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CryoSEM of a B. distachyon root



Internal and external factors 
impact root growth

Rhizosphere
Exogenous
-water
-salt
-nutrients (macro and micro)
 Nitrogen
 Phosphorous
 Potassium
-pathogens/symbionts 
 fungi
 nematodes
 bacteria

Endogenous
-hormones 
 auxin
 ethylene 
 cytokinins 
 brassinosteroids
- signaling molecules 
 Ca+2, 
 CLE peptides
-cell wall
-cortical microtubules

Homogeneous: CO2; light

Heterogeneous

>90% 
efficient

<50% 
efficient



Interspecific variation in root 
growth & architecture



Intraspecific variation in root 
architecture

-- Osmont et al., 2007 Ann. Rev. Plant. Bio

Both inter and intra-specific differences in root architecture imply 
inherent genetic differences play a role, but…… environment does too!



Root system architecture 
(RSA)

¡ Root architecture is defined 
as the spatial configuration 
of root systems

¡ Strong gradients in 
temperature, oxygen, pH, 
bulk density, and nutrient 
status commonly occur with 
soil depth and over a scale 
of centimeters

¡ Some nutrients like P are 
immobile

¡ Water availability varies by 
depth and irrigation regime

¡ RSA is difficult to observe, 
quantify and interpret

¡ RSA is plastic and interacts 
dynamically with an array of 
physical, chemical and 
biological factors

--Lynch 1995, Plant Phys.



Root system architecture can 
be modulated on several 
levels and is the result of:

¡ The extension and growth of individual root axes

¡ The appearance of “daughter” roots

¡ The direction or angle of root axis elongation 
(mediated by gravity)

¡ The senescence or mortality of root axes

¡ The plasticity of these processes in response to 
environmental conditions such as soil strength, 
nutrient availability, water status, and oxygen status

--Lynch 1995, Plant Phys.



Tap roots vs. fibrous root 
systems
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Allorhizic (e.g. A. thaliana) Homorhizic (e.g. B. distachyon)

--adapted from Osmont et al., 2007 Ann. Rev. Plant. Bio



Variation in RSA in dicots

--Lynch 1995, Plant Phys.



Soybean: a typical allorhizic 
or tap root system

¡ Soybean root system 
showing primary (tap) 
root, branch roots, 
basal roots, and 
adventitious roots



Maize: a model for 
homorhizic root systems

¡ Root system of a 14-
day-old maize seedling 
composed of primary 
root derived from the 
embryonic radicle 
(red), the seminal roots 
derived from the 
scutellar node (blue), 
postembryonically
formed crown roots 
that arise at nodes 
above the mesocotyl
(green), and lateral 
roots



Environmental factors 
impacting RSA

--Rich and Watt 2013 JExBot



Gravity

Water

Phosphate 
patch

Pore vs. hard 
soil 

Oxygen

Temperature

(14 vs 24 C) 

--Rich and Watt 2013 JExBot

RSA: environmental impacts



RSA: Lateral root 
branching varies 
based on depth

--Postma et al., 2014 Plant Phys.

10-cm segments of a single 
primary root of a 28-d-old maize 
plant grown in a 20-L rhizotron box 
filled with a low-nutrient peat-
basalt split mixture. The segments 
came from the basal part of the 
root (Top = 0–10 cm), the middle 
part (Mid = 40–50 cm), and the 
lowest part of the primary root that 
still carried laterals (Deepest = 80–
90 cm). The scan shows the much 
larger branching frequency on top 
compared with the deeper 
segments



How to root systems behave 
in their native soil 
environments?

¡ Developmental plasticity is a 
general term referring to 
changes in neural 
connections during 
development as a result of 
environmental interactions as 
well as neural changes 
induced by learning

¡ Darwin also marveled at the 
root tip’s developmental 
plasticity in his book The 
Power of Movement in Plants 
(1880) calling it the brain of 
the plant



Roots of P-efficient bean 
plants show “plasticity”

¡ The ability to 
sense and 
respond to 
changes in P 
availability



Selection for roots traits can 
improve P uptake

Lynch, J.P. (2011). Root phenes for enhanced soil exploration and phosphorus acquisition: Tools for future crops. Plant Physiol. 156: 1041-1049; Wang, X., Yan, X. and 
Liao, H. (2010). Genetic improvement for phosphorus efficiency in soybean: a radical approach. Ann. Bot. 106: 215-222 by permission of Oxford University Press.

P-efficient root 
system

P-inefficient 
root system

P-efficient root system P-inefficient root 
system

http://www.plantphysiol.org/content/156/3/1041.long
aob.oxfordjournals.org/content/106/1/215.abstract


Root system architecture can 
optimize foraging for 
phosphate

Péret, B., Clément, M., Nussaume, L. and Desnos, T. Root developmental adaptation to phosphate starvation: better safe than sorry. (2011). Trends Plant Sci. 16: 442-450 with 
permission from Elsevier; Lynch, J.P. (2011). Root phenes for enhanced soil exploration and phosphorus acquisition: Tools for future crops. Plant Physiol. 156: 1041-1049.

Root traits associated with enhanced 
phosphate uptake:
• Reduced gravitropism
• Increased formation and elongation of 

lateral roots and root hairs
• Aerenchyma (air spaces that allow 

metabolically inexpensive growth) 

Aerenchyma

http://www.cell.com/trends/plant-science/abstract/S1360-1385(11)00104-X
http://www.plantphysiol.org/content/156/3/1041.long


Nutrient control of root 
branching

–P+P

Phosphate-
starved plants 

suppress 
shoot growth 
and enhance 
root growth



Phosphorous deficiency limits 
plant growth in much of the world

Image courtesy CIMMYT; FAO (2008)

40 million tonnes per year  of phosphate 
fertilizer is mined, transported, applied to 
farmlands, and in many cases run-off to 
contaminate lakes and rivers

-P

-P
-P

-P

http://wheat.pw.usda.gov/ggpages/wheatpests.html
ftp://ftp.fao.org/agl/agll/docs/cwfto11.pdf


How is this response 
mediated? HORMONES!!!
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Strigolactone level

Strigolactone synthesis is 
high and shoot branching is 
suppressed when 
phosphate availability is low

Umehara, M., Hanada, A., Magome, H., Takeda-Kamiya, N., and Yamaguchi, S. (2010). Contribution of strigolactones 
to the inhibition of tiller bud outgrowth under phosphate deficiency in rice. Plant Cell Physiol. 51: 1118-1126.

http://pcp.oxfordjournals.org/content/51/7/1118.short


Under low P, SLs enhance
root branching

Ruyter-spira, C., et al.  (2011) Physiological effects of the synthetic strigolactone analog GR24 on root system 
architecture in Arabidopsis: Another below-ground role for strigolactones? Plant Physiology. 155: 721-734.

Low P SL synthesis

In wild-type plants grown 
with exogenous auxin, 
outgrowth of lateral roots 
is enhanced by SL

SLs, in combination 
with auxin, may 

control plant 
architecture under 

nutrient limiting 
conditions

http://www.plantphysiol.org/content/155/2/721


SL levels are elevated in 
sorghum root exudates 
under low P and N

0 500 1000 1500 2000 2500
5-deoxystrigol (pg/plant/5 days)

Low Mg

Low Ca

Low K

Low P

Low N

control

Courtesy of K. Yoneyama and adapted from Yoneyama, K., Xie, X., Kusumoto, D., Sekimoto, H., Sugimoto, Y., Takeuchi, Y., and Yoneyama, K. (2007). Nitrogen deficiency as well as phosphorus 
deficiency in sorghum promotes the production and exudation of 5-deoxystrigol, the host recognition signal for arbuscular mycorrhizal fungi and root parasites. Planta 227: 125-132.

http://www.springerlink.com/content/338m71m1h8218183/fulltext.pdf


Strigolactones are key

–P+P

AM fungi

In nutrient-poor soils: 
•SL synthesis increases
•Shoot branching decreases and 
root branching increases 
•AM symbiosis increases

These 
response 
enhance plant 
survival under 
low nutrient 
conditions 



Spatial heterogeneity in N 
concentrations; predictive 
models

Fig. 4. Simulated nitrate distributions in a row of maize picturing spatial heterogeneity in nitrate concentrations, depletion of nitrate 
around the roots, and competition for nitrate in locations where roots are in the same depletion volume. 

--Postma et al., 2014 Biotech Adv. 



Roots respond to local and 
systemic nitrogen 
availability

Reprinted by permission from Wiley from  Drew, M.C. (1975). Comparison of the effects of a localised supply of phosphate, nitrate and ammonium and potassium on the growth of the seminal 
root system, and the shoot, in barley. New Phytol. 75: 479-490.. Reprinted from Bouguyon, E., Gojon, A. and Nacry, P. (2012). Nitrate sensing and signaling in plants. Sem. Cell Devel. Biol. 23: 
648-654, with permission from Elsevier. See also Gersani, M. and Sachs, T. (1992). Development correlations between roots in heterogeneous environments. Plant Cell Environ. 15: 463-469.

When nitrogen is abundant, 
plants allocate less biomass 
to their roots

When nitrogen 
distribution is patchy, 
roots proliferate in the 
nutrient rich patches

http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.1975.tb01409.x/abstract
http://www.sciencedirect.com/science/article/pii/S1084952112000080
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1992.tb00997.x/abstract


B. distachyon differences in root 
system architecture on varying 
nitrogen and phosphorus conditions

--Ingram et al., 2012

vHigh-throughput plant 
growth and imaging 
platform quantified 19 
different RSA traits

vSignificant differences in 
RSA between two 
accessions grown on 
nutrient-rich, low-N and 
low-P conditions

vOne accession 
maintained axile root 
growth under low N (Bd3-
1), while the other 
accession maintained 
lateral root growth under 
low P(Bd21)

vThese traits resemble the 
RSA of crops adapted to 
low-N and -P conditions.



The complexity of RSA: how 
do they measure up?

--Rich and Watt 2013 JExBot



Methodologies for imaging 
RSA; is there a perfect 
method?

Fig. 5. Root phenotyping methodologies across several dimensions, from lab to field. Left 
picture panel: Field grown maize root crowns collected via shovelomics. Top shallow 
architecture with long laterals, bottom deep root architecture with short laterals. Middle 4-
week old barley plants, right MRI image of a 3-week old maize plant grown in soil. 

--Postma et al., 2014 Biotech Adv. 

http://www.plant-image-
analysis.org/ provides a 
compendium of resources 
for imaging.

http://www.plant-image-analysis.org/


X-ray tomography in soil

--Atkinson et al., 2014, 
Plant Phys.



What about PNW wheat?

https://www.cid-inc.com/

https://www.cid-inc.com/


Dharwar Dry; life cycle of 
the root system



Aus28451; life cycle of the 
root system



Louise; life cycle of the root 
system



Average root diameter was 
negatively correlated with all 
observed root traits except root 
volume

1 2 3 4 5 6 7 8 9

Number of roots [1] 1

Root length (mm) [2] 0.9751** 1

Root volume (mm3) [3] 0.8331** 0.9182** 1

Root surface area (mm2) [4] 0.9336** 0.9857** 0.9710** 1

Average root diameter (mm) [5] -0.5607** -0.4818** -0.1951ns -0.3733** 1

Root elongation rate (mm day-1) [6] 0.7886** 0.8719** 0.9040** 0.9040** -0.3864** 1

Shoot biomass (g plant-1) [7] 0.7769** 0.7819** 0.7705** 0.7970** -0.1809ns 0.6573** 1

Harvest index (HI) [8] -0.4300** -0.4082** -0.2783ns -0.3719** 0.2942* -0.2218ns -0.4650** 1

Grain yield (g plant-1) [9] 0.6839** 0.7039** 0.7489** 0.7389** -0.0725ns 0.6515** 0.9637** -0.2393ns 1



Shoot vs. root biomass



Root number and area did not 
differ between Hollis and Drysdale 

at heading stage

• Lind Dryland Research Station, 2015
• 1 m minirhizotron tube



An overview of root-soil profile 
captured in 2 m tube interface 
at heading stage during 2016

Drysdale Hollis



Root length did not differ between 
Hollis and Drysdale at heading 
stage

• ↓ root length density near topsoil and ↑ density in deeper subsoil−proposed 
wheat root ideotype for water-limited drylands (Wasson et al., 2012 J. Expt. Bot.)



Average root diameter increased 
with the rooting depth at heading 
stage

• larger root diameter allows deeper penetration with higher hydraulic 
conductance            

(Fukai and Cooper, 1995 F. Crop Res.; Narayanan et al., 2014 PLoS One) 



Increase in soil moisture below 
40 cm seems to favor root 

growth

• Slow depletion of soil moisture in Drysdale favors optimum root growth 
with higher grain yield (>4 bu/acer) compared to Hollis

Drysdale Hollis



Root growth was minimal in Rht
NILs of ‘Golden’ wheat during winter 

(Dec-Feb) 2016/17



Winter wheat root system 
penetrated ⁓2 m at Spillman
Agronomy Farm



Rht1/Rht2 double dwarf had higher 
root biomass and R:S ratio in 3 L pot 

in greenhouse studies

Wojciechowski et al., 2009 J. Expt. Bot.; Chen et al., 2011 Crop Sci.



Questions?



Zadoks growth scale 

http://www.westco.coop/pages/custom.php?id=33411

http://www.westco.coop/pages/custom.php?id=33411

