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develops upon soils with claypans. The 
preceding examples are of roots devel- 
oped on zonal soil types in Prairie soil. 
But intrazonal soi]s also occur in places- 
soils with one or more horizons overde- 

much interest from the viewpoint of 
plant succession. Many of them were 
clothed with bluestems before the great 
drought (I934-I940); but during the 
widespread invasion which followed the 
drought, western wheat grass moved into 
these places following the death of the 
bluestems. This grass seems to be better 
adapted to these soils than any other 
species of the true prairie, for, despite 
many years of normal or above-normal 
rainfall, it prevails in near]y pure stands 
against all invaders. 

Because of the great difficulty in secur- 
ing samples in claypan soils, a monolith 
I 2 inches wide was used. Wheat grass has 
very long roots, often 7- 8 feet in extent. 
For the purpose of showing the essentia] 
features in root-soil relations, however, 
only 6 feet of the root system was re- 
quired (fig. 9). The photograph is large 
enough to show much detail, and the rcot 
system, excavated in June, I949, iS typi- 
cal of many others from soils with clay- 
pans. 

Root development was similar to that 
in a zonal scil in the first J3 inches or A 
horizcn. The scil was mellow and granu- 
lar in structure and nearly neutral in re- 
action (pH 6.8). Both water and roots 
penetrated easily. The 48o main roots 
and their branches formed a dense mass. 

At I3 inches depth there was a very 
abrupt transition to a blocky prismatic 
structure with a pH value of 6.6. Clay 
content increased rapidly with depth, 
and the soil was extremely hard when 
dry. Vertical prisms 3-4 inches in diame- 
ter were often five- or six-sided and 8-I 2 
inches long. They were sometimes broken 
by somewhat horizontal cracks. In dig- 
ging the trench, this B horizon (I3-28 
in.) was removed only after much labor. 

Roots were distinct]y fewer in the B 
horizon. Only about I so entered this 
claypan, and the number decreased to 68 

I-IGS. 7-8. Fig. 7 (above), roots from block of 
svil I7 inches wideX 3 inches thick, and 7 inches 
deep, showing lateral spread of roots of Andropogen 
furcatus far into territory occupied at soil surface 
by Poa pratensis. Fig. 8 (below), roots of Panicxm 
virgatum (left) and Poa pratensis (right) from mono- 
lith 2.5 feetwide and 2 feetdeep. Notewide spreading 
of coarse roots of tall Panic?sm into area of bluegrass 
far beyond rhizomes in surface soil. 

veloped and in marked contrast to the 
"norma]" or zona] soil. Small areas of 
such soils as Crete silty clay loam with a 
marked claypan occur on certain hillsides 
in grassland adjoining the experimental 
prairie 3.5 miles northwest of the Univer- 
sity of Nebraska. Such areas, widely 
scattered in the Prairie and Chernozem 
soil zones in eastern Nebraska, are of 

FIG. I. Root system of Anilropogonfurcatus taken from the two sections of a monolith, each 2.5 feet 
wide, 3 inches thick, and 3 feet long. White strip covers 37th inch, which is lost in obtaining sample. Note 
gradual decrease in density of root mat with depth and very uniform distribution of roots at any level. 
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Be9er	
  field	
  phenotyping	
  of	
  roots	
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Phenotyping	
  is	
  vastly	
  more	
  dimensional	
  than	
  genotyping	
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  is	
  not,	
  and	
  will	
  not	
  be,	
  one	
  all	
  encompassing	
  phenotyping	
  tool	
  



Phenotypes	
  are	
  many.	
  
And	
  depend	
  on	
  context.	
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>	
  Incredible	
  wealth	
  of	
  untapped	
  
informaVon	
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  variaVon	
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What	
  phenotypes	
  do	
  we	
  want	
  to	
  measure?	
  
And	
  in	
  which	
  contexts?	
  

Phenotype	
  

Sampling	
  many	
  levels	
  
	
  
of	
  many	
  factors	
  
	
  
and	
  their	
  interacVons:	
  
	
  
	
  
Requires	
  high	
  sampling	
  
	
  
and	
  high	
  throughput!!!	
  	
  



We	
  can	
  leverage	
  exis3ng	
  technologies	
  in	
  industrial	
  
engineering,	
  robo3cs,	
  computer	
  vision/AI	
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‘High	
  Resolu3on’	
  gene3c	
  
resources	
  are	
  designed	
  to	
  

rapidly	
  associate	
  
phenotypes	
  with	
  the	
  genes	
  

controlling	
  them	
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  throughput	
  genotyping	
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1.	
  How	
  can	
  we	
  image	
  roots?	
  	
  

2.	
  What	
  phenotypic	
  variaVon	
  exists	
  and	
  how	
  can	
  we	
  quanVfy	
  it?	
  	
  

3.	
  What	
  geneVc	
  and	
  environmental	
  factors	
  condiVon	
  root	
  architecture,	
  
and	
  what	
  tradeoffs	
  exist?	
  

Root	
  phenomics:	
  major	
  ques3ons	
  	
  

4.	
  How	
  do	
  local	
  (2D)	
  growth	
  decisions	
  “add	
  up”	
  to	
  global	
  3D	
  shape?	
  

5.	
  What	
  biological	
  funcVon	
  does	
  phenotypic	
  variaVon	
  have?	
  



precision	
  and	
  	
  	
  
accuracy	
  

environmental	
  complexity	
  high	
  throughput	
  

Shovelomics	
  
h9p://rps.psu.edu/indepth/roots.html	
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X-­‐ray	
  Computed	
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Mairhofer	
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  al	
  Plant	
  Phys.	
  2012	
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  al	
  Plant	
  Phys.	
  2011	
  

Iyer-­‐Pascuzzi	
  et	
  al	
  
Plant	
  Phys	
  2010	
  

Topp	
  et	
  al	
  PNAS	
  2013	
  

Op3cal	
  Tomography	
  

Moore	
  et	
  al	
  GeneVcs	
  2013	
  	
  



OpVcal	
  ProjecVon	
  Tomography	
  (OPT)	
  plaiorm	
  for	
  root	
  phenotyping	
  in	
  3D	
  

Imaging	
  Vme:	
  ~5	
  minutes	
  /	
  plant	
  

Tim	
  Horn	
  –	
  mechanical	
  engineer	
  extraordinaire	
  
Randy	
  Clark	
  –	
  bio-­‐engineer	
  
Alex	
  Bucksch	
  and	
  Joshua	
  Weitz	
  –	
  physics	
  and	
  computer	
  science	
  



traits	
  analyzed	
  in	
  3D	
  
1.	
  median	
  root	
  number	
  
2.	
  maximum	
  root	
  number	
  
3.	
  root	
  system	
  volume	
  
4.	
  convex	
  hull	
  volume	
  
5.	
  solidity	
  
6.	
  surface	
  area	
  
7.	
  bushiness	
  
8.	
  total	
  root	
  length	
  
9.	
  root	
  system	
  volume	
  
10.	
  specific	
  root	
  length	
  
11.	
  number	
  of	
  branches	
  
12.	
  et	
  al.	
  

3-­‐dimensional	
  modelling	
  of	
  root	
  architecture	
  

Rootwork	
  -­‐	
  Zheng	
  et	
  al	
  ICCV	
  2011	
  
RootReader3D	
  -­‐	
  Clark	
  et	
  al	
  Plant	
  Phys	
  2011	
  



Image-­‐based	
  phenotyping	
  allows	
  the	
  geneVc	
  basis	
  of	
  
new	
  ‘traits’	
  to	
  be	
  idenVfied	
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modified	
  from	
  Moose	
  et	
  al.	
  TIPS	
  2004	
  

Illinois	
  Long-­‐term	
  selecVon	
  experiment	
  
In	
  >100	
  years	
  of	
  selec3on	
  for	
  seed	
  protein	
  content,	
  Nitrogen	
  uptake	
  

capacity	
  was	
  also	
  strongly	
  selected	
  for	
  	
  



Root	
  phenotyping	
  methods	
  
	
  
1.	
  3D	
  gel	
  imaging	
  
	
  
2.	
  X-­‐ray	
  CT	
  in	
  pots	
  
	
  
3.	
  Excavated	
  root	
  crowns:	
  
	
  
4.	
  minirhizotrons	
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High-­‐resoluVon	
  germplasm	
  
with	
  important	
  agronomic	
  traits	
  

Iden3fying	
  the	
  gene3c	
  basis	
  of	
  root	
  architecture:	
  	
  
integrated	
  root	
  phenotyping	
  with	
  high-­‐resolu3on	
  germplasm	
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Characterizing	
  poten3ally	
  efficient	
  	
  high	
  Nitrogen	
  uptake	
  root	
  
architectures	
  in	
  maize	
  



IHP	
   ILP	
  

Field	
  excavated	
  maize	
  roots	
  	
  



DIRT	
  Pipeline:	
  image	
  based	
  phenotyping	
  of	
  field	
  
excavated	
  root	
  samples:	
  
Alex	
  Bucksch	
  and	
  Joshua	
  Weitz	
  

Jonathan	
  Lynch	
  and	
  Eric	
  Nord,	
  Jimmy	
  Burridge,	
  Larry	
  York	
  	
  

h9p://www.bucksch.nl/index.php/using-­‐joomla	
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3D gel imaging	

 DIRT pipeline	



IPSRI	
  152	
  -­‐	
  high	
  

IPSRI	
  152	
  -­‐	
  high	
  

IPSRI	
  77	
  -­‐	
  low	
  

IPSRI	
  77	
  -­‐	
  low	
  

Converging	
  lab	
  and	
  field	
  phenotyping	
  on	
  high-­‐resolu3on	
  
germplasm	
  	
  	
  



Intermediate	
  phenotyping	
  by	
  X-­‐ray	
  CT:	
  
realis3c	
  soils	
  x	
  controlled	
  environment	
  



High-­‐throughput	
  X-­‐ray	
  computed	
  tomography	
  (X-­‐ray	
  CT)	
  for	
  
comprehensive	
  3D	
  shoot	
  and	
  root	
  imaging	
  in	
  soils	
  

Daniel	
  Goldman	
  and	
  Daria	
  Moanenkova	
  (GA	
  Tech	
  Physicists)	
  

imaging	
  Vme	
  
~	
  5	
  minutes	
  



6.5	
  cm	
  

~	
  10	
  day	
  old	
  rice	
  root	
  in	
  fine	
  
sand	
  parVcles	
  



Micron	
  
resolu3on	
  
structures	
  

using	
  X-­‐ray	
  CT	
  
	
  

Mark	
  Anastasio	
  and	
  
Trey	
  Garcon	
  –	
  	
  

WashU	
  Biomedical	
  
Engineering	
  

	
  
	
  Dan	
  Chitwood	
  –	
  	
  

DDPSC	
  



Capturing	
  growth	
  dynamics	
  is	
  key	
  to	
  understanding	
  how	
  roots	
  
interact	
  with	
  the	
  environment	
  

B73	
  -­‐	
  5	
  days	
  of	
  growth	
  



fully	
  automated	
  imaging	
  table	
  
built	
  into	
  a	
  controlled	
  growth	
  
environment	
  for	
  high	
  
temporal	
  resoluVon	
  data	
  
(24/7	
  imaging)	
  



Maize	
  	
  
6	
  hours	
  growth	
  

3	
  DAP	
  



4-­‐Point	
  Congruent	
  Set	
  
for	
  Shape	
  Alignment	
  

	
  	
  Rt 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Rn	
  

Geometric	
  
Tree	
  

Branch	
  Matching	
  and	
  
Time	
  PropagaVon	
  

Growth	
  model	
  algorithm	
  to	
  quanVfy	
  changes	
  in	
  RSA	
  over	
  Vme	
  	
  

Olga	
  Symonova	
  and	
  Herbert	
  Edelsbrunner,	
  IST	
  Austria	
  



bi-­‐hourly	
  data	
  set	
  	
  	
  
25	
  reconstrucVons	
  

3D	
  Vme	
  series	
  analysis	
  analysis	
  soyware:	
  	
  
	
  
For	
  each	
  root	
  at	
  each	
  Vme	
  point:	
  
length	
  
width	
  
Volume	
  
root	
  angle	
  
root	
  curvature	
  
etc.	
  
	
  

Hebert	
  Edelsbrunner	
  and	
  
Olga	
  Symonova	
  



low	
  Nitrogen	
  

high	
  Nitrogen	
  

How	
  do	
  roots	
  respond	
  to	
  
environmental	
  challenge?	
  



S.	
  Lee,	
  B.	
  Kross,	
  J.	
  
McKisson,	
  J.E.	
  McKisson,	
  
A.G.	
  Weisenberger,	
  W.	
  Xi,	
  
C.	
  Zorn,	
  G.	
  Bonito,	
  C.R.	
  
Howell,	
  C.D.	
  Reid,	
  A.	
  

Crowell,	
  L.	
  C.	
  
Cumberbatch,	
  and	
  M.F.	
  

Smith	
  	
  

Positron	
  Emission	
  
Tomography	
  (PET):	
  
to	
  image	
  Carbon	
  
allocaVon	
  and	
  
other	
  dynamic	
  
physiological	
  
processes	
  



	
  	
  Plant	
  PET	
  System	
  
Funded	
  by	
  a	
  NSF	
  MRI	
  Grant DBI-1040498 	
  

PET imager integrated in a plant 
growth chamber 

A	
  cucumber	
  plant	
  labeled	
  with	
  11CO2	
  	
  

Yuan-­‐Chuan	
  Tai,	
  Qiang	
  Wang,	
  Sergey	
  
Komarov,	
  

Aswin	
  J	
  Mathews,	
  Ke	
  Li,	
  Jie	
  Wen,	
  
Joseph	
  A	
  O’Sullivan	
  

Washington	
  University	
  
Department	
  of	
  Radiology	
  

Department	
  of	
  Electrical	
  and	
  Systems	
  
Engineering	
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OPT-­‐PET:	
  physiological	
  dynamics	
  



OPT-­‐PET:	
  morphological	
  and	
  physiological	
  
dynamics	
  

Day	
  06	
   Day	
  07	
  Day	
  05	
  



OPT-­‐PET	
  can	
  be	
  
used	
  to	
  quan3fy	
  
baseline	
  levels	
  of	
  	
  
carbon	
  alloca3on:	
  

growth	
  	
  



Opportunity	
  –	
  molecular	
  imaging	
  over	
  a	
  
large	
  field	
  of	
  view	
  



Plant	
  phenomics	
  is	
  relaVvely	
  nascent;	
  	
  
we	
  lack	
  experVse	
  in	
  tool	
  development,	
  data	
  processing	
  and	
  

analysis	
  
	
  

	
  	
  Groups	
  with	
  the	
  relevant	
  exper3se:	
  	
  
medical	
  and	
  industrial	
  imaging	
  

(engineers,	
  physicists,	
  computer	
  scien3sts)	
  	
  
	
  

	
   	
   	
   	
  1.	
  embed	
  plant	
  phenotyping	
  in	
  medical	
  schools	
  	
  
	
   	
   	
   	
  2.	
  leverage	
  producVon	
  agriculture	
  for	
  science	
  
	
   	
   	
   	
  3.	
  technology	
  moves	
  fast	
  -­‐	
  focus	
  on	
  open	
  source	
  tools	
  

	
  
	
  

	
  This	
  will	
  happen	
  at	
  some	
  level	
  on	
  a	
  case	
  by	
  case,	
  grant	
  by	
  grant	
  basis,	
  but	
  a	
  
concerted	
  ins9tu9onal	
  effort	
  is	
  required	
  for	
  large	
  sustained	
  payoffs	
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