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Executive Summary

We have accomplished the goals established for Objective 1.  These comprise the
identification of root media compatible with magnetic resonance imaging (MRI) technology, and
the development of a reliable protocol for analyzing roots via MRI.  After screening different
artificial soil media, we identified a local sandy soil as one that offered minimum interference with
MRI.  In addition, we have identified a reliable protocol for MRI of roots with a 4.7 Tesla
spectrometer.  The combination of the appropriate soil, and a corresponding MRI protocol overcame
two major challenges in visualizing roots with MRI technology: distinguishing soil-water from root-
water, as the MRI spectrometer is set to detect signal from hydrogen, and avoiding the interference
from paramagnetic mineral iron present in soil particles.  In addition, the software for integrating
all the root MRI signal for a scan has been developed and used to calculate the relative growth rate
of roots non-destructively.

Screening for variation in root characters among Andean and Mesoamerican genotypes has
been started.  These include wild accessions collected from northern Argentina to Mexico, as well
as some land races known to differ in growth habit and their ability of their roots to mount an
adaptive response to low concentrations of phosphorus in the soil.

Introduction - Background

Accessibility to water and phosphorus has been identified as some of the major constraints
in agricultural settings around the world.  It has been estimated that phosphorus deficiency can limit
yields in about 90% of cultivated soils.  In addition, water deficits during critical developmental
stages can have significant detrimental effects on productivity.   Suitable fertilization practices as
well as technologically advanced irrigation systems can be used to ameliorate these problems, but
their implementation is not always economically feasible, especially in low input agricultural
systems.  The complexities and challenges of soil management strategies and practices can be
reduced by developing cultivars adapted to marginal edaphic conditions.

The first step in the development of such cultivars is the identification of adaptive root traits
that can change the outcome of plant-soil interactions under sub-optimal conditions, and of the genes
that control these traits.   Genetic variation for phenotypic plasticity in root growth patterns have
been observed in the common bean.  Some accessions can alter the root growth pattern in response
to phosphorous levels in the soil in a way that increases the efficiency of P-uptake.  Genetic
manipulation of this trait can lead to the development of cultivars that are highly efficient in P
uptake.  Unfortunately, there is a paucity of information on the genetics of root characters in the
scientific literature.  This is mainly due to the intrinsic technical difficulties of obtaining reliable root
measurements. 

Root size and morphology have been determined using several indirect methods.  However,
these methods are laborious, destructive, and usually not very  accurate.  In contrast to these
methods, magnetic resonance imaging (MRI) is a technique that offers a great number of advantages
for measuring several root characteristics in a non-destructive manner.   MRI of biological
specimens is based primarily on the nuclear magnetic resonance (NMR)  properties of water
hydrogen.  MRI yields a set of tomographic images that can be integrated into a volumetric image.

The Advanced Magnetic Resonance Imaging and Spectroscopy Facility (AMRIS) is an
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integral part of the Center for Structural Biology located at the University of Florida McKnight
Brain Institute.  AMRIS has several spectrometers available for the UF research community.
Although this facility has been primarily used for medical research, it is also accessible to the plant
research community on campus.

The objectives of this project are to implement MRI technology for studying the genetics of
root characters, and to use molecular marker technology to identify and map genes that control these
characters.  This information can lead to the development of cultivars possessing root traits adaptive
to low input agriculture, and to the addition of the genetic information to existing Crop-Soil models.
These model can then be used to predict the impact of using genetically improved cultivars in
specific soil environments.

PROJECT OBJECTIVES

Objective 1.  To establish magnetic resonance imaging (MRI) as a reliable non-destructive
procedure to measure root growth and to characterize root morphology in the common bean,
Phaseolus vulgaris.

Output 1. Identification of root media compatible with MRI technology. 

Output 2.  A reliable protocol for obtaining magnetic resonance images of intact roots in soil.
Identification of MRI parameters for increased resolution and accurate quantitation of root
mass in soils.

Output 3. Development of a probability function for root distribution derived from 3-D images
obtained through MRI scans.  Software has also been developed for denoising of root images
with feature preservation, including a mathematical model which relates images and
probability distributions for positive definite matrix-valued random variables through
Laplace transforms. 

Objective 2.  To survey Phaseolus vulgaris accessions from Andean and Mesoamerican origin, and
assess the extent of genetic variation in root morphology, size and growth rate.

Output 1.  Identification of bean genotypes with unique adaptive root characteristics that can
be exploited for plant breeding purposes.

Objective 3.  To identify and map, via QTL analysis with molecular markers, genes that control root
characteristics in the common bean.

Output 1.  An assessment of the genetic complexity of root traits and the map location of the
genes that control those traits.

Objective 4.  To add the genetic information to the existing Crop-Soil model to predict the impact
of using genetically improved cultivars in specific soil environments.  
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Output 1.  A genetic-based Crop-Soil model receptive to molecular marker inputs.

ACCOMPLISHMENTS

Objective 1 Output 1 Progress

Identification of root medium compatible with MRI technology

NMR is based on the absorption and emission of energy in the radio frequency range of the
electromagnetic spectrum, while MRI is based on the spatial variations in the phase and frequency
of the radio frequency energy being absorbed and emitted by the imaged object.  MRI of biological
specimens is based primarily on the nuclear magnetic resonance (NMR) properties of water
hydrogen which is the most abundant atom in living organisms.  This approach represents a
challenge for MRI analysis of roots, as it is imperative to distinguish soil-water from root- water.
A second challenge is posed by the presence of iron in mineral soils.  Iron (Fe) has paramagnetic
properties, due to the presence of unpaired electrons, and can cause interference in MRI.  For
significant interference to occur, iron has to be present in soil at an excess of 2%.

We have screened several soils to identify the type that would be compatible with MRI analysis.
These soils include:

- Metromix 200 (Peat moss, vermiculite, perlite, washed sand).

- Potting Mix (Peat moss, composted softwood bark, perlite).

- Cat litter (Montmorillonite).

- Feldespar quartz sand, coarse and fine.

- Mixture of quartz sand 80%, and Hectorite clay 20%.

- Mineral sandy soil (local).

These media were placed in plastic 4-inch pots and were watered to field capacity.  Capillary
tubes of up to 1.5 mm filled with 1% agarose in water were inserted in the soil samples.  These soils
were scanned in two spectrometers:

Siemens Allegra Scanner - 3 Tesla, 60 cm bore 

4.7T/200 MHz MRI Spectrometer

The Allegra scanner is a standard medical instrument, but it was unable to produce good root
images.  The main problem with this spectrometer is that many MRI parameters are optimized for
medical purposes, and are fixed accordingly by the by the manufacturer.  The second spectrometer
had greater operational flexibility, a more powerful magnet, and yielded high resolution images
either as back projections or in 3-D.

Objective 1 Output 2 Progress

Development of an MRI protocol for intact roots grown in soil
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Magnetic Resonance Imaging
(MRI) of various bean plants were
performed at the University of Florida,
McKnight Brain Institute’s Advanced
Magnetic Resonance Imaging and
Spectroscopy Facility (AMRIS).
Plants were imaged on a 4.7T Oxford
magnet with a Bruker Biospin Avance
console and ParaVision software.
Samples were imaged in upright
position with respect to B0 in a custom
built 12.5 cm ID quadrature birdcage
volume coil.  Initial scans performed
on a 3T Siemens Allegra head scanner
provided less than adequate signal to
noise ratio (SNR) due to lack of
optimized RF coil and lower field
strength as well as gradient power
limitations.  Scans of various soil types
and water content with imbedded
capillary tube phantoms were
performed to determine susceptibility
artifact and root visualization potential
due to soil impurity and soil/phantom
interfaces.   Based on phantom tests,
mineral sandy soil with water content
near field capacity was chosen for plant
growth and imaging.  Fourteen day old
bean seedling in a plastic pot was
shimmed and localizer scans were
obtained using Spin Echo (SE) with
Rapid Acquisition with Relaxation
Enhancement (RARE) phase encoding.
Based on localizer scans three
dimensional RARE scans were
collected using parameters optimized
for root to soil contrast.  3D-RARE
scans were collected with TR=6 sec 1st
echo TE=6.6ms, 16 echoes with TEeff
= 50ms, single average and 167K
spectral width.  Field of view and
matrix were 8.9 x 8.0 x 8.0 and 256 x
256 x 128 respectively resulting in
347μm x 312μx 625μm resolution
collected in under 3.5 hours.  Data was
rendered using Maximum Intensity

Figure 1.  Magnetic Resonance Images of Intact Roots.
This is a series of still pictures from a rotating angle taken
from a 2-week old seedling.
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Figure 2. Project image of a
7day old seedling.

Projection (MIP) and analyzed using pixel intensity thresh-holding
using ParaVision XTIP Image Viewer (Figures 1and 2). 

Objective 1 Output 3 Progress

Development of a probability function for roots, and quantitative analysis of root growth.  

Our collaborative
a r r a n g e m e n t  w i t h
Professor Baba Vemuri
from the Computer and
Information Sciences and
Engineering Department
at the University of
Florida has proven very
productive.  A tensor
model has being used to
develop a  set  of
algorithms which can
trace the roots in a 3-D
space (Figure 3).  These
root traces and images
have been processed with a novel de-noising approach (Figure 4), and analyzed  to derive a
probability function that describes root volume, root density and branching patterns in 3-D (Figures
4 and 5).

Figure 3. MRI data from an 8-day old seedling.  A) Slice #119, B)
Digitized trace.  

Figure 4. A, View of real MRI data (256 x 256 x 128 pixels.  B, Edge enhancing anisotropic
diffusion with local scale σ = 0.5, and 30 iterations. C, our feature-preserving smoothing method
in 4 iterations together with a probability map illustrating the bifurcation structure.
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Figure 6. 8-day old
seedling of G1833

Objective 2 Output 1 Progress

Evaluation of genetic variation for root characters.

An assessment of genetic variability for root characters has been carried out using both a 2-D model
and a 3-D model.    The accessions that were screened included:  the Andean breeding lines ‘G19833'
and ‘Calima,’ and the Mesoamerican landrace ‘Jamapa’; the latter two are the parents of a recombinant
inbred (RI) family (F10) that can be used for mapping genes controlling root traits.  Accession G19833
has been reported by J. Lynch that have root responses that are adaptive to low phosphorous availability.
Some wild accessions from Argentina to Mexico have also been evaluated and
F2 progenies among these lines have been generated for future genetic analysis
if needed.

Measurements for the 2-D model were taken from rhizotron-grown roots.
Two types of rhizotrons  have been constructed for this purpose.  The first type
encases a layer of soil between black and clear Plexiglas sheets separated by
3 mm spacers placed at the lateral edges.  A soil bed is attached to the top of
the rhizotron to accommodate the large bean seed.  The rhizotron is tilted back
at a slight angle with the clear plexiglas sheet facing down to facilitate viewing
of the roots by forcing them to grow against it.  Roots were analyzed using
Image Pro Plus, a software package commonly used in medical studies (Figure
6).  Initial quantitative analysis of roots with this system has revealed drastic
differences between the Mesoamerican cultivar Jamapa and the Andean
landrace G19833 (Figures 5 & 6).  The rate of tap root elongation is 7 times
greater in G19833 than in Jamapa, while the addition of new branches is 10
times greater in G19833 than in Jamapa.

Figure 5. A, slice from the MRI scan of a bean root, and its three orthogonal views.  B, De-noised
volume visualizations of the root.  C, The probability surface whose main maxima correspond to
directions of the root branches. 
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Figure 7.  Tap root growth analysis in seedlings of Jamapa and G19833.

Figure 8. Analysis of root branching patterns in Jamapa and G19833.
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The second type of rhizotron was built without any soil because
aeration in the middle appeared to be a limiting factor as roots tended
to grow primarily towards the edges.  This new rhizotron consists of
two plexi-glass  sheets that are separated by two thin (25 mm wide X
5 mm thick) gasket strips on both sides of the system.  Germination
paper (Anchor Paper Co., St. Paul, MN) is sandwiched between the
gasket and one plexi-glass sheet.  The components of the system are
then clamped together.  Seedlings with 1 cm long tap roots are placed
at the top between one of the plexiglass sheets and the nutrient-soaked
(modified Hoaglands solution) germination paper.  The rhizotrons are
then placed in 10 cm-deep nutrient solution in plastic containers.
These are covered with cellophane and black foil to prevent light from
reaching the roots and to reduce water evaporation.  We are able to
image the root system and identify traits that are segregating for
specific root characteristics such tap, basal, and lateral root number,
length and angles (Figure 9).  

A comparison between the parental lines Jamapa and Calima showed very different root patterns.
Calima roots grow at a much greater angle relative to the horizontal compared to Jamapa (Figure 9).
Tap, basal and lateral roots from Jamapa elongated at a slower rate with fewer numbers of laterals
compared to Jamapa (Figure 10).  Indeed, the tap root from Jamapa was less than ½ the length of that
from Calima after 10 days (Figure 10A).  The tap root length, basal root length, and number of laterals
seem to slow their elongation rates after
6 days for both Jamapa and Calima.
Lateral root growth  for both Jamapa and
Calima continued in a linear fashion at
14 days after planting (data not shown)
suggesting that while the number may
not be increasing significantly, the
laterals continue to elongate.  For both
Calima and Jamapa, the days 4 to 6
showed the greatest increase in the
number and length of laterals.  Unlike
measurements that are performed at one
time point, these analyses give growth
curves based on the logistic growth
model (Figure 10) for each genotype and
can be used in the analysis using
functional mapping (Ma et al., 2004).

Figure 9. Roots of Calima (A &
B) and Jamapa (C & D) from 2-
day (A&C) and 10-day (B&D)
old seedlings.

Figure 10. Logistic Growth Curves.  Tap (A), lateral (B), basal root length
(C) and number of laterals (D) from Calima and Jamapa seedlings.  Data
points represent the mean of three replicates.   
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The software developed to analyze 3-D images from MR scans was used to measure the growth of
roots in soil in a non-destructive fashion.  This was accomplished by integrating the root signal after de-
noising.  The results obtained he1sre are in complete agreement with those obtained with the 2-D model
and are depicted in Figure 11.  Data were obtained from four time points.  Each scan lasts approximately
3.5 h.  Calima roots display a greater growth rate than those of Jamapa.  

Objective 4 Output 1 Progress

Simulation of Jampa and Calima root responses to irrigation

The parental genotypes and their recombinant inbred family have been grown at the University of  Puerto
Rico by Dr. James Beaver.   Phenological and yield data  for these genotypes have been made available
to us for analysis.  Computer simulations of root responses to irrigation have been generated for the
parental genotypes using climate data from the Mayaguez Station in Puerto Rico.  Figure 12 shows no
significant root responses to irrigation treatments during the first 50 to 60 days after planting, and a
significant effect was detected afterwards.  It is interesting to note the difference in root mass
accumulation that appears between the parental genotypes following the first 50 days after planting.  This
observation raises the question of whether Jamapa has genes encoding greater root mass accumulation
than Calima, or that the difference in growth habit is related to the difference in root growth.  This issue
will be addressed with the recombinant inbred family.  Genetic analysis of this family will permit us to
determine whether genes controlling root grwoth segregate independently of the gene that controls shoot
growth habit.  Simulation of root densities also showed (Figure 13) that significant differences between
Jamapa and Calima can be detected more easily approximately 50 days after planting.  At all depths
Jamapa has greater root density than Calima.  It will be interesting to determine the genetic complexity
of this trait and its relationship to root branching.

Figure 11.  Patterns of total volume accumulation of Calima and Jamapa seedlings grown in
mineral soil in 5-inch pots.
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Figure 12.  Computer simulation of root mass accumulation in the
presence (+) or absence (-) of irrigation.

Figure 13.  Computer simulation of root densities at different soil
depths.
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FINANCIAL STATEMENT

Expenditures by line item for the project year.

Graduate student assistantship 18,000

McKnight Brain Institute

Spectrometer fees 6,500

Miscellaneous supplies 1,500

 

Cost sharing total for the project year (see Year 1 Budget)

Percentage of expenditures

Funds were spent only in the US

Leveraged funding support

None of the cost related to data collection for the parental genotypes and their recombinant inbred
family grown in Puerto Rico were covered by this grant.  The cost of the initial image analysis performed
by Baba Vemuri’s group, which involved digitizing some root images, has not been covered by this grant.
A graduate student from the Dept. of Agricultural and Biological Engineering was assigned to collect
MRI data and was paid form Dept sources.

STATISTICAL SUMMARY

Participating and Collaborating Scientists

Principal Investigators

C. Eduardo Vallejos, Associate Professor

Department of Horticultural Sciences

James W. Jones, Distinguished Professor

Melanie Correll, Assistant Professor

Department of Agricultural and Biological Engineering

Collaborators

Stephen J. Blackband, Professor

Department of Neuroscience

McKnight Brain Institute
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Xeve S. Silver, Scientific Research Manager

Advanced Magnetic Resonance Imaging and Spectroscopy Facility 

McKnight Brain Institute

Baba Vemuri, Professor

Computer and Information Sciences and Engineering Dept.

Students

Carrie Alberts, Graduate Research Assistant

Department of Agricultural and Biological Engineering

Yibing Fu, Graduate Research Assistant

Department of Agricultural and Biological Engineering

Ozlem Subakan, Graduate Research Assistant

Computer and Information Sciences and Engineering Dept.

Training

Name Home
Country

Gender Degree Graduation
Date

Thesis Title Major
Advisor

Carrie Alberts USA Female MSc Quit
Graduate
School

TBA J.W. Jones

Yibing Fu China Male PhD May 2008 TBA M. Correll
Ozlem Subakan Turkey Female PhD May 2008 TBA B. Vemuri


