 
prove to be a powerful approach for the 
isolation of new R genes, assuming at least 
some function as receDtors for the corres~ond- 
ing a w  gene product. Two-hybrid screening 
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Biologists Put on Mathematical 
Glasses 

Torbjorn Fagerstrom, Peter Jagers, Peter Schuster, 
Eors Szathmary 

N o t h i n g  has shaped the development of 
thought in physics more than Galileo's state- 
ment: "The book of Nature is written in the 
language of mathematics" ( I ) .  Physicists 
take it for granted that the important ques- 
tions have answers that can be cast into 
mathematical formulas. Ever since Newton, 
physics and mathematics have lived in a 
fruitful symbiosis, with a great deal of cross- 
fertilization to the benefit of both disci- 
plines. Physics, as we phrase it nowadays, is 
concerned mainly with the development of a 
comprehensive and unifying mathematical 
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theory of Nature. The  physicists are ap- 
proaching this goal by experimentation, ab- 
straction, and generalization. 

Biology differs from physics in that it 
has an  indispensable historical component. 
This was stressed already by Ernst Haeckel 
and most properly phrased by Theodosius 
Dobzhansky in his statement that "noth- 
ing in biology makes sense except in the 
light of evolution" (2) .  For this and other 
reasons, much of biology has traditionally 
described the overwhelming diversity and 
unique variability of the living world and 
has used a scientific methodology based on 
observation, description, and classification. 
Although generalization and abstraction, 
where feasible, was always aimed for, 
mathematics was usuallv not used in this 
process. For example, last century's great- 
est naturalist, Charles Darwin, laid down 
his great theory of evolution and the origin 
of species without making use of a single 
equation. 
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This century has witnessed a n  increasecl 
use of ~nathetnatics in rnanv fields of'biol- 
ogy, prominent examples bei& cell kinetics, 
population ecology, epidem~ology, anii pop~l -  
lation genetics. In the  case of population ge- 
netics, t he  formal approach was introduced 
alreaciy last century by Gregor hllendel, n-110 
applied his knom.ledge of probability theory 
to the  problem of inheritance, and the math- 
ematics of heredity was then taken un and 
successf~~lly developed by Fisher, Haldane, 
and Wright. Indeed, the  neo-Darwinian syn- 
thesis that emerged by the  middle of this 
centurv owes much of its success to the  ab- 
stractions, generalirations, and formalizations 
of theoretical population ecology and theo- 
retical pop~llation genetics, and it may m.ell 
be considered to be the  first case of a reason- 
ably mature, proper theoretical biology. 

What ,  then, is theoretical biology about? 
C a n  proble~ns be identified in  l~iology that 
rvould benefit from current nlathelnatical 
annroaches? Is there an  obvious need for the  

A L 

development of new n~athemat ics l  These 
questions m.ere addressed at a meeting in 
Sn.eden organired recently l~!; the European 
Science Foundation. 

As to the first question, a Inere heap of 
mathematical models in  biology does not  
constitute theoretical biology. It is rather a 
discipline, aiming at a coherent body of cotl- 
cepts and a family of mo~iels,  in  which pas- 
sage from one concept to another, or from 
one model to  another,  must follow a regu- 
larized pathn.ay. Adding to theoretical biol- 
ogy can  occasionally mean little or  n o  
mathematical work, a t  least in  terms of 
"numbers" and "solutions," but the  concep- 
tual contribution must then be significant. 
Wlad~iington's epigenetic lanciscape is such 
an  esample. But these concepts must ultl- 
matelv turn out to be mathetnatizable. blatll- 
elnatical biology, o n  the  other hand, deals 
with questions ~ ~ h e r e  a sol~ci conceptual 
framework already exists: it constit~ltes an  
extension. refinement. and elaboration of 
es tabl~she~i ,  simple models. It also incorpo- 
rates the  rigorous analysis of ~nathenlatlcal 
structures applied in biology. 

Mathematics lnsplred by physics is largely 
based o n  symmetry considerations, but sym- 
metry never played the  same fundamental 
role in biology as it does in  physics: there are 
no  iluantum n i ~ m l ~ e r s  of life. Nevertheless, 
theoretical biology has so far largely bor- 
rowed its nlethods fro111 physics; in particu- 
lar, the  use of iiifferential eq~~ations-this 
brilliant product of the  Nen-tonixl world- 
vielv-and the  techniques for analyzing 
their dynamical properties have ciominated 
much of theoretical bioloev. O n e  must ac- 

" 3  

knon-ledge, however, that  biology is only 
nartlv Newtonian. It is individuals who make 
LIP pop~lat1011s, at all levels fronl molecules 
and tumors to whole specles, and we must 

not forget that variation occurs a t  all these 
levels in t h e  most c o n s n i c u o ~ ~ s  manner .  It  
is no t  without reason tha t  Boltzrnann re- 
marked that Darwin's n~ork  nas  an  intuitive 
"statistical ~nechanics of populations." 

hllodern probability theory offers possi- 
bilities to describe individual behavior, even 
in situations that exhibit much individual 
variation, and even when these variations 
do  not follo\\r the  standard dis t r ib~~t ions  of 
eleinentary statistics. From these indi.i,idual 
properties, characteristics of the  whole, like 
rates of groa-th, evolution, or extinction, 
might then be deduced. A inore rigorous ap- 
plication of probability theory to  biology, in 
terms of individuals with varvine behavior, 
rather than in the  streams or f l~lxis  of classi- 
cal physics, should be close to  biological 
thinking. This may even inspire del~elop-  
rnents In mathematics and eventually turn 
out to  be relevant for ~noilern physics, \vhich 
long ago left t he  tradition of thinking ill 
tertns of continua in favor of svstenls of inter- 
acting particles, as discrete as are the  incli- 
viduals of biological populations. 

In aildition, biology should also s t i m ~ ~ l a t e  
the  development of new branches of math- 
ematics, tailored to  the  specific needs of 
theoretical biology. hlost urgent is the  cur- 
rent esplosion of data pro~iuceii in the  .i7ari- 
ous branches of biology. Leading the  pack in 
this regard are genome se~l l~encing and the  
molecular genetics of develooment. Simi- - 
larly, as taxononlists and ecologists gather 
Inore infornlation o n  Earth's biodiversitv, 
databases that are already large will continue 
to  grow. This data explosion requires theory 
to  be aLivanced l\ecause "no new principle 
will declare itself from belon. a heap of facts," 
as Sir Peter h/leiiawar stated precisely. T o  this 
field of urgent need for theory one can add a 
list of unlclue biological pl~enomena,  like re- 
product~on,  se lect~on,  adaptation, sy~nbiosis 
and "arms races." that an-alt t o  he cast in a 
r igo ro~s  theoretical frame\\-ork. Advances by 
lnathe~naticians o n  these tonics shoul~i  be 
nelcomeil, but in a critical sp~r i t ,  by the  
theoretical biology comm~~nit!;. 

111 trying to  meet the  increasing neeil for 
conceutualization, formalization, and ah- 
straction, biology should borron- some of the  
.i,irtues of uhvsics. A t  the  same time biolo- 

L .  

gists must n e ~ t h e r  deny nor forget their heri- 
tage, nor fall into the  trans of shortlived fails. - 
Sel~eral  latecomers among the  concepts of 
theoretical physics are key concepts in biol- 
ogy as well. This applies to network dynam- 
ics, which is relevant to the  analysis of me- 
tabolism or the  i r n m ~ ~ n e  system; to self-orga- 
nization, n-hich is what del-elopmental biol- 
ogy is partly about; and to the  elnergence of 
new properties from synergy of interactions, 
n,hich is presumably a l ly  m u l t i c e l l ~ ~ l a r i t ~  
arose eons ago. 

All these topics \Yere discussed at the  re- 

cent meeting in Sweden, together with an  
outlook to the  open questions of biology. 
X'hy and hov. do infor~nation and complex- 
ity increase in e.i,olutionl W h a t  causes Na-  
ture to build Inore colnplex things in a hier- 
archical manner  wi th  principles that  are 
recurrent at all levels? Genes, for esample, 
are integrated in to  genotnes, cells in to  
multicellular organisms, and individuals into 
societies. Recurrence of the  same principle 
gives rise to ever higher forms of complex life 
in  a n  apparently open-ended e.i,olutionar); 
process. "Organirationn-the operation of 
control systems in specific canalizing struc- 
tures-has been an  integrati17e concept in  
Inany areas of biology, hut theoretical hiol- 
ogy has so far had limited success in de- 
scribing it in formal terms. Relateii t o  this 
problem is the ongoing occupation of e.i.01~- 
tionary biologists wit11 equili l~rium situa- 
tions and ~ n ~ c r o e v o l ~ ~ t i o n :  ~ ~ s ~ ~ a l l y ,  the  ap- 
plied dynamic (if explicit at all) is a closed 
one. hllajor transitions in  evo1utiot1-such 
as the  origin of life, t he  emergence of eu- 
karyotic cells, and the  origin of the  human  
capacity for language, to  name but a fen- 
c o ~ l d  not  be farther away from a n  equilib- 
rium. Also, they cannot be described satis- 
factorily by established ~nodels  of microevo- 
lution. W h a t  is needed is an  open-ended 
moilel, in which evolutionary novelties (or, 
rather,  representations thereof) c a n  con-  
tinue to  arise indefinitely. This model must 
be related to  a currently nonexisting theory 
of variation, which in turn must be related 
to the  theor!; of organiration of objects, t he  
evolution of which \ve would like to  de- 
scribe. A theory of development (ontogen-  
esis) is still missing. 

T h e  origin of language is an  even more 
formidable problem. Attempts to  solve ~t 
must he baseii o n  ingredients in the  theory of 
e v o l ~ ~ t ~ o n ,  neurob~ology, and formal linguls- 
tics. Because llnportant insights have been 
~nathemat ized in  all these fields already, 
their j o ~ n t  appl~cation to  this problem will 
have a strong lnathematical element as n-ell. 
But 110~ much of this can be ach~eved  by the  
standard methods is an  open question. 

Our  ultimate goal must be a ~ l n i f y ~ n g  
theory of biology emerging from the  forth- 
coming synthesis of three great d~sciplines: 
molecular, developmental, and evolutionary 
l\iology. Such a concept nil1 pro~. ide  the  
theoretical basis for a b~ology of the  future 
wit11 its o a n  tools and methods, some com- 
ing from mathematics, sorue from computer 
science, and others, perhaps, from sotne- 
where else. X'e suspect that a n  enormously 
esciting perioil lles ahead. 
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