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1.  B a c k g r o u n d 

T h e  i n v e nti o n  of  t h e  m o v a bl e  t y p e  pri nti n g  pr e s s  b y  J o h a n n e s 

G ut e n b er g  ( ~ 1 4 0 0 – 1 4 6 8)  f u n d a m e nt all y  c h a n g e d  t h e  w a y s  i n  w hi c h 

k n o wl e d g e c o ul d b e pr e s er v e d a n d a c c e s s e d. T h e a v ail a bilit y of pri nt e d 

b o o k s all o w e d i nf or m ati o n t o b e di stri b ut e d wi d el y, a n d h a d a pr of o u n d 

i n fl u e n c e o n t h e i nt ell e ct u al d e v el o p m e nt s t h at o c c urr e d i n E ur o p e i n 

t h e R e n ai s s a n c e a n d E nli g ht e n m e nt e p o c h s. W hil e it w a s n ot u n u s u al 

b ef or e t h e 2 0t h c e nt ur y t h at i n di vi d u al s c o ntri b ut e d t o fi el d s a s di v er s e 

a s  p o etr y,  p oliti c s,  pl a nt  s ci e n c e,  a n d  p h y si c s  ( e. g.,  J o h a n n  W olf g a n g 

G o et h e, 1 7 4 9 – 1 8 3 2), t h e r a pi d i n cr e a s e i n t h e a m o u nt of s ci e nti fi c i n -

f or m ati o n  l e d  t o  a  di v er si fi c ati o n  of  di s ci pli n e s.  C urr e ntl y,  t h e  v a st 

a m o u nt s  of  s ci e nti fi c  i nf or m ati o n  g ai n e d  o v er  t h e  l a st  c e nt uri e s  ar e 

di s p er s e d  o v er  t h o u s a n d s  of  j o ur n al s,  m ulti pl e  l a n g u a g e s,  a n d,  i n  t h e 

m o d er n er a, a v ari et y of di git al r e p o sit ori e s f or l ar g e- s c al e d at a s et s ( e. g., 

i m a g e  st a c k s  a n d  o mi c s  d at a s et s).  I n di vi d u al  s ci e nti st s  ar e  u n a bl e  t o 

k e e p tr a c k of all d e v el o p m e nt s i n t h eir fi el d, l et al o n e t o i nt e gr at e i n -

f or m ati o n  fr o m  diff er e nt  fi el d s.  W hil e  t hi s  pr o bl e m  c a n  b e  all e vi at e d 

p arti all y b y f or mi n g m ulti di s ci pli n ar y c oll a b or ati o n s, t h e e xtr a cti o n of 

r el e v a nt  i nf or m ati o n  fr o m  t h e  e x p o n e nti all y  i n cr e a si n g  a m o u nt s  of 

p u bli s h e d  d at a  b e c o m e s  e v er  m or e  c h all e n gi n g.  W e  s u g g e st  t h at  t h e 

sit u ati o n w o ul d i m pr o v e if t h e p u bli c ati o n of at l e a st c ert ai n t y p e s of 

d at a o c c urr e d r o uti n el y b y i nt e gr ati o n of t h at d at a i nt o d at a b a s e s t h at 

str u ct ur all y  r e s e m bl e  t h e  r e s e ar c h  o bj e ct s  i n  w hi c h  t h e  d at a  w a s 

c oll e ct e d. S u c h d at a b a s e s r e pr e s e nt t h e r e s e ar c h o bj e ct i n it s e ntir et y; 

t h e y ar e h olisti c i n t hi s s e n s e. O n c e h oli sti c m o d el s h a v e b e c o m e f ull y 

i m pl e m e nt e d, t h e f u n cti o n of s ci e nti fi c j o ur n al s will h a v e s hift e d. T h eir 

r ol e a s o utl et s f or n o v el d at a will h a v e v a ni s h e d, a n d t h e y will f o c u s o n 

pr o vi di n g v e n u e s f or s ci e nti fi c di s c u s si o n i n st e a d. 

2.  C u r r e nt h oli sti c m o d el s 

I n u nr el at e d fi el d s, t h e g e n er ati o n of h oli sti c m o d el s h a s c o ntri b ut e d 

t o s u c c e s s st ori e s. Att e m pt s at pr e di cti n g t h e w e at h er pr o b a bl y ar e a s ol d 

a s m a n ki n d, a n d a c c ur a c y w a s m ai nl y b a s e d o n i n di vi d u al e x p eri e n c e i n 

r e a di n g  cl o u d  p att er n s  et c.  S u c h  e x p eri e n c e- b a s e d  pr e di cti o n s  ar e 

str o n gl y d e p e n d e nt o n t h e l o c ati o n. T o d a y, t h e a c c ur a c y f or n e xt- d a y 

f or e c a st s a p pr o a c h e s 1 0 0 %, a n d t h at f or fi v e- d a y pr e di cti o n s i s a b o ut 

9 0 % ( htt p s: / / s ciji n k s. g o v /f or e c a st-r eli a bilit y / ) e v e n at t h e m o st r e m ot e 

l o c ati o n s o n t h e pl a n et. T hi s b e c a m e p o s si bl e d u e t o t h e e m er g e n c e of 

u nif yi n g m o d el s i nt o w hi c h all a v ail a bl e i nf or m ati o n c o ul d b e f e d. N o 

m et e or ol o gi st t a s k e d wit h pr e di cti n g t h e w e at h er i n o n e cit y f or t h e n e xt 

f e w d a y s will st art s cr e e ni n g p u bli c ati o n s of t a b ul at e d w e at h er d at a f or 

t hi s l o c ati o n o v er t h e l a st 1 0 0 y e ar s. T o d a y, t h e f a ct t h at m et e or ol o gi st s 

pr e di ct l o c al c h a n g e s b a s e d o n t h e or eti c al m o d el s t h at d e s cri b e e ntir e 

c o nti n e nt s  a p p e ar s  al m o st  tri vi al.  H o w e v er,  t h e  tr a n siti o n  t o  h oli sti c 

at m o s p h eri c m o d el s w a s n eit h er e a s y n or wit h o ut r e si st a n c e. T h e fir st 

m at h e m ati c al m o d el s ai mi n g at t h e pr e di cti o n of a st or m i n 1 9 5 0 pr o -

vi d e d  a  m o d el  i n  1 9 5 2,  t w o  y e ar s  aft er  t h at  st or m  h a d  o c c urr e d.  A 

br e a kt hr o u g h w a s a c c o m pli s h e d w h e n m et e or ol o gi st s s u c c e s sf ull y pr e -

di ct e d t h e b e h a vi or of t h e r e c or d- br e a ki n g ‘ Bli z z ar d of 1 9 9 3 ’ i n e a st er n 

n ort h  A m eri c a.  T h e  pr e di cti o n  l e d  t o  n ati o n al  al ert s  a n d  st at e s  of 

e m er g e n c y d e cl ar e d al o n g t h e U S e a st c o a st, s a vi n g c o u ntl e s s li v e s ( o v er 

2 0 0  d e at h s  o c c urr e d  i n  t h e  U S A; htt p s: / / w w w. w e at h er. g o v /il m / S u p 

er st or m 9 3 ).  O nl y  t w o  d e c a d e s  e arli er,  i n fl u e nti al  m et e or ol o gi st s  still 

h a d r ej e ct e d att e m pt s t o m o d el t h e at m o s p h er e a s a w a st e of ti m e (f or a 

m or e d et ail e d a c c o u nt, w e r e c o m m e n d t h e p o d c a st htt p s: / / w h y y. or g / e 

pi s o d e s /t h e- s ci e n c e- of- e xtr e m e- w e at h er / ). 

W o ul d n ’t s ci e nti st s i n g e n er al b e n e fit if si mil ar, c o n st a ntl y u p d at e d 

m o d el s w er e a v ail a bl e t h at w o ul d f a cilit at e pr e di cti o n s of t h e r e s p o n s e s 

of t h eir e x p eri m e nt al s y st e m s u n d er a v ari et y of c o n diti o n s ? R at h er t h a n 

f e e di n g n e w d at a i nt o s u c h m o d el s, w e still p u bli s h i n di vi d u al p a p er s o n 

r el at e d t o pi c s i n a wi d e v ari et y of o utl et s, f or ci n g c oll e a g u e s t o s e ar c h 

f or e a c h p u bli c ati o n aft er t h e y h a v e n ot e d it e xi st s, ar c hi v e it i n t h eir 

o w n a n al o g or di git al li br ari e s, a n d fi n all y pr o c e s s t h e i nf or m ati o n a n d 

i nt e gr at e  it  i nt o  t h e  virt u al  m o d el  i n  t h eir  o w n  br ai n s.  I n  a n al o g y  t o 

m et e or ol o gi c al m o d el s, w h y d o bi ol o gi st s n ot g e n er at e h oli sti c m o d el s 

of t h e or g a ni s m s of i nt er e st a n d d e p o sit all ( ol d a n d n e w) r el e v a nt d at a 

*  C orr e s p o n di n g a ut h or. S c h o ol of Bi ol o gi c al S ci e n c e s W a s hi n gt o n St at e U ni v er sit y, P O B o x 6 4 4 2 3 6, P ull m a n, W A, 9 9 1 6 4- 4 2 3 6, U S A. 

E- m ail a d dr ess: k n o bl a u c h @ w s u. e d u ( M. K n o bl a u c h).  
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i n t h e m ? W h at if o ur e s s e nti al d at a w er e d e p o sit e d i n d at a b a s e s d e si g n e d 

i n s u c h a w a y t h at t h eir i nt er n al str u ct ur e a s w ell a s t h eir u s er s urf a c e s 

r e fi e ct e d t h e str u ct ur e s of t h e n at ur al o bj e ct s t h e d at a r ef er t o ? 

C o n si d er  a  pri nt e d  li st  of  all  r e st a ur a nt s  i n  all  citi e s  wit h  t h eir 

g e o gr a p hi c c o or di n at e s t a b ul at e d, i n c o m p ari s o n wit h a di git al m a p i n 

w hi c h  all  r e st a ur a nt s  i n  all  citi e s  ar e  m ar k e d.  P e o pl e  i n  s e ar c h  of  a 

r e st a ur a nt cl e arl y pr ef er t h e di git al m a p o v er t h e t a bl e, a s t h e s u c c e s s of 

s oft w ar e  li k e  M a p Q u e st,  G o o gl e  M a p s,  Bi n g  M a p s,  M a p s. M e,  et c., 

d e m o n str at e s. I n c o ntr a st t o t a b ul at e d d at a, a n el e ctr o ni c m a p i s a r e p -

r e s e nt ati o n of t h e r e al t hi n g, w hi c h m a k e s w or ki n g wit h it s o m u c h m or e 

i nt uiti v e.  C o ul d n’t w e utili z e  s u c h a n el e ctr o ni c r e pr e s e nt ati o n of t h e 

pl a n et  a s  a  s c aff ol d  t o  str u ct ur e  t h e  i nf or m ati o n  c o nt e nt s  of  m o d er n 

g e o s ci e n c e s ?  Z o o mi n g  i nt o  a  l o c ati o n  c o ul d  l e a d  u s  fr o m  t h e  vi e w of 

c o nti n e nt s i n a pl at e t e ct o ni c s c o nt e xt t o r e gi o n al t e ct o ni c f e at ur e s, t o 

t h e str ati gr a p hi c el e m e nt s pr e s e nt at t h at pl a c e a n d t h eir f o s sil c o nt e nt, 

a n d  all  t h e  w a y  t o  t h e  cr y st all o gr a p h y  a n d  g e o c h e mi str y  of  t h e  l o c al 

r o c k s.  T h e  ‘ m a p ’ w o ul d  h a v e  t o  b e  3 D,  t o  r e pr e s e nt  r e al  g e ol o g y  u n -

d er gr o u n d  a n d  it s  i nf err e d,  er o d e d  c o u nt er p art s  a b o v e  gr o u n d  l e v el. 

F urt h er m or e, t h e ‘ m a p ’ will h a v e t o b e a ti m e m a c hi n e ( 4 D), all o wi n g 

u s er s t o m o v e t hr o u g h g e ol o gi c al hi st or y. O n e a c h z o o m l e v el at e v er y 

l o c ati o n, a n d at all g e ol o gi c al ti m e s, all a v ail a bl e p erti n e nt i nf or m ati o n 

a n d  it s  s o ur c e s  w o ul d  b e  li n k e d  i n,  i n cl u di n g  pri nt  a s  w ell  a s  n o n- 

pri nt a bl e m e di a of all ki n d. S u c h a h u g e di git al m a p c o ul d b e f urt h er 

e x p a n d e d  b y  i n cl u di n g  i nf or m ati o n  o n  w at er  cir c ul ati o n,  s oil  c h ar a c -

t eri sti c s, v e g et ati o n t y p e s, et c., w hi c h w o ul d f a cilit at e, f or i n st a n c e, t h e 

e v al u ati o n of pr e di cti o n s c o n c er ni n g t h e d e v el o p m e nt of n at ur al pl a nt 

c o m m u niti e s or of cr o p p erf or m a n c e. 

3.  H oli sti c m o d el s i n t h e n e a r f ut u r e 

D at a b a s e s a n d u s er i nt erf a c e s t h at ar e str u ct ur e d t o mi mi c t h e r e al 

o bj e ct c o ul d b e d e si g n e d i n m a n y di s ci pli n e s. A s pl a nt p h y si ol o gi st s, o ur 

i nt er e st  f o c u s e s  o n  a n  el e ctr o ni c  pl a nt  m o d el.  W e  e n vi si o n  3 D  r e-

c o n str u cti o n s of pl a nt s at s u b c ell ul ar r e s ol uti o n. R e c e nt d e v el o p m e nt s i n 

c o m p ut er a n d vi s u ali z ati o n t e c h n ol o gi e s h a v e e n a bl e d t h e c oll e cti o n of 

l ar g e  i m a gi n g  d at a s et s  a n d  r e s ult e d  i n  t h e  i ntr o d u cti o n  of  c o nf o c al, 

s u p er-r e s ol uti o n,  a n d  s eri al- bl o c k-f a c e-i m a gi n g  m et h o d ol o gi e s  t h at 

all o w f or a ut o m at e d, l ar g e- s c al e i m a g e a c q ui siti o n at r e s ol uti o n s d o w n 

t o 1 0 n m. A s m all pl a nt li k e Ar a bi d o psis t h ali a n a r e c o n str u ct e d at 1 0 n m 

r e s ol uti o n will alr e a d y r e q uir e p et a b yt e s of st or a g e s p a c e. T h e t e m p or al 

Fi g. 1. S c h e m ati c r e pr e s e nt ati o n of t h e r o a d t o w ar d s h oli sti c or g a ni s mi c m o d el s. 

A) B e c a u s e t h e m aj orit y of e x p eri m e nt al d at a ori gi n at e fr o m a f e w m o d el or g a ni s m s, it w o ul d m a k e s e n s e t o i niti all y f o c u s o n t h o s e s y st e m s t o e st a bli s h g e n er al 

pri n ci pl e s. A s pl a nt s ci e nti st s, w e w o ul d s u g g e st t o w or k wit h Ar a bi d o psis , b ut t h e s a m e g e n er al a p pr o a c h w o ul d b e a p pli c a bl e t o Dr os o p hil a , C. el e g a ns , a n d ot h er s. 

B, C) T h e flr st st e p w o ul d b e t h e 3 D r e c o n str u cti o n of t h e e ntir e or g a ni s m at s u b c ell ul ar l e v el. F or t hi s ai m, c o nf o c al a n d s u p er r e s ol uti o n mi cr o s c o p y c urr e ntl y f all 

s h ort a s t h e y h a v e eit h er i n s uf fi ci e nt r e s ol uti o n or a si g ni fi c a nt r e d u cti o n of i m a gi n g q u alit y t o w ar d s d e e p er l a y er s of ti s s u e s. S eri al bl o c k f a c e s c a n ni n g el e ctr o n 

mi cr o s c o p y c urr e ntl y w o ul d b e t h e m et h o d of c h oi c e. It pr o vi d e s s uf fi ci e nt s u b c ell ul ar r e s ol uti o n ( s e e t h e g ol gi, r e d a st eri s k; E R m e m br a n e s, w hit e arr o w s; a n d 

mit o c h o n dri a, bl u e di a m o n d s, i n C) a n d d u e t o t h e c o nti n u o u s r e m o v al of ti s s u e l a y er s i n t h e i m a gi n g pr o c e d ur e, t h e r e s ol uti o n i s c o n si st e nt t hr o u g h o ut t h e i m a g e d 

bl o c k. A ut o m at e d i m a g e a c q ui siti o n b y t hi s m et h o d i s e st a bli s h e d, b ut a c q ui siti o n s p e e d h a s it s li mit ati o n s. T h er ef or e, ot h er n o n-i n v a si v e i m a gi n g t e c h n ol o gi e s s u c h 

a s x-r a y mi cr o s c o p y m a y b e m or e s uit a bl e i n f ut ur e o n c e t e c h ni c al i s s u e s ar e s ol v e d. 

D) N e xt, m a c hi n e l e ar ni n g al g orit h m s n e e d t o b e d e v el o p e d a n d tr ai n e d f or a ut o m ati c d et e cti o n of c ell a n d ti s s u e t y p e s a s w ell a s s u b c ell ul ar str u ct ur e s. T h e i m a g e i n 

D) s h o w s a n o ut p ut fil e fr o m t h e s oft w ar e N e ur o gl a n c er, hi g hli g hti n g t h e c hl or o pl a st s i n l e a v e ti s s u e. A p pr o pri at e al g orit h m s ar e b ei n g d e v el o p e d, b ut si g ni fi c a nt 

i m pr o v e m e nt s i n d et e cti o n a c c ur a c y ar e r e q uir e d. 

E) O n c e a n or g a ni s m h a s b e e n r e c o n str u ct e d a n d al g orit h m s h a v e g e n er at e d a 3 D gri d wit h l o c ati o n s of c ell s, or g a n ell e s, a n d ot h er c ell c o m p o n e nt s, t h e m o d el c a n b e 

tr ai n e d wit h p h y si ol o gi c al d at a t h at m a y i niti all y i n cl u d e w at er p er m e a bilit y of t h e pl a s m a m e m br a n e s, c o n d u cti vit y t hr o u g h pl a s m o d e s m at a, w at er fi u x e s wit hi n t h e 

x yl e m a n d p hl o e m, c ell t ur g or pr e s s ur e, s ol ut e c o n c e ntr ati o n s, a n d tr a n s p ort er l o c ali z ati o n (i n di c at e d b y c ol or e d d ot s i n E) et c. Wit h i n cr e a si n g c o m pl e xit y t e m p or al 

c h a n g e s i n tr a n s p ort er a n d pr ot ei n e x pr e s si o n will b e i n cl u d e d t o r e fi e ct d e v el o p m e nt al c h a n g e s or str e s s r e a cti o n s ( w hi c h m a y, of c o ur s e, r e q uir e d e c a d e s). 

F) Ulti m at el y, t h e d e v el o p m e nt of r e m ot e s e n s or s w hi c h c o n st a ntl y f e e d t h e m o d el wit h d at a d e p e n di n g o n d e v el o p m e nt al st at e a n d e n vir o n m e nt al c o n diti o n s will b e 

criti c al f or t h e s u c c e s s of h oli sti c or g a ni s mi c m o d el s. S p e ctr o s c o pi c m et h o d s s u c h a s R a m a n a n d ot h er s a p p e ar p ot e nti al m et h o d s of c h oi c e t o r e m ot el y d et e ct e. g. 

m et a b oli c c h a n g e s a n d (i n t h e f ut ur e) pr ot ei n e x pr e s si o n p att er n s, w hil e d e v el o p m e nt s s u c h a s X-r a y mi cr o s c o p y, li g ht s h e et mi cr o s c o p y, or C T s c a n ni n g m a y b e 

i m pr o v e d t o pr o vi d e a p pr o pri at e s p ati al a n d t e m p or al r e s ol uti o n t o f oll o w d e v el o p m e nt al c h a n g e s. I n e s s e n c e, al g orit h m a n d d et e ct or d e v el o p m e nt will b e criti c al f or 

t h e g e n er ati o n of s o p hi sti c at e d h oli sti c m o d el s. 
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aspect of the plant’s representation would be achieved by combining 
models of plants at different developmental stages which would add 
accordingly. We conclude that while the reconstruction of whole or
ganisms by these technologies is possible in principle, significant further 
improvements doubtlessly are necessary to turn the procedures into 
large-scale routine tasks. For instance, machine learning algorithms for 
the automatic identification of cellular and subcellular structures 
including organelles, cell walls, plasmodesmata, and membranes as well 
as for the integration of transporters and other relevant proteins, will be 
required to accelerate the integration of physiological meaning into the 
structural model ‒ which leads us to an important difference between, 
on one hand, maps that merely link all existing, relevant information to 
the appropriate structures, and prognostic models that help predicting 
the behavior of complex systems like our weather on the other hand. 

Today, publicly accessible geographic models integrate geographic 
structure with information about weather conditions, traffic rules 
including speed limits and one-way traffic, construction activities, and 
cultural features such as holidays and large public events, opening hours 
of shops and gastronomy, to predict traffic conditions from which rec
ommendations for traveling users are derived. Similarly, a holistic 
model of, for instance, an Arabidopsis could be designed to predict and 
help explaining transport processes in xylem and phloem, both on the 
local and whole-organism level and for a variety of outer conditions. 
Transport to and from these long-distance pathways, such as water 
fluxes toward the central cylinder in roots or sugar movement toward 
the phloem in photo-assimilating source organs, could be included. To 
this end, quantitative information on functional parameters will have to 
be integrated in the model. On the cellular level, for example, combining 
3D structural data with diffusional membrane conductances for certain 
molecules, all relevant membrane transporter activities, and plasmo
desma densities and conductivities will allow to model cellular exchange 
rates of the molecules and compare them to experimental results. This 
could show whether crucial components of the overall transport process 
are missing from the model. Refinement of model predictions based on 
experimental data will lead to increased accuracy until a satisfying de
gree of correspondence between model and experiment is reached. At 
that stage, model predictions will have attained a potential to guide 
discoveries and become the “1993 Blizzard of Plant Science”. A 
structurally-functionally integrated holistic model could help predicting 
phenotypes and organismal behavior in dependence of environmental 
factors. Explorative phenotype studies, for example in the context of 
crop improvement, could be performed in silico rather than through 
year-long studies on transgenic lines. While interesting hypotheses 

obviously would have to be tested and confirmed in reality, the overall 
process could be drastically shortened. 

4. Long-term development of dynamic holistic models 

Ultimately we will become able to add automatic remote sensing to 
lab-based experimental approaches, partially replacing the latter. The 
dynamic character of atmospheric models is based on optimized sensors 
that are distributed throughout the globe and send a set of critical data 
that constantly feed the model to allow dynamic adjustments. Similarly, 
most of us serve as remote sensors to feed the dynamic model via our cell 
phones for traffic prediction. The development of sensors providing 
dynamic data every second on physiology, metabolite changes, expres
sion patterns, water fluxes, 3D anatomy etc. will allow plant develop
mental modeling in dependence of biotic or abiotic stressors. Remote 
sensing will also reshape the undoubtedly difficult task of data quality 
control that currently develops into a major problem in various disci
plines. Peer reviewing as it is known to date would become obsolete. 
Journals would transform into discussion platforms without publication 
of original data. Experiments would focus on the testing of model 
predictions. 

Phenomics tools already employ remote sensors to monitor photo
synthesis and other parameters in plants. Smart watches track basic 
physiological functions of hundreds of millions of humans. There is no 
doubt that these and similar technologies will improve significantly in 
the coming decades, which will facilitate automated model feeding. 

Changing a scientific communication system that has worked well 
for generations predictably will face skepticism. However, we anticipate 
that current developments will lead to holistic models in one or the other 
form. We believe that such models would massively simplify the intui
tive access for researchers to data, provide guidance in understanding 
organismal functions, and drastically improve data accuracy and 
meaningful output. As the tools to initiate such efforts are now available, 
we suggest to get started. 
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