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Abstract

Suboptimal nitrogen (N) availability is a primary constraint for crop production in developing countries, while in devel-
oped countries, intensive N fertilization is a primary economic, energy, and environmental cost for crop production.
We tested the hypothesis that under low-N conditions, maize (Zea mays) lines with few but long (FL) lateral roots
would have greater axial root elongation, deeper rooting, and greater N acquisition than lines with many but short
(MS) lateral roots. Maize recombinant inbred lines contrasting in lateral root number and length were grown with
adequate and suboptimal N in greenhouse mesocosms and in the field in the USA and South Africa (SA). In low-N
mesocosms, the FL phenotype had substantially reduced root respiration and greater rooting depth than the MS phe-
notype. In low-N fields in the USA and SA, the FL phenotype had greater rooting depth, shoot N content, leaf photo-
synthesis, and shoot biomass than the MS phenotype. The FL phenotype yielded 31.5% more than the MS phenotype
under low N in the USA. Our results are consistent with the hypothesis that sparse but long lateral roots improve N
capture from low-N soils. These results with maize probably pertain to other species. The FL lateral root phenotype

merits consideration as a selection target for greater crop N efficiency.
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Introduction

Suboptimal nitrogen (N) availability is a primary limita-
tion to plant growth in terrestrial ecosystems (Tilman et al.,
2002). In poor countries, low-N availability is a principal,
pervasive constraint to crop production and therefore food
security and economic development, as most smallholder
farmers have limited access to fertilizer (Azeez et al., 2006;
Worku et al., 2007). In developed countries, intensive N fer-
tilization sustains high yields, but N use is generally inef-
ficient, with only 30-40% of total N applied actually being
harvested in grain (Raun and Johnson, 1999). Much of the
remaining applied N is lost as surface runoff, leached nitrate
(NOj3) (London, 2005), or gaseous losses (Beman et al.,
2005), all of which pose environmental concerns (Stulen
et al., 1998). It is estimated that a 1% increase in N utiliza-
tion efficiency could save ~§1.1 billion annually (Kant ez al.,

2011). Therefore, improved N efficiency would afford multi-
ple global benefits.

The majority of research to improve N efficiency has
focused on shoot biomass and grain yield as selection cri-
teria (e.g. Moll et al., 1982; Raun and Johnson, 1999; Raun
et al., 2002), and opportunities in the longer term to improve
N transport and assimilation (e.g. Andrews et al., 2004; Hirel
et al., 2007; Shrawat et al., 2008; Kant et al., 2011). The rel-
evance of root traits for efficient N capture has received less
attention. Root architecture has key importance for nutrient
and water acquisition by positioning root foraging in spe-
cific soil domains in time and space (Lynch, 1995, 2011). For
example, the ‘topsoil foraging’ ideotype appears to be particu-
larly important for genotypic adaptation to low-phosphorus
(P) soils (Lynch, 2011; Lynch and Brown, 2001; Richardson
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et al., 2011). Nitrate, the dominant form of N in most agricul-
tural soils, is highly soluble and is therefore subject to leaching
into deeper soil strata (Thorup-Kristensen ez al., 2009). Root
systems with rapid exploitation of deep soil would optimize
N capture in most production environments (Lynch, 2013).
The ‘Steep, cheap, and deep’ (SCD) root ideotype consists of
architectural, anatomical, morphological, and physiological
phenes that work together to improve the capture of water
and N in leaching environments by accelerating subsoil explo-
ration (Lynch, 2013). Our focus here is on lateral root branch-
ing and length. According to the SCD ideotype, the frequency
and length of lateral roots is important for N capture (Lynch,
2013). In the context of a cost/benefit analysis (Zhu and Lynch,
2004; Lynch and Ho, 2005; Zhu et al., 2005), N would be cap-
tured more efficiently by phenotypes with fewer but longer
laterals capable of exploring a greater volume of soil acces-
sible via mass flow of water, and therefore nitrate, than would
phenotypes with a greater number of short laterals of equiva-
lent total length. On the other hand, sparse lateral branching
should concentrate internal resources on axial elongation and
thereby increase rooting depth, and should reduce competi-
tion for N among neighbouring lateral roots. This prediction
is supported by results from the functional-structural plant
model SimRoot (Postma et al., 2014). Results from SimRoot
indicate that sparse, long laterals were are optimal for N
acquisition by decreasing competition among lateral roots
for nitrate and reducing metabolic costs for root construc-
tion and maintenance. By reducing competition among lateral
roots, sparse, long laterals effectively increase N uptake per
unit root length, and by decreasing the metabolic cost, sparse,
long laterals permit internal reallocation of nutrients to axial
elongation, which is particularly beneficial under conditions
of low-N availability (Postma and Lynch, 2011).

Lateral roots emerge from axial roots from lateral root pri-
mordial that initiate from pericycle founder cells (Malamy and
Benfey, 1997, De Smet, 2007; Nibau et al., 2008; Péret et al.,
2009).The formation of lateral roots is a major determinant
of root system architecture (Nibau ez al., 2008; Pérez-Torres
et al., 2008). Genotypic differences in lateral root number and
length have been reported in different species (Fitter, 1996;
Fitter et al., 2002; Zhu et al., 2005; Trachsel et al., 2011; Lynch,
2013; Postma et al, 2014). In maize, Trachsel er al (2011)
observed significant genotypic variation in the density of lat-
eral root branching, ranging from no lateral roots to 20 roots
cml. Also, in many Liliaceae and Orchidaceae, root systems
of plants vary greatly in their architecture, from unbranched
to highly complex branching patterns (Fitter, 1996; Fitter et al.,
2002). Although lateral branching is a heritable trait (Zhu ez al.,
2005) and genes affecting lateral branching have been identi-
fied in several species, including maize (Doebley et al., 1995)
and rice (Takeda ez al., 2003), several studies report that lateral
root number and length can be modulated by external NO5~
availability (Drew and Saker, 1975; Robinson, 1994; Zhang and
Forde, 1998; Linkohr ez al., 2002; Hodge, 2004). For instance, in
barley, external NOj;~ supply increased numbers of lateral roots
and increased rates of lateral root elongation (Drew and Saker,
1975). It is reported that the stimulation of lateral root elonga-
tion appears to be attributable to a signalling effect from the

NOj ion itself rather than to a downstream metabolite (Zhang
and Forde, 1998; Zhang et al., 1999). In Arabidopsis, the local-
ized stimulatory effect of external nitrite on lateral root growth
depends on the expression of the MADS-box transcription fac-
tor ANRI1, which acts downstream of the dual-affinity nitrate
transporter NRT1.1; both of them act together as an NO;~
sensor, promoting auxin transport (Zhang and Forde, 1998;
Remans et al., 2006; Krouk et al., 2010; Gojon et al., 2011).

The formation of lateral roots increases the sink strength
of the root system, promoting the development of greater
root length and thereby greater nutrient and water acquisition
(Postma et al., 2014). However, in Medicago truncatula, the
highly branched root architecture genotype TR185 showed
a permanently N-starved phenotype (Bourion ez al., 2014).
Results from the functional-structural plant model SimRoot
indicate that the optimal lateral root-branching density for
N capture is less than that for P capture in maize (Postma
et al., 2014). This is mainly because P is poorly mobile and
well buffered in soil: most P is acquired within 1mm of the
root surface. If root spacing is, on average, >2mm, some soil
will remain unexploited. In contrast, nitrate diffusion in soil is
three or four orders of magnitude faster than phosphate dif-
fusion, so roots 10mm apart will probably compete for NO;~
after ~1 day (Nye and Tinker, 1977). Therefore, the overlap of
N-depletion zones around roots of the same plant effectively
reduces nitrate uptake efficiency (Berntson, 1994; Fitter et al.,
2002). In addition, following the economic paradigm of plant
resource allocation (Bloom ez al., 1985), root construction
and maintenance requires metabolic investment, which can
exceed 50% of daily photosynthesis (Lambers e al., 2002).
Production of more lateral roots than are needed for N cap-
ture would divert carbon and other resources from other root
classes, including axial roots (Borch ez al., 1999; Miller et al.,
2003; Lynch, 2007), potentially slowing axial root elongation
into deep soil strata. This is especially important for the acqui-
sition of mobile resources which can accumulate in deep soil
strata, like water and nitrate (Lynch, 2013). The few/long (FL)
lateral root phenotype is therefore an element of the SCD ide-
otype for efficient N capture because sparse lateral branching
should conserve internal resources, reduce competition for N
among neighbouring lateral roots, and explore a greater vol-
ume of soil than a many/short (MS) lateral root phenotype.

The overall objective of this research was to assess the
utility of lateral root number and length for N acquisition
in maize under N-limiting conditions. Specifically, we tested
the hypothesis that reduced lateral root number and increased
lateral root length are associated with decreased root respi-
ration, greater rooting depth, enhanced N acquisition, and
greater plant growth and yield under N limitation.

Materials and methods

Greenhouse mesocosm study

Plant materials, experimental design, and growth conditions Eighteen
recombinant inbred lines (RILs) of maize (Zea mays L.) from the
intermated B73 X Mol7 population (IBM; Supplementary Table
S1) were obtained from Shawn Kaeppler (University of Wisconsin,
Madison, WI, USA), originally supplied by Charles Stuber and
Lynn Senior at North Carolina State University (Senior et al., 1996;
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Kaeppler et al., 2000). The 18 RILs with contrasting lateral root-
branching density and length were chosen according to previous
experiments (Trachsel ez al., 2011, 2013): nine RILs with FL lateral
roots and nine with MS lateral roots. The greenhouse experiment
was a randomized complete block design with a 2x 18 factorial
arrangement of treatments. The factors were two N levels: optimum
N (high N, 4.5mM) and suboptimal N (low N, 0.3mM), and 18 gen-
otypes. Four replicates were staggered seven days between replicates
with time of planting treated as a block effect.

Seeds of 18 genotypes were surface sterilized in 0.05% NaOCl for
15min and imbibed for 24h in aerated 1mM CaSO,, then placed
in darkness at 28+ 1°C for 2 days. Seedlings of similar size were
transplanted to mesocosms consisting of polyvinylchloride (PVC)
cylinders 15.7cm in diameter and 155cm in height. The cylinders
were lined inside with plastic sleeves made of 4 mil (0.116 mm) trans-
parent hi-density polyethylene film, which were used to facilitate
root sampling. The growth medium consisted of a mixture (volume
based) of 50% medium size (0.5-0.3mm) commercial grade sand
(Quikrete Companies Inc., Harrisburg, PA, USA), 40% horticul-
tural size #3 vermiculite, and 10% perlite (Whittemore Companies
Inc., Lawrence, MA, USA). Twenty-nine litres of the mixture were
used in each cylinder. Two days before planting, the cylinders were
irrigated with 4.7 L of a nutrient solution adjusted to pH 6.0 and
consisting of (in pM): NOj; (4500), NH, (300), P (500), K (1000), Ca
(1750), SO, (1500), Mg (1000), B (46), Mn (9), Zn (7), Cu (0.32), Mo
(0.80), and EDTA-Fe (77). For the low-N treatment, NO; and NH,
were reduced to 300 and 20 uM, respectively, and K,SO, was used to
replace K and SO,. Each cylinder received three plants; after 7 days
they were thinned to one plant. The plants were grown in a tem-
perature-controlled greenhouse in University Park, PA, USA (GH)
(40°48'N, 77°51’"W) with a photoperiod of 14/10h at 28/24°C (light/
darkness). Following seedling establishment, 200ml of nutrient
solution with N was applied in the high-N treatment every 2 days via
drip irrigation using a DI-16 Dosatron fertilizer injector (Dosatron
International Inc, Dallas, TX, USA). In the low-N treatment, 200 ml
of nutrient solution without N was supplied every 2 days.
Chlorophyll content and net photosynthesis rate Plants were harvested
6 weeks after transplanting. Two days before harvest, leaf chlorophyll
content (SPAD) and net photosynthesis rate (Pn) were measured. The
SPAD readings were measured by using a chlorophyll meter (SPAD
502, Konika Minolta Sensing Inc., Osaka, Japan). For each plant, the
SPAD reading was measured in upper, middle, and lower portions of
the third youngest fully expanded leaf, and the average of all values for
each plant is presented. Leaf gas exchange of the third youngest fully
expanded leaf was measured with a Licor-6400 Infrared Gas Analyser
(Li-Cor Biosciences, Lincoln, NE, USA) using a red-blue light at PAR
intensity of 1200 pmol photons m™ s™', constant CO, concentration of
400 ppm, and leaf temperature of 25°C. The relative humidity was 40%.
Root respiration Root respiration of axial and lateral roots was meas-
ured. Three 10cm root segments from the third whorl of crown roots
were excised 15cm from the base. Lateral roots of axial roots were
removed with a Teflon blade (Electron Microscopy Sciences, Hatfield,
PA, USA). Excised axial and lateral root samples were patted dry and
placed in a 40ml custom chamber connected to the Li-6400 IRGA
(LI-COR, Lincoln, NE, USA) separately. The temperature of the
chamber was maintained at 25+ 1°C using a water bath while res-
piration was measured. The CO, evolution from root segments was
recorded every 5 s for 180 s (Zhu ez al., 2010; Chimungu et al, 2014).
Shoot and root sampling and analysis The shoot was severed at the
soil surface, oven-dried at 70°C for 72 h, and shoots were ground for
total-N analysis after biomass determination. Roots were separated
from the soil by vigorously rinsing at low pressure with water. Roots
were extracted from each 20 cm soil depth increment, three 5cm root
segments were taken from each whorl of crown root, primary root,
and seminal root (8cm from the top of every soil depth), and lat-
eral root length and lateral root number were obtained by scanning
with image analysis software (WinRhizo Pro, Régent Instruments,
Québec, Canada). Three roots were randomly chosen from each
whorl of crown roots and seminal roots to determine axial root
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length. Total root length was obtained by scanning with image anal-
ysis software (WinRhizo Pro, Régent Instruments, Québec, Québec
City, Canada). The N concentration was determined by using an
elemental analyser (PerkinElmer SeriesII CHNS/O Analyzer 2400,
Shelton, CT, USA).

Field study

Experimental site Experiments were carried out during May to
August in 2013 at the Russell E. Larson Research and Education
Center of the Pennsylvania State University in Rock Springs, PA,
USA (RS) (40°42737”.52 N, 77°57°07”.54 W, 366 masl), and during
the November in 2013 to January in 2014 season in Alma, Limpopo,
Republic of South Africa (24°33700.12 S, 28°07°25.84 E, 1235 masl).
The soils at the experimental sites were a Hagerstown silt loam (fine,
mixed, semiactive, mesic Typic Hapludalf) in RS and a Clovelly
loamy sand (Typic Ustipsamment) in SA.

Plant materials, experimental design, and field conditions Based on
soil analysis at the beginning of the cropping season, all high-N plots
in RS were fertilized with 150kg N ha™! as urea. The plots assigned
to the N-deficiency treatment did not receive any N fertilizer. In SA,
high-N plots received 207kg N ha™! urea, and low-N plots received
33kg ha™! urea. In both locations, other nutrients were adjusted
to meet the requirements for maize production as determined by
soil tests. Pest control and irrigation were carried out as needed.
Seeds of ten IBM RILs were planted on 17 May 2013 in RS and 28
November 2013 in SA. The experiments were arranged in a split-
plot design replicated four times with high- and low-N treatments as
the whole plot factor, and genotype as the split plot. Five-row plots
of each genotype were randomly assigned within each whole plot.
Each row was 4.5 m long, 75 cm wide, and distance within a row was
23 cm, resulting in a planting density of 6 plants m .

Sampling and analysis Shoots and roots were harvested 14 weeks after
planting in RS and 13 weeks after planting in SA. Two days before har-
vest, SPAD and Pn were recorded in the ear leaf (at SA, only SPAD
was taken on the third youngest leaf). SPAD and Pn were measured as
described above except PAR intensity was set to 1800 umol photons m >
s7!, with a constant CO, concentration of 400 ppm and leaf temperature
of 25°C. The relative humidity was 40%. Three adjacent plants were
randomly selected in the same row for shoot dry weight per replicate
measurement, and oven dried at 70°C for 72h before being weighed.
The shoots were ground and 2-3mg ground tissues were used for tissue-
N analysis as described above. Roots were excavated by removing a soil
cylinder ~40cm diameter and 25cm depth with the plant base as the
horizontal centre of the soil cylinder. The excavated root crowns were
cleaned by vigorous rinsing at low pressure with water. The clean roots
were subsequently used to measure lateral root number. Three 5Scm root
segments were taken Scm from the base of each whorl of crown root,
primary root, and seminal root, and lateral root number of correspond-
ing nodal roots was based on counts. All roots emerging belowground
were classified as crown roots.

Soil cores of 5.1 cm diameter and 60 cm length (Giddings Machine
Co., Windsor, CO, USA) were taken within a planting row midway
between two plants. Each soil core was subdivided into 10cm seg-
ments and roots were extracted from each segment. Subsequently
extracted root samples were scanned with image analysis software
(WinRhizo Pro, Régent Instruments, Québec, Canada) to obtain the
root length in each soil depth. Percentages of root length at each
depth were calculated in each soil core. Depth above which 95%
(Dys) of root length is located was calculated by linear interpolation
between the cumulative root lengths as described in Trachsel ez al.
(2013).

Data analysis

The experimental data were statistically analysed by one-way
ANOVA with R version 3.0.2 (R Development Core Team, 2014).
Two-way ANOVA was used for comparisons between FL and
MS lines, N levels, and the interaction between these main effects.
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Fig. 1. Lateral root-branching density of crown, primary, and seminal roots
under high-N (HN) and low-N (LN) conditions at 42 days after planting in
GH mesocosms (A), at 14 and 13 weeks after planting in the field in RS

(B) and SA (C). The data shown in GH mesocosms are means of four
replicates of the nine genotypes, and in RS and SA are means of four
replicates of the five genotypes in each phenotypic class in either HN

or LN + SE. Different letters represent significant differences (P < 0.05)
compared within each root class.

Probabilities of significance were used to test differences among
treatments, and Tukey’s Honest Significant Difference method
(a = 0.05) was used to compare the means.

Results
Lateral root branching and length

In mesocosms, the lines displayed the expected phenotypes, with
MS lines having greater lateral root-branching density of crown
roots than FL lines, although no significant difference was
found in seminal and primary roots (Fig. 1A). Low N did not
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mesocosms. The data shown are means of four replicates of the nine
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significantly decrease lateral root-branching density in either FL
or MS lines. In the field experiments, MS lines had greater lateral
root-branching density of crown roots than FL lines (Fig. 1B,
C). Lateral root-branching density of crown, primary, and semi-
nal roots was not influenced by N treatment in either RS or SA.
In the mesocosms, under high-N conditions, the FL and MS
lines had equivalent total lateral root length. Low N significantly
decreased total lateral root length of all root classes (Fig. 2).

Effects of lateral root-branching density on root growth

Under low N in mesocosms, axial root length (ARL) of crown
roots was significantly different between FL and MS lines,
though no difference was found in primary and seminal roots
(Fig. 3). In low-N conditions, crown, primary, and seminal

100
80 - %
604 O

40 -

20 -+

150

-

N

o
1

©
o
1

D
o
1

A

Axial root length (cm)

w
o
1

0 . .
150

120

90 -

60 -

30 -

. R?=0.09, p=0.24

0 5 10 15 20
Lateral root branching density

(branch cm'1)

Fig. 4. Correlation of axial root length with lateral root-branching density of
crown roots (A), primary roots (B), and seminal roots (C) in GH mesocosms
at 42 days after planting. Each point is the mean of four replicates of each
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roots of FL lines had ~38, 39, and 15% greater ARL, respec-
tively, than MS lines. The ARL of crown and primary roots
was negatively correlated with lateral root-branching density
(Fig. 4A, B). N limitation reduced root respiration per unit
ARL of axial roots by 50% and reduced that of lateral roots
by 46% (Fig. 5). Root respiration of lateral roots per unit ARL
indicated no significant difference between FL and MS lines in
both high-N and low-N conditions (1.87 and 1.83 nmol CO,
cm! 5! of FL and MS lines in high N; 1.72 and 2.10 nmol
CO, cm™! s of FL and MS lines in low N). Under low N,
root respiration of lateral roots per unit ARL of FL lines was
67% less than that of MS lines. Lateral branching was posi-
tively correlated with respiration of lateral roots per unit ARL
(Fig. 6B).

Low N decreased root length density in both RS and
SA (Fig. 7A-D). Under low-N conditions, FL lines had
greater root length density in deep soil layers than MS lines
(Fig. 7C, D). This result is also evident from the Dys data.
Under low N in the field, FL lines had significantly greater
Dys than MS lines (Fig. 7C-D). FL lines had a Dys value of
57.9cm in RS and 36.9cm in SA compared to 49.6cm and
30.8cm for MS lines. Negative relationships between Dys
and lateral root-branching density in crown roots, primary
roots, and seminal roots were found in both RS and SA
(Fig. 8A-C).
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Root and shoot growth

N deficiency significantly decreased relative shoot dry weight
(RSDW) compared with high-N plants in GH, RS, and
SA (Fig. 9, Table 1). Under low N, FL lines had 75% more
RSDW at 42 DAP in the GH, 46% more RSDW at flower-
ing in RS, and 41% more RSDW at flowering in SA com-
pared with MS lines (Fig. 9, Table 1). Low N reduced Pn by
38% in mesocosms and 32% in the field in the USA (Fig. 10
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SA at anthesis. Each point is the mean of four replicates of each genotype.



A, Table 1). Under low N, compared with the MS lines, FL
lines had 39% greater Pn in mesocosms and 33% greater Pn
in the field in the USA. Under low N, FL lines had 45, 33,
and 34% greater SPAD readings than MS lines in GH, RS,
and SA, respectively (Fig. 10 B, Table 1). In the mesocosms,
RSDW and N content were positively related with the length
of crown root and primary root axes (Fig. 11A, B), while in
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Fig. 9. Relative shoot dry weight (% of shoot dry weight in high N) under
high-N and low-N conditions at 42 days after planting in GH mesocosms
in the field in RS and SA at anthesis.
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RS and SA, RSDW and N content were positively related
with Dys (Fig. 12). In the field in the RS, Dys was positively
correlated with grain yield (Fig. 13).

Discussion

Our results support the hypothesis that the phenotype of FL
lateral roots is superior to MS lateral roots under N limita-
tion, as evidenced by decreased root respiration, greater
rooting depth (ARL and Dy;s), increased N uptake, greater
photosynthesis (Pn), leaf greenness (SPAD), plant biomass,
and reproductive output (Figs 3, 5, 7, 9-13). Under low N
in mesocosms, FL lines had less root respiration, and greater
rooting depth and shoot biomass than MS lines (Figs 3, 5
and 9). Under low N in field environments in the USA and
SA, FL lines had greater rooting depth (Dys), greater biomass
accumulation and N content, and in the USA had substan-
tially greater grain yield than MS lines (Figs 7, 9, 11-13).
For the analysis of the physiological function of lateral
root branching and length, we used RILs, which are valu-
able in the analysis of phenotypic traits governed by multi-
ple genes, such as lateral root branching in maize (Zhu and
Lynch, 2004; Zhu et al., 2005). The use of RILs ensured that
the phenotypes we compared shared a common genetic back-
ground (i.e. descending from the same two parents), without

Table 1. Summary of analysis of variance for physiological parameters as influenced by N treatment and phenotype

Effect Pn SPAD SNC SDW Y

GH

N 147.93"* 535.35"* 386.38* 492.81* -

P 1.87* 3.81 3.26 5.68"* -

N x P 1.43" 2.98"* 3.36"* 5.84" -

RS

N 90.04*** 314.85"* 182.04* 199.25"* 98.92"**
P 1.68" 10.36"* 1.56 1 3.44* 4.44%
NxP 2.64* 2.95" 3.25" 9.60"** 2.569*
SA

N - 335.68"* 386.38"* 511.46™* -

P - 5.04* 3.26" 3.70 -

NxP - 7.517 3.36"* 3.01 -

Results are shown for the GH, RS, and SA experiments. SNC, shoot N content; SDW, shoot dry weight; Y, yield; N, N treatment; P,
phenotype. Associated F-values and probabilities are shown (f, P < 0.1; *, P < 0.05; **, P < 0.001; ***, P < 0.0001).
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artificially induced mutations or transformation events (Zhu
and Lynch, 2004; Zhu et al., 2005). Each RIL is a distinct
genotype, and comparison of several RILs permits the analy-
sis of a phenotype in distinct genomes, thereby reducing the
risk of confounding effects from pleiotropy, epistasis, gene
linkage, or other genetic interactions (Zhu and Lynch, 2004).
The use of isogenic lines is not suited to the physiological
analysis of phenotypic traits controlled by many genetic loci
in unknown ways. In the present study, we combined results
from three distinct environments, greenhouse mesocosms,
and two field environments, which is noteworthy, since the
field includes many environmental factors including soil
biota, soil temperature gradients, soil physical constraints to
root elongation, and other environmental variables that may
affect results, whereas greenhouse mesocosms are more sim-
plified environments allowing more detailed measurements.
The fact that our results from RILs in greenhouse mesocosms
and two field environments are all in agreement suggests that
potentially confounding factors of any given environment are
not driving the results.

Root systems of plants vary greatly in their architecture,
from unbranched (found in many Liliaceae and Orchidaceae)
to highly complex branching patterns (Fitter, 1996; Fitter et al.,
2002). In maize, Trachsel ez al. (2011) observed significant geno-
typic variation in the density of lateral root branching, ranging

from no lateral roots to 20 roots cm™. In the present study,
significant genotypic variation in maize lateral root branching
was also found in greenhouse mesocosms and two field sites,
with MS lines having significantly greater lateral root num-
ber and less lateral root length than FL lines (Figs | and 2).
Several studies have pointed out the existence of mechanisms
that control lateral root emergence and clongation. Zhang
and Hasenstein (1999) reported that lateral root initiation and
elongation in Lactuca sativa resulted from a balance between
the basipetal flux of a cytokinin-like inhibitor derived from
the root apex and the acropetal transport of a shoot-derived
auxin that promotes lateral root development. Two pathways
of NO;™ regulation of root branching were identified, one stim-
ulating root elongation, called the localized stimulatory effect,
in which the external NOs™ ion acts as a signal rather than a
nutrient; and the other inhibiting branching initiation, called
the systemic inhibitory effect, which appears to be positively
correlated with plant tissue N level and is assumed to involve
a phloem-mediated signal from the shoot (Zhang et al., 1999;
Zhang and Forde, 2000).

Following the economic paradigm of plant resource allo-
cation (Bloom et al., 1985), root construction and mainte-
nance requires metabolic investment. The more roots that
are initiated, the more carbon and other resources that
need to be invested in root growth and maintenance, which
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may impair the growth of shoots and other roots, and may
limit reproduction (Lynch, 2007, 2014). In greenhouse
mesocosms, MS lines had greater root respiration of axial
and lateral roots per unit ARL than FL lines under low-N
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conditions (Fig. 5), and lateral root branching was positively
related with axial and lateral root respiration (Fig. 6). These
results are in agreement with previous studies in maize which
reported that the enhanced proliferation of lateral branches
was accompanied by increased respiration of axial roots
(Granato and Raper, 1989). Reduced respiration of lateral
roots in FL lines would allow more metabolic resources to be
available for the elongation of axial roots. Indeed, we found
that FL lines had deeper crown, primary, and seminal roots in
greenhouse mesocosms (Fig. 3), and a negative relationship
between lateral root branching and rooting depth in green-
house mesocosms (Fig. 4). Similar results were obtained at
the two field sites. Under low N, FL lines had deeper root-
ing than MS lines (Fig. 7), and rooting depth was negatively
related with lateral root branching at both field sites (Fig. 8).
This has practical implications, since N applied early in the
season as nitrate or as N forms that rapidly convert to nitrate
are subject to leaching with precipitation. The rate of nitrate
leaching can exceed the development of root growth in deep
soil strata, which is a significant cause of low recovery of N
fertilizer (Wiesler and Horst, 1993; Raun and Johnson, 1999;
Cassman et al., 2002; Chen et al., 2011). Under such con-
ditions, plants with deeper roots may be more adaptive by
increasing N uptake from deep soil strata, thereby improving
plant growth and decreasing nitrate leaching. Furthermore,
greater lateral root branching places roots closer together,
which increases competition for internal resources, and
reduces N uptake per unit root length, as modelled by
Postma et al. (2014).

Increased lateral root branching increased the total
sink strength of the root system, but decreased the aver-
age growth rate of individual lateral roots due to internal
resource limitations (Postma et al., 2014). This tradeoff
between the number and average length of lateral roots
is also evident in a large experimental data set by Pages
and Pellerin (1994). Greater lateral root branching might
increase the rate at which a soil domain is depleted, and
favour the uptake of immobile nutrients like P, since most
P uptake by roots occurs <1 mm from the surface of a root
(Nye and Tinker, 1977). This means that lateral roots spaced
>2mm apart leave gaps of unexploited soil. In contrast,
nitrate diffusion in soil is three or four orders of magni-
tude faster than phosphate. Roots 10 mm apart will prob-
ably compete for NO;™ after ~1 day (Nye and Tinker, 1977).
Therefore, FL laterals capable of exploring larger volumes
of soil with greater spatial dispersion among roots are better
able to capture mobile resources such as nitrate. The trade-
off between lateral root branching and length suggests that
plants may have a plasticity response to nitrate availability
which would result in FL laterals on low-nitrate soils. These
predicted plasticity responses correspond with observations
also found in the modelling results by Postma ez al. (2014),
and in the literature from artificial systems (Lopez-Bucio
et al., 2003; Gruber ef al., 2013).

Although this study focused on maize, we suggest that the
phenotype of FL lateral roots would improve N capture in
other species. The root system architecture of sorghum is simi-
lar to that of maize (Lynch, 2013), so the FL concept may be
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fully applicable. Other graminaceous species like wheat, rice,
barley, and oats have the same basic root structure as maize
and may also benefit from this phenotype, although greater
density of nodal roots in tillering species may change the
relationship of lateral root-branching density and resource
capture. Our results are entirely supportive of inclusion of
reduced lateral root number as a component of the SCD ideo-
type (Lynch, 2013). The SCD ideotype applies to both water
and N capture, since both of these soil resources are often
localized in deep soil strata under limiting conditions. The
utility of FL phenotypes for water capture under water stress
deserves investigation.

Genotypic differences in lateral root number and length
have been reported in maize (Zhu ez al., 2005; Trachsel et al.,
2011; Lynch, 2013; Postma et al., 2014), as we also report
in this study. Previous studies indicated that lateral branch-
ing is a heritable trait (Zhu er al, 2005) and genes affect-
ing lateral branching have been identified in several species,
including maize (Doebley er al., 1995) and rice (Takeda
et al., 2003), making lateral branching and length a feasible
target for plant breeding. Our results are entirely consistent
with the hypothesis that FL lateral root branching reduces
root metabolic costs and increases rooting depth, leading to
greater N acquisition from low-N soil. Therefore we suggest
that lateral root number and length deserves consideration
as a trait to improve the N efficiency of maize in breeding
programmes.

Supplementary material

Supplementary Table S1. List of 18 RILs selected from the
IBM population.

Supplementary Figure S1. Phenotypic variation in lateral
root branching density and length under low-N conditions
from the SA experimental site.

Funding

This research was supported by the Howard G. Buffett
Foundation and Agriculture and Food Research Initiative
competitive grant number 2014-67013-2157 of the USDA
National Institute of Food and Agriculture to JPL.

Acknowledgements

We thank the China Scholarship Council for support of AZ, Hannah
Schneider, Bob Snyder and Johan Prinsloo for technical support, and Larry
M. York and Hannah Schneider for review of the manuscript.

References

Andrews M, Lea PJ, Raven JA, Lindsey K. 2004. Can genetic
manipulation of plant N assimilation enzymes result in increased crop yield
and greater N-use efficiency? An assessment. Annals of Applied Biology
145, 25-40.

Azeez J, Adetunji M, Lagoke S. 2006. Response of low-nitrogen

tolerant maize genotypes to nitrogen application in a tropical Alfisol in
northern Nigeria. Soil and Tillage Research 91, 181-185.

Beman JM, Arrigo K, Matson PM. 2005. Agricultural runoff fuels large
phytoplankton blooms in vulnerable areas of the ocean. Nature 434,
211-214.

Berntson GM. 1994. Root systems and fractals: How reliable are
calculations of fractal dimensions? Annals of Botany 73, 281-284.

Bloom AJ, Chapin FS Ill, Mooney HA. 1985. Resource limitation in
plants-an economic analogy. Annual Review Ecology and Systematics 16,
363-392.

Borch K, Bouma TJ, Lynch JP, Brown KM. 1999. Ethylene: a regulator
of root architectural responses to soil phosphorus availability. Plant, Cell
and Environment 22, 425-431.

Bourion V, Martin C, Larambergue H, et al. 2014. Unexpectedly low
nitrogen acquisition and absence of root architecture adaptation to nitrate
supply in a Medicago truncatula highly branched root mutant. Journal of
Experimental Botany doi:10.1093/jxb/eru124

Cassman KG, Dobermann A, Walters DT. 2002. Agroecosystems,
nitrogen-use efficiency, and nitrogen management. A Journal of the
Human Environment 31, 132-140.

Chen XP, Cui ZL, Vitousek PM, et al. 2011. Integrated soil-crop system
management for food security Proceedings of the National Academy of
Sciences, USA 108, 6399-6404.

Chimungu JG, Brown KM, Lynch JP. 2014. Reduced root cortical cell
file number improves drought tolerance in maize. Plant Physiology 166,
1943-1955.

De Smet |, Tetsumura T, De Rybel B, et al. 2007. Auxin-dependent
regulation of lateral root positioning in the basal meristem of Arabidopsis.
Development 134, 681-690.

Doebley J, Stec A, Gustus C. 1995. Teosinte branched1 and the origin
of maize: evidence for epistasis and the evolution of dominance. Genetics
141, 333-346.

Drew MC, Saker LR. 1975. Nutrient supply and the growth of the
seminal root system of barley. Il. Localized, compensatory increases

in lateral root growth and rates of nitrate uptake when nitrate supply is
restricted to only part of the root system. Journal of Experimental Botany
26, 79-90.

Fitter AH. 1996. Characteristics and functions of root systems. In: Waisel
Y, Eshel A, Kafkati U, eds. Plant roots: the hidden half. New York: Marcel
Dekker, 1-20.

Fitter A, Williamson L, Linkohr B, Leyser O. 2002. Root system
architecture determines fitness in an Arabidopsis mutant in competition for
immobile phosphate ions but not for nitrate ions. Proceedings of the Royal
Society Series B: Biological Sciences 269, 2017-2022.

Gojon A, Krouk G, Perrine-Walker F, Laugier E. 2011. Nitrate
transceptor(s) in plants. Journal of Experimental Botany 62,
2299-2308.

Granato TC, Raper Jr CD. 1989. Proliferation of maize (Zea mays L.)
roots in response to localized supply of nitrate. Journal of Experimental
Botany 40, 263-275.

Gruber BD, Giehl RFH, Fridel S, von Wirén N. 2013. Plasticity of the
Arabidopsis root system under nutrient deficiencies. Plant Physiology 163,
161-179.

Hirel B, Gouis JL, Ney B, Gallais A. 2007. The challenge of improving
nitrogen use efficiency in crop plants: towards a more central role for
genetic variability and quantitative genetics within integrated approaches.
Journal of Experimental Botany 58, 2369-2387.

Hodge A. 2004. The plastic plant: root responses to heterogeneous
supplies of nutrients. New Phytologist 162, 9-24.

Kaeppler SM, Parke JL, Mueller SM, Senior L, Stuber C, Tracy WF.
2000. Variation among maize inbred lines and detection of quantitative
trait loci for growth at low P and responsiveness to arbuscular mycorrhizal
fungi. Crop Science 40, 358-364.

Kant S, Bi YM, Rothstein SJ. 2011. Understanding plant response to
nitrogen limitation for the improvement of crop nitrogen use efficiency.
Journal of Experimental Botany 62, 1499-1549.

Krouk G, Lacombe B, Bielach A, et al. 2010. Nitrate-regulated auxin
transport by NRT1.1 defines a mechanism for nutrient sensing in plants.
Developmental Cell 18, 927-937.

Lambers H, Atkin O, Millenaar FF. 2002. Respiratory patterns in roots
in relation to their functioning. In: Waisel Y, Eshel A, Kafkaki K. eds. Plant
roots: the hidden half. New York: Marcel Dekker, 521-552.


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv007/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv007/-/DC1

Linkohr BI, Williamson LC, Fitter AH, Leyser HMO. 2002. Nitrate and
phosphate availability and distribution have different effects on root system
architecture of Arabidopsis. The Plant Journal 29, 751-760.

London JG. 2005. Nitrogen study fertilizes fears of pollution. Nature 433,
791.

Lépez-Bucio J, Cruz-Ramirez A, Herrera-Estrella L. 2003. The role of
nutrient availability in regulating root architecture. Current Opinion in Plant
Biology 6, 280-287.

Lynch JP. 1995. Root architecture and plant productivity. Plant Physiology
109, 7-13.

Lynch JP. 2007. Rhizoeconomics: The roots of shoot growth limitations.
HortScience 42, 1107-1109.

Lynch JP. 2011. Root phenes for enhanced soil exploration and
phosphorus acquisition: Tools for future crops. Plant Physiology 156,
1041-1049.

Lynch JP. 2013. Steep, cheap and deep: an ideotype to optimize water
and N acquisition by maize root systems. Annals of Botany 112, 347-357.

Lynch JP. 2014. Root phenes that reduce the metabolic costs of soil
exploration: opportunities for 215 century agriculture. Plant, Cell and
Environment doi: 10.1111/pce.12451.

Lynch JP, Brown KM. 2001. Topsoil foraging—an architectural adaptation
of plants to low phosphorus availability. Plant and Soil 237, 225-237.

Lynch JP, Ho MD. 2005. Rhizoeconomics: carbon costs of phosphorus
acquisition. Plant and Soil 269, 45-56.

Malamy JE, Benfey PN. 1997. Organization and cell differentiation in
lateral roots of Arabidopsis thaliana. Development 124, 33-44.

Miller CR, Ochoa |, Nielsen KL, Bech D, Lynch JP. 2003. Genetic
variation for adventitious rooting in response to low phosphorus availability:
potential utility for phosphorus acquisition from stratified soils. Functional
Plant Biology 30, 973-985.

Moll RH, Kamprath EJ, Jackson WA. 1982. Analysis and interpretation
of factors which contribute to efficiency of nitrogen utilization. Agronomy
Journal 74, 562-564.

Nibau C, Gibs DJ, Coates JC. 2008. Branching out in new directions:
the control of root architecture by lateral root formation. New Phytologist
179, 595-614.

Nye PH, Tinker PB. 1977. Solute movement in the soil-root system.
Oxford: Blackwell Scientific Publishers.

Pageés L, Pellerin S. 1994. Evaluation of parameters describing the root
system architecture of field grown maize plants (Zea mays L.). Plant and
Soil 164, 169-176.

Péret B, Bert DR, Casimiro I, Benkova E, Swarup R, Laplaze L,
Beeckman T, Bennett M. 2009. Arabidopsis lateral root development: an
emerging story. Cell Press 14, 399-408.

Pérez-Torres CA, Lopez-Bucio J, Cruz-Ramirez A, Ibarra-Laclette
E, Dharmasiri Sunethra, Estelle M, Herrera-Estrella L. 2008.
Phosphate availability alters lateral root development in arabidopsis by
modulating auxin sensitivity via a mechanism involving the TIR1 auxin
receptor. The Plant Cell 20, 3258-3272.

Postma JA, Dathe A, Lynch JP. 2014. The optimal lateral root branching
density for maize depends on nitrogen and phosphorus availability. Plant
Physiology doi: http://dx.doi.org/10.1104/pp.113.233916.

Postma JA, Lynch JP. 2011. Root cortical aerenchyma enhances growth
of maize on soils with suboptimal availability of nitrogen, phosphorus and
potassium. Plant Physiology 156, 1190-1201.

Raun WR, Johnson GV. 1999. Improving nitrogen use efficiency for
cereal production. Agronomy Journal 91, 357-363.

Raun WR, Solie JB, Johnson GV, Stone ML, Mullen RW, Freeman
KW, Thomason WE, Lukina EV. 2002. Improving nitrogen use

efficiency in cereal grain production with optical sensing and variable rate
application. Agronomy Journal 94, 815-820.

Lateral root branching and N capture | 2065

Remans T, Nacry P, Pervent M, Filleur S, Diatloff E, Mounier E,
Tillard P, Forde BG, Gojon A. 2006. The Arabidopsis NRT1.1 transporter
participates in the signaling pathway triggering root colonization of nitrate-
rich patches. Proceedings of the National Academy of Sciences, USA 103,
19206-19211.

Richardson AE, Lynch JP, Ryan PR, et al. 2011. Plant and microbial
strategies to improve the phosphorus efficiency of agriculture. Plant and
Soil 349, 121-156.

Robinson D. 1994. The responses of plants to non-uniform supplies of
nutrients. New Phytologist 127, 635-674.

Senior ML, Chin ECL, Lee M, Smith JSC, Stuber CW. 1996.
Simple sequence repeat markers developed from maize sequences
found in GENBANK database: map construction. Crop Science 36,
1676-1683.

Shrawat AK, Rebecka TC, Mary D, Gregory JT, Allen GG. 2008.
Genetic engineering of improved nitrogen use efficiency in rice by
the tissue-specific expression of alanine aminotransferase. Plant
Biotechnology Journal 6, 722-732.

Stulen I, Perez-Soba M, De Kok LJ, Van Der Eerden L. 1998. Impact
of gaseous nitrogen deposition on plant functioning. New Phytologist 139,
61-70.

Takeda T, Yuko S, Makoto S, Hidemi K, Miyako U, Motoyuki A,
Makoto M, Chiharu U. 2003.The OsTB1 gene negatively regulates lateral
branching in rice. The Plant Journal 33, 513-520.

Thorup-Kristensen K, Cortasa MS, Loges R. 2009. Winter wheat roots
grow twice as deep as spring wheat roots, is this important for N uptake
and N leaching losses? Plant and Soil 322, 101-114.

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S. 2002.
Agricultural sustainability and intensive production practices. Nature 418,
671-677.

Trachsel S, Kaeppler SM, Brown KM, Lynch JP. 2011. Shovelomics:
high throughput phenotyping of maize (Zea mays L.) root architecture in
the field. Plant and Soil 314, 75-87.

Trachsel S, Kaeppler SM, Brown KM, Lynch JP. 2013. Maize root
growth angles become steeper under low N conditions. Field Crops
Research 140, 18-31.

Wiesler F, Horst WJ. 1993. Differences among maize cultivars in the
utilization of soil nitrate and the related losses of nitrate through leaching.
Plant and Soil 151, 193-203.

Worku M, Banziger M, Erley GS, Friesen D, Diallo AO, Horst WJ.
2007. Nitrogen uptake and utilization in contrasting nitrogen efficient
tropical maize hybrids. Crop Science 47, 519-528.

Zhang HM, Forde BG. 1998. An Arabidopsis MADS box gene that
controls nutrient-induced changes in root architecture. Science 279,
407-409.

Zhang HM, Forde BG. 2000. Regulation of Arabidopsis root development
by nitrate availability. Journal of Experimental Botany 51, 51-59.

Zhang HM, Jennings A, Barlow PW, Forde BG. 1999. Dual pathways
for regulation of root branching by nitrate. Proceedings of the National
Academy of Sciences, USA 96, 6529-6534.

Zhang N, Hasenstein KH. 1999. Initiation and elongation of lateral
roots in Lactuca sativa. International Journal of Plant Sciences 160,
511-519.

Zhu JM, Brown KM, Lynch JP. 2010. Root cortical aerenchyma
improves the drought tolerance of maize (Zea mays L.). Plant, Cell and
Environment 33, 740-749.

Zhu JM, Kaeppler SM, Lynch JP. 2005. Topsoil foraging and
phosphorus acquisition efficiency in maize (Zea mays). Functional Plant
Biology 32, 749-762.

Zhu JM, Lynch JP. 2004. The contribution of lateral rooting to
phosphorus acquisition efficiency in maize (Zea mays) seedlings.
Functional Plant Biology 31, 949-958.





