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ABSTRACT

Examination of wild ancestors can identify
which traits have been altered by selection as
possible targets for genetic improvement. We
investigated the whole plant response to low
nitrogen (LN), especially below ground, by the
wild ancestor of modern maize (Zea mays L.),
Balsas teosinte (Zea mays subsp. parviglumis H.
H. litis & Doebley). Teosinte responded to LN by
reducing the shoot N concentration and increas-
ing the root:shoot biomass ratio. The lengths of
individual crown roots and the total lateral root
length increased, compensated by reduced
crown root number. Low N caused a decrease in
total root hair (RH) length and increased expres-
sion of high affinity nitrate transporters. To
facilitate future mapping studies, these results
were compared to a modern inbred (‘W22’)
used as the parent in a modern maize x teosinte
population and extensively employed in maize
domestication studies. The adaptations to LN in
teosinte and W22 were surprisingly conserved,
but the strategies employed were often differ-
ent. To reduce total RH length, teosinte reduced
RH density whereas W22 reduced average RH
length. To achieve reduced shoot biomass in
response to LN, teosinte reduced tiller number
and hence leaf number whereas W22 reduced
average leaf size. Since tiller crown roots initiate
from stem tissue, teosinte used tiller plasticity
to reduce crown root number whereas modern
maize reduced crown root number indepen-
dently of tillering. We discuss the implications of
these results for maize domestication.
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Abbreviations: CR, crown root; DAT, days after transplanting;
EDTA, cthylenediaminetetraacetic acid; HN, high nitrogen; LN, low
nitrogen; LR, lateral root; mRNA, messenger RNA; NUE, nitrogen
use efficiency; NUpE, nitrogen uptake efficiency; NUtE, nitrogen uti-
lization efficiency; PCR, polymerase chain reaction; RH, root hair.

ARCHAEOLOGICAL, botanical, and molecular genetic evidence
show that early agriculturalists in the Balsas River Valley
in southwest Mexico began the process of maize (Zea mays L.)
domestication from teosinte ~9000 yr ago through selection and
crop improvement (Hastorf, 2009; Piperno et al., 2009; Ranere
et al., 2009; Sluyter and Dominguez, 2006). The closest living
wild relative of modern maize, indigenous to Mexico and Central
America, is known as Balsas teosinte (Zea mays subsp. parviglumis
H. H. Iltis & Doebley) (Doebley, 1990, 2004; Fukunaga et al,,
2005; Matsuoka et al., 2002). Balsas teosinte plants differ dramati-
cally from modern maize by having a larger shoot with multiple
branches (tillers) each tipped with an inflorescence producing few
seeds rather than a single stalk with one to two large seed-bearing
cobs (Doebley, 2004; Doebley et al., 1997).

Although domestication has caused dramatic changes in the
shoot size and architecture of maize, its responses to the environ-
ment have also been altered. Above ground, shading by leaves of
adjacent teosinte plants was shown to decrease tillering in Balsas
teosinte whereas modern maize has largely lost this architectural
strategy as it typically has few or no tillers (Doebley et al., 1995;
Lukens and Doebley, 1999). Similarly, in the Balsas River Valley,
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Wilkes (1977) has observed that tillering in teosinte is
reduced in apparent spots of low soil fertility, allowing
teosinte to decrease its shoot nutrient requirements while
most modern maize genotypes do not have this option.
Thus, an indirect consequence of domestication has been
loss in the ability of modern maize to respond to competi-
tion and low soil fertility using shoot tiller plasticity.

The native habitat of Balsas teosinte, the Balsas River
Valley, is mountainous, has well-drained soils, and >80%
of the rain falls intensively between June and October. As
a result, annual flushing of mobile soil nutrients, especially
N, may occur combined with seasonal fertilization from
runoff and organic matter decomposition (Hastorf, 2009)
resulting in a nutrient-variable environment. In addition,
in the Balsas River Valley, teosinte competes with tropi-
cal deciduous trees, other grasses, and annual dicots [e.g.,
Bidens spp., Coreopsis spp., and Tithonia diversifolia (Hemsl.)
A. Gray] for soil nutrients (Fukunaga et al., 2005; Iltis et al.,
1979; Piperno et al., 2007; Ruiz Corral et al., 2008; Wil-
kes, 1977). In contrast, modern maize is cultivated with low
interspecies competition and has been grown and selected
with added fertilizers applied at regular intervals.

Given the changes associated with maize domestication,
including changes in competition, habitat, and cultivation
practices, one unexplored hypothesis is that domestication
may have not only altered maize shoot architecture but may
have also changed the morphology and physiology of the
root system. The architecture of the teosinte root system
has not been reported, but the root system of modern maize
is large, complex, and plastic. At the seedling stage, the
embryonic root system of modern maize consists of a single
primary root and a variable number of branched seminal
roots (Fig. 1A). Subsequently in development, thick crown
roots (CRys) initiate from the shoot below ground and form
the backbone of the adult root system (Hochholdinger et
al., 2004) (Fig. 1B). Additional brace roots also initiate from
the shoot but above ground to ensure anchorage of the stem
(Fig. 1C). Lateral roots, which initiate from the CRs, form
an expansive underground branch network including sec-
ondary, tertiary, and higher orders of branching (Fig. 1C).
Finally, the crown and lateral roots (LRs) initiate root hairs
(R Hs) that interact with soil to take up water and nutrients
(Fig. 1C).

The root system of modern maize visibly responds to
nutrient stress—of particular interest is N—which lim-
its maize yields worldwide (Sinclair, 1998). Low N (LN)
has been reported to alter modern maize root growth and
architecture (Chun et al., 2005; Feil et al., 1990; Liu et
al., 2008, 2009; Maizlish et al., 1980; Schortemeyer et al.,
1993; Vamerali et al., 2003; Wang et al., 2005). In general,
these experiments show that LN treatment increases the
total length of LRs while limiting the numbers of semi-
nal and CRs (axial roots). Morphologically, modern maize
also responds to LN by decreasing shoot growth relative to

root growth, to reduce nutrient demand while maintain-
ing nutrient uptake; this results in an increased root:shoot
biomass ratio (Ding et al.,, 2005; Echarte et al., 2008;
McCullough et al., 1994; Rajcan and Tollenaar, 1999).

Physiologically, the roots of modern maize acclimate to
changes in external N by altering the expression of N uptake
transporters (Quaggiotti et al., 2003; Trevisan et al., 2008).
The most important N source for maize is nitrate, but nitrate
concentrations in soils can vary spatially and temporally
from a few hundred micromoles to 20 mmol (Dechorgnat
et al.,, 2011). Plants have evolved different transporter sys-
tems to cope with this wide ecosystem variation (Crawford
and Glass, 1998). At high external nitrate, there is a low-
affinity transport system that is thought to be constitutively
expressed. At low external nitrate, there is a high-affinity
transport system, members of which can be constitutively
expressed or inducible by LN (Crawford and Glass, 1998).
Within each gene family, a plant may have multiple paralogs
that perform similar functions but are expressed in different
tissues, enabling N uptake from the soil, xylem loading from
the root, and transport to shoot organs including unloading
in leaves (Dechorgnat et al., 2011). The genome of modern
maize (inbred B73) appears to encode two low affinity nitrate
transporters (ZmNrt1.1 and ZmNrt1.2) and three high affin-
ity nitrate transporters (ZmNrt2.1, ZmNrt2.2, and ZmNrt2.3)
(Quaggiotti et al., 2003, 2004; Trevisan et al., 2008) (Maize
Genome Project, 2010). Some NRT?2 transporters need to
interact with a second protein encoded by the Nar2/Nrt3
gene family to be functionally active (Okamoto et al., 2006;
Orsel et al., 2006). Modern maize (inbred B73) appears to
encode two NARZ2 proteins (ZmNar2.1 and ZmNar2.2)
(Maize Genome Project, 2010).

Although several N responses in modern maize have
been well characterized, the responses by Balsas teosinte
have not been systematically characterized above ground
and no phenotyping has been undertaken below ground.
Furthermore, the N transporter genes of teosinte have not
been reported or characterized. Strategies that maintain fit-
ness in Balsas teosinte under N stress may provide novel
traits and genetic targets to improve N acquisition in mod-
ern maize. For example, although some modern maize gen-
otypes can form aerenchyma to facilitate oxygen transport
to roots after the plants are flooded, the teosinte genotypes
Zea nicaraguensis (H.H. Iltis & B.F. Benz) and Z. luxurians
(Durieu & Asch., R.M. Bird) form aerenchyma even at the
seedling stage under nonflooded conditions, identifying
a hypermorphic trait for possible introgression into mod-
ern maize (Mano et al.,, 2007). Examination of N stress
responses in Balsas teosinte may also provide insights into
how plant architecture and physiology coevolved during
domestication (Hancock, 2005; Ross-Ibarra et al., 2007).

Here we investigated both the shoot and root morpho-
logical and physiological responses of Balsas teosinte to LN
and high nitrogen (HIN), with the major source of N being in
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Figure 1. Schematic diagrams of root system development in modern maize at the (A) embryonic stage and (B and C) postembryonic
stages at successive days after germination (DAG). (A) The primary root (PR) and seminal roots (SR) initiate from the embryo. (B) Lateral
roots (LRs) initiate from SR and PR while crown roots (CRs) initiate from the stem. (C) The mature root system comprises multiple CRs
and their LR, which undergo branching. Structural brace roots (BRs) and root hairs (RHs) are also shown. CO, coleoptile.

the form of nitrate. Morphologically we focused on dynamic
changes in root architecture in response to LN. Physiologi-
cally, as Balsas teosinte was found to have high nitrogen uptake
per unit root length under LN, we attempted to amplify and
monitor the expression of genes encoding all three nitrate
transporter families (NRT1, NRT2, and NARZ) in teosinte
to elucidate if domestication affected plant responses to LN by
altering the regulation of these transporters. These responses
were compared to modern maize inbred “W22’. This specific
inbred was chosen to facilitate future genetic studies as a W22
X Balsas teosinte mapping population was previously gener-
ated by Doebley and colleagues (Briggs et al., 2007; Doebley
et al., 1995; Lukens and Doebley, 1999). Furthermore, W22
shoots have already been extensively characterized in maize
domestication studies (Briggs et al., 2007; Doebley et al., 1995;
Lukens and Doebley, 1999). For root morphology studies,
we employed aeroponics, a growth system in which roots are
suspended in the air and misted with a nutrient solution. In
maize, aeroponics has been used for physiological studies on
nitrification (Padgett and Leonard, 1993), to examine the root
elongation zone (Freundl et al., 2000; Pellerin and Tabourel,
1995), and for genotype screening for disease resistance (du
Toit et al., 1997). Aeroponics allows maize plants to be grown
to maturity and hence permits examinations of connections
between tillering and root system architecture, root systems at
late growth stages, and measurements of fine roots and R Hs
in a uniform rhizosphere environment with minimal experi-
mental noise (Gaudin et al., 2011). Further, responses by maize
roots to nutrient stress in aeroponics have been shown to be
similar to substrate-grown maize (Gaudin et al., 2011). Using
aeroponics, we show that the responses to LN by Balsas teo-
sinte are surprisingly similar to W22 but the physiological and

morphological mechanisms used to achieve these responses are
often different.

MATERIALS AND METHODS

Plant Materials

Zea mays subsp. parviglumis Balsas (Balsas teosinte) seeds (ID
9477) (Doebley, 1990; Matsuoka et al., 2002) were obtained
from CIMMYT from an open pollinated population. Maize
inbred line W22 (Briggs et al., 2007; Doebley et al., 1995;
Lukens and Doebley, 1999) was obtained from the Maize
Genetic Stock Center (accession NSL 30053, lot 04ncai02;
USDA, North Central Station, Ames, [A).

Plant Growth System

Maize plants were grown in a custom-made aeroponics growth
system where plant roots were suspended and misted in the air
with a nutrient solution in a closed loop. Using a nylon net (0.6
by 0.3 cm, Plant Products, Brampton, ON, Canada) to suspend
seeds, pairs of plants were suspended onto 133-L black barrels
containing internal microjets that were connected to a nutrient
solution tank; the solution was replaced weekly. Four indepen-
dent but identical aeroponics systems were constructed side by
side. For each system, a 100-L nutrient solution fed 12 plants
distributed among six barrels. Nutrient delivery was optimized
for each genotype according to the root size and in some cases
developmental stage. Uniform misting among barrels was
achieved by matching the number of barrels with the pressure
of the submersible pump (e.g., 6 barrels were chosen instead of
more). Two microjets, one flanking each of the two root sys-
tems, were used in each barrel allowing uniform misting of the
complete root system and percolation on the full root length,
even the most inner roots. Spray uniformity was maximized by
placing the microjets at the height equivalent to the bottom of
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the seed net, resulting in spraying roots from above. Sprinklers
with a 5 to 20 pm droplet size and 180 degree spraying pattern
also allowed uniformity. The flow rate at each microjet was
measured to be 16.5 + 0.8 mL s™'. To ensure that each root
system was constantly moistened and to meet the plant transpi-
ration demand at 30 d after planting, the frequency of misting
was optimized to 10 s of misting per min. Finally, the pH and
temperature of the nutrient solution were checked daily and the
solutions were kept at £2°C from room temperature. To avoid
temperature rise, the solution tank was covered with a white
plastic garbage bag during the summer. Using these optimized
conditions, plants exhibited no signs of water stress or accumu-
lation of salts on the root surface and had low plant-to-plant
variability. In addition, aeroponics permitted nondestructive
sampling of the large postembryonic root system of maize.

Growth Conditions
Seeds were surface sterilized using 20% bleach with 0.05%
Tween 20 for 5 min and washed twice for 10 min each with
water. Teosinte fruit cases were cut closest to the radicle with a
nail clipper to improve the homogeneity of germination. Seed-
lings were germinated in the dark with distilled H,O-soaked
filter paper with 1 mL of Maxim XL fungicide (Syngenta Crop
Protection, Greensboro, NC). Uniformly germinated seedlings
were transferred to the aeroponics growth system in a glass
greenhouse under a mixture of high pressure sodium and metal
halide lamps (800 pmol m~2 s~ at pot level), 16-h photoperiod,
and 28/20°C day/night regime during January through March
2009. Six plants per genotype were grown under either HN
(20 mmol) or LN (8 mmol, see below) for 35 d (12 leaf tips on
average for W22) with two replicates arranged in a randomized
block design. The experiment was repeated two times (n = 24).
The HN and LN nutrient solutions both contained 1 mmol
MgSO,, 0.1 mmol K,SO,, 1 mmol KCI, 2 mmol KH,PO,, 0.04
mmol H,BO,, 0.02 mmol MnSO,, 0.7 pmol ZnSO,, 0.3 pmol
CuSO,, 0.5 umol (NH,)Mo,0,,,
triaminepentaacetic acid (Fe-DTPA). Seven days after planting

and 1 mmol ferric diethylene-

(3-leaf-tip stage for W22), 3 ¢ ethylenediaminetetraacetic acid
(EDTA)—chelated micronutrient mix (Plant-Prod #7906B7B,
Plant Products, Brampton, ON, Canada) was added per 100 L
of the above solution for a final concentration of 2.1 mg L™ Fe
(5% EDTA chelated and 2% diethylenetriaminepentaacetic acid
[DTPA] chelated), 0.6 mg L~! Mn, 0.12 mg L™ Zn, 0.03 mg L'
Cu, 0.39 mg L' B, and 0.018 mg L~! Mo. The HN treatment
contained 6 mmol Ca(NO,), and 4 mmol NH,NO, while the
LN treatment had 2 mmol Ca(NO,), and 2 mmol (NH,)NO,.
Calcium ions were balanced using 5.5 mmol CaCl,. The LN treat-
ment was chosen according to previous experiments that showed
a 30% biomass reduction compared to HN in other maize geno-
types in our aeroponics system (data not shown). The pH of the
solutions was maintained on a daily basis in the 5.7 to 6.3 range.

Plant Measurements

Given the dramatic differences in leaf number between Bal-
sas teosinte and W22, all comparisons were normalized by
age rather than phenological stage. At 35 d after transplanting
(DAT), shoots were analyzed for biomass partitioning between
stems and leaves after 48 h of drying at 82°C. The number of
emerged leaf tips and tillers were counted. All leaf blades were

harvested and the total green leaf area was measured with a
LI-3000 leaf area meter (LI-COR, Lincoln, NE).

Root systems were harvested at 35 DAT, weighed, and flat-
stored in trays containing 50% ethanol at —20°C. Twelve hours
before root scanning, roots were thawed and floated in water
in 30 by 42 cm transparent plastic trays, and then they scanned
using a Large Area scanner (LA2400, Hewlett-Packard, Palo
Alto, CA). Root traits were quantified using WinRhizo soft-
ware root diameter analysis (Version PRO2009; Arsenault et al.,
1995). Scans were analyzed for total root length per plant and the
image analyzer was set up to measure length per diameter class
allowing analysis of LRs (LR < 0.2 mm) and CRs (CR > 0.5
mm) separately. Brace roots were excluded. The CR number was
scored by counting their initiation in the crown region. The root
mass was measured following drying (82°C for 48 h).

At 15 DAT, one newly initiated CR from each plant was
labeled for RH measurements. At 35 DAT, a 5-cm long CR seg-
ment beginning 15 cm distal to the elongation zone was removed
and stored in deionized water at 4°C until processing. For each
CR segment, RH were measured from four first order LRs. Try-
pan blue was used to stain LRs by adding a 0.1% Trypan blue
solution to roots for 2 min followed by washing with distilled
H,O for 1 min. Root hair density was measured by counting
RH on the full semicircular plane of a 2-mm LR segment under
a light microscope (100x, Zeiss, Heidelberg, Germany). This
measurement was then multiplied by two for an estimate of the
total RH number per LR segment and further extrapolated to
estimate the total RH length per root system. Root hair lengths
were measured using a light microscope (MZ8, Leica, Wetzlar,
Germany) with a 1 mm stage micrometer with 100 divisions (0.1
pm per division); four images per LR were taken using North-
ern Eclipse software (v5.0; Empix Imaging, 2004). Images were
exported to Image] software (V1.40 g; Abramoff et al., 2004).
The scale in the Analyze function was set to 37 pixels per 100
pm based on the micrometer. Total RH length per 100 um of
LR was quantified by digitally tracing individual RH in Image];
only protruding RH in side profile were traced. The RH mea-
surements are robust as RH were traced from a total of 960 digi-
tal images per N treatment per genotype. Digital tracing of ~30
RH per image was used to quantify average lengths and thus a
total of ~60,000 RH were quantified.

Total leat N content was measured using the Dumas combus-
tion method (Dumas, 1831). The ammonium and nitrate inorganic
fractions were measured using the standard spectrophotometric
methods (650—-660 nm) from the USEPA (1983, 1993). All three
measurements were performed on the apical half of the last fully
expanded leaf on the main stem. Eight pools of three plants each
were quantified. Nitrogen use efficiencies (NUEs) in W22 and
Balsas teosinte were estimated as follows: shoot N utilization effi-
ciency (NUE) = shoot dry weight/shoot total N content (where
shoot total N content was estimated as N content per gram of leaf
dry weight X total shoot dry biomass), shoot N uptake efficiency
(NUpE) = shoot total N content/N supply (20 mmol or 8 mmol
of total N), and NUE = NUtE X NUpE.

Nitrogen Transporter Expression

The expression of major nitrate transporter genes was examined by
first isolating RINA from LRs and associated RHs in a zone 15 to
20 cm away from the CR tip at 35 DAT. Polymerase chain reaction
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(PCR) efficiencies were determined by a series of 10-fold comple-
mentary DNA (cDNA) dilutions. Polymerase chain reaction prim-
ers corresponding to all seven nitrate transporter genes in modern
maize (ZmNrtl.1, ZmNrtl.2, ZmNrt2.1, ZmNrt2.2, ZmNrt2.3,
ZmNar2.1, and ZmNar2.2) were designed using primers from the
literature (Quaggiotti et al., 2003, 2004; Trevisan et al., 2008) and
from the maize genome database (Maize Genome Project, 2010).
Initial attempts were made to amplify transporter orthologs from
Balsas teosinte root messenger RNA (mRNA) in the absence of
relevant teosinte DNA sequence. Sequencing of amplicons showed
that only Nrt1.1, Nrt1.2, Nrt1.3, and Nar2.1 orthologs were suc-
cessfully amplified from teosinte roots. Subsequent root expres-
sion analysis was limited to these four genes using the following
highly purified salt-free primers: Nrtl.1 (gi|37778585): forward
5-CTGTCTGGCACCGTGATTGT-3, reverse 5~-CGTAGCT-
GACTGCCCACCTAA-3; Nrtl.2 (g1|63397127): forward
5“TGTTCTCGGCGTGGTGAA-3', reverse 5-CCTCTG-
TACCTGACGGAGCAA-3";  Nrt2.3  (gi|63397156):  for-
ward 5-CTTCTTCACCACGTCCAGCTACT-3', reverse
5'-GCCATGATGCCCATGTTCTC-3"; Nar2.1 (gi|63397072):
forward 5'-GCGGGTGGCGCAAGT-3', reverse 5-TTGAACT-
GGCACGCCTTGT-3"; and Tubulin (gi|195610153): forward
5-GAGTGCATTTCGATCCACATCG-3', reverse 5-GTT-
GTTGGCTGCATCCTCCTTC-3". Amplification conditions
were as follows: 95°C for 10 min followed by 40 cycles of dena-
turation at 95°C for 15 sec, annealing (53°C for Nar2.1 and 60°C
for Nrt2.3, Nrtl.1, Nrt1.2, and Tubulin) for 30 sec, and extension
at 72°C for 1 min. As we were concerned about possible DNA
target polymorphisms in teosinte versus W22 creating artifacts,
StepOne software (v2.2.2; Applied Biosystems, 2010) was used to
measure the efficiency of primer annealing and amplification for
each primer set in both genotypes using the 2*Ct method (Pfaffl et
al., 2002) and these efficiencies were taken into account in all data
shown. The relative expression ratio of the target genes was calcu-
lated based on real-time PCR efficiency and transporter expression
was normalized to Zea mays a-tubulin-3 (Genbank-EU954789.1)
as previously described (Liu et al., 2009).These results were veri-
fied independently using REST (relative expression software tool)
(Pfaffl et al., 2002).

Statistical Analysis

Statistical analyses were performed using the MIXED proce-
dure of the SAS statistical software package (Version 9.1; SAS
Institute; 2010) with replications and repetitions as random
effects and N treatment and genotypes as fixed effects. Residu-
als were tested for normality using the Shapiro Wilk normal-
ity test; Lund’s test was used to identify and remove outliers.
Unbalanced two-way ANOVA and partition were calculated
using F-test, and Tukey’s test was used for multiple pairwise
comparisons with a type I error of 0.05.

RESULTS

Root:Shoot Biomass Ratio

Under nonlimiting HN, the root:shoot biomass ratio
was not significantly different between teosinte and W22
(Table 1) while under LN the root:shoot ratio increased to
a similar extent in Balsas teosinte and W22 resulting from

decreased shoot biomass but increased root biomass (Table
1). In response to LN, the shoot biomass of Balsas teosinte
decreased by 43%, which was similar to the 49% decline
in W22. However, the basis of this decline was differ-
ent: in Balsas teosinte, the tiller number and leaf num-
ber declined dramatically (—65% and —40% respectively)
whereas the average leat dry weight remained unchanged.
In contrast, in W22, the tiller number was always zero and
the leaf number remained unchanged but the average leaf
dry weight decreased (—40%). Similarly, LN caused both
Balsas teosinte and W22 stems to have decreased biomass
(39 and 46%, respectively), but in W22 this was not due to
reduced tiller stem number (Table 1).

Nitrogen Responses
Balsas teosinte and W22 showed a similar decrease in
leaf total N concentration (65 and 70%, respectively) in
response to LN (Fig. 2A). In terms of the inorganic N
storage pool, total leaf nitrate and ammonium similarly
declined in both teosinte and the modern inbred (83 and
78%, respectively) (Fig. 2B).

Despite no difference in leaf N concentration between
the two genotypes (Fig. 2A), the estimated total shoot N
content was approximately twofold higher in Balsas teo-
sinte compared to W22 due to the greater shoot biomass
of teosinte (Fig. 2C and D). Given this difference in N
demand, these genotypes were investigated for possible dif-
ferences in N uptake or utilization, the two components of
NUE. As shoot NUE is defined as shoot biomass per unit
of N supplied (Hirel et al., 2007; Moll et al., 1982; Raun
and Johnson, 1999), it was not surprising that teosinte had
a higher shoot NUE than the smaller W22 inbred; more
importantly, both genotypes showed similar increases in
NUE in response to LN (+56 fold for teosinte and +50 fold
for W22) (Fig. 2E). The shoot NUtE increased in both teo-
sinte and W22 in response to LN, with the increase being
greater in the modern inbred (+233% for W22 and +182%
for teosinte) (Fig. 2F). Similarly, in response to LN, both
genotypes showed increases in shoot NUpE (+144% for
W22 and +193% for teosinte; Fig. 2G).

Root System Architecture

and Nutrient Dynamics

In response to LN, the developmental mechanisms
responsible for the decrease in shoot biomass were differ-
ent between Balsas teosinte and W22. Since the architec-
ture of a root system is critical for efficient nutrient uptake
(Fitter, 1991; Lynch, 1995, 2007; Moll et al., 1982), we
asked whether the increase in root biomass also resulted
from different architectural adaptations. Under HN, simi-
lar to the above ground high-tillering phenotype (Fig. 3A
and 3B), the Balsas teosinte root system was bushier than
the modern inbred (Fig. 3A and 3C). Teosinte had ~ 50%
more CRs than W22 (91 vs. 61, respectively) (Fig. 4A),
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Table 1. Dry biomass allocation and shoot traits under high and low N treatments in a modern maize inbred line and its wild teosinte ancestor. Values are least square

means from ANOVA = SE (n

24) 35 d after transplanting.

Shoot traits

Total leaf

Dry weights (g per plant)

Avg. leaf dry Avg. stem

Avg. leaf

No. of leaf

Root to
shoot ratio

dry weight

area (cm?) area weight

No. of tillers

tips

Shoot Stem Leaves Root

Total
Balsas teosinte (Zea mays subsp. parviglumis)

1.9 £ 0.08a
3.1 +0.08b

0.31 = 0.1a
0.29 + 0.1a

15.2 + 11a

679+3.2a 16.7+1.2a 1048.6 +97.4a

17.3+06b 0.52 +0.05b 38.0+3.0b

13.8+0.6a 0.28 +0.05a

31.8+24a 2506+ 1.8a

57.8 £ 5.2a

71.6 + 3.8af
50.3+3.8b 331 +5.2b

Modern inbred line (Zea mays subsp. mays)

High N (20mmol)
Low N (8 mmol)

504.0+92.7b 121 +1.1b

57 +1.1b

12.8 + 1.8b

191 +2.4b

11+01b 204 +1.2c

1154.5 + 100.7a 94.8 + 7.2b

0
0
NAT
NA
NA

204 +18b 143+09b 104 +0.6c 0.31+0.06a 129 +3.5¢
14.6 £ 0.6d 0.61 +0.05b

458 +28b 354 +22b

32.7 £ 2.8C

High N (20mmol)
Low N (8 mmol)

Gt

0.6+01c 11.2+1.2d

58.2 + 7.2C

691.5 + 95.9b

11.6 +3.2c

11.2+1.8c 8.1 +0.9¢c
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*Significant at p

0.01.
fMeans within a column followed by the same letter are not significantly different under high and low N at p

G, genotype.

**Significant at p

0.05.

SNS, not significant.

INA, not applicable.

#N, nitrogen treatment.

ftinteraction between genotypes and N treatment.

which were 32% shorter in teosinte (Fig. 4B). Under LN,
both teosinte and W22 decreased CR number (—65 and
—42%, respectively) (Fig. 4A and 4D through 4G). Both
genotypes also increased the average length of individual
CRs, but this increase was only 33% in W22 compared to
285% in teosinte (Fig. 4B). Taken together, the total CR
length increased by 33% in teosinte in response to LN but
decreased by 20% in modern maize (Fig. 4C).

In teosinte, the CRs originate from the base of indi-
vidual tillers (Fig. 5A). As noted above, there was a large
decline in CR number in teosinte under LN. In response
to LN, a similar reduction in the number of shoot tillers
was observed in teosinte (Table 1; Fig. 5B and 5C). There
was a strong positive correlation between declines in the
number of tillers per plant in teosinte and the number of
corresponding CR (Fig. 5D). We conclude that the decline
in CR number in Balsas teosinte in response to nutrient
stress 1s related to a decline in shoot branching. However,
W22 also responded to LN with a reduction in CR number
similar to teosinte (Fig. 4A) despite having a single stem
with no tillers even under HN (Fig. 2A and 2C; Table 1).

The different orders of LR s represent 95% of the total
root length excluding RHs (Fig. 6A and 6B). In response
to LN, we observed similar increases in total root length
in Balsas teosinte and W22 (11 and 15%, respectively)
(Fig. 6A) resulting from proportionally similar increases
in LR length (Fig. 6B). We asked whether W22 and teo-
sinte compensated for this increased metabolic demand. In
response to LN, Balsas teosinte and W22 both produced
more length of roots per unit biomass (specific root length)
(Fig. 6C) demonstrating that both genotypes compen-
sate for increasing root scavenging perhaps by decreasing
the overall root system thickness. However, the modern
inbred compensated to a greater extent than Balsas teo-
sinte (+58 and +24%, respectively) (Fig. 6C).

We also calculated the N uptake per unit root length
as the ratio of N taken up divided by the total LR length.
In both Balsas teosinte and W22, the N uptake per unit
LR length declined six- to eightfold in response to LN
(Fig. 6D), possibly reflecting the conserved increased cost
of having to scavenge more soil due to declining external
N. Interestingly but opposite to prediction, under LN, N
uptake per unit LR length was actually 60% higher in
teosinte than the modern inbred (Fig. 6D).

Root hairs contribute negligibly to the root:shoot bio-
mass ratio but may be major sites of nutrient uptake. Rep-
resentative images of the responses of Balsas teosinte and
modern maize to N stress are shown (Fig. 7A through 7D)
along with quantitative measurements (Fig. 7E through
7G). In response to LN, the total RH length decreased in
both teosinte and W22 (=53 and —52%, respectively) (Fig.
7E), but the underlying mechanisms were different: in teo-
sinte it was due to decreased average root length (Fig. 7F)
whereas in W22 the RH density declined (Fig. 7G).
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concentration per gram of dry leaf tissues. (C) Shoot total N content. (D) Shoot dry weight. (E) Nitrogen use efficiency (N uptake efficiency
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dry weight; HN, high nitrogen.

Nitrate Uptake Transporters

Absolute transcript levels (Supplemental Fig. S1) were
used to calculate whether the plasticity of transporter gene
expression was conserved between teosinte and W22 in
response to changing N (Fig. 8). Orthologs of four of the
seven known nitrate transporter genes in modern maize
(B73) could be successfully PCR amplified from teosinte
root mRNA (Nrt1.1, Nrt1.2, Nrt2.3, and Nar2.1). In terms
of the low affinity transporters, ZmNrt1.2 showed no sig-
nificant change in both genotypes in response to LN while
ZmNrtl.1 was upregulated in W22 but downregulated
in teosinte (Fig. 8). In terms of the high afhnity trans-
porters, involved in adapting to LN, they were similarly

upregulated in response to LN in both teosinte and W22
(Fig. 8). However, ZmNrt2.3 was upregulated twofold more
in teosinte than in the modern maize inbred in response to
LN. ZmNar2.1 showed a proportional increase under LN
in both genotypes (Fig. 8) but the absolute transcript levels
were approximately eightfold higher in teosinte than W22
under both HN and LN (Supplemental Fig. S1).

DISCUSSION

Maize is well known to require high amounts of N for opti-
mal yield. Here we examined how the closest living wild
ancestor of modern maize, Balsas teosinte, responded to LN
stress to identify traits that may have been altered during
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Figure 3. Comparison of the root system of W22 and Balsas teosinte. (A) W22 (left) and Balsas teosinte (right) at 35 d after transplanting
(DAT) into an aeroponics growth system. (B) Crown root region from W22 (left) and Balsas teosinte (right). (C) Basal part of the root system

in W22 (left) and Balsas teosinte (right) at 35 DAT.

domestication and breeding and to facilitate future studies
using a teosinte X W22 mapping population. Above ground,
Balsas teosinte harbors numerous tillers that bear many
leaves, resulting in a large, bushy plant. In contrast to teo-
sinte, the shoot of the modern maize genotype used in this
study, W22, has less biomass and a single stem with fewer
leaves. Balsas teosinte grows in the wild in a variable and
challenging mountainous environment in subtropical south-
western Mexico. This environment is subject to seasonal
fertilization from recessional flooding and mineralization,
extended dry seasons, and interspecies competition for nutri-
ents (Fukunaga et al., 2005; Hastorf, 2009; Iltis et al., 1979;
Piperno et al., 2007; Ruiz Corral et al., 2008; Wilkes, 1977;
Zhu et al., 2010). Compared to teosinte, W22 was bred in
the temperate, fertile, highly productive plains of the north-
ern United States (Wisconsin), cultivated as a monoculture.
W22 is separated from Balsas teosinte by 9000 yr of domes-
tication and artificial selection (Hastorf, 2009; Piperno et al.,
2009; Ranere et al., 2009; Sluyter and Dominguez, 20006).
Given their extreme differences in plant habitat, size,
and morphology, we hypothesized that Balsas teosinte and
W22 would differ in their adaptation strategies to chang-
ing N, especially underground. Surprisingly, we found
considerable conservation in the fundamental responses
by these genotypes to LN stress in terms of the change
in biomass allocation (Table 1), shoot morphology (Table
1), root architecture (Fig. 4A, 6A, and 6B), RH length
(Fig. 7E), and regulation of N transporters (Fig. 8). The

decline in CR number in response to LN in both Bal-
sas teosinte and W22 was consistent with responses by a
diversity of modern maize genotypes (Chun et al., 2005;
Liu et al., 2008, 2009; Wang et al., 2005). The increase
in LR length in Balsas teosinte in response to LN was
not only proportionally similar in W22 but is consistent
with reported LR responses across a diversity of modern
maize inbreds and hybrids (Chun et al., 2005; Liu et al.,
2009; Wang et al., 2005). The decline in the shoot N con-
centration in response to LN was also conserved in Bal-
sas teosinte in comparison to W22 (Fig. 2A through 2C).
Furthermore, the absolute leaf N concentrations under
LN and HN were also surprisingly conserved (Fig. 2A and
2B). The decline in leaf N concentration in response to
LN has previously been shown in several different maize
landraces and inbreds (Lafitte et al., 1997; Liu et al., 2009;
Niu et al., 2007; Pérez Leroux and Long, 1994; Vos et al.,
2005). Similar results have been reported in pre- and post-
domesticated wheat (Triticum aestivum L.) and barley (Hor-
deum vulgare L.) (Wacker et al., 2002). Increased NUtE
and NUpE in response to LN similarly appear to have
been conserved across maize domestication given results
from W22 (Fig. 2E through 2G) and other studies using
modern maize (Liu et al., 2009; Martins et al., 2008; Pre-
ster] et al., 2002; Worku et al., 2007). We conclude that
9000 years of selective breeding do not appear to have
altered many fundamental developmental and physiologi-
cal responses to N stress in maize.
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(n = 24).

Divergence of Underlying
Developmental Mechanisms

Despite apparent conservation by Balsas teosinte and W22 in
many responses to LN, we found that the underlying devel-
opmental strategies to achieve these responses were often dif-
ferent (summarized in Fig. 9). Balsas teosinte reduced tiller
number and leaf number to achieve decreased shoot biomass
whereas W22 decreased leaf size and stem weight (Table 1).
Second, since CRs originate from the base of tillers, teosinte
reduced its CR number by decreasing tiller number whereas
the modern inbred decreased CR number without tiller
plasticity (Fig. 4 and 5). One possibility is that Balsas teosinte
reduces the number of CR under LN to counterbalance the
metabolic cost of their elongation, using tiller plasticity as the
mechanism. If so, these shifts were likely unavoidable con-
sequences of artificial selection by ancient agriculturists in
Mexico for increased apical dominance.

With respect to leaf area, once maize lost the capacity to
dramatically reduce leaf number by reducing tiller number,

the plant had to develop an alternative strategy to reduce shoot
mass in response to nutrient stress. Domestication may have
resulted in a shift in the meristem that primarily perceives N
stress, from the shoot axillary branch (tiller) meristem located
in the leaf axil (teosinte) to the leaf growth meristem located
at the base of each leaf. This would result in a smaller leaf'size
(Tardieu et al., 2000) as was observed in W22 under LN.
Consistent with these results, in diverse modern inbreds and
hybrids, LN was shown to cause decreased leaf area with-
out decreasing leaf number (ID’Andrea et al., 2006, 2009) by
affecting the leaf elongation zone (Téth et al., 2002; Vos et
al., 2005). Vos (2005) has noted that in plants without til-
ler plasticity (maize, Brussels sprouts [Brassica oleracea L.,
and sunflower [Helianthus annuus L.]), N limitation causes a
reduction in leaf size while in plants that possess tiller plas-
ticity (potato [Solanum tuberosum L.] and pearl millet [Penni-
setum glaucum (L.) R. Br.]), leaf number changes rather than
leaf size. It is important to note that, in modern maize, tiller
meristems do exist but are in a state of permanent repression
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and are no longer responsive to the environment (Doebley et
al., 1997; Doust, 2007).

Modern maize apparently has the ability to reduce CR
number in response to N stress despite losing tillering plas-
ticity. We observed that W22 reduced CR number under
LN (Fig. 4A) despite having a single stem regardless of the
N concentration (Fig. 3A). During maize evolution, a shift
in signaling had to occur from repressing axillary tiller bud
outgrowth under LN (teosinte) to directly repressing adven-
titious root meristems (modern maize). In wheat, barley, and
rice (Oryza sativa L.), domestication and genetic improvement
also altered tiller number with corresponding alterations in
CR number, but the result was opposite to maize: breed-
ing of dwarf and semidwarf varieties in these other crops
increased both tiller and CR number (Hockett, 1986; Lo et
al., 2008; MacKey, 1979) leading to a more extensive, shal-
low root system (Chloupek et al., 2006; Evans, 1993; Waines
and Ehdaie, 2007; Yoshida et al., 1982).

Ecological Significance

Similar to previously studied modern maize genotypes
(Ding et al., 2005; Echarte et al., 2008; McCullough et al.,
1994; Rajcan and Tollenaar, 1999), both teosinte and W22
responded to LN by decreasing shoot biomass while main-
taining root biomass, presumably to decrease overall nutri-
ent requirements but preserve resource allocation to the

root system. What appears to be a universal LN response
in the genus Zea is not however a universal plant response:
in a survey of ~130 species, no consistent pattern was found
in the root:shoot plasticity in response to N (Reynolds and
D’Antonio, 1996) nor among species adapted to different
soil fertilities (Campbell et al., 1991; Grime et al., 1991).
Crown roots are responsible for long distance search-
ing from the stem by positioning LRs and RHs in nutri-
ent-rich patches. Under HN conditions, W22 had fewer
CRs but they were significantly longer than Balsas teo-
sinte, resulting in a higher proportion of roots being
deeper (Fig. 4 and 9). It has been suggested that increased
yields are associated with the abundance of finer roots in
deeper horizons than at the surface soil layer (King et al.,
2003). However, despite the higher grain yield of W22
compared to Balsas teosinte, CRs elongated only 30%
in the modern inbred in response to LN compared to
285% in teosinte (Fig. 4B). Since CRs grow both verti-
cally and horizontally (Fig. 9), this difference may reflect
an ecological shift from interspecies competition for soil
nutrients in the wild to intraspecies competition under
cultivation in modern maize. This is because a weak cor-
relation exists between increased root length density and
nitrate uptake in maize monocultures while more roots
give a competitive advantage when interspecies competi-
tion occurs (Robinson, 2001; Robinson and Fitter, 1999).
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Elongated CRs in teosinte may therefore confer higher
fitness in the wild.

Additionally, our data infer that in teosinte, above-
ground competition may create a coordinated response
below ground and that N and light signaling pathways must
interact to regulate the response. As noted earlier, in teo-
sinte, a higher plant density or low soil fertility have been
observed to reduce shoot tillering (Doebley et al., 1995).
However, prolific tillering in teosinte may increase its com-
petitiveness during the vegetative phase under high fertility
conditions. In higher plants in general, high soil fertility is
associated with high vegetative growth and hence increased
competition for sunlight whereas low fertility results in
increased competition primarily below ground (Newman,
1973). Since tiller and CR number are correlated in teosinte
(Fig. 5D), the above- and below-ground responses to com-
petition may be ecologically connected.

We also observed differences in RH plasticity. In
response to LN, teosinte decreased the average RH length
whereas W22 reduced its RH density (Fig. 7). Ecologi-
cally, decreased average RH length decreases the deple-
tion zone perimeter around LRs (Bhat and Nye, 1973;
Lewis and Quirk, 1967). It will be valuable to understand

the costs versus benefits of altering RH length versus
density, although other factors affecting the root deple-
tion zone such as soil physiochemical processes, symbi-
otic activity, and the higher CR system density of teosinte
(Fig. 4) may be part of the explanation (Barber, 1984). It
is also important to remember that RH help regulate not
only N uptake but also water and other nutrients includ-
ing immobile ions such as phosphate, which must be bal-
anced by RH breaks acting as potential pathogen entry
points to epidermal cells (Genre et al., 2009).

Finally, at the molecular level, in response to LN,
we observed differences in the expression of a subset of
nitrate transporters in Balsas teosinte and W22. In partic-
ular, expression of the low affinity transporter gene Nrtl.1
decreased threefold in teosinte but increased twofold in W22
under LN (Fig. 8; Supplemental Fig. S1). The low affinity
transporters are generally not thought to be transcriptionally
altered by exposure to LN (Glass et al., 2002). In Arabidop-
sis thaliana (L.) Heynh., however, Nit1.1 has been shown to
switch from functioning as a low affinity nitrate transporter
to a high affinity nitrate transporter under LN conditions,
caused by a posttranscriptional modification (Ho et al., 2009;
Liu et al., 1999). It may be that different Zea mays genotypes
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transplanting based on real-time quantitative polymerase chain reaction (PCR). Shown is the change in nitrate transporter gene expression
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use plasticity of Nrt1 expression to comodulate this switch by a shift to LN in maize and other species (Trevisan et al.,
mechanism to adapt to changing N conditions. In contrast ~ 2008), consistent with their ecological function to scavenge
to Nitl, at least some high affinity transporter genes (Nrt2) N when scarce (Glass et al., 2002). We similarly found that
have previously been shown to be transcriptionally activated ~ expression of Nrt2.3 increased several fold in both teosinte
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and W22 in response to LN although the level of induc-
ibility was greater in teosinte (Fig. 8; Supplemental Fig. S1).
Although previous studies implicated NRT2.1 and NRT2.2
in nitrate uptake and xylem loading in maize roots (Trev-
isan et al., 2008), the expression or function of NRT2.3 has
not previously been reported in maize. Our results show that
Nrt2.3 is highly expressed in Zea mays roots (Supplemental
Fig. S1) and that it is highly inducible by nitrate, thus making
it a member of the inducible high affinity transport system
(Glass et al., 2002). Based on results primarily from Arabi-
dopsis thaliana, high affinity transport systems are generally
thought to function when nitrate levels are extremely low
(<1 mmol) (Glass et al., 2002). In our study, however, the LN
treatment consisted of 6 mmol nitrate (8 mmol total N), sug-
gesting that Nrt2 genes in different species may be inducible
at different low-threshold concentrations of nitrate (Hormoz,
2000). In particular, our Nrf2 expression data suggest that

Balsas teosinte may be more adapted to a lower or more vari-
able soil N ecosystem than W22 (Fukunaga et al., 2005; Has-
torf, 2009; Iltis et al., 1979; Piperno et al., 2007; Ruiz Corral
et al., 2008; Wilkes, 1977). NRT2 was recently shown to
physically interact with cotransporter NAR?2 at the plasma
membrane of Arabidopsis thaliana plants, forming a tetramer
consisting of two subunits each of NRT2 and NAR?2 (Yong
et al.,, 2010). Not surprisingly, then, we found that expression
of Nar2.1 appeared to be coregulated with Nr2.3 (Fig. 8;
Supplemental Fig. S1), which is consistent with results from
Arabidopsis (Okamoto et al., 2006; Orsel et al., 2006). As to
why only four of the seven known maize nitrate transport-
ers were detected in teosinte roots, it may be that some of
these transporters are not expressed in teosinte roots or that
teosinte has DNA sequence polymorphisms overlapping the
maize-derived PCR primers used.
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CONCLUSIONS

This study attempted to identify N stress traits in maize,
which may have been altered during 9000 yr of human
selection as possible targets for future genetic improve-
ment. The adaptations to LN stress in Balsas teosinte and
the W22 were surprisingly conserved, but the strategies
employed were often different perhaps reflecting the
unique ecology and shoot architecture of these genotypes.
It may now be possible to map these polymorphic traits
using existing Balsas teosinte X W22 mapping popula-
tions. With respect to general statements about the impli-
cations of these results for maize domestication, a wider
study involving more modern and ancestral genotypes is
needed to confirm the generality of the responses observed
in this study.

Acknowledgments

We wish to acknowledge Dr. Neil Reese (South Dakota State
University) for his advice in building an aeroponics system for
maize, Dr. Darryl Hudson and Bridget Holmes for helping
to build the system. This work was supported by S.J. Smith
Memorial scholarships to A.C.M.G. and from an Ontario
Research Fund grant and Canadian Foundation for Innovation
equipment grant to M.N.R

References

Abramoft, M.D., PJ. Magalhaes, and S.J. Ram. 2004. Image pro-
cessing with Image]. Biophotonics International 11:36—42.

Applied Biosystems. 2010. StepOne real time PCR software.
Applied Biosystems Inc., Foster City, CA.

Arsenault, J.-L., S. Pouleur, C. Messier, and R. Guay. 1995. Win-
RHIZO, a root-measuring system with a unique overlap cor-
rection method. HortSci. 30:906.

Barber, S.A. 1984. Soil nutrient bioavailability: A mechanistic
approach. John Wiley & Sons, New York.

Bhat, K.K.S., and P.H. Nye. 1973. Diffusion of phosphate to plant
roots in soil. Plant Soil 38:161-175.

Briggs, W.H., M.D. McMullen, B.S. Gaut, and J. Doebley. 2007.
Linkage mapping of domestication loci in a large maize teo-
sinte backcross resource. Genetics 177:1915-1928.

Campbell, B., J. Grime, and J. Mackey. 1991. A trade-oft between
scale and precision in resource foraging. Oecologia 87:532—-538.

Chloupek, O., B. Forster, and W. Thomas. 2006. The effect of
semi-dwarf genes on root system size in field-grown barley.
Theor. Appl. Genet. 112:779-786.

Chun, L., G. Mji, J. Li, F. Chen, and F. Zhang. 2005. Genetic
analysis of maize root characteristics in response to low nitro-
gen stress. Plant Soil 276:369-382.

Crawford, N.M., and A.D.M. Glass. 1998. Molecular and physi-
ological aspects of nitrate uptake in plants. Trends Plant Sci.
3:389-395.

D’Andrea, E.K., M.E. Otegui, G.A. Cirilo, and G. Eyherabide.
2006. Genotypic variability in morphological and physiologi-
cal traits among maize inbred lines-nitrogen responses. Crop
Sci. 46:1266-1276.

D’Andrea, E.K., M.E. Otegui, G.A. Cirilo, and G. Eyherabide.
2009. Ecophysiological traits in maize hybrids and their
parental inbred lines: Phenotyping of responses to contrasting

nitrogen supply levels. Field Crops Res. 114: 147-158.

Dechorgnat, J., C. Nguyen, P. Armengaud, M. Jossier, E. Diatl-
off, S. Filleur, and F. Daniel-Vedele. 2011. From the soil to
the seeds: The long journey of nitrate in plants. J. Exp. Bot.
62:1349-1359.

Ding, L., K.J. Wang, G.M. Jiang, D.K. Biswas, H. Xu, L.F. Li, and
Y.H. Li. 2005. Effects of nitrogen deficiency on photosyn-
thetic traits of maize hybrids released in different years. Ann.
Bot. (London) 96:925-930.

Doebley, J. 1990. Molecular evidence and the evolution of maize.
Econ. Bot. 44:6-27.

Doebley, J. 2004. The genetics of maize evolution. Annu. Rev.
Genet. 38:37-59.

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

Doebley, J., A. Stec, and L. Hubbard. 1997. The evolution of apical
dominance in maize. Nature 386:485—488.

Doust, A.N. 2007. Grass architecture: Genetic and environmental
control of branching. Curr. Opin. Plant Biol. 10:21-25.
Dumas, J.B.A. 1831. Procédés de I'analyse organique. (In French.)

Ann. Chem. Phys. 247:198-213.

du Toit, L.J., HW. Kirby, and W.L. Pedersen. 1997. Evaluation of
an aeroponics system to screen maize genotypes for resistance
to Fusarium graminearum seedling blight. Plant Dis. 8:175-179.

Echarte, L., S. Rothstein, and M. Tollenaar. 2008. The response
of leaf photosynthesis and dry matter accumulation to nitro-
gen supply in an older and a newer maize hybrid. Crop Sci.
48:656—665.

Empix Imaging. 2004. Northern Eclipse image analysis software.
Version 5.0. Empix Imaging, Inc., Mississauga, ON, Canada.

Evans, L.T. 1993. Crop evolution, adaptation and yield. Cam-
bridge Univ. Press, Cambridge, UK.

Feil, B., R. Thiraporn, G. Geisler, and P. Stamp. 1990. Root traits
of maize seedlings — Indicators of nitrogen efficiency? Plant
Soil 123:155-159.

Fitter, A. 1991. Characteristics and functions of root systems, p.
3-24, In Y. Waisel et al. (ed.) Plant roots, the hidden half.
Marcel Dekker, New York, NY.

Freundl, E., E. Steudle, and W. Hartung. 2000. Apoplastic trans-
port of abscisic acid through roots of maize: Effect of the exo-
dermis. Planta 210:222-231.

Fukunaga, K., J. Hill, Y. Vigouroux, Y. Matsuoka, J. Sanchez, G.K.
Liu, E.S. Buckler, and J. Doebley. 2005. Genetic diversity and
population structure of teosinte. Genetics 169:2241-2254.

Gaudin, A.C.M., S.A. McClymont, B.M. Holmes, E. Lyons, and
M.N. Raizada. 2011. Novel temporal, fine-scale and growth
variation phenotypes in roots of adult-stage maize (Zea mays
L. in response to low nitrogen stress. Plant Cell Environ.
doi:10.1111/j.1365-3040.2011.02409.x

Genre, A., G. Ortu, C. Bertoldo, E. Martino, and P. Bonfante.
2009. Biotic and abiotic stimulation of root epidermal cells
reveals common and specific responses to arbuscular mycor-
rhizal fungi. Plant Physiol. 149:1424-1434.

Glass, A.D.M., D.T. Britto, B.N. Kaiser, J.R. Kinghorn, H].
Kronzucker, A. Kumar, M. Okamoto, S. Rawat, M.Y. Sid-
diqi, S.E. Unkles, and J.J. Vidmar. 2002. The regulation of
nitrate and ammonium transport systems in plants. J. Exp.
Bot. 53:855-864.

Grime, J.P., B.D. Campbell, J.M.L. Mackey, and J.C. Crick. 1991.
Root plasticity, nitrogen capture and competitive ability, p.
381-397, In D. Atkinson, ed. Plant root growth: An ecological

CROP SCIENCE, VOL. 51, NOVEMBER—DECEMBER 2011

WWW.CROPS.ORG

2793



perspective. Blackwell Scientific Publications, Oxford, UK.

Hancock, J.F. 2005. Contributions of domesticated plant studies
to our understanding of plant evolution. Ann. Bot. (London)
96:953-963.

Hastorf, C.A. 2009. Rio Balsas most likely region for maize
domestication. Proc. Natl. Acad. Sci. USA 106:4957-4958.

Hirel, B., J. Le Gouis, B. Ney, and A. Gallais. 2007. The challenge
of improving nitrogen use efficiency in crop plants: Towards a
more central role for genetic variability and quantitative genet-
ics within integrated approaches. J. Exp. Bot. 58:3079-3089.

Ho, C., S. Lin, H. Hu, and Y. Tsay. 2009. CHL1 functions as a
nitrate sensor in plants. Cell 138:1184—-1194.

Hochholdinger, F., K. Woll, M. Sauer, and D. Dembinsky. 2004.
Genetic dissection of root formation in maize (Zea mays)
reveals root-type specific developmental programmes. Ann.
Bot. (London) 93:359-368.

Hockett, E.A. 1986. Relationship of adventitious roots and agro-
nomic characteristics in barley. Can. J. Plant Sci. 66:257-266.

Hormoz, B. 2000. Kinetics of nutrient uptake by roots: Responses
to global change. New Phytol. 147:155-169.

Itis, H.H., J. Doebley, and B. Pazy. 1979. Zea diploperennis (Gra-
mineae): A new teosinte from Mexico. Science 203:186—188.

King, J., A. Gay, R. Sylvester-Bradley, I.A.N. Bingham, J. Foul-
kes, P. Gregory, and D. Robinson. 2003. Modelling cereal
root systems for water and nitrogen capture: Towards an eco-
nomic optimum. Ann. Bot. (London) 91:383-390.

Lafitte, H.R., G.O. Edmeades, and S. Taba. 1997. Adaptive strate-
gies identified among tropical maize landraces for nitrogen-
limited environments. Field Crops Res. 49:187-204.

Lewis, D.G., and J.P. Quirk. 1967. Phosphate diffusion in soil and
uptake by plants. Plant Soil 26:445—-453.

Liu, J., C. Fanjun, O. Chunliang, A.D.M. Glass, T. Yiping, Z.
Fusuo, and M. Guohua. 2009. Root size and nitrogen-uptake
activity in two maize (Zea mays) inbred lines differing in
nitrogen-use efficiency. J. Plant Nutr. Soil Sci. 172:230-236.

Liu, J., J. Li, F. Chen, F. Zhang, T. Ren, Z. Zhuang, and G. Mi.
2008. Mapping QTLs for root traits under different nitrate
levels at the seedling stage in maize (Zea mays L.). Plant Soil
305:253-265.

Liu, K., C. Huang, and Y. Tsay. 1999. CHL1 is a dual-affinity
nitrate transporter of Arabidopsis involved in multiple phases
of nitrate uptake. Plant Cell 11:865-874.

Lo, S.F,, SYY. Yang, K.T. Chen, Y.I. Hsing, J.A.D. Zeevaart, L.].
Chen, and S.M. Yu. 2008. A novel class of Gibberellin 2-Oxi-
dases control semidwarfism, tillering, and root development
in rice. Plant Cell 20:2603-2618.

Lukens, L.N., and J. Doebley. 1999. Epistatic and environmental
interactions for quantitative trait loci involved in maize evolu-
tion. Genet. Res. 74:291-302.

Lynch, J.P. 1995. Root architecture and plant productivity. Plant
Physiol. 109:7-13.

Lynch, J.P. 2007. Roots of the second green revolution. Aust. J.
Bot. 55:493-512.

MacKey, J. 1979. Wheat domestication as shoot:root interrelation
process. p. 875—-890. In S. Ramanujam (ed.) Proc. Int. Wheat
Genet. Symp., 5th, New Delhi, India. 23-28 Feb. 1978.
Indian Soc. Genet. Plant Breeding, Indian Agric. Res. Inst.,
New Delhi, India..

Maize Genome Project. 2010. B73 maize genome sequence.
Available at http://www.maizesequence.org (verified 30 Aug.
2011). MGP, Washington University, St. Louis, MO.

Maizlish, N.A., D.D. Fritton, and W.A. Kendall. 1980. Root

morphology and early development of maize at varying levels
of nitrogen. Agron. J. 72:25-31.

Mano, Y., F. Omori, T. Takamizo, B. Kindiger, R. Bird, C.
Loaisiga, and H. Takahashi. 2007. QTL mapping of root aer-
enchyma formation in seedlings of a maize X rare teosinte
“Zea nicaraguensis” cross. Plant Soil 295:103—113.

Martins, A.O., E. Campostrini, P.C. Magalhies, L.J. Moreira
Guimaries, F. Ozanan, M. Duries, 1. Evodio Marriel, and A.
Torres Netto. 2008. Nitrogen-use efficiency of maize geno-
types in contrasting environments. Crop Breed. Appl. Bio-
technol. 8:291-298.

Matsuoka, Y., Y. Vigouroux, M.M. Goodman, J. Sanchez, E.G.
Buckler, and J. Doebley. 2002. A single domestication for
maize shown by multilocus microsatellite genotyping. Proc.
Natl. Acad. Sci. USA 99:6080-6084.

McCullough, D.E., P. Girardin, M. Mihajlovic, A. Aguilera, and
M. Tollenaar. 1994. Influence of N supply on development
and dry matter accumulation of an old and new maize hybrid.
Can. J. Plant Sci. 74:471-477.

Moll, R.H., EJ. Kamprath, and W.A. Jackson. 1982. Analysis
and interpretation of factors which contribute to efficiency of
nitrogen utilization. Agron. J. 74:562-564.

Newman, E.I. 1973. Competition and diversity in herbaceous veg-
etation. Nature 244:310-310.

Niu, J., F. Chen, G. Mi, C. Li, and F. Zhang. 2007. Transpira-
tion, and nitrogen uptake and flow in two maize (Zea mays L.)
inbred lines as affected by nitrogen supply. Ann. Bot. (Lon-
don) 99:153-160.

Okamoto, M., A. Kumar, W. Li, Y. Wang, M.Y. Siddiqi, N.M.
Crawford, and A.D.M. Glass. 2006. High-affinity nitrate
transport in roots of Arabidopsis depends on expression of the
NAR 2-like gene AtNRT3.1. Plant Physiol. 140:1036—-1046.

Orsel, M., F. Chopin, O. Leleu, S.J. Smith, A. Krapp, F. Daniel-
Vedele, and A.J. Miller. 2006. Characterization of a two-
component high-affinity nitrate uptake system in Arabidopsis.
Physiology and protein-protein interaction. Plant Physiol.
142:1304-1317.

Padgett, P.E., and R.T. Leonard. 1993. Contamination of ammo-
nium-based nutrient solutions by nitrifying organisms and the
conversion of ammonium to nitrate. Plant Physiol. 101:141-146.

Pellerin, S., and F. Tabourel. 1995. Length of the apical unbranched
zone of maize axile roots: Its relationship to root elongation
rate. Environ. Exp. Bot. 35:193-200.

Pérez Leroux, H.AJ., and S.P. Long. 1994. Growth analysis of
contrasting cultivars of Zea mays L. at different rates of nitro-
gen supply. Ann. Bot. (London) 73:507-513.

Pfafl, MW., GW. Horgan, and L. Dempfle. 2002. Relative
expression software tool [REST(C)] for group-wise compari-
son and statistical analysis of relative expression results in real-
time PCR.. Nucleic Acids Res. 30:¢36.

Piperno, D.R., J.E. Moreno, ]J. Iriarte, I. Holst, M. Lachniet, J.G.
Jones, A.J. Ranere, and R. Castanzo. 2007. Late Pleistocene
and Holocene environmental history of the Iguala Valley,
central Balsas watershed of Mexico. Proc. Natl. Acad. Sci.
USA 104:11874-11881.

Piperno, D.R., AJ. Ranere, I. Holst, J. Iriarte, and R. Dickau.
2009. Starch grain and phytolith evidence for early ninth mil-
lennium B.P. maize from the Central Balsas River Valley,
Mexico. Proc. Natl. Acad. Sci. USA 106:5019-5024.

Presterl, T., S. Groh, M. Landbeck, G. Seitz, W. Schmidt, and
H.H. Geiger. 2002. Nitrogen uptake and utilization efficiency
of European maize hybrids developed under conditions of low

2794

WWW.CROPS.ORG

CROP SCIENCE, VOL. 51, NOVEMBER—DECEMBER 2011



and high nitrogen input. Plant Breed. 121:480-486.

Quaggiotti, S., B. Ruperti, P. Borsa, T. Destro, and M. Malagoli.
2003. Expression of a putative high-affinity NO,~ transporter
and an H+-ATPase in relation to whole plant nitrate transport
physiology in two maize genotypes differently responsive to
low nitrogen availability. J. Exp. Bot. 54:1023-1031.

Quaggiotti, S., B. Ruperti, D. Pizzeghello, O. Francioso, V.
Tugnoli, and S. Nardi. 2004. Effect of low molecular size
humic substances on nitrate uptake and expression of genes
involved in nitrate transport in maize (Zea mays L.). J. Exp.
Bot. 55:803-813.

Rajcan, 1., and M. Tollenaar. 1999. Source:sink ratio and leaf
senescence in maize: I. Dry matter accumulation and parti-
tioning during grain filling. Field Crops Res. 60:245-253.

Ranere, AJ., D.R. Piperno, I. Holst, R. Dickau, andJ. Iriarte. 2009.
The cultural and chronological context of early Holocene
maize and squash domestication in the Central Balsas River
Valley, Mexico. Proc. Natl. Acad. Sci. USA 106:5014-5018.

Raun, W., and G.V. Johnson. 1999. Improving nitrogen use effi-
ciency for cereal production. Agron. J. 91:357-363.

Reynolds, H., and C. D’Antonio. 1996. The ecological signifi-
cance of plasticity in root weight ratio in response to nitrogen:
Opinion. Plant Soil 185:75-97.

Robinson, D. 2001. Root proliferation, nitrate inflow and their
carbon costs during nitrogen capture by competing plants in
patchy soil. Plant Soil 232:41-50.

Robinson, D., and A.H. Fitter. 1999. Plant root proliferation in
nitrogen-rich patches confers competitive advantage. Proc.
R. Soc. Lond. 266:431-435.

Ross-Ibarra, J., P.L. Morrell, and B.S. Gaut. 2007. Plant domesti-
cation, a unique opportunity to identify the genetic basis of
adaptation. Proc. Natl. Acad. Sci. USA 104:8641-8648.

Ruiz Corral, J.A., N. Duran Puga, J.D.J. Sanchez Gonzalez, J. Ron
Parra, D.R. Gonzalez Eguiarte, ]J.B. Holland, and G. Medina
Garcia. 2008. Climatic adaptation and ecological descriptors
of 42 Mexican maize races. Crop Sci. 48:1502—1512.

SAS Institute. 2010. The SAS system for Windows. Release 9.1.
SAS Inst., Cary, NC.

Schortemeyer, M., B. Feil, and P. Stamp. 1993. Root morphol-
ogy and nitrogen uptake of maize simultaneously supplied
with ammonium and nitrate in a split-root system. Ann. Bot.
(London) 72:107-115.

Sinclair, T.R. 1998. Historical changes in harvest index and crop
nitrogen accumulation. Crop Sci. 38:638—643.

Sluyter, A., and G. Dominguez. 2006. Early maize (Zea mays L.)
cultivation in Mexico: Dating sedimentary pollen records and
its implications. Proc. Natl. Acad. Sci. USA 103:1147-1151.

Tardieu, F., M. Reymond, P. Hamard, C. Granier, and B. Muller.
2000. Spatial distributions of expansion rate, cell division rate
and cell size in maize leaves: A synthesis of the effects of soil
water status, evaporative demand and temperature. J. Exp.
Bot. 51:1505-1514.

To6th, V.R., I. Mészaros, S.J. Palmer, S. Veres, and 1. Précsényi.
2002. Nitrogen deprivation induces changes in the leaf elon-
gation zone of maize seedlings. Biol. Plant. 45:241-247.

Trevisan, S., P. Borsa, A. Botton, S. Varotto, M. Malagoli, B.
Ruperti, and S. Quaggiotti. 2008. Expression of two maize
putative nitrate transporters in response to nitrate and sugar
availability. Plant Biol. 10:462—475.

USEPA. 1983. Nitrogen, ammonia. Method 350.1 (Colorimetric,
automated, phenate). USEPA Rep. 600/4-79-020. In Meth-
ods for chemical analysis of water and wastes. USEPA, Cin-
cinnati, OH.

USEPA. 1993. Determination of nitrate-nitrite nitrogen by
automated colorimetry. Method 353.2. USEPA Rep. 600/
R93/100. In JW. O’Dell (ed.) Methods for the determination
of inorganic substances in environmental samples. USEPA,
Cincinnati, OH.

Vamerali, T., M. Saccomani, S. Bona, G. Mosca, M. Guarise, and
A. Ganis. 2003. A comparison of root characteristics in rela-
tion to nutrient and water stress in two maize hybrids. Plant
Soil 255:157-167.

Vos, J., P. Putten, and C.J. Birch. 2005. Effect of nitrogen supply
on leaf appearance, leaf growth, leaf nitrogen economy and
photosynthetic capacity in maize (Zea mays L.). Field Crops
Res. 93:64-73.

Wacker, L., S. Jacomet, and C. Kérner. 2002. Trends in biomass
fractionation in wheat and barley from wild ancestors to mod-
ern cultivars. Plant Biol. 4:258-265.

Waines, J.G., and B. Ehdaie. 2007. Domestication and crop physi-
ology: Roots of green-revolution wheat. Ann. Bot. (London)
100:991-998.

Wang, Y., G. Mi, F. Chen, J. Zhang, and F. Zhang. 2005. Response
of root morphology to nitrate supply and its contribution to
nitrogen accumulation in maize. J. Plant Nutr. 27:2189-2202.

Wilkes, H. 1977. Hybridization of maize and teosinte, in Mexico
and Guatemala and the improvement of maize. Econ. Bot.
31:254-293.

Worku, M., M. Banziger, G. Schulte Auf’M Erley, D. Friesen,
A.O. Diallo, and W.J. Horst. 2007. Nitrogen uptake and utili-
zation in contrasting nitrogen efficient tropical maize hybrids.
Crop Sci. 47:519-528.

Yong, Z., Z. Kotur Z., and A.D.M. Glass. 2010. Characterization
of an intact two-component high-affinity nitrate transporter
from Arabidopsis roots. Plant J. 63:739-748.

Yoshida, S., D.P. Bhattacharjee, and G.S. Cabuslay. 1982. Rela-
tionship between plant type and root growth in rice. Soil Sci.
Plant Nutr. 28:473—482.

Zhu, J., C. Zhang, and J. Lynch. 2010. The utility of phenotypic
plasticity of root hair length for phosphorus acquisition.
Funct. Plant Biol. 37:313-322.

CROP SCIENCE, VOL. 51, NOVEMBER—DECEMBER 2011

WWW.CROPS.ORG

2795



