The Pennsylvania State University
The Graduate School

Intercollege Graduate Degree Program in Plant Biology

INTEGRATING ROOT AND LEAF PHENOTYPES TO ENHANCE

NITROGEN USE EFFICIENCY IN MAIZE (Zea Mays L.)

A Dissertation in
Plant Biology
by

Jennifer T. Yang

© 2017 Jennifer T. Yang

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

December 2017



The dissertation of Jennifer T. Yang was reviewed and approved* by the following:

Jonathan Lynch

Distinguished Professor of Plant Nutrition
Dissertation Advisor

Chair of Committee

Kathleen Brown
Professor of Plant Stress Biology

Gabriele Monshausen
Associate Professor of Biology

Timothy Ryan
Associate Professor of Anthropology

Teh-hui Kao
Distinguished Professor of Biochemistry and Molecular Biology
Chair of the Intercollege Graduate Degree Program in Plant Biology

*Signatures are on file in the Graduate School



iii
ABSTRACT

Developing crop varieties with greater resource use efficiency and tolerance to abiotic
and biotic stress is a key strategy for mitigating effects of climate change and resource depletion,
while ensuring food security for a rapidly growing human population. Nitrogen is the mineral
element required in greatest abundance by plants, and its availability is a primary determinant of
plant growth and crop yield. Yet, nitrogen fertilizer is one of the most costly agricultural inputs,
and inaccessible in sufficient quantities to low-input farmers. Conversely, excess application of
fertilizer to maximize yields in intensive commercial operations has resulted in environmental
damage and economic losses; an estimated 50% of applied nitrogen is not captured by crops, and
contaminates ground water, creates hypoxic zones, or volatilizes as harmful greenhouse gases.

Maize (Zea mays L.) is a dominant crop, with approximately 1 billion tons produced
globally for food, fuel, and industrial uses per year. Breeding maize varieties with enhanced
nitrogen use efficiency (NUE, defined as grain yield per unit soil nitrogen) — both in capturing
nitrogen in soil (“uptake efficiency”, NUpE) and converting acquired nitrogen into grain yield
(“utilization efficiency”, NUtE) — would have substantial environmental and economic benefits.
Selection under increased planting densities has indirectly contributed to modest gains in NUE in
modern maize varieties, along with agronomic advances. However, trait-based approaches could
lead to targeted improvement in NUE for both high-input farms and nitrogen-deficient soils.

In maize, a shoot-borne, nodal root system is responsible for the majority of nitrogen
uptake, and consists of successive nodes (“whorls”) of axial roots with multiple orders of lateral
branching. These root nodes develop acropetally as leaves emerge, and increase in diameter and
number to support exponential shoot growth. My research had three primary objectives: (1) to
evaluate the extent of genotypic variation in anatomical phenotypes across root nodes and
develop optimal phenotyping strategies under different nitrogen conditions, (2) to identify nodal
root traits or trait combinations associated with improved NUpE, and (3) to determine whether
variation in root and leaf anatomy are strongly linked, and explore combinations of root and shoot

phenotypes which could optimize NUE in maize.
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Figure 3-6. Leaf sizes among maize RILs under high and low nitrogen. Leaf area of each
leaf as indicated by number (x-axis) for the indicated genotype (RIL number, in
legend) and nitrogen treatment (high nitrogen, HN; low nitrogen, LN, in legend).
Each point is the mean of four replicates from field-grown RILs in PA15. The
following RILs are shown in each plot: (A) M201 and M277, (B) M323 and M126,
(C)MI78 and MISL. ..ottt 162
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Chapter 1

General Introduction

The post-Green Revolution challenge

Maize, rice, and wheat are the most widely cultivated crops, and provide over 40 percent
of food calories for the human population (FAO, 2016). Since the Green Revolution, cereal
productivity has increased with the transition from traditional to intensive cultivation methods;
reliance on on-farm inputs and local cultivars has been supplanted by the use of purchased
chemical fertilizers, pesticides, mechanization, increased irrigation, and high density
monocropping with commercial, high-yielding cultivars (FAO, 2016). This concerted approach
substantially boosted global food production and reduced malnourishment and poverty in
developing regions. However, in recent years, costs of agricultural intensification have begun to
diminish returns; a re-invention of the food system is needed to address unprecedented
acceleration of anthropogenic climate change, environmental degradation, and population growth.
Therefore, the challenge of the post-Green Revolution era is to maintain or increase food
production and nutrition with less land, water, and chemical inputs, while reducing greenhouse
gas emissions and other ecological disruptors.

The cultivation of maize exemplifies this conundrum. At peak growth in July, the United
States Midwest Corn Belt has the highest gross primary productivity of all terrestrial ecosystems
on the planet, as well as the highest fertilization rates (Guanter et al., 2014; Dhital and Raun,
2016). Maize yields and fertilizer usage have risen together over the past half century, with
fertilizer as the most expensive single input for maize production in the United States (USDA,
2016). Over half of applied nitrogen is not captured by plants, with an estimated 24% to 37%
recovered in grain (Dhital and Raun, 2016). Globally, 17% of applied nitrogen in crop production
is lost through leaching, 15% is lost as gaseous emissions such as nitrous oxide, and 9% is lost
through erosion, surface runoff, or remains in soil (Liu et al., 2016). In addition to direct
economic losses, these processes result in environmental damage and contribute to climate
change. For example, fertilizer runoff from the Midwest Corn Belt contributed to the largest

hypoxic “dead zone” ever recorded in the Gulf of Mexico this August (NOAA, 2017).



The United States accounts for about 35% of global maize production; however, the
majority is used for animal feed (46%), fuel ethanol (29%), and exports (15%), with only 0.2%
consumed as seed, and the remainder processed into food additives and industrial products
(USDA, 2016). By contrast, maize in developing regions is essential for nourishment, yet yields
are fractional, due to poor soil quality, lack of fertilizer and other agronomic disadvantages in
smallholder farms (Vitousek, 2009). Rapid population growth and climate change will
disproportionately impact these regions; for example, maize yields in Africa are projected to
decrease by 20% due to climate change, and maize imports to meet demand in developing nations

could triple by 2050 (FAQ, 2016).

Breeding for nitrogen use efficiency

One sustainable strategy for addressing both excessive and deficient nitrogen is through
breeding maize varieties with greater nitrogen use efficiency (NUE), defined as the grain yield
per unit of available soil nitrogen (Moll et al., 1982). Enhanced NUE varieties could produce
greater yield for a given level of applied nitrogen (nitrogen “responsiveness”), or maintain yields
in reduced or nitrogen-deficient conditions (yield “stability”); these objectives would require
testing under appropriate nitrogen conditions. Both approaches could involve enhancing the
acquisition of soil nitrogen by roots, termed nitrogen uptake efficiency (NUpE), and/or improving
the conversion of the acquired nitrogen into grain, primarily through assimilation and
remobilization of nitrogen in the shoot, termed nitrogen utilization efficiency (NUtE) (Moll et al.,
1982).

Evaluating NUE is straightforward; if soil nitrogen is uniform across an experimental
condition, dry grain weight is sufficient for comparing NUE among maize genotypes. The NUpE
and NUtE components can be derived from measuring total shoot nitrogen at silking and at
physiological maturity, and grain nitrogen content at maturity (Moll et al., 1982). Variation for
both NUtE and NUpE has been demonstrated in maize germplasm (e.g. summarized in Brauer
and Shelp, 2010). In recent decades, agronomic improvements combined with selection for
greater yield under high planting densities has resulted in modest NUE gains in modern maize
varieties, with increased post-silking nitrogen uptake as an important contributor (Tollenaar and
Lee, 2002; Boomsma et al., 2009; Ciampitti and Vyn, 2012; York et al., 2015; Chen et al., 2016;

Dhital and Raun, 2016; DeBruin et al., 2017). In maize, nitrogen status at kernel set about two



weeks pre-anthesis, as well as post-anthesis nitrogen uptake, are critical for grain yield (Hirel et
al., 2007).

Improvement of nitrogen uptake and utilization efficiency is complicated by many
interacting genetic and environmental factors. Strategies for enhancing NUE can be broad and
indirect (e.g. selecting for better yield under higher planting density), targeted and trait-based
(e.g. altered expression of nitrate transporters), or select for plasticity and trait combinations (for
crops in general, Hirel et al., 2007; Good et al., 2007; Garnett et al., 2009; Masclaux-Daubresse et
al., 2010; Foyer et al., 2011; Kant et al., 2011; Han et al., 2015; Fan et al., 2017; Li et al., 2017;
Havé et al., 2017; for maize, Moll et al., 1982; Kamprath et al., 1982; Lee et al., 1992; Greef,
1994; Pan et al., 1995; Muchow and Davis, 1998; Rajcan and Tollenaar, 1999; Hirel et al., 2001;
Borrell et al., 2001; Presterl et al., 2002; Worku et al., 2007; Boomsma et al., 2009; Zhang et al.,
2010; Canas et al., 2012; Liu et al., 2012; Zamboni et al., 2014; Yu et al., 2015 a, b; Li et al.,
2015; Han et al., 2015; Plett et al., 2016; Li et al., 2016; Mu et al., 2016; Ning et al., 2017). Under
low nitrogen, adaptive responses increase NUpE in maize; these responses could be exploited to
enhance NUpE under high nitrogen (e.g. Gaudin et al., 2011 a, b; Gao et al., 2015). As such, there
is substantial breeding potential for improved NUpE for high nitrogen, without tradeoffs under

low nitrogen.

Nitrogen availability and acquisition

Nitrogen acquisition in plants occurs by the absorption of nitrate (NO3’) and ammonium
(NH4") ions, and in lesser quantities urea and amino acids, which are dissolved in the soil
solution. Soil nitrogen is generated through the fixation of unreactive atmospheric nitrogen (N»)
into reactive, organic nitrogen, either by nitrogen-fixing soil microbes or synthetically (e.g.
through the Haber-Bosch process) and applied as fertilizer. In addition, organic matter is
mineralized (decomposed) into ammonium, with rates of conversion depending on temperature,
moisture, and aeration. Soil microorganisms rapidly convert ammonium into nitrate through the
process of nitrification. In typical, non-flooded agricultural soils, nitrate is the predominant form
of plant-available nitrogen (Bacon, 1995), and is the preferred form of nitrogen taken up by maize
plants.

However, soil nitrate availability is spatiotemporally dynamic; due to the negative charge

of soil particles, nitrate is highly mobile and leaches with water. Particularly in sandy soils, nitrate
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can move rapidly into deep soil horizons with each precipitation or irrigation event; this occurs to
a lesser extent in soils with high clay content. Additionally, in wet soils, denitrification can occur;
soil bacteria convert nitrate into nitrous oxide, which is lost to the atmosphere. Conversely, in dry
conditions, ammonium can be volatilized and lost as ammonia (NH3), which commonly occurs
when urea fertilizers are surface-applied. Thus, nitrate acquisition by plants must be sensitive to
temporal and spatial heterogeneity (Bacon, 1995).

Under optimal conditions, with high nutrient and water availability, maize can acquire
sufficient nitrate entirely through transpiration-driven mass flow (Okajima and Taniyama, 1980).
In this process, dissolved nitrate is brought to the surface of root apical zones as the plant
transpires (Reidenbach and Horst, 1997). Transporter proteins (also called “transceptors” due to
dual roles of ion transport and sensing) embedded in the root epidermis actively transport nitrate
across the plasma membrane; these include various high-affinity transporters (HATs) active at
low nitrate concentrations, low-affinity transporters (LATs) active at high nitrate concentrations,
and dual-affinity transporters which can switch modes (Glass, 2009; Bouguyon et al., 2012;
Nacry et al., 2013). Thus, transporter activity, local nitrate concentrations, and transpiration rates
influence nitrate acquisition through mass flow (Reidenbach and Horst, 1997; Gorska et al.,
2008).

At low concentrations, nitrate uptake can occur via diffusion, in which nitrate passively
moves from higher concentrations in the bulk soil solution toward the root surface, where it is
absorbed; the root surface must be in contact with the soil, and nutrients must be located within
millimeters of the root to be acquired. Thus, root length density, root hair density, root diameter,
and soil properties such as bulk density and moisture can strongly influence this process.
Ammonium, which is positively charged and thus adheres strongly to soil particles, is also
acquired primarily through diffusion, and high affinity ammonium transporters (Bacon, 1995;

Nacry et al., 2013).

Nitrogen assimilation and utilization

Once acquired, nitrate is transported across the root cortex into xylem for translocation to
shoots, or stored locally in root cell vacuoles (Bloom et al., 2012). Nitrate assimilation, its
conversion into usable forms within the plant, is catalyzed by several enzymes, and primarily

takes place in shoot tissues due to its high carbon requirement (Bloom et al., 2012). Nitrate
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reductase converts nitrate to nitrite, nitrite reductase converts nitrate to ammonium, which is then
used to synthesize amino acids through the glutamine synthetase and glutamine-2-oxoglutarate
aminotransferase (GOGAT) cycle and other aminotransferases (reviewed in Xu et al., 2012). The
amino acids are then incorporated into essential molecules such as chlorophyll, Rubisco and other
proteins, DNA and RNA nucleotides, and cell wall and cell membrane components.

In maize, nitrate is accumulated in the leaves and stalk during early, vegetative growth, to
be remobilized for ear and kernel development post-anthesis (Hirel et al., 2001). Remobilization
accounts for about half of grain nitrogen in maize, and the remainder is acquired post-anthesis
(Hirel et al., 2007), with some variation among genotypes (e.g. Rajcan and Tollenaar, 1999). In
nitrogen deficient conditions, nitrogen is first remobilized from the stalk and the oldest, basal
leaves, leading to earlier senescence of lower leaves. The upper leaves, and the flag leaf in
particular, maintain the highest light capture and photosynthesis rates. Additionally, as a C4 plant,
maize photosynthetic NUE is high, with optimal leaf anatomy and reduced Rubisco needed
compared to C3 plants (Oaks, 1994).

Thus, genotypic variation in leaf development and shoot traits, and the timing of sink-
source transitions (e.g. how much nitrogen a leaf can accumulate prior to becoming a net
exporter, followed by leaf senescence) could be important for nitrogen utilization efficiency.
Nitrogen remobilization from roots, by contrast, is minimal; therefore, NUE could potentially be
improved by minimizing excess root construction costs. Delayed leaf senescence and prolonged
root activity post-anthesis have been associated with greater NUE (Rajcan and Tollenaar, 1999).

Additional efforts relevant for improving NUtE in maize have included mapping genetic
loci associated with carbon and nitrogen metabolism (Hirel et al., 2001; Zhang et al., 2010; Zhang
et al., 2014); mapping genetic loci for leaf angle, number, width, and length (Tian et al., 2011;
Wassom, 2013); understanding optimization of within-leaf nitrogen allocation among
chloroplasts and proteins under nitrogen stress (Mu et al., 2016); and comparing genotypic
variation in root-shoot allocation under nitrogen stress (Sen et al., 2016). Many of these studies
used populations of recombinant inbred lines such as IBM (intermated B73 x Mo17) to discern
the effects of genetics, environment (or nitrogen treatment), and the interaction of genes by

environment (G x E).



Root system phenotypes and functions

Compared to maize shoot traits for improving NUE, root system phenotypes and
rhizospheric interactions have been underexplored and are difficult to study, yet have strong
potential for influencing nitrate acquisition. In the first two weeks of growth, the maize root
system consists of a seed-borne primary root and a variable number of seminal roots (“embryonic
root system”), followed by lateral branching and the first node of shoot-borne roots (“early post-
embryonic”). These are genetically distinct from the development of later shoot-borne nodal roots
(“late post-embryonic”), including axial (conducting) and lateral (absorption) roots, which
emerge acropetally through development either belowground (“crown”) or aboveground
(“brace”) (Hochholdinger et al., 2004). These nodal roots comprise the bulk of the root system,
and are typically responsible for the majority of water and nutrient uptake through growth.

Root anatomy, the internal arrangement of cells and tissues within the root, can influence
the construction and respiratory costs of root segments, the hydraulic conductance rate, microbial
colonization, mechanical strength in terms of plant anchorage and soil penetration, and resilience
to damage from pests and other stress, which can determine the longevity of the root. The maize
root is composed of a cortex (outer cylinder) and stele (inner cylinder). The outermost protective
root epidermis has small cells which slough off and becomes degraded as the root matures; this is
often replaced in function by a suberized hypodermis (or exodermis), the outermost layer of
cortical cells (Hose et al., 2001). Cortical cell layers of “files” occur radially, with cell sizes
differing from the outer to inner files. The innermost file is the endodermis, a suberized barrier of
small cells which regulate entry of molecules into the stele. Cortical cells can be replaced with
lysigenous aerenchyma, or air spaces, which form through programmed cell death as the root ages
and in response to stress (Jackson and Armstrong, 1999). Within the stele, mature roots have a
ring of large metaxylem vessels (McCully, 1995), surrounded by smaller protoxylem and phloem
tissue, with a central pith of parenchyma cells. Lateral roots are initiated from the pericycle, the
outermost layer of the stele.

In general, thicker roots with a greater density of living cells (e.g. many, small cells),
thicker cell walls, and less aerenchyma will incur greater carbon and nitrogen construction costs.
A greater proportion of living tissue (e.g. less aerenchyma, less vessel area) will increase
respiratory costs (Jaramillo et al., 2013). Root respiration, supporting nitrate assimilation in
particular, demand the greatest proportion of carbon allocated to roots (e.g. Kramer and Boyer,

1995; Bloom et al., 2012). Thicker roots with dense tissue and a strong stele can improve root



penetration strength in compacted soils, and improve plant anchorage, which can reduce root
lodging (Stamp and Kiel, 1992; Liu et al., 2012; Jin et al., 2013; Chimungu et al., 2015).

Hydraulic conductance, determined by the resistance (e.g. in cell membranes) in the path
from the root surface to and through the vessels, can be limited radially and axially; a greater
proportion of aerenchyma can reduce hydraulic conductance rates (Fan et al., 2007), whereas a
larger proportion of vessel area, and larger metaxylem vessel diameters in particular, can
substantially increase hydraulic conductance (Richards and Passioura, 1989; Li and Shao, 2003;
Kirkham, 2005). Finally, greater living cortical area could potentially increase beneficial
mycorrhizal colonization, or lead to greater pathogen susceptibility (Tania Galindo-Castafieda,
personal communication).

Previous studies of maize genotypes have found variation in anatomical traits such as the
root diameter, cortex to stele area ratio, number of cortical and stele cell files, cell diameters,
number and diameter of vessels, and percent of aerenchyma in the cortex (e.g. Stamp and Kiel
1992; Burton et al., 2014; Gao et al., 2015; York et al., 2015). Root system strategies proposed to
improve nitrogen acquisition have included anatomical traits. For example, Lynch (2013)
proposed a “steep, cheap, and deep” hypothesis, which suggests anatomical traits that reduce
metabolic costs could allocate more carbon to rapid root elongation, increase depth distribution,
and “chase” leaching nitrate and water. Elements of this hypothesis have been tested in maize
inbred lines; for example, Chimungu et al. (2014 a, b) found that fewer cortical cell files and
larger cortical cells reduced root segment respiration, resulting in deeper rooting and improved
drought tolerance. Similarly, Saengwilai et al. (2014) found that increased cortical aerenchyma
reduced metabolic costs of roots, increased rooting depth, and improved nitrogen stress tolerance.
By contrast, Schmidt and Gaudin (2016) proposed a strategy for irrigated systems, hypothesizing
that traits should maximize hydraulic conductance, beneficial microbial interactions, and have
strong plasticity (or responsiveness) to local water and nutrient availability.

However, these broad physiological mechanisms — such as metabolic efficiency,
hydraulic conductance, and growth rate — are important beyond the root system, and may have
integrated shoot responses. Root and shoot trait gene mapping efforts have largely occurred in
isolation, yet genes which affect root system architecture and anatomy could have pleiotropic
effects on shoot growth and development. For example, both root and shoot meristem
development involve key genes such as WUSCHEL and SCARECROW (Laux et al., 2004;
Slewinski et al., 2012). An integrated ideotype which optimizes root traits for nitrogen uptake and

shoot development for nitrogen utilization efficiency must be prefaced by an understanding of
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which root and shoot traits may have strong genetic linkages. Therefore, in conjunction with focal
root anatomy traits, my research included a novel, parallel assessment of leaf traits, including leaf
lamina and midrib anatomy, to understand these relationships.

Finally, the effect of root anatomy and other structural traits on nitrate acquisition must
be considered in context of nitrogen conditions. Nitrate is a signaling molecule; genotypes have
coordinated root and shoot responses to perceived levels of nitrogen, and further understanding of
the effect of nitrate on maize root system phenotypes, through hormone-mediated and other
signaling pathways, is needed (e.g. Forde and Lorenzo, 2001; Relldn-Alvarez et al., 2016).
Nitrate transporters in the model plant Arabidopsis have been shown to facilitate auxin
accumulation in lateral root primordia; high nitrate levels inhibit transporter activity and auxin
transport, inhibiting lateral root development (Krouk et al., 2010). Low nitrogen stimulates
increased carbon allocation to roots, but partitioning among root classes, structures, and
metabolism could vary among genotypes.

There are several important considerations in evaluating root system phenotypes. To
discern genotypic contrast, controlled conditions are optimal; thus, plants are often screened at
early growth stages indoors, in artificial media. However, these results do not translate well into
the field, due to substantial root plasticity and interactions between genotype and environment, as
well as differences in root development as the plant matures (e.g. Meister et al., 2014; Kuijken et
al., 2015). Therefore, my research employed multiple field and greenhouse studies for in-depth
characterization of anatomical variation across maize root nodes among inbred and hybrid
genotypes, as well as root architecture traits such as nodal root number, and leaf anatomy and
shoot morphology. Root depth, carbon and nitrogen costs, conductance, photosynthesis, biomass
partitioning, and yield under high and low nitrogen conditions were evaluated, with the goal of

identifying and integrating beneficial phenotypes for enhanced NUE in maize.

Additional perspectives

The goal of improving nitrogen use efficiency in crop production in a timely, sustainable
manner requires the integration of interacting genetics, environment, and management (often
denoted as G x E x M), and a strategic understanding of the gains possible from each of these
elements. Additional topics which deserve attention include breeding for multiple interacting

stresses (e.g. drought and low nitrogen; Dathe et al., 2016), the effect of soil properties and
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management on root growth (e.g. Gao et al., 2015; Thorup-Kristensen and Kirkegaard, 2016), the
effect of different nitrogen forms and cycling (e.g. rates of mineralization, nitrification inhibitors,
and compensatory ammonium uptake; Andrews et al., 2013; Misselbrook et al., 2014; Osterholz
et al., 2017; Hachiya and Sakakibara, 2017), and polyculture methods for nutrient management
(e.g. crop rotations, interplanting; Tiemann et al., 2015; Finney and Kaye, 2016; Weiner, 2017).

Beyond optimizing maize breeding strategies, agriculture-based NUE improvement can
come from development of crop species to maximize nutrition, biodiversity, resource use
efficiency, and stress resilience, including directing research funding toward native food crops
and perennials (Glover et al., 2010; Massawe et al., 2016; Osterberg et al., 2017). Moonshot
goals, such as breeding nitrogen-fixing cereals (Fox et al., 2016; Vicente and Dean, 2017; Dent
and Cocking, 2017) and converting crops from C3 to C4 photosynthesis (Burnell, 2011; Covshoff
and Hiberd, 2012), are also underway.

Finally, global NUE could be improved through changes in human diet, government
policy, and reducing food waste (Townsend and Howarth, 2010; Seitzinger and Phillips, 2017).
About three-quarters of global crop production is currently used for livestock feed (Lassaletta et
al., 2016), and reducing meat consumption would substantially reduce global nitrogen input in the
food system (Liu et al., 2016), and greenhouse gas emissions (Garnett, 2011). Effective policies
which improve NUE could guide socioeconomic development forward to meet food demands,

reduce nitrogen pollution, and sustain human growth in the long term (Zhang et al., 2015).

Objectives

The objectives of this research were:

To develop effective phenotyping procedures and characterize variation in maize root
anatomy across nodes, for hybrid and inbred maize genotypes, under different nitrogen conditions
(Chapter 2);

To identify nodal root phenotypes associated with improved nitrogen use efficiency
among hybrid and inbred maize genotypes (Chapter 2);

To evaluate anatomical phenotypes in context of root architecture, and identify effective
root trait combinations for improved nitrogen uptake efficiency (Chapter 3);

To evaluate the relationship between leaf and root anatomy traits, and identify effective

combinations of root and shoot traits for improved nitrogen use efficiency (Chapter 4).
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Chapter 2

Genotypic variation and nitrogen stress effects on root anatomy traits in
maize (Zea mays L.) are node-specific

Abstract

Root phenotypes that improve nitrogen acquisition are avenues for trait-based breeding in
maize. Root anatomy affects nutrient and metabolic economy, hydraulic conductance, anchorage,
and soil penetration. Maize root phenotyping has centered on primary, seminal, and early nodal
roots. Yet, critical nitrogen uptake occurs when the nodal root system is well developed. This
study examined root anatomy across nodes in field-grown maize hybrids and inbreds under high
and low nitrogen regimes. Genotypes with high nitrogen use efficiency (NUE) had larger root
diameter and less cortical aerenchyma across nodes under stress than genotypes with lower NUE,
and these differences appeared to be independent of plant size. Anatomical plasticity varied
across genotypes; most genotypes showed decreases in root diameter under stress when averaged
across nodes. Cortex, stele, total metaxylem vessel areas, and cortical cell file and metaxylem
vessel numbers scaled strongly with root diameter across nodes. Metaxylem vessel size and
cortical cell size were correlated within-node, and root anatomy phenotypes in the first and
second nodes were not representative of subsequent nodes. The success of plant phenomics
depends upon effective phenotyping strategies, and evaluating root traits across nodes allows a

more accurate analysis of genotypic variation, allometry, and plasticity of maize root anatomy.

Highlight

Maize nodal root anatomy phenotypes vary significantly across nodes and nitrogen stress
treatments, which affects the evaluation of genotypic variation, allometry, and adaptive trait

plasticity among field-grown hybrids and inbreds.
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Introduction

Maize is a dominant global crop, with over 1 billion tons produced for food, fuel, and
industrial uses. Nitrogen (N) fertilizer is the most expensive input, costing an estimated $56
billion for a total 113 million tons of N produced globally in 2014 (FAO 2014). However, only
33% of applied N is converted to grain yield, with the remainder lost as harmful pollution in the
form of surface runoff, volatilized ammonia, nitrogen oxide emissions, or leached beyond the root
zone as nitrate, contaminating waterways and creating eutrophic “dead zones” which require
costly remediation (Hirel et al., 2011; Dhital and Raun, 2016). Conversely, low soil N is the
primary constraint on yield in sub-Saharan Africa, where maize production primarily occurs in
low-input farms, and is essential for food security (Gibbon et al., 2007).

Improving nitrogen use efficiency (NUE) in maize is a sustainable strategy for boosting
yields in both large commercial operations and food-insecure regions. NUE is defined as the
grain weight produced per unit of soil N, as a result of N uptake (NUpE) and utilization (NUtE)
processes, including absorption, assimilation, and remobilization (Moll et al. 1982; Xu et al.
2012). Given the greater potential for agronomic and genetic improvement in NUpE, trait-based
or “ideotype” breeding could improve NUE in relevant environments (Donald, 1968; Lea and
Azevedo, 2006; Fischer et al., 2014).

Root system ideotypes, including anatomical, architectural, and physiological traits, have
been proposed for optimizing N capture in maize (Clarke and McCaig, 1993; Lynch, 2013;
Fischer et al., 2014; Schmidt and Gaudin, 2017). To evaluate genotypic variation and impact of
root traits, high-throughput phenotyping methods have been developed, ranging from germination
paper to artificial media to field excavation (reviewed in Meister et al., 2014). Studies have
largely focused on primary, seminal, and early nodal roots in maize, which develop by the four-

leaf stage, within two weeks depending on growth conditions. Typically, the shoot-borne nodal



21

root system is responsible for the majority of N uptake, and maize genotypes develop up to six
acropetal crown root nodes belowground, with up to three additional brace root nodes emerging
aboveground (Hoppe et al., 1986; Hochholdinger et al., 2004). Critical N uptake in field-grown
maize occurs during the development of these later nodes, with maximum uptake occurring at the
10- to 14-leaf stage, beginning about four weeks after planting (DeBruin et al., 2017).

Several studies of root anatomical traits have evaluated and based conclusions upon
phenotypes of the second root node of mature plants, due to initial screening of these genotypes
occurring at earlier growth stages in the greenhouse (Burton et al., 2012; Saengwilai et al., 2014;
Chimungu et al., 2014a, b). It has been shown in a limited number of genotypes, however, that
both anatomical and architectural traits, including root number, diameter, branching, angle, and
consequently, root depth, vary greatly across nodes, with relatively less variation within-node
(Yamazaki and Kaeriyama, 1982; Girardin et al. 1987; Demotes-Mainard and Pellerin, 1992;
Stamp and Kiel 1992; Jordan et al. 1993; Araki et al., 2000; Burton et al. 2013a, b; York and
Lynch, 2015).

Rigorous assessment and validation of phenotyping procedures for target traits is
essential to the success of plant phenomics studies. To better understand genotypic variation and
N stress effects on maize nodal root anatomy, anatomical traits were evaluated across nodes in 44
hybrid and 39 inbred genotypes in the field, under various N conditions. Effects of node, N level,
and genotype on nodal root anatomy are presented, as well as trait relationships and novel

quantification of cell diameter across cortical files and metaxylem vessel dimensions.

Materials & Methods

Plant material

The 2016 field study, PA16, included 44 maize hybrid genotypes. The 2015 field study,
PAL1S, included 11 recombinant inbred lines (RILs) from the intermated B73 x Mo17 (IBM)
population. The 2014 field study in PA, PA14, and the 2013 field study in PA, PA13, respectively
included 27 and 30 RILs from the IBM, NYH (Ny821 x H99) and OWRI (Oh43 x W64a)
populations. The 2014 field study in South Africa, SA14, included 25 IBM and NYH RILs.
Hybrid seed from select genotypes was provided by the Genomes to Fields (G2F) Consortium,
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and curated for diversity and regional adaptation by G2F. Details are available at this link:
http://www.genomes2fields.org/about/project-overview-and-scope/ and the genotypes used are
listed in Appendix A, Table S1. IBM, NYH, and OWRI maize seeds were provided by Dr.
Shawn Kaeppler at U-Wisconsin, Madison. Genotypes are listed in Appendix A, Table S1.

Field conditions

PA13, PA14, PA1S, and PA16 field trials were conducted in 0.4 ha fields maintained
with split high and low nitrogen treatments (field #87, 85, 105, 103 in 2013; 105, 85 in 2014; 103
in 2015; 105, 85 in 2016) at The Pennsylvania State University’s Russell Larson Research Farm
(40°42°40.915”N, 77°,57°11.120”W, central coordinate between field #105 and 85), which has
Hagerstown silt loam soil (fine, mixed, semi-active, mesic Typic Hapludalf). To generate low N
conditions, approximately 2.5 cm of sawdust was tilled into fields #85, 103, 105 in May 2011 and
2012, and applied to field #87 in 2012 only. The high-nitrogen sides of the fields were fertilized
with 146 kg N ha™ applied as urea (46-0-0) in 2013 and 2014; 157 kg N ha"in 2015; and 213 kg
N ha' in 2016 while no N fertilizer was applied on the low-nitrogen sides. Fields received drip
irrigation, nutrients other than N, and pest management as needed.

Seeds were planted using hand jab planters in rows with 76 cm row spacing, 91 cm
alleys, 23 cm plant spacing, 4.6 m plot length with 3.7 m planted, or approximately 56,800 plants
ha'. In PA13, PA14, and PA15, each genotype was planted in 3-row plots, and plants from the
middle row of each 3-row plot were sampled; in PA16, single-row plots were used, and plants
were sampled from the middle section of the plot. Planting dates were: May 18, 2013, May 31,
2014, June 14, 2015, and May 25, 2016, respectively. Following anthesis, root harvest began on:
Aug 21,2013, Aug 25, 2014, Sept 3, 2015, and Aug 8, 2016, respectively.

SA14 was conducted at the Ukulima Root Biology Center in Alma, Limpopo, South
Africa in the Nebraska Farm pivot (24°33°0.12” S, 28°7°25.84 E, 1235 m asl), which has
Clovelly loamy sand (Typic Ustipsamment). A total of 184 kg N ha was applied to high N plots,
through five applications of fertigation and granular urea. A total of 23 N ha' was applied to the
low N plots at planting via fertigation. Pivot irrigation, nutrients and pesticides were applied as
needed. Hand-planting was completed November 26, 2013 and root sampling began Feb 10,
2014. Planting density was approximately 80,000 plants ha™ with 76 cm row spacing. Genotypes

were planted in 3-row plots, and plants were sampled from the middle row of each plot.
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Experimental design

All experiments were split-plot randomized block designs with different configurations.
In PA13 and PA14, 30 genotypes were randomized in each of 4 replicates (blocks) of 2 nitrogen
treatments (sub-plots within blocks), totaling 240 plots. In PA15, 11 genotypes were randomized
in 4 blocks within 2 N treatments, totaling 88 plots. In PA16, 44 genotypes were randomized in 2
blocks with 2 nitrogen treatments, totaling 178 plots. In SA14, 25 genotypes were randomized
into each of 4 high N and 4 low N blocks, totaling 208 plots. In PA13 and PA16, separate 1-acre
fields were used for each block; in PA14 two 1-acre fields were sub-divided into 8 blocks; in
PA1S5, one 1-acre field was sub-divided into 8 blocks. In SA14, blocks were randomly assigned

within a center pivot and split N treatments were applied.

Plant harvest and root sampling

A representative plant from each plot was excavated using a shovel (Trachsel et al.,
2011). Root crowns were separated from the shoots, soaked in water with detergent, and rinsed to
remove remaining soil. Each node of roots was excised, and up to 3 representative roots from
select nodes for each study (see Appendix A, Table S1) were sampled at 2 to 4 cm from the base
of the stem and preserved in 75% ethanol for anatomical processing. See Appendix A, Fig. S1 for
excised root crown images. Shoot biomass was separated into stem, leaves, and ears, dried at
approximately 70°C, and weighed. Ears from eight plants per plot (PA16) and five plants per plot
(PA15) were collected at physiological maturity, dried to approximately 15% moisture content,
shelled and weighed. Dried leaves were ground, homogenized, and a 2 mg subsample was
analyzed for total nitrogen content with a CHN elemental analyzer (2400 CHNS/O Series 11,

PerkinElmer, Waltham, MA) using the Dumas combustion method.

Image analysis

The middle portion of two representative root segments per node of each plant were

ablated and imaged using laser ablation tomography (LAT). This technique employs a
nanosecond pulsed UV laser (Avia 355-7000, Coherent, Santa Clara, CA) focused into a single-



24

line scanning beam with a HurryScan 10 galvanometer (Scanlab, Puchheim, Germany) to ablate
the cross-sectional surface of a root secured to a three-axis motorized stage (ATS100-100,
Aerotech Inc, Pittsburgh, PA). The root is moved into the laser beam at about 30 um s™' (rate is
adjusted according to root quality), and as each surface is ablated and exposed, images lit by the
laser UV light are captured using a stage-mounted (#62-009, Edmund Optics, Barrington, NJ)
camera and 5X macro lens (Canon EOS Rebel T3i camera with 65mm MP-E 1-5x variable
magnification, Canon USA Inc, Melville NY). Image scale was 1.173 pixels per micron. See Fig.
1 for LAT image examples.

Images were analyzed using one of two workflows. Images from all studies except PA14
were analyzed using custom macros created with the open-source Object] plug-in

(https://sils.fnwi.uva.nl/beb/objectj/) in ImageJ (https://imagej.nih.gov/ij/index.html), in which

cortex, stele, aerenchyma, vessel and cell outlines were manually traced, and cell files manually
counted (detailed in Appendix A, Fig. S2). This allowed careful quantification of cell and vessel
sizes. Images from PA14 were analyzed using the open-source Java program RootScan2 (code by

Cleoniki Kesidis, http://plantscience.psu.edu/research/labs/roots/methods/computer/rootscan),

which is based on RootScan (Burton et al., 2012) but optimized for LAT images. Cortical cell file
and metaxylem vessel numbers were manually confirmed.

Trait descriptions and abbreviations are provided in Table 1-1. Total vessel conductance
(JSM) was calculated as the sum of Jyessel for all vessels in a root cross-section, using Hagen-
Poiseuille corrected for an ellipse (Lewis and Boose, 1995), where Jyessel = (-
1/64v)(a’b*/(a*+b?))(Ap/AX), with v = viscosity (MPa s™'), a=major axis length (m), b=minor axis
length (m), (Ap/AX) = pressure gradient.

Statistical analysis

Statistical analysis and visualizations were generated using R version 3.3.1 (R Core
Team, 2016). Analysis of variance was performed using the linear mixed-effects Imer function in
the nlme package, with genotype, N treatment, and node as fixed effects, and N treatment nested
within block as a random effect. Effect sizes on the three-way interaction of genotype, N
treatment, and node were calculated using the etaSquared function in the Isr package. Boxplots
and bar plots were generated using data aggregation functions from the package plyr and plotting

functions from the package ggplot2. Principle components analysis (PCA) was performed with
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scaled, centered data using the prcomp function and visualized with autoplot function in the
ggfortify package. Correlation matrices of scaled, centered data were generated with the corrplot
package. Color coded values are Spearman’s rank coefficient, and circle size scales with p-value,
with blank cells when correlations are not significant at p<0.05. Trait arrangement and grouping
(large boxes) is based on hierarchical clustering for the predetermined number of clusters. Power
models were generated using the natural log of X and Y variables, with the r* value and p-value
from simple linear regression (Im, Y~X) indicated on each plot. The percent of genotypes with
significant plastic response across nodes was calculated using a paired Type II t-test, matched by
node and replicate; the percent of genotypes with a significant plastic response within each node
was calculated using a paired Type II t-test, matched by replicate. Allometric relationships were
modeled using a linear regression of the natural log of anatomical traits against the natural log of
shoot biomass; the significance nitrogen treatment on allometric scaling constants and intercepts

in these relationships was determined using analysis of covariance.

Results

Node, genotype, and nitrogen treatment affected root anatomy

Maize root anatomy differed significantly by genotype, nitrogen treatment, and node, as
well as interactions of these factors (Table 1-2 and Appendix A, Table S2). All root anatomy
traits (see Table 1-1 for abbreviations) showed significant variation by genotype, and all traits
except the percent of aerenchyma in the cortex (AAP) showed significant variation by root node,
for three nodes of roots in field-grown maize hybrids (Table 1-2). In field-grown maize inbreds,
all traits evaluated showed significant variation by genotype, while all except the percent of
metaxylem vessel area in the stele (MXP) showed significant variation by node (Appendix A,
Table S2). Genotype by nitrogen and genotype by node interactions were significant for many
traits, while nitrogen stress, the interaction of nitrogen and node, and the three-way interaction of

genotype, nitrogen, and node were less important (Table 1-2 and Appendix A, Table S2).
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Nodal root anatomy traits were clustered into four groups

Root anatomy traits across nodes were analyzed using principle components analysis, and
clustered into four groups (Fig 1-2). “Root diameter related” traits included the most strongly
related traits — root cross-sectional area (RXA), cortex cross-sectional area (CXA), stele cross-
sectional area (SXA), total metaxylem cross-sectional area (MXA) — as well as cortical cell file
number (CF) and the number of metaxylem vessels (MXN). These six traits loaded strongly
negatively on the first principle component (PC1), which explained 67% of the total trait variance
(Fig 1-2). “Proportion related traits” included cortex-to-stele area ratio (CSR), the percent of
metaxylem vessel area in the stele (MXP), and the percent of aerenchyma area in the cortex
(AAP). These traits loaded negatively on PC2, which explained 10% of trait variance. The
median cross-sectional area of a single metaxylem vessel (MXM) and median cortical cell size

(CCS) also loaded strongly negatively on PC2 (Fig 1-2).

Node effects exceeded genotypic and nitrogen stress effects on root anatomy

The amount of variation attributable to root node exceeded all other sources of variation
for root-diameter related traits, as well as CSR, MXP, and the total estimated conductance rate of
metaxylem vessels (JSM) (Table 1-3). Metaxylem vessel and cortical cell related traits, as well
aerenchyma, showed the greatest relative amount of random (residual) variation, among maize

hybrids and inbreds (Table 1-3 and Appendix A, Table S2).

Node-specific trait ranges and plant variability in root anatomy

Maize crown roots develop in successive acropetal tiers, from the thinnest roots in the
first node to the youngest, often thickest, fifth or sixth node, followed by brace roots (Appendix
A, Fig. S1). Root diameter related traits increased with each younger node, with greater relative
increases in total stele and metaxylem vessel areas; by contrast, median metaxylem vessel size
increased and then plateaued after the first three nodes, and cortical cell size patterns varied, with
modest increases in the maximum and median cell diameters balanced by decreasing hypodermis

and outer file cell sizes (Fig 1-3 and Appendix A, Fig S3).
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Genotypic variation in nodal root anatomy

Trait variation among maize hybrids ranged from 12% for CF to 96% for AAP among
maize hybrids across nodes 2, 3, and 4, and from 3% for median metaxylem vessel eccentricity
(ECC) to 32% for AAP among inbreds across nodes 1, 2, and 3 (Table 1-4 and Appendix A,
Table S3). Stele and vessel traits (SXA, MXA, JSM, MXN, MXM) consistently showed greater
genotypic variation than cortical traits (CXA, CF, CCS) among hybrids and inbreds, but also had
greater within-genotype variation (Table 1-4 and Appendix A, Table S3; Appendix A, Table
S4). Genotypic variation differed modestly by nitrogen treatment and node; low N induced a
slight reduction in genotypic variation, while the first node showed the least variation (Table 1-4
and Appendix A, Table S3). These percentages reflect the variation in mean trait values among
genotypes, but not within genotypes. Trait variation within genotypes ranged from an average of
11% for median cortical cell diameter (CDM) to 96% for total aerenchyma area (AA) across
nodes among hybrids, and from 10% for CF to 64% for AAP across nodes among maize inbreds,
a metric specific to the populations studied and experimental conditions (Appendix A, Table
S4). Within-genotype trait variability was similar across nodes and nitrogen treatments for most

traits (Appendix A, Table S4).

Genotypic differences in anatomical plasticity under low nitrogen

Anatomical plasticity in response to low N differed across genotypes; for example,
hybrid genotypes 1, 11, and 27 showed no significant change in MXA under low N, when
averaged across nodes (Fig 1-4). By contrast, genotypes 2, 23, 35, and 42 showed significant
decreases in MXA under low N, while genotype 28 showed a significant positive change in MXA
under low N (Fig 1-4). Genotypes also differed in the magnitude of trait plasticity; genotypes 2,
23, and 42 had strong plastic responses of greater than 50% decrease in MXA under low N,
whereas genotypes 35 and 28 had weaker plastic responses (Fig 1-4).

The relative plasticity of each anatomical trait was calculated as the percentage of
genotypes which had a statistically significant trait response under low N (“plastic genotypes”),
and the percentage of those genotypes which had either a negative (decrease in trait value)
response and/or a strong (over 50% increase or decrease in trait value) response (Table 1-5). Trait

plasticity ranged from 0% (ECC) to 31% (RXA) of hybrid genotypes showing any significant
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change under low N, across nodes, with lower percentages when calculated for traits of any single
node (Table 1-5). The relatively low percentages of genotypes with significant trait responses
reflected strong within-genotype trait variability; for example, only 11% of genotypes had a
statistically significant low N response in SXA, but 43% of genotypes showed a strong (>50%)
change in trait value under low N (Table 1-5; data not shown). Anatomical trait responses
among plastic genotypes varied in magnitude, but were relatively uniform in terms of direction;
under low N, most trait values decreased across nodes, with some variation depending on node

(Table 1-5).

Anatomical differences among high and low NUE genotypes

Maize genotypes were matched according to high N yield, then sorted into high or low
nitrogen use efficiency groups (HNUE, LNUE) according to low N yield. For hybrids, LNUE
genotypes had an average of 32% less yield under low N compared to HNUE genotypes; for
inbreds, the difference was 22% (Fig 1-5). Anatomical traits averaged across three nodes showed
patterns in HNUE and LNUE phenotypic responses to low N; HNUE genotypes generally had
greater RXA, MXA, CCS, and MXM, and less AAP, under low N, relative to LNUE genotypes
(Fig 1-5). The magnitude of these differences was small under both high and low N, and less
among inbreds with milder N stress (Fig 1-5). Overall, HNUE and LNUE differed the least in
anatomical traits and responses in the third node; the second and fourth nodes showed similar trait
patterns and responses, but the fourth node typically showed greater separation between HNUE

and LNUE trait values (Fig 1-5; not all traits shown).

Node-specific nitrogen stress effects on root anatomy

Root diameter related traits were reduced under N stress, with greater decreases in the
youngest nodes in hybrids; this progression across nodes was less evident in inbreds, which had
milder N stress (Fig. 1-6 and Appendix A, Fig. S5 and Table S5). The exception was CF, which
changed little under low N relative to decreases in cortical cell size (CCS, INN) in all nodes;

OUT reached a stable minimum in nodes three to five and was not affected by N stress (Fig. 1-6).
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In contrast to hybrids, MXN also was insensitive to low N; reduction in MXM drove the decrease
in MXA across nodes in inbreds, similar to the CF and CCS pattern (Appendix A, Fig. S4).

For maize hybrids, the cortex-to-stele ratio (CSR) and percent of metaxylem vessel area
in the stele (MXP) showed substantial node-specific low N stress responses, with low N-induced
increase in CSR increasing in each younger node, whereas maize inbreds showed little change in
CSR and MXP under low N, and by node (Fig. 1-6 and Appendix A, Fig. S4). The percent of
aerenchyma area (AAP) increased over two-fold in response to low N stress in the first node, the
largest low N induced change in root anatomy, and increased in nodes two to four to similar
levels under low N; node five had little AAP, with a slight increase under low N (Fig. 1-6 and
Appendix A, Table S4). AAP showed less pronounced differences under milder low N in maize
inbreds (Appendix A, Fig. S4).

Root anatomy traits in younger nodes are more strongly correlated

Root anatomy traits showed significant correlations across nodes among genotypes, but
the strength of correlation differed by node. For most root anatomy traits, the second node
clustered independently from nodes three and four, and was more strongly related to other traits
within its node (Fig. 1-7). CCS and MXM correlated more strongly within node, a novel
association (Fig. 1-7). From nodes two to four in maize hybrids, CF and MXN correlated strongly
independent of node; sampling any of these nodes would generally result in similar CF and MXN

phenotypes (Fig. 1-7).

Root anatomy traits scale with root diameter across nitrogen treatments

Evaluating across five field studies of maize hybrids and inbreds, across five root nodes,
the power relationships between RXA and all anatomical traits were significant, with the
exception vessel eccentricity (ECC) and median cortical cell diameter averaged across the cortex
(CDM) (Fig 1-8). Nitrogen stress did not affect these relationships, with the exception of AAP, in
which the slope of the scaling relationship increased under low N (Fig. 1-8). Within nodes, the
scaling relationships differed depending on trait; traits strongly related to root diameter showed

small, progressive changes in slope with each node. Hypodermis and outer cortical cell diameters



30

were less related to RXA in some nodes. Overall, scaling relationships between RXA and
anatomical traits were more similar in nodes 3, 4, and 5, and the first node showed the most

distinct patterns (Appendix A, Fig S5).

Allometric relationships of root diameter are similar across nitrogen treatments

The allometric scaling coefficients of RXA against shoot biomass (quantified only at
anthesis) did not differ significantly between high and low N for nodes 2, 3, and 4; however,
allometric relationships were stronger under low N, and were not statistically significant under
high N in nodes 2 and 4 (Fig. 1-9). Shoot biomass was more strongly related to RXA in the third

and fourth nodes, relative to the second node, among maize hybrids (Fig. 1-9).

Cortical cell size distribution is strongly dependent on file number

In the root cortex, cells align in radial files, and cell diameters vary across these files.
Inner (near stele) and outer cell files have smaller diameter cells, while the hypodermis and mid-
cortical region have larger cells (e.g. Appendix A, Fig. S2). For roots with the same CF, cell
diameters by file did not differ strongly under N stress or among genotypes (Fig. 1-10 A, B, C).
In roots with the fewest CF, cell diameters varied the least across files, whereas in roots with
greater total CF, there was a gradual increase in cell diameter across the outer cortical files,
followed by about six files of maximum cell diameter, and a slight decrease in cell diameter in the
innermost file(s) (Fig. 1-10 A, B, C). Cortical cell diameter averaged across a root cross-section
therefore confounds changes in the number of files of small, outer-layer cortical cells with
changes in the maximum cell diameter. Among field-grown hybrids, maximum cortical cell
diameters differed by an average of 5 um (high N, 51 to 56 um) and 7 pm (low N, 44 to 51 um)
between the thinnest (6 to 11 CF) and thickest (15 to 27 CF) roots across nodes (not shown).
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Metaxylem vessel sizes show greater variation in younger nodes

Metaxylem vessels within a root cross-section vary in size, with vessels occasionally in
the process of splitting into two or three vessels depending on sampling position. Large roots in
younger nodes may have alternating larger and smaller vessels. Vessel size distribution, in terms
of the relative number of very small or very large vessels, relative variability in size (coefficient
of variation) among vessels in a cross-section, and maximum, minimum, median, and other
percentile values of vessel size, was evaluated. Vessel size distributions varied intra-plant and
within-node. Vessel size variability within a root was greatest in the first node and younger nodes
from four onward; N stress reduced variability slightly in younger nodes (Fig. 1-11A). The
relative number of both very small and very large vessels increased in younger nodes, with the
exception of the first node (Fig. 1-11B). Minimum vessel sizes were similar across nodes, while
maximum vessel size increased with node (Fig. 1-11C).

Genotypic variation in the minimum and maximum metaxylem vessel size, and the
number and percentage of very small and very large metaxylem vessels was significant across
three root nodes, but the coefficient of variation of vessel sizes did not vary significantly by
genotype (Appendix A, Table S6). Of these traits, only minimum vessel size did not differ
significantly under low N treatment; all traits varied significantly by node (Appendix A, Table
S6).

Root and shoot development are coordinated across nodes

Nodal root emergence occurs in coordination with shoot growth, with some variation in
magnitude depending on genotype and under nitrogen stress (Appendix A, Fig S6 A, B, C). Root
diameter near the stem base typically does not change significantly until after anthesis, when
some degradation may occur and cortical cell sizes shrink, particularly in older nodes (Appendix

A, Fig S6D; data on other anatomical traits and nodes not shown).
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Three-dimensional analysis of maize root anatomy

Genotypic contrast and plasticity in root anatomy traits which are not evident with cross-
section image analysis may be assessed using three-dimensional reconstruction and other
methods. For example, volumes and related metrics of aerenchyma, vessels, and cells can be
extracted using MIPAR™ and Avizo™ software (Appendix A, Fig S7). Cell and vessel lengths

can be quantified throughout a root segment (not shown).

Discussion

The maize nodal root system is unique among grass species

Modern maize (Zea mays L.) is one of the most widely-cultivated and productive crop
species, the result of over 9,000 years of human selection from the wild grass teosinte (Zea mays
ssp. parviglumis) (Doebley, 2004). Unlike teosinte and other tillering grasses, maize primarily
invests in a single stalk, and produces one or more large ears. A leaf extends from each node,
growing successively larger from base to mid-section, then smaller near the stem apex. This
distinctive shoot architecture resulted from suppression of tillering through altered expression of
the teosinte branchedl gene, which encodes a transcription factor involved in apical dominance
(Doebley et al., 1997).

The maize root system is similarly distinct. The embryonic (primary and seminal roots)
and early post-embryonic (coleoptile node and primary laterals) root architecture is similar to
other grass seedlings. However, without tillering, the genetically distinct late post-embryonic
maize root system (all crown and brace roots, except the first node) is confined to a single apex,
producing successive nodes (also called whorls) of shoot-borne roots (Hochholdinger 2004). The
first four root nodes are closely arranged, with increasing internodal distance between subsequent
root nodes (e.g. Appendix A, Fig S1). The first three nodes are occupied by an average of four
roots per node, increasing to an average of ten roots per node in the sixth node and up to 22 brace
roots per node, depending on genotype (e.g. Appendix A, Fig S6A).

Gaudin and colleagues (2011) found that teosinte and maize produce similar numbers of
nodal roots, and both exhibit a reduction in root number in response to nitrogen stress, but by

different mechanisms; teosinte reduces tiller number, while maize reduces the number of roots
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elongated, particularly in younger nodes. However, nodal root diameter and other anatomical
traits were not characterized in teosinte, and nitrogen adaptation strategies for these traits are still
unclear. Phenotypic diversity in both root anatomy and architecture was characterized among Zea
species (Burton et al., 2013), but not under stress conditions. York and colleagues (2015) studied
16 commercially successful hybrids across different planting densities and nitrogen levels, and
found that changes in nodal root architecture and anatomy, related to cultivation practices over
different eras, could contribute to increases in nitrogen use efficiency. Modern genotypes had
fewer, shallower nodal roots, and a greater number of metaxylem vessels in the second root node.

This study found substantial anatomical variation across crown root nodes. In contrast to
the relatively stable number of roots in the first three nodes, genotypes showed a distinct increase
in root diameter and related anatomical traits, such as cortical cell file number and metaxylem
vessel number, in each successive node. However, the median cross-sectional area of a
metaxylem vessel plateaued after the third node (as reported by Stamp and Kiel, 1992), possibly
reaching a maximum functional size, balancing greater conductance with risk of embolism; this
coincides with the transition to increasing numbers of roots per node. Similarly, median cortical
cell diameters were relatively consistent across nodes. The maximum diameter of mid-cortex
cells increased modestly with each node, accompanied by an increase in the number of files of
smaller, outer layer cortical cells.

The increase in root diameter with each node could relate to the increasing demand for
water and nutrients, as exponential plant growth occurs through the season. For example, between
the emergence of the fourth and fifth nodes, dry shoot biomass can increase by over 400% (e.g.
Appendix A, Fig S6). Increased metaxylem vessel area per root and an increase in the number of
roots results in an average 140% increase in total conductance capacity in the fifth node, relative
to the fourth node, estimated from field-grown maize hybrids in high nitrogen (data not shown).
The maize nodal root system therefore exhibits a distinct “root thickening” strategy with each
new node, analogous to the secondary thickening function of taproot systems in dicotyledonous

plants, which support prolific resource acquisition and plant growth via a single main stem.

Root anatomical traits influence stress adaptation

Root anatomical traits have received relatively little attention, compared to root system

architecture (RSA) and morphology, in stress adaptation studies. Several recent reviews of trait-
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based breeding and phenotyping focused almost exclusively on methods and gene targets relating
to RSA (e.g. Cobb et al. 2013; Fiorani and Schurr, 2013; Meister et al., 2014; Paez-Garcia et al.,
2015). Anatomical traits have been discussed in root ideotypes for stress tolerance. Lynch (2013)
suggested traits which reduce metabolic cost per root segment, such as fewer cortical cell files
and greater proportion of aerenchyma, could enable rapid, deeper rooting, beneficial under
drought or low nitrogen stress, particularly in sandy soils. Similarly, increasing root cortical
senescence in barley has been found to reduce respiratory and nutrient costs, and has been
proposed as a trait for stress adaptation (Schneider et al., 2017). Schmidt and Gaudin (2017)
suggested optimizing aerenchyma formation and endodermal barrier development could enhance
tolerance of saline, waterlogged soil common in irrigated environments, and discuss tradeoffs of
increasing specific root length, including restriction of hydraulic conductivity. Richards and
Passioura (1989) bred wheat varieties to contrast by 10 um in vessel diameter in seminal roots,
and found that genotypes with narrower vessels showed up to 11% increased yield under drought.
Strock and colleagues (2017) found that reduced secondary root growth in common bean reduced
metabolic costs and increased phosphorus stress tolerance. Variation in metaxylem vessel size
and number has also been assessed for drought tolerance in legumes (Purushothaman et al., 2013;
Prince et al., 2017).

This study found that hybrid maize genotypes with high nitrogen use efficiency (HNUE)
differed in root anatomy under low nitrogen, compared to lower yielding (LNUE) genotypes; the
HNUE and LNUE groups differed significantly in yield, but not shoot biomass, under low
nitrogen. Overall, HNUE genotypes had 14% larger root diameter, 22% greater total metaxylem
vessel conductance, and 54% less aerenchyma formation under low nitrogen, compared to LNUE
genotypes. HNUE genotypes had 9% greater median metaxylem vessel size and 6% more cortical
cell files than LNUE genotypes under low nitrogen. Vessel eccentricity did not differ between
HNUE and LNUE genotypes. These anatomical patterns were evident across nodes, although
differences between HNUE and LNUE genotypes were most pronounced in the fourth node,
compared to the second and third nodes (data not shown for all traits by node). For maize inbreds
under milder nitrogen stress, root anatomy showed less contrast but similar patterns; HNUE
genotypes had 9% larger root diameter, 9% larger mid-cortical cell size, 6% larger median
metaxylem vessel size, and 17% less aerenchyma formation under low nitrogen compared to
LNUE genotypes. These genotypes were grown in silt loam fields in PA, with moderate soil

compaction.
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These results contrast from previous findings which have shown some genotypes with
greater aerenchyma induction performed better under nitrogen stress, as evaluated in the second
root node (Saengwilai et al., 2014). However, this study has also found that aecrenchyma percent
in the second node was either weakly correlated or not correlated with aerenchyma in other nodes
within a genotype. Similar studies found benefits of reduced cortical cell file number and larger
mid-cortical cell diameter under drought, due to reduced metabolic cost per root segment, as
evaluated in the second node (Chimungu et al., 2014 a, b). However, this study suggests that the
relatively independent relationship between mid-cortical cell size and cortical cell file number is
unique to the first and second nodes; in subsequent nodes, larger diameter roots have more
cortical files as well as slightly larger mid-cortical cells. Additionally, cortical cell size was either
inversely or not related across nodes within a genotype (e.g. Fig 1-7). The relative metabolic
costs and functions of roots across nodes are still to be characterized.

This study found that HNUE genotypes maintained larger axial root diameter and greater
vessel conductance, through both larger size and number of cells and vessels, and had reduced
induction of aerenchyma formation under nitrogen stress. These traits could be interpreted as
beneficial (i.e. directly contributing to improved NUE) or indirectly related to improved NUE
(e.g. influenced by allometry or other variables; discussed in the next section). Maximizing
hydraulic conductance with long-lived roots rather than greater proliferation of fine roots has
been suggested as an adaptive strategy for irrigated systems, given relatively lower root
construction and maintenance costs (Schmidt and Gaudin, 2017). Additionally, optimizing
hydraulic conductance is a primary function of axial roots, determined by metaxylem vessel
properties, whereas absorptive functions and greater specific root length tend to be central to the
function of lateral roots, and exist under separate genetic control (Jordan et al., 1993;
Hochholdinger et al., 2004).

Larger diameter axial roots, which often have layers of small, suberized outer cortical
cells and less root porosity (both in terms of intercellular space and aerenchyma lacunae), have
greater mechanical strength, and support better anchorage and lodging resistance, resilience to
herbivory, longevity, and soil penetration in drying soils and hardpans (Eissenstat 1992;
Eissenstat et al., 2000; Striker et al., 2007; and in maize, Stamp and Kiel, 1992; Jordan et al.,
1993; Liu et al., 2012a; Chimungu et al., 2015). Developing thicker roots would not substantially
increase external intra-plant root competition, which has been suggested as a key trade-off to
overproduction in number of roots, due to increased probability of overlapping uptake zones of

mobile nutrients and water (Postma et al., 2014).
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The slower development of large diameter roots could also reduce inter-plant competition
in monoculture. Studies have shown that roots in the third and younger nodes have steeper angles
and greater rooting depth, depending on genotype and soil conditions (Yamazaki and Kaeriyama
1982; Hoppe et al. 1986; Araki et al., 2000; Liu et al., 2012b; York and Lynch, 2015), supporting
the potential importance of larger diameter roots in penetrating deep soil for mobile resources.
Larger diameter roots, with greater cortical area, may also promote beneficial mycorrhizal
associations (Galindo-Castaneda et al., unpublished); Galindo-Castafieda (personal
communication) has also found that effects of anatomical traits on fungal colonization vary across
cortical regions in recent work. The functional utility and trade-offs of these root anatomy traits

under different environmental conditions require further study.

Anatomical plasticity and allometry of root anatomy traits differ among genotypes

Plasticity and allometry often complicate the analysis of trait variation and function in
plants (e.g. Weiner, 2004). For example, Wahl and colleagues (2001) found that shading had
specific effects on axial root anatomy in grasses, increasing the size of stele cells and metaxylem
vessels, while nutrient deprivation resulted in anatomical changes that were proportional to
changes in plant size.

This study found that genotypes varied in anatomical trait plasticity in response to
nitrogen stress; 31% of hybrid genotypes had a statistically significant change in root diameter
under nitrogen stress, whereas there was no plasticity (0% of genotypes) and little genotypic
variation in metaxylem vessel eccentricity. Of the genotypes with a significant diameter response,
91% of genotypes decreased in root diameter, and 64% had a diameter change of 50% or greater
under nitrogen stress. Given strong trait variability in each node, the overall plastic response of
genotypes was best classified using aggregate data across nodes.

Root diameter and cortical aerenchyma were similar for HNUE and LNUE genotypes in
high nitrogen conditions, and both HNUE and LNUE genotypes decreased in root diameter under
nitrogen stress. However, HNUE genotypes decreased less, resulting in significant differences in
trait values under low nitrogen. These patterns were most evident in each node, but the fourth
node showed the strongest contrast. The lack of anatomical plasticity displayed by HNUE
genotypes could be interpreted in several ways: 1) less anatomical plasticity is beneficial under

nitrogen stress, 2) larger diameter roots and reduced aerenchyma confer adaptive benefits under
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nitrogen stress, or 3) the lack of plasticity, larger root diameter and reduced aerenchyma are a
result of HNUE genotypes being less stressed than LNUE genotypes, and anatomical differences
in each younger node reflected gaps in performance in these later growth stages (see Chapter 3
for further discussion). Therefore, genotype screening for root anatomical traits should consider
stress effects and variation in anatomical plasticity among genotypes, and the relevance of
phenotyping root anatomy in younger nodes. Root anatomy traits in younger nodes are relevant
for nitrogen uptake at critical growth stages, but it may be difficult to distinguish whether traits
are adaptive or reflective of plant performance at later growth stages. Further study is needed on
the relative benefits of stable versus plastic, stress-responsive root anatomy phenotypes.

HNUE genotypes did not have significantly greater shoot biomass at anthesis than LNUE
genotypes; however, it is still relevant to consider the effect of plant size on root anatomy traits.
In this study, root diameter was weakly but significantly allometric, although nitrogen conditions
did not significantly change the scaling constant of root diameter (averaged across three nodes)
and dry shoot biomass. In other words, allometric constraints on root anatomy were limited.
Smaller, nitrogen-stressed plants had reduced root diameter in general, but several genotypes
either increased in root diameter under stress, or showed varying degrees of increasing or
decreasing root diameter under stress depending on root node. This suggests that root diameter
and related anatomical traits could play a role in adaptive stress responses, independent of plant
size.

The magnitude and direction of plastic responses in root traits such as axial and lateral
root number and length under nitrogen stress has been found to vary among maize genotypes (Yu
et al., 2015; Li et al., 2016). York and Lynch (2015) similarly found that genotypes showed
contrasting morphological and architectural trait responses from node to node under nitrogen
stress. Analyzing adaptive stress responses in terms of allometric instability and recovery could
be a useful application of phenotyping root traits across multiple nodes, paired with monitoring of
plant responses across growth stages, in future studies (Coleman et al., 1994; Wilhelm, 1995;
Anfodillo et al., 2016). Further studies are needed to quantify the relationship of nodal root
anatomy with plant size, and the effect of genotype and stress conditions on these allometric
relationships.

Another important dimension is the interaction of root anatomical traits with architectural
traits. Nodal root anatomy exists in a specific context; for each node, the effects of a given tissue
composition or select anatomical features are multiplied by the number and length of the roots,

and the placement of the root given its angle, emergence rate, and environment. Genotypes which
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show an increased or stable root diameter response despite smaller plant size under nitrogen stress
could alter traits such as nodal root number in order to compensate (see Chapter 3). Nitrogen
stress has been shown to cause reduced nodal root number, increased root cell length, increased
lateral to axial root ratio, and decreased root hair length and density; all of these changes have
been interpreted as adaptive, with the exception of root hair response, which was associated with
decreased plant size using a time course study (Gaudin et al., 2011; Gao et al., 2015).

Adaptive responses exist ultimately as preferential resource allocation to traits which
confer an advantage (Bloom, 1985); for a given anatomical composition, there are either
synergistic interactions or tradeoffs with other root traits, including root angle, number,
elongation rate, branching, and exudation. Additionally, common genetic networks and hormonal
signaling underlie root development and affect anatomical, morphological, and architectural root
traits (Wachsman et al., 2015). For example, the DEEPER ROOTING 1 (DRO1) gene affects
root system angle and depth through differential modulation of cell elongation at the crown root
tip, in response to auxin (Uga et al., 2013). Select root trait synergisms have been explored
(reviewed in York et al., 2013), and analyzing the interaction of traits in terms of modules, or
modular plasticity, has been proposed (de Kroon et al., 2004). Modelling is another method for
exploring resource allocation in terms of the costs and benefits, or source and sink strength, of
multiple traits (e.g. Drouet and Pages, 2007; Postma et al., 2017; Marshall-Colon et al., 2017). A
stronger understanding of trait benefits and tradeoffs in plant stress adaptation will require further

modes of analysis for trait interactions, plasticity, and allometric effects.

Optimizing crop root phenotyping strategies

Optimizing root phenotyping procedures and evaluating the impact of relevant traits is
key to the success of trait-based breeding of crop varieties with enhanced nutrient and water use
efficiency. Few studies have addressed trait variation within root systems (e.g. across nodes,
positions, age, and root classes) across multiple genotypes, particularly in the field. Phenotyping
of axial and lateral root traits along different positions in maize root systems has been conducted
in limited genotypes in hydroponic and aeroponic systems (e.g. Gaudin et al., 2011; Gao et al.,
2015). Select maize root anatomy and architecture traits have been evaluated in multiple nodes in
the field, typically in one or two genotypes (Yamazaki and Kaeriyama, 1982; Hoppe et al., 1986;
Girardin et al., 1987; Demotes-Mainard and Pellerin, 1992; Jordan et al., 1993; Aguirrezabal et
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al., 1993; Pellerin, 1994; Liu et al., 2012b). Stamp and Kiel (1992) characterized 28 hybrid

genotypes and evaluated six nodes with a focus on metaxylem vessel traits, and Mano and
colleagues (2006) evaluated aecrenchyma formation across root nodes and positions in multiple
Zea species. An intensive nodal root architecture phenotyping effort among several field-grown
maize genotypes found significant node effects on root number and diameter, and weaker node
effects on angle and lateral root branching (York and Lynch, 2015).

This study found that root anatomy phenotyping results were strongly influenced by node
in field-grown maize. Root anatomy varied within genotype, and genotypic contrast and patterns
in nitrogen stress responses were better discerned from aggregating data across three root nodes.
The first two nodes were distinct from younger nodes, in terms of trait relationships and stress
responses, possibly reflecting developmental transitions that require further study. Phenotyping
third and fourth nodes may lead to more representative characterization of nodal root anatomy
among genotypes, while phenotyping across nodes is useful for more detailed studies of
allometry, plasticity, and trait interactions. Functional significance of anatomical traits in the first
two nodes at early growth stages has not been characterized.

The strongest anatomical variation across nodes occurred in traits closely related to root
diameter, including the number of cortical cell files, the number of metaxylem vessels, and the
total cortex, stele, and metaxylem vessel areas, which increased overall from the first to fifth
nodes in both magnitude and range. Median metaxylem vessel and cortical cell sizes increased
more modestly, and showed similar ranges in the latter three nodes. In younger nodes, stele and
pith areas increased disproportionately, resulting in decreased ratios of cortex to stele area and
total metaxylem vessel to stele area. The percent of cortical aerenchyma was the most variable
trait, and ranged up to 50% in the first four nodes, with a sharp decrease in the fifth node.
Nitrogen stress caused an overall reduction in root diameter and an increase in cortex-to-stele
ratio in younger nodes. Total metaxylem vessel area progressed from no change under nitrogen
stress in the first node to an average 36% decrease in the fifth node.

Among all traits evaluated, cortical cell file number had the least genotypic variation (7
to 13%). Metaxylem vessel and cortical cell diameter related traits, in addition to percent
aerenchyma, had the greatest amount of residual variation, relative to genotype, nitrogen stress,
and node effects, and suggests genotypic contrast in these traits may also be difficult to discern.
To better interpret metaxylem vessel size and cortical cell size metrics, within-root size
distributions were analyzed. The distribution and variability of vessel sizes and cortical cell

diameters showed strong dependence on node and cell file, respectively. The maximum
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metaxylem vessel diameters increased with node and root diameter, as did the maximum cortical
cell diameter, although variation in this trait was minimal. Instead, average cortical cell diameters
reflected changes in the number of small, outer layer cortical cells. Thus, aggregate metrics of an
average or median vessel or cell diameter may confound differences in root diameter with
genotypic contrasts in vessel or cell size, specifically, and the functional benefits of cell sizes
(e.g. for metabolic cost versus structural integrity) should be studied in the context of these
different cortical regions.

Further study of anatomical traits would benefit from more specific quantification
methods and more robust automated or semi-automated applications. Several studies have used
RootScan (Burton et al., 2012) to analyze second-node maize root cross-sections. An updated
RootScan 2 application (coded by Cleo Kesidis) for more detailed anatomical quantification of
cells and vessels is under development. Software such as CellSeT (Pound et al., 2012) has been
modified to provide file-specific cortical cell data from maize root cross-sections (in collaboration
with Michael Pound; not shown), and ImageJ plugins (e.g. as used in this study) and MIPAR™
software “recipes” (Sosa et al., 2014; recipes in collaboration with John M. Sosa) have been
developed to expedite analysis of maize, rice and bean root cross section images. In addition,
three-dimensional reconstruction of root anatomy allows quantification of aerenchyma volumes,
cell lengths or volumes, vessel lengths, and other novel dimensions which could help elucidate
genotypic differences and stress adaptations (e.g. Appendix A, Fig S7, and Fig 4 in Bucksch et
al., 2017).

Future directions

This study evaluated basal crown root cross-sections from field-grown maize, with a
focus on root diameter related traits, tissue proportions, aerenchyma area, and novel
characterization of vessel and cell diameter distributions and trait relationships across nodes.
However, many anatomical traits remain to be studied. Vessel and cell lengths and development,
aerenchyma volume and distribution, cell wall thickness and composition, suberization,
endodermal development, pith, protoxylem and phloem traits, and characteristics of the root
elongation zone and root tips were not evaluated. Root elongation and cell lengths have been
shown to be sensitive to nitrate availability and drought stress in maize (Fraser et al., 1990; Tian

et al., 2008; Gao et al., 2015), but genotypic contrast in these responses have not been described.
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Additionally, the effect of position along the root axis, as well as different root classes,
were not assessed, and pose particular challenges under field conditions. Anatomical plasticity
may be affected as soil conditions change over depth, and genotypic variation that manifests in
the mature root segments near the stem could be altered near the root tip. Lateral roots, as
opposed to axial roots characterized in this study, typically comprise over 90% of total root length
and are optimized for water and nutrient absorption. Lateral root development is also under
separate genetic control (Hochholdinger and Tuberosa, 2009; Benkova and Bielach 2010). Lateral
root proliferation, branching (particularly second-order branching), and apoplastic barrier
development have been studied in the context of abiotic stress tolerance (Gaudin et al., 2011; Yu
et al., 2015; Zhan et al., 2015; Tylova et al., 2017). Lateral root traits involved in mycorrhizal
association, root hair morphology, transporters, branching, and responsiveness to heterogeneous
resources patches all contribute to resource uptake and use efficiency, and genotypic variation in

lateral root traits remains largely unexplored.

Conclusions

The maize root system develops in distinctive, successive nodes, in coordination with
shoot growth. Nodal root architecture, morphology and anatomy has the potential to impact the
efficiency and capacity of water and nutrient uptake. To better understand the relationship
between root anatomy, resource acquisition, and plant growth, this study explored existing
genotypic variation in root anatomical traits across nodes, and the plasticity of traits under
nitrogen stress. Node effects were substantial, and phenotyping across nodes enabled better
resolution of trait relationships, plasticity under nitrogen stress, genotypic variation, and
allometric analyses. Further development of root phenotyping methods would be useful, and
would enable exploration of novel root traits for improving stress tolerance and resource use

efficiency.
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Figures and Tables

Figure 1-1. Nodal variation in maize root anatomy. Nodal root cross-section images from high
nitrogen field-grown maize hybrids, sampled from older to younger nodes (left to right,
numbered) from two genotypes (row A, B). Scale applies to all images.
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Figure 1-2. Principle components analysis of root anatomy traits. Biplot of the first two principle
components (PC 1, 2) of a principle components analysis on 11 root anatomy traits. Points
indicate scores of individual roots on these two components, from nodes 1 to 5 (by color) of field-
grown maize inbreds and hybrids (PA14, PA1S5, PA16, total n=1171) in high and low nitrogen
treatments (by shape). Arrows represent loadings of root anatomy traits (labeled) on these two
components. See Table 1-1 for trait abbreviations. PC1 and PC2 explained 66.7% and 9.7% of
total variance, respectively.
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Figure 1-3. Root anatomy variation by node in field-grown maize hybrids. Boxplots of nodal root
anatomy traits evaluated in nodes 1 (oldest) through 5 (left to right in each plot) from 44 field-
grown maize hybrid genotypes, including high and low nitrogen treatments (PA16). Horizontal
box lines indicate 25th, 50th, and 75th percentile; whiskers indicates range, excluding outliers
(points). Total n = 469 per plot. See Table 1-1 for trait abbreviations and units.
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Figure 1-4. Genotypic variation in plasticity of total metaxylem vessel area (mm?) under low
nitrogen. Mean + S.E. metaxylem vessel area (mm?) across nodes 2, 3, and 4 under high or low
nitrogen (H, blue; L, red) for select maize hybrid genotypes (see Appendix A, Table S1 for
genotype codes). Asterisks represent genotypes with significant differences (p<0.05) between
nitrogen treatments according to a pairwise comparison of trait values matched by node.
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Figure 1-5. Anatomical differences among HNUE and LNUE genotypes. Genotypes were
matched based on high N yield and then grouped according to high or low N use efficiency
(HNUE, blue; LNUE, orange) based on low N yield. For PA16 (left), 22 hybrid genotypes were
included in each group; for PA15 (right), 4 inbred genotypes were in each group. Genotypes with
variable performance were excluded. Mean + SE of yield and select anatomical traits under high
and low N (H, L) conditions are plotted; traits are averaged across nodes 2, 3, and 4 for PA16,
and nodes 1, 2, and 3 for PA15, unless indicated by line thickness in the legend (as N1, N2, N3,
N4). See Table 1-1 for trait abbreviations and units.
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Figure 1-6. Node-specific root anatomy responses to nitrogen stress. Root trait means + S.E. by
node (x-axis) and nitrogen treatment (green, HN; pink, LN) in field-grown maize genotypes
(PA16). Total n=469 roots per plot. See Table 1-1 for trait abbreviations and units. Percent
change under LN by node are in Appendix A, Table S5.
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Figure 1-7. Maize root anatomy trait relationships across nodes. Correlation matrix of root
anatomy traits evaluated in nodes 2, 3, 4 (numbered) in n=69 mean trait values per node from
low-nitrogen field-grown maize hybrids (PA16). Color scale indicates Spearman’s ranked
correlation coefficient. Larger circle size reflects smaller p-value; blank cells indicate correlation
was not significant at p<0.05. Most strongly related traits are ordered and grouped in black boxes
according to hierarchical clustering. See Table 1-1 for trait abbreviations.
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Figure 1-8. Scaling relationships between root anatomy traits and root diameter. The natural
logarithm of each root anatomy trait is plotted against the natural logarithm of root cross-sectional
area (RXA, mm?), including up to 5 root nodes from field-grown maize inbreds and hybrids
(PA13, PA14, SA14, PA15, PA16), with nitrogen (N) treatment indicated with colors (high N,
blue; low N, red). R? and p-values (significance levels of p<0.1., 0.05*, 0.001**, 0.0001***, not
significant >0.1 NS) are given in each plot. Each plot has n=472 to 2217 depending on trait; not
all traits were evaluated in all studies. See Table 1-1 for abbreviations and units.
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Figure 1-9. Allometric relationships of root diameter by node. The natural logarithm of root
cross-sectional area (RXA, mm?) is plotted against the natural logarithm of dry shoot biomass (g)
weighed at anthesis from maize hybrids (PA16), with nitrogen (N) treatment indicated with colors
(high N, blue; low N, red) and each node indicated on the y-axis (N2, N3, N4, and averaged
across nodes). R? and p-values (significance levels of p<0.1., 0.05*, 0.001**, 0.0001***  not
significant >0.1 N.S.) are given in each plot. Allometric scaling coefficients for nodes 2, 3, 4, and
averaged across nodes were, respectively: 0.20, 0.45, 0.37, 0.36 for high N, and 0.48, 0.67, 0.59,
0.59 for low N. An isometric relationship between RXA and shoot biomass would be
approximated by a scaling coefficient of 0.67. Nitrogen treatment did not have a statistically
significant effect in the analysis of covariance models of In(RXA) ~ In(Shoot biomass)*TRT for
any of the nodes.
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Figure 1-10. Cortical cell sizes in roots of different cell file numbers. Mean + SE cortical cell
diameters (n=20 per file, per plot) in each cell file, for roots with 7 (from nodes 1 and 2), 13
(from nodes 3 and 4), and 19 (from nodes 4 and 5) total cell files (top to bottom) from field-
grown maize hybrids (PA16). HYP is the hypodermis, OUT indicates the outermost cortical file,
and INN indicates the second innermost cortical cell file; the remaining cell files are numbered.
The innermost cortical cell file adjacent to the stele was not measured due to high variability in
the occurrence of cells in this file, depending on stele shape. High nitrogen (blue, HN) and low N
(red, LN) treatments are indicated.
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Figure 1-11. Metaxylem vessel size distribution across nodes. (A) Mean + SE coefficient of
variation in metaxylem vessel sizes within a root cross-section for each node, (B) mean + SE
relative number of very large (left two bars, per node) and very small (right two bars, per node)
metaxylem vessels, and (C) mean = SE maximum metaxylem vessel size (left two bars, per node)
and minimum metaxylem vessel size (right two bars, per node) from field-grown maize hybrids
(PA16). High nitrogen (red, n=276 per plot) and low N (blue, n=276 per plot) treatments are
indicated. The thresholds for relatively large (>1.14*MXM) and small (<0.75*MXM) vessels
were determined empirically on a subset of root cross-sections.



Table 1-1. Description of maize root anatomy traits.

Trait Measurement

RXA Root cross-section area (mm?)

CXA Cortex cross-section area (mm?)

SXA Stele cross-section area (mm?)

CSR Cortex-to-stele ratio (CXA/SXA)

CF Number of cortical cell files

CCS Median cortical cell size, from the mid-section of the cortex (um?)

MXN Number of metaxylem vessels

MXA Total metaxylem vessel area in cross-section (mm?)

MXP Percent of total metaxylem vessel area in the stele (100*MXA/SXA)

AA Total aerenchyma area in cross-section (mm?)

AAP Percent of aerenchyma area in the cortex (100*AA/CXA)

MXL, MXW Median metaxylem vessel diameter (um) — major axis (MXL) and minor axis (MXW)
MXM Median metaxylem single vessel cross-section area (pm?)

CDM Median cortical cell diameter across all cortical cell files (um)

HYP, OUT, INN Median cortical cell diameter of hypodermis, outermost and innermost cortical cell file (um)
ECC Median metaxylem vessel eccentricity

JSM Estimated conductance rate of all metaxylem vessels in cross-section (m Mpa-! s-1)
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Table 1-2. ANOVA table of genotype, nitrogen level, node, and interaction effects on maize root
anatomy traits. Analysis of variance results from 39 genotypes (G) x 2 nitrogen treatments (T) x
3 nodes (N) x 2 replicates (n=468) from PA16. F-values and significance levels (p <0.1., 0.05%,
0.001**, 0.0001***, not significant (>0.1), N.S.) are given for each trait (see Table 1-1 for
abbreviations) for each main factor (G, T, N) and all factor interactions (G:T, G:N, T:N, G:T:N).
Data from root nodes 2, 3, 4 were included. Five genotypes were excluded due to missing data.

Root diameter related traits

Proportion traits

RXA CXA SXA MXA CF MXN CSR AAP MXP
G 3 QdEE ] kx# D GHE ek SHokn AT 1.9%# 1.7 AT
T 14.9 25.5N8 6.7 NS 8.2 NS 15.8%*%  30.9NS | 0.7NS 3.6 NS 4.4

NS
N 361%%x 3417 #** 3] 3Fx* 253 FFkEF AQ4,1%F*  3§9.6%*k* | 123, 7**F ] 9ONS 182.4%**
G:T 1.8%%* 1.8 ** 1.8%%* 2.1k 2.6%%% 2. 2%%* 1.6% 1.3NS 1.3NS
G:N 1.2NS 1.2NS 1.2 NS 1.5% 1 NS 1.3. 1.1 NS 0.8 NS 1INS
T:N 10.9%%% 7 gHxx 14 4%%x 4 T 2.4, 7. 7EEE gEwE 0 NS 5.4%%
G:T:N 0.7NS 0.8NS 0.7 NS 1 NS 0.6 NS 0.7 NS 0.8 NS 0.8 NS 0.8NS

Metaxylem vessel related traits Cortical cell related traits

MXM MXL MXW ECC JSM CDM CCS HYP ouT INN
G 2 §k%E 9 @ kEE 99 AEEk 9 QEkk ) 5 EAE 1.8 ®% 1. 7%% 1.5 % 1.8 #% 1.8 #%
T 12.6%*%%  ]10.0%* 10.1** 1 NS 8.0NS 49 3x%k%  40.6%** (.0 NS 10.2**  10.0.
N 51.3%%% 439 66.0 8.9%*%  131.0 7.0 ** 24 1%%%  30.7 40.7 43 %

dkk P fdek P g

G:T 1.5% 1.5%* 1.6 * 1 NS 1.8 ** 1.2NS 1.3NS 1.3NS 09NS 1.2NS
G:N 1.2NS 1.3. 1.2NS 1.1INS 14% 1.2NS 1NS 1.1 NS 09NS 1.0NS
T:N 0.INS 0.3NS 0.5NS 2.7 5.2 % 5.3%% 0.8 NS  6.9%* 3.3 5.5%%
G:T:N 1NS 1.0 NS 0.7NS 1.2NS 1.1NS 09NS 1.1NS 0.9NS 0.7NS 1.0NS
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Table 1-3. Effect size of genotype, nitrogen treatment, and node on maize root anatomy traits.
Effect sizes (%) for genotype (G), nitrogen treatment (T), and root node (N) and their interactions
for each anatomical trait in PA16 (n=468). Effect sizes are the proportion of variation in the trait
explained by the given factor, interaction, or other sources (residuals). See Table 1-1 for trait
abbreviations. Root nodes 2, 3, 4 included. For each traits, the maximum source of variation is in
bold; if this source is an interaction or residual, the maximum main factor source of variation is

underlined.

Root diameter related traits

Proportion traits

RXA CXA SXA MXA CF MXN | CSR AAP MXP
G 9.5 10 8.8 11 13 13 9.7 14 19
T 4.2 48 3.1 2.9 1 24| 0.5 2.8 0.4
N 50 49 49 41 352 52 34 0.3 38
G:T 5 5 54 6.8 64 571 8.2 11 5.3
G:N 6.6 6.7 T4 9.4 438 7 11 14 8.3
T:N 1.4 1.1 2 0.6 0.3 0.9 2 0.1 1.2
G:T:N 39 42 44 6.1 2.8 3.5 7.9 13 6.8
Resid 19 20 20 22 20 16 27 43 21

Metaxylem vessel traits

Cortical cell related traits

MXM MXL MXW ECC JSM|CDM CCS HYP OUT INN
G 159 18 14 21 13 13 12 98 13 135
T 1.6 13 1.3 03 3 9 7 0 23 57
N 16 13 20 34 28| 25 83 12 15 19
G:T 87 84 93 69 8| 84 9 93 69 85
G:N 14 15 14 15 12 18 14 16 13 156
T:N 0 0.1 01 12 08| 19 04 26 15 20
G:T:N 11 12 84 17 92 13 15 13 10 15.0
Resid 32 33 32 35 27 33 34 38 37 379
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Table 1-4. Genotypic variation in maize root anatomy traits by node. Genotypic coefficients of
variation (G.C.V., %) for each trait, where [CV = 100*(standard deviation of trait value)/(mean
trait value)] using mean trait values for each genotype, by node (N2, N3, N4) and nitrogen
treatment (HN, LN) in field-grown maize hybrids (PA16, n=39 genotypes; 5 genotypes excluded
due to missing data). Mean G.C.V. across nodes and nitrogen treatments in bold. See Table 1-1
for trait abbreviations.

Root-diameter related traits Proportion traits
RXA CXA SXA MXA CF MXN |CSR AAP MXP
N2 HN 28.1 28.4 312 356 9.9 16.7 16.3 107.4 14.4
LN 30.7 30.1 345 36.4 10.7 16.7 18 90 13.4
N3 HN 31.4 312 33.7 36.7 12.3 172 12.4 1019 216
LN 30.4 28.4 37.2 293 12.3 215 13.3 82.1 17.8
N4 HN 32.6 30.8 38.6 373 11.6 21 17.7 104 228
LN 297 28 358 308 12.7 234 19.7 93 208
Mean 30.5 29.5 35.2 34.4 11.6 19.4 16.2 96.4 18.5
Metaxylem vessel traits Cortical cell related traits
MXM MXL MXW ECC JSM |CDM CCS HYP OUT INN
N2 HN 28.9 15.4 14.7 13.1 59.5 153 258 17.7 29 15.2
LN 29.6 15.9 14.8 15.5 63.5 11.8 21.2 15 21 13.9
N3 HN 28.4 16 11.6 17.1 68.3 13.5 295 15 221 153
LN 22 12.2 9.8 14.2 44.6 99 18.4 11.4 21.5 13.2
N4 HN 27.5 16 12.9 16.7 58.4 16.2 248 17.5 203 20.5
LN 195 112 9.7 178 47.7 11.4 20.4 13.6 16.7 13.6
Mean 26 14.5 12.3 15.7 57 13 23.4 15 21.8 153
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Table 1-5. Anatomical response to nitrogen stress among genotypes. The percent of evaluated
maize genotypes which showed significant trait response (p<0.05) under low N stress
(“Plasticity”) for the indicated anatomical trait, averaged across nodes 2, 3, and 4 (“All”) and for
each node (N) individually; the percent of plastic genotypes which showed a negative response
(i.e. decreased trait value) under low N (“Direction”); and the percent of plastic genotypes which
showed a strong response (greater than 50% change in trait value, “Strength”) among field-grown
hybrids (PA16, n=140 per trait, per node). See Table 1-1 for trait abbreviations.

Percent of genotypes with Percent of plastic genotypes with
Plastic Strong Negative
response response response
(p<0.05) (>50%) ()
Trait All N2 N3 N4 All N2 N3 N4 All N2 N3 N4
RXA 314 29 8.6 8.6 63.6 0 667 667 909 0 667 667
SXA 114 29 8.6 29 75 100 100 100 75 100  66.7 100
MXA 20 29 5.7 5.7 714 100 50 50| 85.7 100 50 50
CF 257 143 171 114 0 0 0 0| 77.8 60 66.7 50
MXN 257 29 114 5.7 11.1 0 0 0| 889 100 75 0
CSR 114 5.7 8.6 5.7 0 0 0 0 75 50 66.7 0
AAP 5.7 29 0 8.6 100 100 — 100 50 0 — 667
MXP 8.6 5.7 0 0 0 0 — — 0 50 — —
MXM 8.6 5.7 5.7 5.7 333 50 50 0 100 100 100 50
ECC 0 0 5.7 2.9 — — 0 0 — — 50 0
JSM 114 5.7 8.6 8.6 75 100 0 66.7 100 100 333 100
CbM 229 17.1 0 5.7 0 167 — 0 100 100 — 0
CCS 20 8.6 0 5.7 42.9 0 — 50 100  66.7 — 100
HYP 5.7 29 5.7 5.7 0 0 0 0 0 0 100 0
ouT 5.7 8.6 29 29 50 0 100 0 100 100 100 0
INN 14.3 5.7 29 8.6 20 0 100 0 100 100 100 66.7
Mean 143 5.9 5.7 5.9 362 311 389 289 762 684 729 433
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Chapter 3

Nodal root diameter and node number in maize (Zea mays L.) interact
to influence nitrogen stress tolerance

Abstract

Plants preferentially allocate resources to root construction and metabolism, as opposed
to shoot growth, when nitrogen is limiting. The benefits of investing in various root architectural
and anatomical structures for nitrogen acquisition are not well understood. Nodal root number
(NRN) and diameter (i.e. root cross-sectional area, RXA) were evaluated in maize IBM RILS in
field and greenhouse experiments, and found to be inversely correlated under high and low
nitrogen conditions. Slower development of root nodes, as opposed to differences in the number
of roots per node, resulted in substantially reduced NRN and increased RXA. At two phenotypic
extremes were M201 which produced few, thick axial roots, and M277 which produced many,
thin roots, in high and low nitrogen conditions across field and greenhouse experiments. M201
had deeper root distribution and less spatial overlap among axial roots, suggesting less intra-plant
competition. M201 also had less total axial root volume than M277 despite similar root biomass,
suggesting greater investment in other root classes. Fewer, thicker axial roots was correlated with
better shoot growth under moderate nitrogen stress, but not under severe stress, which reduced
root diameter substantially across genotypes. Fewer axial roots offset respiratory and nitrogen
costs of thicker diameter roots. Further exploration of root trait interactions among different root

classes may reveal novel strategies for trait-based breeding of crop stress tolerance.

Highlight

Nodal root diameter and number are interacting traits in maize. Genotypes with slower
nodal root emergence produced fewer, thicker axial roots, and performed better under moderate

nitrogen stress.
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Key words and abbreviations

Maize, nitrogen stress, root diameter, root number, trait interactions

IBM, intermated B73 x Mo17

RIL, recombinant inbred line

Introduction

Developing stress tolerant, resource efficient crops is a key strategy for addressing the
challenges of climate change, global food security, and land degradation (Blum and Jordan, 1985;
IPCC, 2014; Mickelbart et al., 2015; Hunter et al., 2017). Maize is a critical global crop,
cultivated for food, fuel, and industrial uses (FAO, 2014). In intensive agriculture systems,
nitrogen (N) fertilizers are over-applied to maximize grain yield, yet over half of the applied
nitrate leaches beyond the root zone and pollutes waterways, or is volatilized as harmful
greenhouse gases (Hirel et al., 2011; Dhital and Raun, 2016). In low-input subsistence
agriculture, which sustains half of the global population, maize is grown on marginal soils where
nitrogen availability is a primary constraint on yield (Gibbon et al., 2007). Breeding nitrogen-
efficient and nitrogen-stress tolerant maize varieties would therefore have substantial economic
and environmental benefits.

Plant root systems are responsible for the acquisition of water and nutrients, and have
evolved specialized structural and physiological traits to forage for resources in complex,
heterogeneous soil environments (Kenrick, 2002). Plants preferentially allocate assimilated
carbon to root construction and metabolism, as opposed to shoot growth, when nitrogen becomes
limiting (Brouwer, 1962; Bloom, 1985). However, the relative advantages of investing in
different root system strategies are difficult to comprehensively assess. For example, maize
develops spatiotemporally and genetically distinct classes of embryonic and post-embryonic
roots, each composed of specialized axial (supportive, conducting) and lateral (branching,
absorptive) roots (Hoppe et al., 1986; Demotes-Mainard and Pellerin, 1992; Hochholdinger et al.,

2004). Each root varies from base to apex (root tip) in anatomical composition and metabolic
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activities, including the degree of root exudation, nutrient translocation and assimilation, soil
penetration strength, root hair density and length, and mycorrhizal associations.

Several root ideotypes, or select combinations of root traits defined as breeding targets,
have been proposed for improving nitrogen acquisition efficiency (for ideotype breeding, see
Donald, 1968; Clarke and McCaig, 1993; for root system ideotypes, see White et al., 2013;
Lynch, 2013; Schmidt and Gaudin, 2017). To understand how different root traits contribute to
nitrogen stress adaptation, whole root system responses to nitrogen stress, as well as the utility of
individual traits, have been explored. Individually, traits such as steep crown root angle, fewer
nodal roots, and reduced lateral root branching have been associated with rapid, deep rooting and
better yield under nitrogen stress in select IBM RILs (Trachsel et al., 2013; Zhan and Lynch,
2014; Saengwilai et al., 2014a), although modeling results suggest that traits which maximize
deep rooting may only provide benefits under certain precipitation regimes and soil textures
(Dathe et al., 2016). Maize acquires (N uptake per unit N supplied) and utilizes (biomass
produced per unit N supplied) nitrogen more efficiently under nitrogen stress (Gaudin et al.,
2011a). Under low nitrogen conditions, select maize genotypes reduced the number and diameter
of nodal roots, but increased individual axial root length, increased lateral to axial root length
ratio, and increased expression of nitrate transporters, among other changes (Gaudin et al., 2011a,
b; Gao et al., 2015). Increased root cortical acrenchyma was also found to be adaptive under
nitrogen stress (Gao et al, 2015; Saengwilai et al., 2014Db).

Recent work has shown that maize breeding has indirectly resulted in increasing nitrogen
use efficiency (Ciampitti and Vyn, 2012; York et al., 2015; DeBruin et al., 2017). York and
colleagues (2015) evaluated root architecture and anatomical traits (from the second root node) of
a set of commercial hybrids representing different “eras” of cultivation were assessed under
varying nitrogen levels and planting densities, and found that the most recent varieties had
multiple changes in root system structure, including fewer (per node) but shallower axial roots,
delayed lateral branching, and increased metaxylem vessel number, although this was offset by
narrower vessel diameter resulting in no change in vessel area.

To understand the effects of combining potentially adaptive root traits, this study
primarily evaluated the relationship of two root traits — the number of nodal roots (a combination
of the number of developed root nodes, and the number of roots per node), and nodal root
diameter. While fewer nodal roots have been shown to improve N stress tolerance, the utility of
anatomical traits, such as RXA, within the context of different NRN has not been studied.

Previous work has suggested a benefit of maintaining larger RXA under low N (see Chapter 2),
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despite increased carbon costs; however, interactions with other root traits, such as a
simultaneous reduction in NRN, could potentially offset carbon costs while enabling greater
hydraulic conductance, soil penetration strength, and resilience of thicker roots, which could be
beneficial for N acquisition. To investigate this interaction, this study compared maize IBM RILs
which contrasted in both NRN and RXA, and evaluated combined trait effects on root respiration,
nitrogen content, root length, root depth distributions, and shoot growth, in greenhouse and field

experiments under high and low nitrogen conditions.

Materials & Methods

Plant material

Two greenhouse experiments (GH1 and GH2) were performed in 2015, using maize
recombinant inbred lines (RILs) from the intermated B73 x Mo17 population (IBM). GH1 and
GH2 included 8 RILs each: 30, 126, 178, 201, 277, 323, 352, plus 365 (GH1) and 181 (GH2).
PA15 included 11 IBM RILs: 59, 129, and all RILs from GH1 and GH2. Seeds were provided by
Dr. Shawn M. Kaeppler from U-Wisconsin, Madison, USA.

Five field experiments were performed (PA13, PA14, SA14, PA15, PA16). The 2013
(PA13) and 2014 (PA14) field studies in PA included 30 and 27 RILs, respectively, from the
IBM, NYH (Ny821 x H99) and OWRI (Oh43 x W64a) populations. The 2014 field study in
South Africa (SA14) included 25 IBM and NYH genotypes. The 2015 field study (PA15)
included 11 IBM RILs. The 2016 field study (PA16) included 44 maize hybrid genotypes. The
Genomes to Fields (G2F) Consortium curated and provided seeds for the hybrid genotypes. IBM,
NYH, and OWRI RIL maize seeds were provided by Dr. Shawn Kaeppler from U-Wisconsin,
Madison, USA. Genotypes from all field studies are listed in Appendix C, Table S1.

Growth conditions

GH1 and GH2 were conducted in the same greenhouse at University Park, PA (40° 45'

36.0" N, 73° 59' 2.4" W), with 14 h photoperiod, maintained at approximately 28°C/26°C
day/night, 40% RH, PPFD of 500 umol m™ s at the sixth leaf (Growmaster Procom, Micro
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Grow, Temecula, CA, USA). GHI seeds were germinated on April 28, 2015, and plants were
harvested June 4-5, 2015. GH2 seeds were germinated Sept 26, 2015, and plants were harvested
November 3-4, 2015.

Seeds were surface-sterilized with 25% (v/v) commercial bleach for 3 min, rinsed with
distilled water, then soaked in the seed fungicide Captan (0.2 g/L) for at least 10 min. Seeds were
germinated using the paper roll-up method. Seeds were placed 2.5 cm apart in a row, 4 cm from
the top edge, between two sheets of heavy weight seed germination paper (Anchor Paper Co., St.
Paul, MN, USA), then rolled up and placed vertically in an imbibing solution of 0.5 mM CaSOs,
and dark-incubated at 28°C for 2 days (Imperial 11, Lab-line, Dubuque, IA, USA). Representative
seedlings from each genotype were transplanted at about 5 cm depth and thinned after 4 days.

Plants were grown in individual mesocosms. Each mesocosm consisted of a PVC pipe
with an inner diameter of 15.5 cm (outer diameter 16 cm) and height of 1.54 m, set vertically
within a PVC socket cap (17 cm inner diameter, 18.5 cm outer diameter) with a single drainage
hole drilled in the bottom. A layer of plastic mesh was laid over the drainage hole. Mesocosms
were secured about 30 cm apart (center to center) against vertical wooden frames. Each
mesocosm was fitted with a bottom-draining plastic liner bag constructed from 6 mil
polyethylene sheets (USP Corp, Lima, OH, USA) using a heat sealer (Model H-1254, U-line,
Pleasant Prairie, WI, USA). Details on mesocosm construction are available at this link:

http://plantscience.psu.edu/research/labs/roots/methods/rootbox-greenhouse-methods/cylinders-

for-root-evaluation.

Each mesocosm was filled with a 30 L mixture consisting of 50% commercial grade
medium sand (Quikrete, Harrisburg, PA, USA), 27% horticultural grade fine vermiculite (D3,
Whittemore Companies Inc., Lawrence, MA, USA), 18% field soil, and 5% horticultural grade
super coarse perlite (Whittemore Companies Inc.), by volume. Soil was collected from the top 20
cm of low-nitrogen fields (Hagerstown silt loam) maintained at the Russell E. Larson Agricultural
Research Center at Rock Springs, PA, air dried, crushed and sieved through a 4 mm mesh. A thin
surface layer of perlite was added to each mesocosm to help retain moisture and reduce
compression of media.

Plants were fertigated using individual 12.7 cm diameter drip rings (Dramm, Manitowoc,
WI, USA) with 2 mm diameter poly tubes inserted into a PolyFlex pipe (1.9 cm inner, 2.5 cm
outer diameter), which was connected to a submersible pump (Little Giant, Fort Wayne, IN,
USA) in a 100 L Rubbermaid tub, containing one of two nutrient solutions. The high nitrogen

(HN) solution contained (in uM): 6500 NOs, 80 NHa, 500 P, 2000 Mg, 3500 S, 3500 Ca, 3010 K,
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10 Cl, 14 B, 3 Mn, 1 Zn, 0.5 Mo, 0.4 Cu, 110 Fe. The low nitrogen (LN) solution contained (in
uM): 130 NOs, 10 NHa4, 500 P, 2000 Mg, 4500 S, 2310 Ca, 1500 K, 500 Cl, 14 B, 3 Mn, 1 Zn, 0.5
Mo, 0.4 Cu, 110 Fe. Iron was applied as 5.85 mg/L Fe-DTPA (Dissolvine D-Fe-11, Akzonoble,
Amsterdam, Netherlands). Nutrient solutions were adjusted to pH 6.0 using KOH pellets, and
maintained at this pH with KOH or HCI as needed. A dilute micronutrient foliar spray was
applied uniformly as needed. Each mesocosm was saturated with 2.5 L of nutrient solution one
day prior to transplant, then fertigated 200 mL per mesocosm every other day.

The PA13, PA14, PA15, and PA16 field trials were conducted in 0.4 ha fields maintained
with split high and low nitrogen treatments (field #87, 85, 105, 103 in 2013; 105, 85 in 2014; 103
in 2015; 105, 85 in 2016) at The Pennsylvania State University’s Russell Larson Research Farm
(40°42°40.915”N, 77°,57°11.120”W, central coordinate between field #105 and 85), which has
Hagerstown silt loam soil (fine, mixed, semi-active, mesic Typic Hapludalf). To generate low N
conditions, approximately 2.5 cm of sawdust was applied to fields #85, 103, 105 in May 2011 and
2012, and applied to field #87 in 2012 only. The high-nitrogen sides of the fields were fertilized
with 146 kg N ha! applied as urea (46-0-0) in 2013 and 2014; 157 kg N ha™' in 2015; and 213 kg
N ha™' in 2016 while no N fertilizer was applied on the low-nitrogen sides. Fields received drip
irrigation, nutrients other than N, and pest management as needed.

Seeds were planted using hand jab planters in rows with 76 cm row spacing, 91 cm
alleys, 23 cm plant spacing, 4.6 m plot length with 3.7 m planted, or approximately 56,800 plants
ha'!. In PA13, PA14, and PA15, each genotype was planted in 3-row plots, and plants from the
middle row of each 3-row plot were sampled; in PA16, single-row plots were used, and plants
were sampled from the middle section of the plot.

Planting dates for PA13, PA14, PA15, and PA16 were: May 18, 2013, May 31, 2014,
June 14, 2015, and May 25, 2016, respectively. Following anthesis, root and biomass harvest
began on: Aug 21, 2013, Aug 25, 2014, Sept 3, 2015, and Aug 8, 2016, respectively. Soil coring
began on: Sept 9, 2013, Aug 20, 2014, Sept 9, 2015, and were not taken for PA16. Yield was
collected at physiological maturity. Physiological measurements and sampling, such as for
photosynthesis rate, SPAD, leaf chlorophyll content, leaf specific weight, plant height, ear height
and number, leaf area, leaf number, and stand counts were completed approximately one week
prior to root and biomass harvest (see “Plant harvest and measurements”).

SA14 was conducted at the Ukulima Root Biology Center in Alma, Limpopo, South
Africa in the Nebraska Farm pivot (24°33°0.12” S, 28°7°25.84 E, 1235 m asl), which has
Clovelly loamy sand (Typic Ustipsamment). A total of 184 kg N ha was applied to high N plots,
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through five applications of fertigation and granular urea. A total of 23 N ha' was applied to the
low N plots at planting via fertigation. Pivot irrigation, nutrients and pesticides were applied as
needed. Hand-planting was completed November 26, 2013 and plant harvest and root sampling
began Feb 10, 2014. Planting density was approximately 80,000 plants ha™ with 76 cm row
spacing. Genotypes were planted in 3-row plots, and plants were sampled from the middle row of
each plot.

The average percent reduction in shoot biomass and yield from all experiments is listed in
Appendix C, Table S2. The soil nitrate distribution by depth under high and low nitrogen
treatments is shown for GH2, SA14, and PA15 in Appendix C, Fig S1.

Experimental design

GH1 and GH2 were two-way factorial randomized complete block designs, with four
replicates (blocks) containing randomized combinations of 8 genotypes x 2 nitrogen treatments
(high and low nitrogen).

Field experiments were split-plot randomized block designs with different configurations.
In PA13 and PA14, 30 genotypes were randomized in each of 4 replicates (blocks) of 2 nitrogen
treatments (sub-plots within blocks), totaling 240 plots. In PA15, 11 genotypes were randomized
in 4 blocks within 2 N treatments, totaling 88 plots. In PA16, 44 genotypes were randomized in 2
blocks with 2 nitrogen treatments, totaling 178 plots. In SA14, 25 genotypes were randomized
into each of 4 high N and 4 low N blocks, totaling 208 plots. In PA13 and PA16, separate 1-acre
fields were used for each block; in PA14 two 1-acre fields were sub-divided into 8 blocks; in
PAI15, one 1-acre field was sub-divided into 8 blocks. In SA14, blocks were randomly assigned

within a center pivot and split N treatments were applied.

Plant harvest and measurements

In greenhouse studies, plants were harvested over two days, with two replicates harvested
per day. Shoots were removed, dried at approximately 70°C, and stem and leaves were weighed
separately. Whole root systems in media were removed intact within polyethylene liner bags.

Liner bags were placed on a tray, sliced open vertically, and media was gently washed off with a
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hose. Nodal axial roots were counted manually, with root counts recorded by node. The number
of roots per node was defined as its “nodal occupancy”. The length of each axial root was
measured from base to tip with a meter stick, with lengths recorded by node; broken roots were
measured as possible and recorded separately to obtain the most accurate average lengths
possible. Two representative root segments each were excised from 2 to 4 cm from the stem base
from the second and third nodes (GH1) and from the second, third, and fourth nodes (GH2), and
preserved in 75% ethanol for anatomical analysis. Root respiration rate was measured on three 2-
cm axial root segments (4 to 6 cm from the stem base) from each of these nodes, using a LI-COR
6400XT (LI-COR Biosciences, Lincoln, NE, USA) fitted with a closed custom chamber. A subset
of these roots were dried at about 70°C, weighed to determine specific root length, and manually
ground, homogenized, and a 2 mg subsample was analyzed for carbon and nitrogen content using
a CHN elemental analyzer (2400 CHNS/O Series I, PerkinElmer, Waltham, MA, USA). Each 30
cm of the entire root system, beginning at the stem base, was collected and dried at about 70°C to
obtain total root biomass. The depth above which a given percent of the root system biomass was
located (e.g. 95% for D95) was calculated using linear interpolation of cumulative root mass at
each depth. Dried leaves were ground, homogenized, and a 2 mg subsample was analyzed for
total nitrogen content with a CHN elemental analyzer (2400 CHNS/O Series 11, PerkinElmer,
Waltham, MA, USA) using the Dumas combustion method.

In field studies, representative plants from each plot were excavated using a shovel
(Trachsel et al., 2011). In PA13, PA14, and SA14, two plants were plot were sampled; in PA15
and PA16, one plant per plot was sampled. Root crowns were separated from the shoots, soaked
in water with detergent, and hosed to remove remaining soil. Each node of roots was excised, and
up to 3 representative roots from select nodes for each study (see Appendix C, Table S1) were
sampled at 2 to 4 cm from the base of the stem and preserved in 75% ethanol for anatomical
processing. In PA13, two root crowns from the low nitrogen treatment were dried, and a 2 cm
basal segment from each node and the primary root were excised, weighed to determine specific
root length, manually ground and homogenized, and a 2 mg subsample was used to determine
carbon and nitrogen content using a CHN elemental analyzer. In SA14, for all plants, an
additional representative axial root from each node was excised from 2 to 4 cm from the base,
dried at about 70°C, and weighed to determine specific root length. These roots were then ground
manually and homogenized, and a 2 mg subsample was analyzed for carbon and nitrogen content
using a CHN elemental analyzer. In PA16, all nodal roots were counted by node, and recorded as

crown or brace roots; roots less than 2 cm were noted as emerging. In PA13, PA14, SA14, and
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PA15, for a subset of plants, nodal roots were counted by node and roots less than 2 cm emerged
were noted separately. In PA13, PA14, and PA16, all root crowns were also imaged to check for
variation in root angle; a subset of root crowns were imaged in SA14. Shoot biomass was
separated into stem, leaves, and ears, dried at approximately 70°C, and weighed. Ears from eight
plants per plot (PA16) and five plants per plot (PA15) were collected at physiological maturity,
dried to approximately 15% moisture content, shelled and weighed. Dried leaves were ground,
homogenized, and a 2 mg subsample was analyzed for total nitrogen content with a CHN
elemental analyzer.

To determine relative root lengths and depths, soil cores 60 cm in depth and 5 cm in
diameter were taken manually with a sledgehammer and farm jack, using a steel coring tube with
quick relief soil coring bit, drive head, and plastic liner (Giddings Machine Co., Windsor, CO,
USA), between two plants from all plots in PA15, and a subset of plots in PA13, PA14, and
PA15. Soil cores were separated into 10 cm segments, and fine roots were extracted using a
custom root washer. Roots were placed in water on a clear plastic tray, scanned (Epson Perfection
V700 Photo, Epson America, Inc., Long Beach, CA, USA) at 600 dpi and analyzed for root
length separated by diameter classes (e.g. 0.2, 0.5, 1 mm) to estimate lateral versus axial root
lengths using Winrhizo Pro software (Regent Instruments, Québec City, Quebec, Canada). Linear
interpolation of cumulative root lengths by depth was used to calculated the depth at which a
given percent of root length occurred (e.g. for 95%, this is reported as D95).

For GH2, media samples were collected at different depths in the mesocosm, air-dried,
homogenized, and samples of equal mass were tested for nitrate content was using a LAQUA
nitrate meter (Spectrum Technologies, Aurora, IL, USA) according to manufacturer’s
instructions. For PA15, soil cores were taken, separated by depth, homogenized, dried at 70°C,

and extracted as above. Soil nitrate content was determined spectrophotometrically in SA14.

Image analysis

For GH1 and field experiments, the middle portion of two representative root segments
per node of each plant were ablated and imaged using laser ablation tomography (LAT). This
technique employs a nanosecond pulsed UV laser (Avia 355-7000, Coherent, Santa Clara, CA,
USA) focused into a single-line scanning beam with a HurryScan 10 galvanometer (Scanlab,

Puchheim, Germany) to ablate the cross-sectional surface of a root secured to a three-axis
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motorized stage (ATS100-100, Aerotech Inc, Pittsburgh, PA, USA). The root is moved into the

laser beam at about 30 um s (rate is adjusted according to root quality), and as each surface is
ablated and exposed, images lit by the laser UV light are captured using a stage-mounted (#62-
009, Edmund Optics, Barrington, NJ, USA) camera and 5X macro lens (Canon EOS Rebel T3i
camera with 65mm MP-E 1-5x variable magnification, Canon USA Inc, Melville NY, USA).
Image scale was 1.173 pixels per micron. Select greenhouse-grown root segments required pre-
processing in a critical point dryer (Leica EM CPD300, Leica Microsystems, Wetzlar, Germany)
to prevent sample dessication during laser ablation. Roots were placed in histo prep tissue
capsules (29 mm x 6 mm) (Fisherbrand, Fisher Scientific, Waltham, MA, USA) and gradually
dehydrated 75% to 100% ethanol prior to critical point drying.

For GH2, two ethanol-preserved roots from each node (2, 3, and 4) were manually
sectioned using fresh double-edged razor blades (American Safety Razor Company, Verona, VA,
USA), wet-mounted and visualized using a Diaphot inverted light microscope (Nikon Inc.,
Melville, NY, USA) under 4X magnification with a mounted CCD camera (Nikon DS-Fil
camera with DS-U2 USB controller, Nikon, Inc.). Images were captured using NIS Elements F
4.30.00 software (Nikon, Inc.) at a scale of 390.7 pixels per mm, using 1280 x 920 pixel
resolution. Two representative cross-sections images per root were selected for analysis.

Images were analyzed using one of two workflows. Images from GH1, GH2, PA13,
SA14, PA15, and PA16 were analyzed using custom macros created with the open-source

Object] plug-in (https://sils.fnwi.uva.nl/bcb/objectj/) in Imagel

(https://imagej.nih.gov/ij/index.html), in which cortex, stele, aerenchyma, vessel and cell outlines

were manually traced, and cell files manually counted (Appendix C, Fig S2). This allowed careful
quantification of cell and vessel sizes. Images from PA14 were analyzed using the open-source
Java program RootScan2 (code by Cleoniki Kesidis,

http://plantscience.psu.edu/research/labs/roots/methods/computer/rootscan), which is based on

RootScan (Burton et al., 2012) but optimized for LAT images, and is under development. Cortical
cell file and metaxylem vessel numbers were manually confirmed. Trait descriptions and

abbreviations are provided in Table 2-1 (see Chapter 2 for additional details).
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Statistical analysis

Statistical analysis and visualizations were generated using R version 3.3.1 (R Core
Team, 2016). Bar plots were generated using data aggregation functions from the package plyr

and plotting functions from the package ggplot2 (Wickham, 2009; Wickham, 2011).

Results

Nodal root number and diameter were inversely related among maize RILs

Nodal root diameter (RXA), averaged from axial roots in the second and third nodes, was
inversely related to nodal root number (NRN) among maize IBM RILs in high and low nitrogen
conditions in the greenhouse (Fig 2-1 A, B; see Table 2-1 for trait descriptions) and under low
nitrogen in the field (Appendix C, Fig S3). The relationship was strongest under severe nitrogen
stress in GH1 (Fig 2-1A; nitrogen stress levels for each experiment are given in Appendix C,
Table S2). Of the first three root nodes in field-grown IBM RILs, RXA from the third root node
was most correlated with NRN, while RXA in the first node was not correlated (Appendix C, Fig
S3). In GH2, there was also a stronger relationship between NRN and RXA from the third and
fourth nodes, compared to the second node; however, in GH1, the second node RXA was most

strongly related to NRN (not shown).

Number of root nodes, rather than nodal occupancy, was related to root diameter

There was an inverse relationship between the number of developed root nodes (NN) and
average RXA under high and low nitrogen conditions in GH1 and GH2, and under low nitrogen
only in PA15 and PA16 (Fig 2-2 A, B, C, D). By contrast, the average number of roots per node,
or nodal occupancy (NO), in the first four nodes was not strongly correlated with RXA in either
high and low nitrogen conditions in the field and greenhouse, except in GH1 under severe

nitrogen stress (Appendix C, Fig S4 A, B, C, D).
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RILs M201 and M277 consistently contrasted in nodal root number and diameter, with
similar root biomass

IBM RILs M201 and M277 showed the strongest phenotypic contrast in NRN and RXA,
across greenhouse and field experiments, (Fig 2-3 A, B; Appendix C, Fig S5 A, B and S6 A, B)
with over two-fold variation in each trait under high and low nitrogen conditions in GH2 (Fig 2-3
A, B). Trait relationships and physiological contrasts among IBM RILs (in the following
sections) were well represented by M201 and M277. For example, M201 and M277 did not differ
in NO across developed nodes, but M277 produced up to two more nodes of roots (Fig 2-3 C, D;
Appendix C, Figs S5 C, D and S6 C, D). The youngest two nodes in M277 had the greatest NO,
resulting in contrasting NRN (Appendix C, Fig S7 A, B, C). Despite strong differences in NRN
and RXA, M201 and M277 did not differ significantly in total root biomass under high and low
nitrogen conditions in GH2 (Fig 2-4).

Genotypic differences in root diameter were associated with cortical cell file number, stele
area, and cortical cell size

Contrasts in RXA among IBM RILs were most strongly related to cortical cell file
number and stele area, rather than cortical cell diameter (Fig 2-5 A, B, C, D). Cortical cell
diameter was strongly positively correlated to RXA under low nitrogen, but not high nitrogen
conditions (Fig 2-5B). M201 produced the most cortical cell files, but had similar cortical cell
diameter as M277, and M201 had the largest stele area, both in total area and proportion relative
to cortical area (Appendix C, Fig S8 A, B, C, D). M201 had the greatest number of metaxylem
vessels and total metaxylem vessel area, but similar median vessel size as M277 (Appendix C,
Fig S8 E, F, G). M201 produced less cortical aerenchyma in high and low nitrogen conditions
than M277 (Appendix C, Fig S8H). Stele cell diameters and file numbers were not evaluated.

Fewer, thicker nodal roots were associated with better shoot growth under moderate
nitrogen stress in maize inbreds

Fewer nodal roots was correlated with greater shoot mass under mild to moderate

nitrogen stress in maize IBM RILs, in GH2 and PA15 (Fig 2-6A and Appendix C, Fig S9A). By
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contrast, there was no significant relationship between nodal root number and shoot mass under
high nitrogen in these studies (Fig 2-6A and Appendix C, Fig S9A). Larger root diameter was
positively correlated with shoot biomass under low nitrogen in both studies, but was also
positively correlated with shoot biomass in high nitrogen in GH2 (Fig 2-6B and Appendix C, Fig
S9B). Under severe nitrogen stress in GH1, there was no relationship between NRN and shoot
mass (Appendix C, Fig S10A). Root diameter was positively correlated with shoot mass in high
nitrogen only in GH1 (Appendix C, Fig S10B).

Among field-grown hybrids, NRN was weakly positively correlated with shoot mass
under low nitrogen, but there was no relationship in high nitrogen (Appendix C, Fig S11A). Root
diameter was positively correlated with shoot mass under both high and low nitrogen, although
the relationship was stronger under low nitrogen (Appendix C, Fig S11B). The relationship
between NRN and shoot mass varied by node among hybrids; for example, the number of roots in
the first node was negatively correlated with shoot mass under high nitrogen, while the NO of the
fifth node was significantly positively correlated with shoot mass under low nitrogen. (Appendix

C, Fig S11 C, D).

Genotypes with fewer nodal roots produced less total axial root length and volume

The total axial root length produced (TRL, the product of NO and ARL, the average axial
root length in each node, for all developed nodes) was most strongly related to NRN under high
and low nitrogen conditions, whereas RXA was only significantly negatively correlated with TRL
under low nitrogen (Fig 2-7 A, B). M277 produced the greatest TRL among IBM RILs, while
M201 produced the least (Fig 2-8).

Total axial root volume (TRV) was calculated as the product of RXA, NO, and ARL for
each node, summed across nodes. Several M201 plants did not produce fourth node roots by
harvest, and these values were included as ‘zero’ investment in TRV for this node. M277
produced more nodes but invested less TRV in each node compared to M201, under high and low
nitrogen conditions (Appendix C, Fig S12 A, B, C; first node not shown). However, M277
produced greater TRV than M201 when summed across nodes (Appendix C, Fig S12D; TRV not
shown beyond node 4).
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Thicker axial roots resulted in deeper distribution of root mass and less spatial overlap

Larger RXA was significantly correlated with deeper relative root distribution among
RILs in both high and low nitrogen conditions (Fig 2-9A). NRN was less related to root depth
distribution (Fig 2-9B). M201 had the deepest relative root distribution in among RILs in high
nitrogen conditions, while M277 had relatively more shallow root mass, although the two
genotypes were similar in root depth distribution under low nitrogen (Appendix C, Fig S13 A, B,
C, D). M201 also showed the least spatial overlap in the average root depth occupied by axial
roots in each node, and M277 had the greatest overlap in depths of axial roots across nodes (Fig

2-10).

Nitrogen stress had node-specific effects on root system structure and physiology

In greenhouse grown plants, nitrogen stress reduced average axial root length (ARL),
RXA, and NO overall, with effects differing by node (ARL and NO in the sixth node represent
only a few plants) (Fig 2-11 A, B, C). In high nitrogen conditions, ARL decreased in each node;
the first two nodes typically reached the bottom of the mesocosm (150 cm) by harvest, five weeks
after germination (Fig 2-11A). RXA increased with each younger root node across genotypes,
and NO increased from the third node onward (Fig 2-11 B, C).

Nitrogen stress significantly decreased specific root respiration (per gram of root) in
fourth node axial roots, and decreased root nitrogen content (percent, by mass) across nodes (Fig
2-12 A, B). Nitrogen stress significantly decreased axial root respiration per unit of root length,
and in combination with reductions in axial root length, resulted in substantial reductions in total
axial root respiration per plant (Appendix C, Fig S14 A, B). Similarly, reduced root nitrogen
content combined with decreased root biomass resulted in substantial reduction in total root
nitrogen (grams per plant) across genotypes (Appendix C, Fig S14 C, D).

Under nitrogen stress, a greater proportion of the root system became deeply distributed.
The percent of roots in the shallowest 20 cm decreased, while the percent of roots in the deepest
layers increased (in field, Fig 2-12C; in greenhouse, Appendix C, Fig S13 A, B). Additionally,
while total root mass and total axial root length decreased under nitrogen stress (Fig 2-4; Fig 2-8),

the ratio of root to shoot mass increased under nitrogen stress across genotypes, reflecting a
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decrease in allometric coefficient (from 1.17 to 0.83) under nitrogen stress (Appendix C, Fig S15
A, B; allometric coefficients for each genotype not evaluated separately).

The extent to which nitrogen stress affected axial root lengths, nodal occupancy, root
anatomy, root mass, root depth distribution, axial root volume, root to shoot ratio, root respiration
rates and nitrogen content differed among genotypes in the greenhouse and field (e.g. Figs 2-3, 2-

4, 2-8, 2-10; Appendix C, Figs S5, S6, S7, S8, S12, S13, S14, S15, S16).

Fewer nodal roots offset increased carbon and nitrogen costs of thicker axial roots

Root respiration per unit of root length was significantly positively related to RXA in
high and low nitrogen conditions (Fig 2-13A). However, total axial root respiration (root
respiration rate multiplied by total axial root length) was not significantly related to RXA (Fig 2-
13B). M201 had greater axial root respiration (per unit of root length) and slightly greater root
nitrogen content (percent by mass) than M277 (Appendix C, Fig S14 A, C). However, when
multiplied by the total number and length of axial roots, total axial root respiration was similar for
M201 and M277; total root nitrogen content also did not significantly differ when multiplied by
root mass for the two genotypes (Appendix C, Fig S14 B, D). Total root nitrogen was similar

across genotypes under nitrogen stress (Appendix C, Fig S14D).

Maize hybrids showed greater contrast in nodal occupancy than number of developed root
nodes

In a diverse collection of maize hybrids almost two-fold variation in NRN among 44
genotypes was associated with two-fold variation in NO (average 3.1 to 6.2 roots per node) and a
range of 6 to 8 developed root nodes at harvest under high nitrogen conditions (Appendix C, Fig
S16 A, B, C). Under low nitrogen, NN was inversely correlated with RXA, but NO was not
correlated; as a result, NRN and RXA had a weak correlation (Fig 2-2D; Appendix C, Fig S17).
There was a stronger relationship between NRN and RXA in the third and fourth nodes,
compared to the second node (Appendix C, Fig S17).



86

Discussion

The maize root system is comprised of many interacting traits

The maize root system is developmentally complex, and forms primary, seminal, and
nodal axial roots with several orders of lateral branching. These root classes are structurally and
spatiotemporally distinct, exhibit different genetic and transcriptional regulation for specialized
functions (Hochholdinger et al., 2004; Tai et al., 2016). The formation of the primary root and
other embryonic structures are genetically patterned in the embryo, whereas post-embryonic axial
and lateral root development are strongly mediated by environmental sensing and hormone
signals (e.g. Hetz et al., 1996). Few monogenic root mutants have been described for maize
(reviewed in Hochholdinger and Tuberosa, 2009) and root morphogenesis of different root
classes is poorly understood, compared to dicotyledonous species such as Arabidopsis thaliana,
which has served as a model for the study of root morphogenesis and environmental sensing (e.g.
Schiefelbein and Somerville, 1990; Birnbaum et al., 2003; Benfey and Scheres, 2000; Brady et
al., 2007; Hochholdinger and Zimmermann, 2008; Richter et al., 2009; Benkova and Bielach,
2010; Bouguyon et al., 2012).

Maize nodal roots are responsible for the majority of water and nutrient uptake
contributing to grain yield, and develop in successive acropetal nodes with axial roots of
increasing diameter and number (detailed in Chapter 2). Several studies have sought to test the
functional utility of individual root traits, in order to develop a “root system ideotype”, or a group
of target traits, for drought and nutrient stress tolerance (e.g. Donald, 1968; Clarke and McCaig,
1993; Lynch, 2013; Schmidt and Gaudin, 2017). However, “stacking” traits successfully requires
an understanding of trait interactions, including trade-offs, synergism, or pleiotropy (e.g. York et
al., 2013). This study evaluated nodal root architecture and anatomical traits in maize
recombinant inbred lines (RILs) in the greenhouse and field, and a diverse collection of field-
grown maize hybrids, in order to evaluate potential root trait interactions and their impact on
nitrogen acquisition efficiency.

Among IBM RILs, we found a significant inverse relationship between total nodal root
number (NRN) and the axial root diameter averaged from multiple nodes (RXA), which was
primarily driven by a difference in the rate of nodal root emergence. Two RILs exemplified this

contrast, showing stable phenotypes across field and greenhouse experiments: M201 produced
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few, thick axial roots, and M277 produced many, thinner axial roots. M201 had a particularly
stable axial root phenotype, and maintained the same NRN and RXA under high and low
nitrogen. As shown across multiple IBM RILs, the phenotypic contrasts between M201 and
M277 were driven by a difference in the number of root nodes developed during a similar
maturation period, rather than the number of roots per node, or “nodal occupancy” (NO). M277
consistently produced about two more root nodes than M201, resulting in a two-fold difference in
the number of nodal roots, since younger nodes have more roots.

Anatomically, greater cortical cell file number (CCFN) and stele area (SXA) strongly
influenced RXA, while cortical cell diameter contributed to differences in RXA under low
nitrogen only. M277 and M201 were reflective of this pattern; M201 had the greatest CCFN and
SXA among IBM RILs, but did not have a larger median cortical cell diameter (CDM) in high
nitrogen conditions. However, M201 maintained a larger CDM under low nitrogen, resulting in
greater RXA under high and low nitrogen conditions. By contrast, M277 had the least CCFN
among RILs in both high and low nitrogen conditions.

Nodal root number and diameter were strongly related to the total axial root length
produced in greenhouse-grown IBM RILs. Greater NRN and thinner RXA were strongly
associated with increased total axial root length (TRL), in high nitrogen conditions. Under low
nitrogen, only NRN was strongly predictive of TRL. Greater TRL indicated greater investment in
axial root growth, but not necessarily deeper relative root distribution. In greenhouse-grown
maize plants, axial roots in the first two nodes reached the bottom of the mesocosm by harvest, at
about five weeks after transplant. Given the sandy media and constrained pot diameter,
differences in root angle and penetration strength likely did not contribute much to differences in
axial root depth; instead, differences in root elongation rate and investment in axial root growth
likely determined the axial root length.

Axial root growth patterns in M201 and M277 were representative of this relationship
between NRN, RXA, and TRL. By harvest, in high nitrogen conditions, M277 had produced
three nodes of axial roots reaching the bottom of the mesocosm, and the depth of its fourth node
axial roots was equivalent to M201’s third node. M277 had also developed a fifth node of roots at
half the depth of its fourth node, and roots from its sixth node were emerging, just as roots from
M201’s fourth node emerged. As a result, across nodes, M277 produced double the total axial
root length of M201, with twice as many nodal roots and about half of the average RXA. When
summed across nodes, M277 produced substantially greater total axial root volume (TRV; the

product of axial root number, diameter and lengths for each node) than M201.
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While the relationship between NRN and RXA was strong among IBM RILs, it was less

evident among a set of genetically diverse maize hybrids, which were evaluated at anthesis in the
field. These hybrids contrasted strongly in nodal occupancy, rather than the number of root nodes
developed at time of harvest. The relationship between NRN and RXA could be unique to the
IBM RIL population; the IBM parent genotypes, B73 and Mo17, contrast in the rate of nodal root
emergence and shoot node development, and in performance under nitrogen stress (e.g. as shown
in Chapter 2, Appendix A), and have also been shown to contrast in root diameter, number, and
length in QTL mapping studies (Burton et al., 2014; Burton et al., 2015). Interestingly, Mo17 has
fewer, thicker nodal roots than B73, but produces more seminal roots and longer primary and
seminal roots, with similar total root system diameter (a metric of root system angle) compared to
B73 (Burton et al., 2014).

Seminal, primary, and lateral root classes were not evaluated in detail in this study, but
the relative investment in these younger and finer root classes could account for the similarities in
total root mass despite contrasting axial root production in M201 and M277. Increases in lateral
to axial root length ratio have been suggested as a potential adaptation to nitrogen stress (Gaudin,
2011b; Postma et al., 2014; Gao et al., 2015; Zhan and Lynch, 2015). Additional study is needed
to reveal whether M201 invested the additional carbon in other root classes, such as additional
lateral root proliferation, which could result in greater specific root length overall and increased

capacity for nitrate uptake.

Fewer, thicker nodal roots are associated with improved nitrogen acquisition in maize

Lynch (2013) proposed a root system ideotype referred to as the “steep, cheap, and deep”
(SCD) hypothesis, which suggests that architectural and anatomical traits which result in
metabolically efficient, deeper rooting and minimal intra-plant competition would improve
acquisition of mobile resources such as water and nitrate, conveying yield benefits under drought
and nitrogen stress. Steeper crown root angles (Trachsel et al., 2013), fewer, longer lateral roots
(Zhan and Lynch, 2014; Zhan et al., 2015), and fewer nodal roots (Saengwilai et al., 2014a; Gao
and Lynch, 2016) have been shown to correlate with deeper root distribution and improved
nitrogen stress and drought tolerance.

Anatomically, increased cortical aerenchyma has been associated with metabolically

cheaper axial roots, resulting in improved low nitrogen and drought tolerance (Zhu et al., 2010;
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Saengwilai et al., 2014b; Chimungu et al., 2015), whereas reduced cortical burden (total living
root cortical area) rather than cortical aerenchyma was more strongly associated with improved
drought tolerance in another study (Jaramillo et al., 2013). Larger mid-cortical cell diameters and
fewer cortical cell files were associated with reduced metabolic costs per root length, deeper
rooting, and enhanced drought tolerance (Chimungu et al., 2014 a, b). Ten of these studies were
conducted using maize IBM RILs.

Functional-structural modeling in SimRoot suggested that the effects of reduced nodal
root number on nitrate uptake were similar regardless of whether this reduction came from
delaying the emergence of roots (reduced time with a given number of roots), or producing fewer
roots per node (York, 2014). The SCD hypothesis also suggested unresponsiveness to local
nitrate would improve deeper growth and resource capture, but the direct benefit of plasticity in
these root traits has not been tested. Separately (and conversely), increased secondary lateral root
branching, and plastic responses of increasing root angle and length through the increase in cell
elongation have been associated with nitrogen stress adaptation in maize (e.g. reviewed in Yu et
al., 2014; Gaudin et al., 2011a; Gao et al. 2015). Thicker root diameter has been associated with
better performance in hybrids, partly due to a positive allometric relationship with plant size (see
Chapter 1). Increased RXA has also been associated with increased soil penetration strength,
cortical area available for mycorrhizal colonization, resistance to pests, increased hydraulic
conductance, and root longevity (as discussed in Chapter 2). The influence of soil penetration
strength could be an important consideration for anatomical and architectural trait interactions in
compacted soils, which were not investigated in this study.

This study suggests that a combination of fewer, thicker nodal roots could be beneficial
under nitrogen stress. Among field- and greenhouse-grown IBM RILs, there was a significant,
negative correlation between nodal root number and shoot mass under mild and moderate
nitrogen stress (average of 50% biomass reduction), supporting the results of several studies
which suggest that reducing nodal root number is adaptive for stress (Gaudin et al., 2011b;
Saengwilai et al., 2014a; York et al., 2015; Gao et al. 2015; Gao and Lynch, 2016). This study
also found consistent positive correlations between RXA and shoot mass under low nitrogen,
among greenhouse-grown IBM RILs and field-grown IBM RILS and hybrids, suggesting a
potential benefit of thicker axial roots (or, a benefit of thicker roots given concurrent decrease in
root number, or other unknown linked traits) for nitrogen stress tolerance. Shoot mass was also
weakly correlated to RXA under high nitrogen in some experiments, suggesting that a positive

allometric relationship of RXA with plant size (see Chapter 2) should be accounted for. However,
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under severe nitrogen stress (average 80% biomass reduction), there was little contrast in shoot
growth among IBM RILs, and NRN and RXA were not correlated with performance under low
nitrogen.

To understand the potential mechanisms underlying how the rate of nodal root emergence
affects nitrogen uptake, the carbon and nitrogen costs, root depth distribution, and intra-plant
competition were evaluated among IBM RILs. Among RILs, fewer NRN reduced carbon and
nitrogen costs, offsetting the increased respiratory costs and nitrogen content of thicker RXA.
Under high and low nitrogen, RXA was positively correlated with root respiration per unit root
length; however, when respiration rates were multiplied by the total axial root length, RXA and
total respiratory costs were not correlated. Similarly, total nitrogen content in the top 30 cm of the
root system did not differ significantly among RILs under low nitrogen. M277 and M201 again
reflected these patterns well: M201 had greater axial root construction costs in terms of carbon
(specific root length; not shown) and nitrogen per unit length, as well as greater respiration rate
per length. However, these costs were offset by the reduction in number of axial roots, resulting
in total respiration and nitrogen which did not differ significantly from M277.

Fewer nodal roots was strongly correlated with deeper root distribution in both high and
low nitrogen conditions, primarily through a reduction in the percent of shallow root mass. This
suggests that greater root length was located at depth, where leaching nitrate could be captured
efficiently. M201 showed the deepest root distribution among RILs, and had substantially less
root mass in the top 30 cm, as well as greater root mass at depth compared to M277. M277 had
greater maximum root lengths and total axial root length, but produced multiple nodes with axial
root tips occupying similar depths. M201, by contrast, showed the least spatial overlap in the
location of its axial root tips (shown as average root length per node). This suggests that M201
had less intra-plant competition, and may have acquired nitrate more efficiently with fewer
overlapping root interception and diffusion zones, combined with greater hydraulic conductance
rates due to greater total metaxylem vessel area per root.

Therefore, this study suggests that reducing the rate of nodal root emergence, which
reduces the number of nodal roots and increases axial root diameter, allows a functional
complementation; constructing fewer axial roots significantly reduced root carbon and nitrogen
costs, offsetting costs incurred by increased root diameter. Thicker roots with slower elongation
rates reduced spatiotemporal redundancy and increased root depth distribution, potentially
without trade-offs in total hydraulic conductance capacity. Finally, reduced investment in axial

root growth potentially enabled greater resource allocation toward other specialized root classes
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(e.g. for nutrient absorption in lateral roots) and shoot growth. Altogether, slower nodal root
emergence resulting in fewer, thicker axial roots was associated with improved shoot growth
under moderate nitrogen stress. Additional study of shoot development (see Chapter 4) and the
contribution of other root classes would be useful to for further understanding of how the timing
of nodal root emergence can influence root system structure and nitrogen acquisition.

In terms of experimental design, this study also suggests that interactions between
multiple root traits may confound conclusions of prior studies which used IBM RILs. The root
architectural and anatomical trait studies cited above used IBM RILs with the assumption that
genotypes could be compared due to the “isophenic” nature of the selected RILs. This
experimental design has been suggested by York and colleagues (2015) as the optimal strategy
for investigating trait utility: “[near] isophenic lines” were defined as genotypes which “differ
primarily in the state of a single phene, or at least a small number of phenes”, where phene refers
to a unit of the phenotype (the observed organism).

Several experiments in this study were originally designed to test the hypothesis of
whether larger cortical cell diameter and fewer cortical cell files were beneficial under nitrogen
stress, as they were shown to be under drought (Chimungu et al., 2014 a, b). Therefore, many of
the same RILs have been included; M201 and M277 were both drought-tolerant genotypes,
purported to vary primarily in cortical cell size (M201 had “large cortical cells), and cell file
number (M277 had “few cell files), as evaluated in the second root node only. Additional RILs
such as M126 (large cells), M178 (few files and large cells), M181 (many files and small cells),
M323 (small cells), and M365 (few files), were also included in this study. This study found
substantial contrasts in RXA and NRN among these genotypes, which suggest that they are not
isophenic for the anatomical traits studied previously.

Further study of interacting root system traits and functions would benefit from more
holistic phenotyping efforts that can reveal underlying processes driving genotypic contrast (see
Chapter 4 discussion), as well as continued phenotypic screening and development of mutant
lines. The development of quantitative methods and terminology to better interpret the adaptive
utility of complex, “infinite” phenotypes has also been proposed (e.g. Pieruschka and Poorter,
2012; Lynch and Brown, 2012; York et al., 2013; Bodner et al., 2013; Chitwood and Topp,
2015). For example, “phenes”, “phene states”, and “phene aggregates” have been proposed as
more specific terms referring to biological traits (unique to a level of biological organization, e.g.
a tissue or organ), attributes, and their composite metrics, respectively; for example, “root depth”

is sometimes referred to inaccurately as a root system “trait” although it is a result of multiple
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biological processes, and could instead be termed a “phene aggregate” (York et al., 2013). York
and colleagues (2013) use this framework to suggest a “functional response landscape” approach
for analyzing “phene synergisms”, or trait interactions; each functional landscape is determined
by whether each phene has either a linear effect on the response variable or a central optimum;
when combined, additive, antagonistic (less than additive), or synergistic (greater than additive)
phene interactions would be evident (e.g. Fig 5, York et al., 2013).

With a larger number of genotypes contrasting primarily in the traits explored in this
study (e.g. possible elemental phenes could be the rate of nodal root emergence and the number
of cortical cell files in crown axial roots), this approach could be used to identify additive,
antagonistic or synergistic interactions. As shown in this study, however, nodal root number,
length, and diameter could affect metabolic costs within the same “phene module”, which limits

the potential for synergistic interactions (as hypothesized in York et al., 2013).

Nitrogen stress effects on root traits depend on genotype, environment, and timing

Plants, as sessile organisms, have developed sophisticated sensing, signaling, and
response mechanisms to acquire sufficient nitrogen for growth (reviewed in Bouguyon et al.,
2012). Nitrogen is not only the mineral nutrient required in the greatest abundance, but
assimilation of nitrogen is one of the most energy-intensive metabolic processes, intrinsically
linking nitrogen status to carbon availability (Bloom et al., 1992; Crawford 1995; Stitt 1999).
Therefore, nitrogen stress typically induces changes not only in root structure and metabolism,
but also systemic changes in whole plant resource allocation and growth rate, mediated by
phytohormones such as auxin and cytokinin, as well as other molecules (e.g. Takei et al., 2001;
Gifford et al., 2008; Tian et al., 2008; Mi et al., 2008; Krouk et al., 2010; Bouguyon et al., 2016;
Krouk, 2016; Ohkubo et al., 2017). Forde and Lorenzo (2001) collectively termed these
alterations in response to nutrient distributions as “tropomorphogenesis”, and noted that both
direct (localized) and indirect (systemic) changes could differ among genotypes.

Across genotypes, this study found that nitrogen stress resulted in reduction of individual
axial root lengths (and thus maximum depths reached) in each node, as well as total axial root
length (Fig 2-8, Fig 2-9). Previous studies have found either increases in individual crown root
length (Gaudin et al., 201 1b; aeroponics), or increases in root elongation rate, with average crown

root length decreasing under stress in the second and third nodes, but increasing in the first node
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(Gao et al., 2015; hydroponics). These contrasting results could be due to differences in resistance
and heterogeneity of the growth medium or other factors. Variability in the elongation rates of
roots within a node was described by Hoppe and colleagues (1986) and was observed in this
study (individual root lengths not shown). Variability in axial root lengths was similar across high
and low nitrogen conditions (not shown), although increased variability in lateral root lengths
under nitrogen stress has been reported (Gaudin et al., 2011b).

Nitrogen stress significantly decreased the number of roots per node in all nodes except
the first two. However, genotypes varied in the node at which nodal occupancy began to decrease,
and some genotypes (e.g. M181) showed no significant decrease in occupancy across nodes.
Previous studies have shown that timing of root node primordia initiation is staggered, and all
initiated primordia always elongate in the first five nodes (Sharman, 1942; Girardin et al., 1987;
Aguirrezabal et al., 1993). Aguirrezabal and colleagues (1993) also suggested that in contrast to
the first five nodes, subsequent nodes regularly initiated excess root primordia which did not
clongate, increasing their sensitivity to carbon availability and the potential for plastic responses.
If root initiation preceded onset of stress signaling, nodal occupancy would likely not be affected
(e.g. Pellerin, 1994) (in contrast to elongation rate, which could therefore be considered more
“plastic”). Therefore, the timing and level of N stress could directly impact the potential for
decreased nodal root number.

As a result of changes in root number, diameter, and length, root systems became more
deeply distributed under nitrogen stress in the field and greenhouse, which has been shown in
previous studies (e.g. Trachsel et al., 2013; Saengwilai et al., 2014; Zhan and Lynch, 2015). The
extent to which root depth distribution changed differed among genotypes, but all genotypes
showed a substantial reduction in the proportion of root mass in the top 30 cm under low nitrogen
in the greenhouse. Similarly, nitrogen stress induced a significant reduction in the percent of root
length in the top 20 cm of soil in the field, and an increase in the percent of root length in the
deepest 20 cm, among IBM RILs.

Nitrogen stress also decreased root respiration rates (per unit length) and root nitrogen
content, with greater decreases in younger nodes. These reductions were associated with root
diameter decreases under low N, depending on node, and changes in other anatomical traits which
were similar to those described in Chapter 2. However, despite decreased RXA overall, genotypes
maintained their relative “large” versus “small” RXA classifications under nitrogen stress.

Finally, nitrogen stress induced a well-established increase in root to shoot mass

allocation, which can be observed generally as a shift in allometric scaling between root and
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shoot mass across genotypes. However, within genotypes, the allometric scaling coefficients for
both high and low nitrogen appeared to differ, and would be an important difference to
characterize in further studies. The integration of root and shoot responses to nitrogen stress is
maize, and the impacts of different anatomical, morphological, and architectural strategies on

nitrogen uptake and utilization efficiency, remain to be explored.

Conclusions

This study explored the interaction of root anatomical and architectural traits in maize,
and found substantial contrast in two nodal root traits in a set of IBM RILs: the number of
developed root nodes (and thus total number of axial roots emerged in a given period) and nodal
root diameter. Root diameter contrast was driven primarily by differences in cortical cell file
number and stele area, with some differences in cortical cell diameter under low nitrogen.
Genotypes with fewer, thicker roots developed root nodes more slowly, produced less total axial
root length, and invested more carbon and nitrogen per unit of root length. Interesting, producing
fewer roots appeared to offset these specific carbon and nitrogen costs, when calculated for the
aggregate root system.

Fewer, thicker nodal roots was also associated with deeper root distribution and less intra
plant competition, and resulted in greater shoot growth under mild and moderate nitrogen stress.
The physiology of genotypes with thin axial roots supported elements of the “steep, cheap, and
deep” hypothesis, producing significantly greater total root length and maximum depths in the
same growth period, while respiring less and costing less nitrogen per unit root length. However,
when combined with producing more nodal roots, the resulting greater total investment in axial
root growth was not advantageous.

Together, the evaluation of RILs and hybrids highlight a novel root trait combination
related to an integrated, developmental process (the rate of nodal root emergence) which may
underlie phenotypic contrast and physiology. Contrast in nodal occupancy among hybrids, rather
than in node development rate, suggests that trait combinations of nodal occupancy and root
anatomy could be investigated in future studies. These relationships among root system traits are
complex yet important to study further for the goal of developing and breeding for root system

ideotypes, which requires the successful stacking of multiple, potentially interacting root traits.
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Figure 2-1. Relationship between nodal root number and diameter among maize inbreds. Linear
regression of number of nodal roots (NRN) emerged at harvest and root cross-sectional area
(RXA) averaged from two second and third node roots (fully developed in all genotypes at
harvest), from individual plants of eight maize IBM RILs grown in high (HN, blue) or low
nitrogen (LN, red) treatments in two greenhouse studies: (A) in GH1 (A), LN reduced biomass by
80% and in GH2 (B), LN reduced biomass by 50% (see Appendix C, Table S2). R? value and
significance (p< 0.05%*, 0.01**, 0.001***) are indicated.
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Figure 2-2. Relationship between number of root nodes and nodal root diameter among maize
inbreds and hybrids. Linear regression of total number of developed root nodes (NN) at harvest
and root cross-sectional area (RXA) averaged from two roots from each of the indicated nodes
from individual plants in (A) GH1 (RXA from nodes two and three), (B) GH2 (RXA from nodes
2 and 3), (C) PA15 (RXA from nodes 1, 2, 3), and (D) PA16 (RXA from nodes 2,3,4) grown in
high (HN, blue) or low nitrogen (LN, red) conditions (for stress levels and genotypes, see
Appendix C, Tables S1 and S2). R? value and significance (p< 0.1., 0.05%, 0.01**, 0.001%*%*;
NS, not significant) are indicated. For PA15, the number of nodes was evaluated in four replicates
in LN and one replicate in HN.
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Figure 2-3. Genotypic contrast in nodal root number and diameter among maize inbreds. Means +
SE of (A) total number of nodal roots (NRN) emerged at harvest, and (B) root cross-sectional
area (RXA), averaged from two roots each from nodes 2 and 3, (C) number of nodal roots per
node (NO), averaged from the first three nodes, and (D) number of developed root nodes at
harvest (NN), for maize RILs in GH2 (n=4 plants per RIL per nitrogen treatment). Genotypes are
IBM RIL numbers indicated as M# and arranged in ascending order by high nitrogen trait values.
High and low nitrogen treatments are indicated (HN, blue; LN, red).
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Figure 2-4. Root biomass at harvest in IBM RILs. Means + SE of total dry root biomass among
IBM RILs in GH2 (n=4 plants per RIL per nitrogen treatment. IBM RIL number is indicated as
M# and are arranged in ascending order according to mean trait value under low nitrogen. High
and low nitrogen treatments are indicated (HN, blue; LN, red).
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Figure 2-5. Relationship between nodal anatomical traits and diameter among maize IBM RILs.
Linear regression of the following nodal anatomical traits against root cross-sectional area (RXA)
averaged from two second and third node roots (fully developed in all genotypes at harvest), from
individual plants of maize IBM RILs grown in high (HN, blue) or low nitrogen (LN, red)
treatments in GH2: (A) cortical cell file number, (B) mid-cortical cell diameter, (C) stele cross-
sectional area, and (D) cortex to stele area ratio. R* value and significance (p< 0.05%, 0.01%%
0.001***; p>0.1 not significant, NS) are indicated.
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Figure 2-6. Relationship between shoot biomass, nodal root number and diameter in maize IBM
RILs. Linear regression of (A) total number of nodal roots at harvest (NRN) and (B) root cross-
sectional area (RXA) averaged from two second and third node roots, against total dry shoot
biomass, from individual plants of eight maize IBM RILs grown in high (HN, blue) or moderate
low nitrogen (LN, red) treatments in GH2. R? value and significance (p< 0.1., 0.05*, NS, not
significant) are indicated. Plants with missing values were excluded.
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Figure 2-7. Relationship between total axial root length, root number and diameter among maize
RILs. Linear regression of (A) total number of nodal roots at harvest (NRN) and (B) root cross-
sectional area (RXA) averaged from two second and third node roots, against total axial root
length summed from node 2 through all developed root nodes, from individual plants of eight
maize IBM RILs grown in high (HN, blue) or moderate low nitrogen (LN, red) treatments in
GH2. R? value and significance (p< 0.1., 0.05%, 0.01** 0.001*** NS, not significant) are
indicated. Plants with missing values were excluded.
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Figure 2-8. Total axial root length produced in IBM RILs. Means + SE of the total axial root
length (TRL), summed for nodes two through all developed nodes, at harvest for each IBM RIL
in GH2. IBM RIL number is indicated as M# and arranged in ascending order by high nitrogen
trait values. High and low nitrogen treatments are indicated (HN, blue; LN, red).
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Figure 2-9. Relationship between total axial root length, root number and diameter among maize
RILs. Linear regression of (A) root cross-sectional area (RXA) averaged from two second and
third node roots and (B) total number of nodal roots at harvest (NRN) against the percent of total
root biomass in the deepest 30 cm of the root system, from individual plants of eight maize IBM
RILs grown in high (HN, blue) or moderate low nitrogen (LN, red) treatments in GH2. R* value
and significance (p< 0.1., 0.05%, 0.01**, 0.001***, NS, not significant) are indicated. Plants with
missing values were excluded.
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Figure 2-10. Axial root lengths by node in IBM RILs. Means + SE of the average axial root
length (ARL) in each node, for nodes two through all developed nodes (in sequence left to right,
indicated by color), at harvest for IBM RILs (M#) under high (HN, left bars for each genotype)
and low (LN, right bars for each genotype) nitrogen in GH2.
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Figure 2-11. Axial root lengths, diameters, and occupancy by node under low nitrogen in IBM
RILs. Means = SE of (A) the average axial root length (ARL) by node at time of harvest, and (B)
average RXA by node, and (C) average number of roots per node (NO), in GH2. ARL was
evaluated in all plants for nodes 2 through 6, and only a subset of plants in node 1. High and low
nitrogen treatments are indicated (HN, blue; LN, red).
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Figure 2-12. Effect of nitrogen stress on root respiration, nitrogen, and root length distribution in
IBM RILs. Means + SE of (A) specific root respiration averaged across genotypes, by root node
in GH2, (B) percent of nitrogen in the nodal root 2-4 cm from base, across field-grown IBM and
NYH RILs in SA14, and (C) percent of total root length in the shallowest and deepest 20 cm
obtained from soil cores, averaged across field-grown IBM RILs in PA15. High and low nitrogen
treatments are indicated (HN, blue; LN, red).
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Figure 2-13. Relationship between axial root diameter and respiration among maize RILs. Linear
regression of root cross-sectional area (RXA) averaged from two second and third node roots
against (A) root respiration per unit root length averaged from three roots each from nodes 2 and
3, and (B) total axial root respiration (root respiration rate multiplied by axial lengths of all
developed nodes expect the first node), from individual plants of maize IBM RILs grown in high
(HN, blue) or moderate low nitrogen (LN, red) treatments in GH2. R? value and significance (p<
0.05%*, 0.01**, p>0.1 NS, not significant) are indicated.



Table 2-1. Description of maize root system measurements.
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Trait Measurement and Unit
RXA Axial root cross-section area, mm?
NRN Total number of nodal roots emerged at time of harvest
NN Total number of root nodes developed at time of harvest
NO Number of nodal roots per node (‘nodal occupancy’)
ARL Root length of a single axial root (e.g. averaged across roots within a node), cm
TRL Total root length of axial roots (e.g. summed across roots within a node), cm;
TRL = NO*ARL for the indicated node(s).
TXA Total cross-section root area in indicated node(s), mm?; TXA = RXA * NO
TRV Total axial root volume in indicated node(s), mm?; TRV = RXA * (ARL*10) * NO
D95 Depth above which 95% of the root system is located (e.g. by length or mass, as specified)
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Chapter 4

Integrating nodal root and leaf traits to enhance nitrogen use efficiency
In maize (Zea mays L.)

Abstract

Breeding crops for improved nitrogen acquisition and utilization requires the integration
of efficient shoot and root architecture, morphology, and anatomy. Yet shoot and root
phenotyping often occur in isolation, and relationships between leaf and root traits are poorly
understood. This study evaluated leaf traits among maize IBM RILs which were previously found
to contrast in nodal root number and diameter, and found substantial contrast in leaf size, number,
specific leaf area, stomatal density and index, interveinal distance, and midrib anatomy under
high nitrogen. Leaf anatomy traits were strongly inter-related, but did not show a strong linkage
to root traits with a few exceptions; for example, stomatal density was positively related to the
percent of root cortical aerenchyma under both high and low nitrogen conditions. However, there
was strong genotypic contrast in leaf thickness and other leaf anatomical traits under moderate
nitrogen stress, associated with root traits; genotypes that maintained thicker roots also
maintained thicker leaves, which had more mesophyll tissue, larger cells and vessels, and less
vein and stomatal density. Leaf thickness was related to total shoot nitrogen, but not carbon
assimilation per leaf area or leaf nitrogen content, suggesting it was related to improved nitrogen
status as a result of efficient nitrogen uptake, rather than independently contributing to nitrogen
use efficiency. Thus, there is potential to integrate root and shoot traits which improve nitrogen
acquisition and utilization efficiency, respectively, and combined ideotypes which consider

carbon and nitrogen costs in addition to hydraulic flow should be considered.
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Highlight

The relationship between leaf and root phenotypes was explored among maize IBM
RILs. Leaf anatomy varied with leaf thickness, but there was no contrast in leaf thickness under
high nitrogen, despite contrasting root phenotypes. Genotypes with improved nitrogen stress
tolerance maintained thicker nodal roots and leaves under nitrogen stress. Integrated root and leaf

ideotypes for nitrogen use efficiency are discussed.

Key words and abbreviations

Leaf anatomy, leaf thickness, maize, nodal root number, nitrogen uptake, nitrogen use efficiency,

root diameter

IBM, intermated B73 x Mo17

RIL, recombinant inbred line

Introduction

Breeding crop varieties with improved nitrogen acquisition and utilization efficiency is a
key strategy for sustaining the growing human population, while mitigating effects of climate
change and land degradation (Moll et al., 1982; Tilman et al., 2002; Zhang et al., 2015). Nitrogen
deficiency is a major limitation to crop yield in subsistence agriculture, which is essential for food
security (Sanchez, 2002; Vitousek et al., 2009). By contrast, over half of applied nitrogen
fertilizer in commercial agricultural operations is not captured by plants, either leaching beyond
the root zone, polluting waterways and creating hypoxic zones, or volatizing into harmful
greenhouse gases such as nitrogen oxides and ammonia (Hirel et al., 2011; Liu et al., 2016).
Nitrogen fertilizer is often the most expensive input in these operations; more efficient nitrogen
use would yield both economic and environmental benefits (FAO 2014; Lassaletta et al., 2016).

Improvements in genetic material and agronomic practices have resulted in increasing
maize yields, and has indirectly improved nitrogen acquisition and utilization efficiency (Wu et

al., 2011; Ciampitti and Vyn, 2012; York et al., 2015; Dhital and Raun, 2016; DeBruin et al.,
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2017). Tollenaar and Lee (2002) suggested that yield gains have been a result of the interaction of
genetics and management due to the selection environment; modern varieties have a suite of
shoot and root traits optimal for high density monocultures, including vertical leaf angle and
shorter leaf length, fewer nodal roots, reduced stem and root lodging, increased pest resistance,
delayed leaf senescence and increased post-silking nutrient uptake (Boomsma et al., 2009; York
et al., 2015; DeBruin et al., 2017). However, direct selection for beneficial root and leaf traits
have largely been independent efforts, and potential genetic linkages between root and leaf traits
are not well understood.

Several root system ideotypes have been proposed for optimizing nitrogen acquisition
efficiency (White et al., 2013; Lynch, 2013; Yu et al., 2015; Schmidt and Gaudin, 2017). For
example, root phenotypes which reduce metabolic costs and enable rapid, deep rooting under
nitrogen stress, such as reduced nodal root number and reduced lateral branching, have been
associated with improved nitrogen acquisition (Lynch, 2013; Saengwilai et al., 2014a; Zhan and
Lynch, 2015). Slower nodal root development, resulting in both reduced nodal root number and
increased axial root diameter, has been associated with improved nitrogen stress tolerance (see
Chapter 2). Increased axial root length, secondary lateral branching, and nitrate transporter
expression have also been associated with improved nitrogen uptake (Gaudin et al., 2011), and
advantages of root plasticity for acquiring heterogeneous soil nitrogen have been explored (Yu et
al., 2014).

By contrast, improvements in nitrogen utilization efficiency have been associated with
aboveground traits and optimizing source-sink metabolism in maize, including increased activity
of nitrate assimilation and remobilization enzymes in leaves (e.g. glutamine synthetase),
increased leaf longevity and chloroplast retention (i.e. “stay green”), and greater post-silking
nitrogen assimilation (Moll et al., 1982; Rajcan and Tollenaar, 1999a, b; Borrell et al., 2001;
Hirel et al., 2001; Mu et al., 2016). Additionally, maize is a NADP-ME C4 plant; small changes
in leaf anatomy and enzyme activity have been shown to substantially influence the efficiency of
C4 photosynthesis (Ghannoum et al., 2005; Covshoff et al., 2008; Slewinski et al., 2012;
Lundgren et al., 2014), which enables greater carbon assimilation per unit of leaf nitrogen, as well
as improved water use efficiency (Schmidt and Edwards, 1981; Sage and Pearcy, 1987; Oaks,
1994). Greater specific leaf area (either decreased leaf thickness, leaf tissue density, or both) and
leaf nitrogen content have also been associated with improved photosynthetic nitrogen use

efficiency (e.g. Donovan et al., 2011).
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The optimal combination of both above- and belowground traits, or potential trade-offs of
these utilization and acquisition strategies under varying nitrogen conditions, is unclear. The
relationship between architectural, morphological, and anatomical traits between roots and leaves,
and their responses to nitrogen levels, is poorly understood, yet important for identifying trait
combinations which could enhance both nitrogen uptake and utilization efficiency under high and
low nitrogen conditions. Furthermore, root and shoot development are regulated by many shared
genes and signaling pathways, suggesting traits may be correlated through pleiotropy or close
linkage (Byrne et al., 2003; Laux et al., 2004; Chen and Lubberstedt, 2010; Seago, Jr. and
Fernando, 2013). To understand the relationship of root and leaf traits, their plasticity under
nitrogen stress, and potential combinations of root and leaf traits for nitrogen stress tolerance, we
evaluated leaf anatomy, morphology, and physiology among maize IBM RILs which contrasted
in nodal root number and diameter, in the greenhouse and field, under multiple nitrogen

conditions.

Methods

Plant materials

Two greenhouse experiments (GH1 and GH2) were performed in 2015, using maize
recombinant inbred lines (RILs) from the intermated B73 x Mo17 population (IBM). GH1 and
GH2 included 8 genotypes each: MO0 30, 126, 178, 201, 277, 323, 352, plus M0 365 (GH1) and
MO 181 (GH2). PA15 included 11 genotypes: M0 59, 129, and all genotypes from GH1 and
GH2. Seeds were provided by Dr. Shawn M. Kaeppler from U-Wisconsin, Madison, USA.
Genotypes and additional details are listed in Appendix D, Table S1.
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Experimental conditions

Greenhouse experiments

GH1 and GH2 were conducted in the same greenhouse at University Park, PA (40° 45'
36.0" N, 73° 59' 2.4" W), with 14 h photoperiod, maintained at approximately 28°C/26°C
day/night, 40% RH, PPFD of 500 umol m™ s at the sixth leaf (Growmaster Procom, Micro
Grow, Temecula, CA, USA). GHI seeds were germinated on April 28, 2015, and plants were
harvested June 4-5, 2015. GH2 seeds were germinated Sept 26, 2015, and plants were harvested
November 3-4, 2015.

Seeds were surface-sterilized with 25% commercial bleach for 3 min, rinsed with
distilled water, then soaked in the seed fungicide Captan (0.2 g/L) for at least 10 min. Seeds were
germinated using the paper roll-up method. Seeds were placed 2.5 cm apart in a row, 4 cm from
the top edge, between two sheets of heavy weight seed germination paper (Anchor Paper Co., St.
Paul, MN, USA), then rolled up and placed vertically in an imbibing solution of 0.5 mM CaSOs,
and dark-incubated at 28°C for 2 days (Imperial II, Lab-line, Dubuque, IA, USA). Representative
seedlings from each genotype were transplanted at about 5 cm depth and thinned after 4 days.

Plants were grown in individual mesocosms. Each mesocosm consisted of a PVC pipe
with an inner diameter of 15.5 cm (outer diameter 16 cm) and height of 1.54 m, set vertically
within a PVC socket cap (17 cm inner diameter, 18.5 cm outer diameter) with a drainage hole
drilled in the bottom. A layer of plastic mesh was laid over the drainage hole. Mesocosms were
secured about 30 cm apart (center to center) against vertical wooden frames. Each mesocosm was
fitted with a bottom-draining plastic liner bag constructed from 6 mil polyethylene sheets (USP
Corp, Lima, OH, USA) using a heat sealer (Model H-1254, U-line, Pleasant Prairie, WI, USA).

Each mesocosm was filled with a 30 L mixture consisting of 50% commercial grade
medium sand (Quikrete, Harrisburg, PA, USA), 27% horticultural grade fine vermiculite (D3,
Whittemore Companies Inc., Lawrence, MA, USA), 18% field soil, and 5% horticultural grade
super coarse perlite (Whittemore Companies Inc.), by volume. Soil was collected from the top 20
cm of low-nitrogen fields (Hagerstown silt loam) maintained at the Russell E. Larson Agricultural
Research Center at Rock Springs, PA, air dried, crushed and sieved through a 4 mm mesh. A thin
surface layer of perlite was added to each mesocosm to help retain moisture and reduce

compression of media.
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Plants were fertigated using individual 12.7 cm diameter drip rings (Dramm, Manitowoc,
WI, USA) with 2 mm diameter poly tubes inserted into a PolyFlex pipe (1.9 cm inner, 2.5 cm
outer diameter), which was connected to a submersible pump (Little Giant, Fort Wayne, IN,
USA) in a 100 L Rubbermaid tub, containing one of two nutrient solutions. The high nitrogen
(HN) solution contained (in uM): 6500 NOs, 80 NHa, 500 P, 2000 Mg, 3500 S, 3500 Ca, 3010 K,
10 ClL, 14 B, 3 Mn, 1 Zn, 0.5 Mo, 0.4 Cu, 110 Fe. The low nitrogen (LN) solution contained (in
uM): 130 NOs, 10 NHa4, 500 P, 2000 Mg, 4500 S, 2310 Ca, 1500 K, 500 Cl, 14 B, 3 Mn, 1 Zn, 0.5
Mo, 0.4 Cu, 110 Fe. Iron was applied as 5.85 mg/L. Fe-DTPA (Dissolvine D-Fe-11, Akzonoble,
Amsterdam, Netherlands). Nutrient solutions were adjusted to pH 6.0 using KOH pellets, and
maintained at this pH with KOH or HCI as needed. A micronutrient foliar spray was applied as
needed. Each mesocosm was saturated with 2.5 L of nutrient solution one day prior to transplant,

then fertigated 200 mL per mesocosm every other day.

Field experiment

The PA1S5 field trial was conducted in a 0.4 ha field maintained with split high and low
nitrogen treatments (field #103) at The Pennsylvania State University’s Russell Larson Research
Farm (40°42°40.915”N, 77°,57°11.120”W), which has Hagerstown silt loam soil (fine, mixed,
semi-active, mesic Typic Hapludalf). To generate low N conditions, about 2.5 cm of sawdust
was applied in May 2011 and 2012. The high-nitrogen side of the field was fertilized with 157 kg
N ha™! applied as urea (46-0-0) while no N fertilizer was applied on the low-nitrogen side. Drip
irrigation, nutrients other than N, and pest management were applied as needed. Seeds were
planted on June 14, 2015 using hand jab planters in rows with 76 cm row spacing, 91 cm alleys,
23 cm plant spacing, 4.6 m plot length with 3.7 m planted, or approximately 56,800 plants ha™.
Each genotype was planted in 3-row plots, and plants from the middle row of each 3-row plot

were sampled.

Experimental design

GH1 and GH2 were two-way factorial randomized complete block designs, with four

replicates (blocks) containing randomized combinations of 8 genotypes x 2 nitrogen treatments
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(high and low nitrogen). PA15 was a split-plot randomized block design, with 11 genotypes were
randomized in 4 blocks within 2 N treatments, totaling 88 plots. One 1-acre field was sub-divided

into 8 blocks.

Plant measurements and harvest

Greenhouse experiments

In GH1 and GH2, plant height, leaf number and length and width of each leaf were
measured prior to harvest. Leaf area was estimated using LL x LW x 0.75 (Montgomery, 1911).
Stomatal imprints were collected and a representative leaf was preserved in 75% ethanol for
anatomical analysis (see next section) and to collect leaf punches (five 2.5-cm diameter circles
along leaf blade, excluding midrib) which were dried and weighed for specific leaf area. An
entire leaf was also dried and weighed separately for a second measurement of specific leaf area.
SPAD (SPAD 502Plus, Konika Minolta, Tokyo, Japan) and photosynthesis measurements (LI-
COR 6400XT, LI-COR Biosciences, Lincoln, NE, USA) were taken on a sixth and seventh leaves
in low and high nitrogen, respectively, with PAR set at 500 pmol m™ s™', about one week prior to
harvest.

Plants were harvested over two days, with two replicates harvested per day. Shoots were
removed, dried at approximately 70°C, and stem and leaves were weighed separately. Dried
leaves were ground, homogenized, and a 2 mg subsample was analyzed for total nitrogen content
with a CHN elemental analyzer (2400 CHNS/O Series 11, PerkinElmer, Waltham, MA, USA)
using the Dumas combustion method.

Whole root systems were removed intact within polyethylene liner bags. Liner bags were
sliced open and media was gently washed off with a hose. Nodal axial roots were counted
manually and recorded by node. The number of roots per node was defined as its “nodal
occupancy”. The length of each axial root was measured from base to tip, with lengths recorded
by node; broken roots were measured as possible and recorded separately to obtain the most
accurate average lengths possible. Two representative root segments each were excised from 2 to
4 cm from the stem base from the second and third nodes (GH1) and from the second, third, and

fourth nodes (GH2), and preserved in 75% ethanol for anatomical analysis.
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Field experiment

In PA15, physiological measurements and sampling, including photosynthesis rate,
SPAD, leaf chlorophyll content, specific leaf area, plant height, leaf area of each leaf and total
leaf number, and stand counts were completed approximately one week prior to harvest. See
above section for methods; eight leaf punches were taken for specific leaf area in PA15. Manually
ground leaf tissue with a total fresh weight of about 0.25 g was extracted in ethanol, and
chlorophyll a and b content was determined spectrophotometrically (Wintermans and DeMots,
1965).

Following anthesis, root and biomass harvest began on Sept 3, 2015. A representative
plant from each plot was excavated using a shovel (Trachsel et al., 2011). Root crowns were
separated from the shoots, soaked in water with detergent, and hosed to remove remaining soil.
Each node of roots was excised, and up to 3 representative roots from nodes 1, 2, and 3 were
sampled at 2 to 4 cm from the base of the stem and preserved in 75% ethanol for anatomical
processing. For a subset of plants, nodal roots were counted by node and roots less than 2 cm
emerged were noted separately. Shoot biomass was separated into stem, leaves, and ears, dried at
approximately 70°C, and weighed. Ears from five plants per plot were collected at physiological
maturity, dried to approximately 15% moisture content, shelled and weighed. Dried leaves were
ground, homogenized, and a 2 mg subsample was analyzed for total nitrogen content with a CHN
elemental analyzer.

The average percent reduction in shoot biomass and yield under nitrogen stress from all
experiments are listed in Appendix D, Table S1. Soil nitrate distributions are in Chapter 3,
Appendix C, Fig S1.

Image analysis

Leaf anatomy

For GH1 and GH2, anatomical samples were taken from leaf 7 or the largest expanded
leaf; for PA15, the ear leaf was sampled. Stomatal imprints were taken on intact leaves prior to
harvest on the adaxial and abaxial surface in the middle region of the leaf, between the midrib and

margin. Clear super glue was applied in a thin layer on the leaf, pressed against a glass cover slip,
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and allowed to dry on the leaf. The cover slips were then removed and images were captured with
a Diaphot inverted light microscope (Nikon Inc., Melville, NY, USA) with a mounted CCD
camera (Nikon DS-Fil camera with DS-U2 USB) using NIS Elements F 4.30.00 software (Nikon,
Inc.) using 1280 x 920 pixel resolution. The following pixel conversions were used for the
indicated objective lens: 4X, 781 pixels/mm; 10X, 2062 pixels/mm; 20X, 4115 pixels/mm; 40X,
8155 pixels/mm.

Basal leaf sections were preserved and cleared in 75% ethanol for at least 24 hours. For
anatomical analysis, a basal section of the leaf approximately 2 cm from the midrib was removed,
and several thin slices perpendicular to the midrib were made using fresh double-edged razor
blades (American Safety Razor Company, Verona, VA, USA). These cross-sections were
mounted in water and imaged as described above. Separately, the adaxial and abaxial surfaces of
the leaf section were mounted and imaged. Finally, thin cross-sections of the leaf midrib were

manually sliced, mounted and imaged. Leaf anatomical traits were quantified using custom

macros created with the Object] plug-in (https:/sils.fnwi.uva.nl/bcb/objectj/) in Imagel
(https://imagej.nih.gov/ij/index.html). See Appendix D, Table S1 and Fig S1 for sampling

details and detailed image analysis protocol. See Table 3-1 for trait descriptions.

Root anatomy

For GH1 and PA1S5, the middle portion of two representative root segments per node of
each plant were ablated and imaged using laser ablation tomography (LAT). This technique
employs a nanosecond pulsed UV laser (Avia 355-7000, Coherent, Santa Clara, CA, USA)
focused into a single-line scanning beam with a HurryScan 10 galvanometer (Scanlab, Puchheim,
Germany) to ablate the cross-sectional surface of a root secured to a three-axis motorized stage
(ATS100-100, Aerotech Inc, Pittsburgh, PA, USA). The root is moved into the laser beam at
about 30 pm s (rate is adjusted according to root quality), and as each surface is ablated and
exposed, images lit by the laser UV light are captured using a stage-mounted (#62-009, Edmund
Optics, Barrington, NJ, USA) camera and 5X macro lens (Canon EOS Rebel T31 camera with
65mm MP-E 1-5x variable magnification, Canon USA Inc, Melville NY, USA). Image scale was
1.173 pixels per micron. Select greenhouse-grown root segments required pre-processing in a
critical point dryer (Leica EM CPD300, Leica Microsystems, Wetzlar, Germany) to prevent

sample dessication during laser ablation. Roots were placed in histo prep tissue capsules (29 mm
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x 6 mm) (Fisherbrand, Fisher Scientific, Waltham, MA, USA) and gradually dehydrated 75% to
100% ethanol prior to critical point drying.

For GH2, two ethanol-preserved roots from each node (2, 3, and 4) were manually
sectioned using fresh double-edged razor blades (American Safety Razor Company, Verona, VA,
USA), wet-mounted and visualized using a Diaphot inverted light microscope (Nikon Inc.,
Melville, NY, USA) under 4X magnification with a mounted CCD camera (Nikon DS-Fil
camera with DS-U2 USB controller, Nikon, Inc.). Images were captured using NIS Elements F
4.30.00 software (Nikon, Inc.) at a scale of 390.7 pixels per mm, using 1280 x 920 pixel
resolution. Two representative cross-sections images per root were selected for analysis.

Images were analyzed using custom macros created with Object] plug-in in ImagelJ, in
which cortex, stele, aerenchyma, vessel and cell outlines were manually traced, and cell files and
vessel numbers recorded. Trait descriptions and abbreviations are provided in Table 3-1. See

Chapter 2, Appendix A, Fig S2, and Chapter 3, Appendix C, Fig S2 for image analysis details.

Statistical analysis

Statistical analysis and visualizations were generated using R version 3.3.1 (R Core
Team, 2016). Analysis of variance and effect sizes were determined using aov and the etasq
function in the heplots package (Fox et al., 2016), with genotype, nitrogen treatment, block, and
the interaction of genotype and nitrogen treatment as factors. Bar plots were generated using data
aggregation and processing functions from the plyr and tidyr packages and plotting functions
from the package ggplot2 (Wickham, 2009; Wickham, 2011; Wickham, 2016). Correlation
matrices of scaled, centered data were generated with the ggcorrplot package (Kassambara,
2016). Color coded values are Spearman’s rank coefficient, and circle size scales with p-value,
with blank cells (zero) when correlations were not significant at p<0.05. Trait arrangement was

based on hierarchical clustering.
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Results

IBM RILs with contrasting root traits had contrasting leaf anatomy and morphology

Among IBM RILs found to contrast in nodal root phenotypes (RXA and NRN, see
Chapter 3), we found genotypic differences in leaf number (LN) and size (LAmed), specific leaf
area (SLA), interveinal distance (IVD), stomatal density (SD.AB, SD.AD), stomatal index
(abaxial only) (SI.AB), epidermal cell size (EpiCCS), and leaf midrib anatomy, including
thickness (MidribLT), vascular size (MidribVascA), cell size (MidribCCS) and file number
(number of parenchyma cells across the central axis of the midrib) (MidribCF) across nitrogen
treatments in the greenhouse (Table 3-2; see Table 3-1 for trait descriptions).

Genotypic contrast was the strongest source of variation for leaf length (LL), interveinal
distance, stomatal density, and epidermal cell size, relative to nitrogen and interaction effects
(Table 3-3). Nitrogen stress had the strongest effects on leaf number, total leaf area (LA), specific
leaf area, vascular bundle size (VascA), and median leaf length to width ratio (LWR), relative to
other factors (Table 3-3). Genotype-dependent nitrogen stress effects were strongest for leaf
thickness (LT), stomatal size (StomA), stomatal index, and mesophyll cell density (MesoDens)
(Table 3).

Leaf thickness had strong genotypic contrast under moderate nitrogen stress in the
greenhouse (Appendix D, Fig S2A; see Appendix D, Table S1 for stress levels), but not under
severe nitrogen stress (all genotypes had a substantial decrease in leaf thickness; nitrogen
treatment was the only significant effect; Appendix D, Fig S2B, ANOVA table not shown) or
mild nitrogen stress in the field (no genotype or nitrogen treatment effect on leaf thickness;
Appendix D, Fig S2C, ANOVA table not shown). The following results focus on the moderate

stress experiment (GH2).

Leaf and root trait relationships differed under high and low nitrogen conditions

Root diameter related traits were related to leaf midrib anatomy, but not other leaf
anatomy or stomatal traits, under high nitrogen (Fig 3-1; root diameter related traits refers to
RXA, SXA, MXA, CF, MXN, with only RXA shown in Fig 3-1 and Fig 3-2). For example, the

number of cell files across the midrib was positively correlated with RXA, and the average cell
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size was negatively correlated with RXA, under high nitrogen (Fig 3-1). Stomatal density was
positively correlated with median metaxylem vessel size, and root cortical cell size, and mid-
cortical cell diameter was positively correlated with interveinal distance, under high nitrogen (Fig
3-1).

Under low nitrogen, RXA was positively correlated with leaf thickness, epidermis and
mesophyll cell size, and midrib vascular size, and negatively correlated with stomatal density and
stomatal index (Fig 3-2). Root cortical cell size (CMD and MMD) was similarly positively
correlated with leaf epidermal and mesophyll cell size, and negatively correlated with stomatal
density, under low nitrogen (Fig 3-2). Stomatal density was positively correlated with percent of

root cortical aerenchyma under both high and low nitrogen conditions (Fig 3-1, Fig 3-2).

Nitrogen stress had genotype-specific effects on leaf morphology and anatomy

Nitrogen stress reduced the number of leaves at harvest, total leaf area, and leaf width,
and increased specific leaf area across IBM RILs (Fig 3-3; Table 3-2). Median leaf length, area,
and thickness, as well as midrib thickness and vascular bundle size in the midrib, decreased
overall, but nitrogen effects differed among genotypes (Fig 3-3; Table 3-2). Across RILs, percent
of vascular tissue and average vascular bundle size decreased, while percent of epidermis tissue
increased under low nitrogen (Fig 3-3; Table 3-2). Nitrogen stress also reduced adaxial stomatal
density across RILs, but had genotype-specific effects on stomatal size and index (Fig 3-3; Table
3-2).

Thicker leaves were associated with greater shoot growth under nitrogen stress

Leaf thickness was positively correlated with shoot biomass under low nitrogen, but not
high nitrogen conditions, across IBM RILs (Fig 3-4A). In contrast, shoot mass was positively
correlated with median leaf area and plant height under both high and low nitrogen conditions
(Fig 3-4 B, C). The number of developed leaves had a weaker positive correlation with shoot
mass under low nitrogen, and was not correlated under high nitrogen (Fig 3-4D). Total shoot
nitrogen was positively correlated with leaf thickness under low nitrogen, but not high nitrogen

conditions (Fig 3-4E).
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Thicker leaves had larger cells, vascular bundles, interveinal distance, and more mesophyll
tissue

Thicker leaves had a larger percent of mesophyll tissue (relative to epidermis and
vasculature), larger mesophyll and epidermal cell sizes, reduced mesophyll density, larger
vascular bundles and greater interveinal distance under high and low nitrogen (Fig 3-2, Fig 3-3).
Leaf midrib thickness and vascular bundle size were also strongly positively correlated under
both high and low nitrogen (Fig 3-2, Fig 3-3). Leaf thickness was negatively correlated with
stomatal density under low nitrogen, but not high nitrogen conditions (Fig 3-2, Fig 3-3).

Specific leaf area decreased as leaf thickness increased, but the correlation was weak for
both high and low nitrogen, indicating other traits (e.g. tissue density) influenced specific leaf
area (Appendix D, Fig S3A). Leaf thickness was negatively correlated with carbon assimilation
and conductance rates, and not strongly correlated with specific leaf nitrogen content and the

number of leaves (Appendix D, Fig S3 B, C, D, E).

Leaf and nodal root morphology were associated under certain nitrogen conditions

The number of leaves and the number of nodal roots produced in a growth period were
positively correlated across IBM RILs in high nitrogen, but were not related under low nitrogen
conditions (Fig 3-5A). In contrast, the total axial volume per node (TRV, averaged across nodes
2 and 3) was positively correlated with leaf thickness under low nitrogen, but not high nitrogen
conditions (Fig 3-5B). This relationship was stronger than the positive correlation between RXA

and leaf thickness, also under low nitrogen only (Fig 3-2).

Leaf growth patterns in high and low nitrogen conditions differed among maize RILs

Genotypes showed contrasting leaf sizes from base to apex, under both high and low
nitrogen (Fig 3-6 A, B, C). M201 and M277 had the greatest contrast in root phenotypes
(compared in Fig 3-6A), while M323 and M 126 had moderate contrast in root phenotypes
(compared in Fig 3-6B) and M178 and M 181 had less contrast (compared in Fig 3-6C). M201
produced larger leaves in the first eight leaves compared to M277, while the two genotypes had

similar leaf sizes in the upper leaves (i.e. higher leaf numbers), under high nitrogen conditions
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(Fig 3-6A). Under low nitrogen, leaf sizes were not strongly affected in M201, whereas M277
showed progressively greater reductions in leaf size from base to apex (Fig 3-6A). Similarly,
M126, M178, and M181 showed progressively greater reductions in leaf size under nitrogen
stress, whereas M323 maintained relative leaf sizes from base to apex (Fig 3-6 B, C). M201 and
M323 were previously shown to have few, thicker nodal roots, and M277 and M126 had many,
thinner nodal roots. M178 had fewer roots than M181 (M 181 had greater nodal occupancy), but
the two genotypes did not differ strongly in RXA (see Chapter 3, Fig 2-3).

Discussion

Maize root and shoot traits can be integrated for enhanced nitrogen use efficiency

Shoot and root development in vascular plants is governed by a suite of common
signaling pathways in their respective meristematic tissues, including epigenetic (Byrne et al.
2003) and essential cell patterning genes such as WUSCHEL, SHORTROOT and GLABRA
(reviewed in Laux et al., 2004), due to shared evolutionary origins (Seago, Jr. and Fernando,
2013). For example, SCARECROW is an auxin-responsive transcription factor which regulates
both root endodermal differentiation as well as the formation of bundle sheath cells and leaf veins
required for C4 Kranz anatomy in maize leaves (Slewinski et al., 2012). In addition, cell size
across organs has been related to genetic control of ploidy levels and structural constraints
(surface-to-volume ratio) (Kondorosi et al., 2000).

In maize, the coordination of root and shoot development has been investigated with
varying results. The timing of root emergence has been defined relative to leaf emergence,
internode lengths, and leaf size (Sharman, 1942; Hebert et al., 1995; also see Chapter 1). Both
shoot and root formation in earlier growth stages (e.g. primary and seminal roots, coleoptile node;
lower leaves) versus later growth stages (upper nodal roots; upper leaves) have been shown to
differ in terms of the degree of plasticity in response to environmental conditions (Sharman,
1942; Weaver, 1946; Heimsch and Stafford, 1952; Girardin et al., 1987; Aguirrezabal et al., 1993;
Pellerin, 1994) and genetic regulation (Hochholdinger et al., 2004; Tai et al., 2016).

We evaluated the leaf anatomy of a representative mature leaf, as well as basal (mature)

axial root anatomy from multiple nodes, and found generally weak associations between the leaf
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and root traits evaluated under high nitrogen conditions. Multiple leaf anatomical traits were
strongly and consistently associated with leaf thickness; similarly, many root anatomy traits were
related to root diameter (see Chapter 2), under both high and low nitrogen conditions. However,
root diameter was only related to two leaf anatomical traits under high nitrogen: a positive
correlation with midrib cell file number, and negative correlation with midrib cell size. However,
these relationships were weak, and not evident under nitrogen stress.

Interestingly, stomatal density was related to multiple root anatomy traits, and root
cortical aerenchyma percent was related to several leaf anatomy traits, under both high and low
nitrogen. Abaxial stomatal density was more strongly related to leaf thickness than adaxial
stomatal density across nitrogen conditions. Adaxial stomatal density was strongly positively
correlated with root mid-cortical cell size and median metaxylem vessel size under high nitrogen.
However, under low nitrogen, adaxial stomatal density was strongly positively related to percent
of root metaxylem vessel area in the stele, and weakly negatively related to median vessel size.
Both adaxial and abaxial stomatal density were positively correlated with the percent of root
cortical aerenchyma, across nitrogen conditions.

Several factors could result in these trait relationships, including genetic constraints and
indirect selection. In general, trait correlations in a population are attributed to either genetic
linkage, in which traits are controlled by different genes with similar physical locations on a
chromosome, which promote their linked inheritance, or pleiotropy, in which one gene indirectly
affects multiple processes (Chen and Liibberstedt, 2010). An example of pleiotropy would be a
gene mutation in cell differentiation which alters both root and shoot morphogenesis, resulting in
many downstream phenotypic effects.

Separately, selection (artificial or natural) for either specific trait combinations or
multiple traits which independently enhance fitness in the selection environment could result in
trait correlations among populations. This would include, broadly, selection against biophysically
or biochemically unstable phenotype combinations or “phenotypic spaces” as well as finer-scale
adaptive diversity (Donovan et al., 2011). Selection acts within genetic constraints; a lack of
existing genetic diversity and heritability, or pleiotropy and linkage could result in sub-optimal or
beneficial phenotype combinations. However, artificial selection and genetic modification can
accelerate the disassociation of linked traits and generate novel combinations; for example, maize
breeders have attempted to uncouple plant and ear height, to create low-eared, high-yielding tall

plants (Helland, 2012).
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The only stable relationship between mature leaf and nodal root traits among IBM RILs
in this study was the association of stomatal density and root aerenchyma, which occurred despite
a lack of consistent relationships among functionally related traits such as cell size and density in
other leaf and root tissues. Increased stomatal density is associated with greater transpiration,
which optimizes gas exchange and enhances nitrogen uptake in the absence of drought stress
(Hepworth et al., 2015). Several cell patterning and cytokinin-related genes have been associated
with stomatal patterning and development, which occurs late in leaf development (Casson and
Gray, 2007). Plasticity in stomatal development has been observed in response to water
availability, light, and other environmental factors (Casson and Gray, 2007).

By contrast, cortical aerenchyma is expressed independently of other root anatomy traits
(Burton et al., 2013). Lysigenous aerenchyma forms through induced cell lysis rather than
programmed differences in cell expansion (Jackson and Armstrong, 1999). Increased aerenchyma
enhances oxygen diffusion through roots and is critical under water-logged conditions; ethylene
accumulation and genes related to cell wall degradation and calcium signaling have been
identified in regulating aerenchyma formation (Rajhi et al., 2010). However, aerenchyma
formation is also induced under low nitrogen, phosphorus, sulphur, heat, and drought stress, and
has been associated with enhanced stress tolerance due to the resulting reduction in root
metabolic cost (Drew et al., 1989; Fan et al., 2003; Postma and Lynch, 2011; Saengwilai et al.,
2014b). Conversely, increased aerenchyma formation can reduce root hydraulic conductivity and
radial nutrient transport (Fan et al., 2007).

Given the independent developmental and hormone signaling pathways involved in
stomatal density and root cortical aerenchyma formation, and their strong sensitivity to external
conditions, it is possible that this trait relationship was due to other external factors (not related to
nitrogen stress) rather than genetic constraints. The dearth of strong leaf and root trait correlations
under high nitrogen conditions among these IBM RILs suggests these trait combinations are not
subject to strong genetic constraints, and that there is potential for optimizing combinations of
root and leaf phenotypes for both nitrogen acquisition and utilization (see next section). However,
characterization of these traits across diverse maize genotypes would be necessary to elucidate
the extent of genetic constraints versus adaptive strategies.

Future studies could combine root and shoot phenotyping and genetic mapping efforts.
For example, genome-wide association studies have found loci associated with leaf dimensions
and angle (Tian et al., 2011), root angle (Schneider et al., unpublished) and root anatomy

(Saengwilai et al., unpublished), and carbon and nitrogen metabolites (Zhang et al., 2014).
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Similarly, QTLs have been identified for leaf traits (Wassom, 2013), root traits (Burton et al.,
2014; Burton et al., 2015), and enzyme activity related to carbon and nitrogen metabolism (Zhang
et al., 2010) using the IBM population, in separate studies. Colocation of genetic loci for leaf and
root traits could inform the discussion of genetic constraints. Furthermore, many leaf mutants in

maize lack any study or annotation of root phenotypes (e.g. in MaizeGDB).

Thicker leaves were associated with slower root development and improved nitrogen status
among IBM RILs

Enhancing nitrogen acquisition and utilization efficiency requires optimizing carbon and
nitrogen metabolism to maximize growth and yield. Aboveground and belowground allocation of
resources influences the efficiency of acquiring carbon and nitrogen, respectively, and are subject
to allometric constraints (Poorter et al., 2012). Tradeoffs of particular combinations of leaf and
root traits have generated phenotypic patterns shared across phylogenetic groups, which have
been described in terms of an “economic spectrum” (Wright et al., 2004; Shipley et al., 2006;
Diaz et al., 2016; Iversen et al., 2017; Valverde-Barrantes et al., 2017; Maherali et al., 2017).
Leaves often fall into two categories: slow-growing and long-lived leaves with high specific leaf
area (mass per area), low nitrogen content and low assimilation rate, and short-lived leaves with
low specific leaf area, high nitrogen content and assimilation rate (Garnier and Laurent, 1994;
Castro-Diez et al., 2000; Shipley et al., 2006; Donovan et al., 2010). Roots, similarly, can be
generalized as either slow-growing, thick roots with low nitrogen content, or fast-growing, thin
roots with high nitrogen content, although given differences in root classes it is more difficult to
extrapolate results across species (e.g. Eissenstat et al., 2000; Iversen et al., 2017). Therefore
effects of root architecture are difficult to separate from anatomical structure (see Chapter 2).

More recently, a “plant economic spectrum” was hypothesized linking leaf and root trait
strategies, and the strength of trait correlations were among species differed according to clades
and species sampled (Valverde-Barrantes et al., 2017). Trees and grasses broadly occupy opposite
ends of the root economic spectrum, yet within monocots, leaf and root trait correlations were
highly variable and less significant across species (Valverde-Barrantes et al., 2017). Therefore,
maize generally occupies a lower quadrant of the spectrum which contains with species
possessing thin roots (and high specific root length) with low root nitrogen content, and thin

leaves with low leaf nitrogen content. Yet, we have found the range of root and leaf nitrogen
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content among different maize root orders and leaf ages, among genotypes and within different
nitrogen treatments, to vary in similar magnitude to the ranges compared across species — for
example, maize root nitrogen content can vary from 0.5 to 3.5 percent of dry mass, depending on
growth conditions and genotypes, and leaf nitrogen content can vary from 1 to 3.5 percent of dry
mass, with greater ranges reported elsewhere. Therefore, the functional spectrum of root and leaf
economic strategies among maize genotypes is worth exploring.

The extent of intraspecific genotypic variation found in leaf structure and its impact on
nitrogen use efficiency varies depending on species and genotypes (e.g. Greef, 1994; Garnier et
al., 1999; Moreno-Sotomayor et al., 2002; Brodribb et al., 2007; Retta et al., 2016), and few
studies have characterized contrast in leaf anatomy in maize. Allometric relationships have been
found among leaf thickness, cell size and cell wall thickness, but not vein size across angiosperms
(John et al., 2013). Leaf thickness and tissue density can independently influence specific leaf
area (Witkowski and Lamont, 1991). Interestingly, a study of rice genotypes found strong
contrast in tissue density under low nitrogen, which drove differences in specific leaf area;
reduced specific leaf area resulted in greater photosynthetic nitrogen use efficiency (Xiong et al.,
2016).

We also suggest that the effects of leaf thickness should be considered separately from
specific leaf area among maize genotypes; leaf thickness and specific leaf area were weakly
inversely correlated, and genotypic contrast in other leaf anatomical traits was evident. Among
these IBM RILs, leaf thickness did not differ significantly under high nitrogen, but showed strong
contrast under moderate nitrogen stress; four RILs maintained thicker leaves under stress, while
four RILs substantially decreased leaf thickness. Leaf thickness was positively related to shoot
growth under moderate nitrogen stress, although the two were not related under high nitrogen. By
contrast, average leaf area increased with shoot mass under both high and low nitrogen
conditions, suggesting that leaf area was subject to an allometric effect with plant size among
these genotypes, but leaf thickness was not. Interestingly, under mild nitrogen stress in the field
(PA15), all RILs maintained leaf thickness and did not show contrast under stress, while under
severe nitrogen stress in the greenhouse (GH1), all RILs significantly decreased in leaf thickness.

Among grass species, leaf thickness increased the proportion of mesophyll tissue relative
to mechanically supportive tissues across a leaf area, allowing greater carbon assimilation rates,
independent of the effect of leaf nitrogen content (Garnier et al., 1999). A detailed study of
photosynthetic nitrogen use efficiency among and within tree species concluded that carbon

assimilation per unit leaf mass, per unit leaf nitrogen, and per unit leaf area were reduced in
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species with high leaf mass per area; this was due to a lower proportion of leaf nitrogen allocated
to photosynthetic machinery, and possibly increased competition for CO, in the mesophyll (a
lower internal CO, concentration) (Mediavilla et al., 2001). However, thicker leaves, less
mesophyll density, and lower nitrogen per area was positively related to efficient carbon
assimilation, for a given stomatal conductance within-species (Mediavilla et al., 2001).

Among these IBM RILs, leaf thickness was inversely related to carbon assimilation rate
per unit leaf area, although the relationship was not significant under low nitrogen. Leaf thickness
was more strongly associated with a reduction in stomatal conductance per unit leaf area, which
could be related to the inverse correlation between leaf thickness and stomatal density.
Additionally, there was no strong relationship between the leaf nitrogen content (percent by mass)
and leaf thickness. Despite this, total shoot nitrogen was strongly positively associated with leaf
thickness, suggesting that when leaf nitrogen content and photosynthesis rate per leaf area do not
vary strongly among genotypes, leaf thickness can increase the nitrogen sink capacity of leaves
although photosynthetic efficiency may not increase.

These genotypes contrasted strongly in the rate of nodal root emergence, which
influences the number and diameter of nodal roots, as well as the total axial root length produced,
and potentially the relative investment in axial root growth compared to other root classes (see
Chapter 3). Unlike the contrast in leaf anatomy, contrast in root phenotypes was stable across
nitrogen conditions, and genotypes with slower nodal root emergence and fewer, thicker nodal
roots performed better under moderate nitrogen stress. These genotypes also had thicker leaves,
and in some cases thicker stems (not shown); it is likely that maintaining leaf (and stem)
thickness could be a response to nitrogen status. Genotypes with fewer, thicker roots had more
efficient nitrogen uptake, allowing maintenance of leaf thickness and associated anatomical traits.
These genotypes also contrasted in leaf size; M201, a genotype with the strongest performance,
and few, thick nodal roots, also developed and maintained larger lower leaves across nitrogen
conditions. Lower photosynthetic efficiency or nitrogen content could be offset by larger leaf area
in early growth, which was optimally combined with greater carbon investment in each root node
in early growth, when nitrogen availability relative to demand is typically greater.

Leaf hydraulics have also been proposed to influence trait relationships, although the
interaction of root and leaf hydraulics is more complex (e.g. Rockwell and Holbrook, 2017).
Brodribb and colleagues (2013) proposed that leaf cell size and stomatal size are coordinated to
optimize hydraulic function, and cell sizes across leaf tissues inversely scale with density; slower

growing species have larger cells, thicker leaves, fewer, larger stomates, and lower leaf vein
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density, resulting in lower conductance overall. Greater vein density (and smaller veins) has been
suggested as a primary mechanism to increase hydraulic efficiency, assuming no constraint in
terms of stomatal and epidermal traits (Rockwell and Holbrook, 2017). The distance from vein to
epidermis, however, mediates the effectiveness of increasing vein density; additionally, larger
mesophyll cell size could reduce resistance to the symplastic transport of water from vein to leaf
surface (Rockwell and Holbrook, 2017). Similarly, root cortical thickness has been suggested to
impede hydraulic efficiency, but in absence of water deficit can promote nutrient absorption as
well as mycorrhizal colonization important for maximizing nutrient uptake (Kong et al., 2017).
Further work on the impact of root cortical anatomy and mycorrhizal associations is in progress
(Tania Galindo-Castafieda, personal communication).

Many similar relationships were evident among these IBM RILs: thicker leaves had
larger cells with reduced tissue density, as well as larger vascular bundles with greater interveinal
distance, under both high and low nitrogen conditions. Stomatal density and leaf thickness were
only negatively related under nitrogen stress. Optimizing hydraulic conductance through roots
and leaves could enhance nitrogen acquisition and assimilation in the absence of water deficit,
and is a useful functional perspective independent of construction costs relating directly to carbon
and nitrogen. Therefore, developing integrated ideotypes of leaf and root trait combinations
requires optimization of multiple distinct demands, as well as spatiotemporal or developmental
context for the respective traits. In this study, combining “slow growth” modules such as thicker
leaves and roots, as well as fewer nodal roots and larger leaves, resulted in greater nitrogen stress

tolerance with no tradeoff under high nitrogen conditions.

Nitrogen stress affects maize leaf morphology, anatomy, and physiology in a genotype-
specific manner

Nitrogen availability affects shoot and root development, including anatomy,
morphology, and physiology. Nitrate deprivation responses include reallocating carbon to root
growth, modification of root architecture and anatomy, induction of transporter activity and
remobilization processes (e.g. reviewed in Krapp et al., 2011). In addition to its role as a building
block for plant growth, nitrate acts as a signaling molecule, and can induce changes in gene
expression and metabolism within minutes (Krapp et al., 2011); changes in nitrate supply have

been shown to result in the reduction of active cytokinins, followed by reduced leaf growth rate
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and both reduced cell size and number within hours, prior to changes in the leaf nitrogen content
in tobacco (Walch-Liu et al., 2000; Krouk, 2016). However, nitrogen responses can vary among
genotypes, and can be adaptive, neutral, or maladaptive for nitrogen uptake and utilization.

The effects of nitrogen stress on leaf cell size, number, and growth rates differ among
species (e.g. Roggatz et al., 1999; Rademacher and Nelson, 2001; Vos et al., 2005). In maize,
reduced nitrogen supply has been shown to reduce leaf area and leaf nitrogen content, while the
leaf appearance rate and duration of leaf expansion were not affected; this reduced the
photosynthesis capacity per leaf area (Vos et al., 2005). Another study found that nitrogen stress
decreased leaf cell division and elongation rates in maize, but not average leaf cell lengths,
resulting in reduced leaf length and growth rate (Jovanovic et al., 2004). Conversely, high nitrate
has been shown to decrease epidermis pavement cell size and cell number in leaves, and inhibit
apical dominance in roots and shoots in maize (Saiz-Fernandez et al., 2015). Burkholder and
McVeigh (1940) found that the number of vascular bundles and size of parenchyma cells in the
stem scaled with plant size across nitrogen levels, but scaling coefficients differed among
genotypes.

We found that leaf length and leaf thickness varied under nitrogen stress in a genotype-
specific manner among maize IBM RILs, but nitrogen stress decreased leaf number, width, area,
and increased specific leaf area across genotypes. Under low nitrogen, leaf thickness and median
leaf length decreased in four RILs, was maintained in three RILs, and increased in one (M201 for
leaf thickness; M277 for leaf length, Appendix D, Fig S4A). Nitrogen stress did not have
significant effects on interveinal distance, epidermis cell size, and parenchyma cell size in the leaf
midrib. However, the adaxial to abaxial stomatal frequency ratio, the relative proportion of
epidermis and vascular tissue compared to mesophyll tissue, and the size of vascular bundles in
the leaf and midrib decreased under low nitrogen across genotypes. Adaxial stomatal density and
index decreased under low nitrogen, but there were no abaxial effects. The average stomatal size
also differed among genotypes but was more variable within-genotype; one RIL showed a strong
increased in stomatal size under low nitrogen, while another RIL showed a decrease in stomatal
size (Appendix D, Fig S4B). These results suggest that genotypic variation in leaf morphology
and anatomy, as well as genetic control and physiological impact of differences in leaf
morphological and anatomical plasticity in response to nitrogen stress, are worth further

exploration.
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Conclusions

The relationship between root and leaf anatomy and morphology has not been well
studied in crops, yet improvements in yield require the integration of complex traits involved in
both radiation and nutrient use efficiency. This study found substantial contrast in leaf
morphology and anatomy among maize IBM RILs which have been previously shown to contrast
in nodal root number and diameter, a combination related to the rate of nodal root emergence.
One consistent relationship was found between stomatal density and root cortical aerenchyma,
among root and leaf traits across nitrogen conditions. However, under low nitrogen only, there
was a strong genotypic contrast in leaf thickness and associated anatomical traits. Genotypes with
fewer, thicker nodal roots in combination with maintaining thicker leaves performed better under
moderate nitrogen stress. However, carbon assimilation rates per unit leaf area and leaf nitrogen
content per unit leaf mass did not vary strongly; leaf thickness was primarily related to an
increase in total shoot nitrogen under nitrogen stress. This study suggests that thicker leaves were
maintained as a result of improved nitrogen status from efficient nitrate uptake from fewer,
thicker nodal roots. The development of larger lower leaves during early growth could also
contribute to differences in nitrogen stress tolerance and remains to be explored. While a “slow
growth” module in both roots and leaves resulted in enhanced nitrogen stress tolerance, this study
offered promising preliminary correlations with only limited genetic diversity to explore root and
leaf trait combinations, and future studies could address these gaps. Given the relative
independence of root and shoot traits evaluated, many combined trait ideotypes for nitrogen
acquisition and utilization efficiency are possible, and should consider not only carbon and
nitrogen economy, but also hydraulic architecture and source-sink dynamics over development.
Large scale phenotyping which targets multiple organs and scales of biological organization
could improve understanding of genetic regulation, growth and development, and useful trait

combinations for stress adaptation in crops.
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Figures and Tables
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Figure 3-1. Relationships between maize leaf and root anatomy traits in high nitrogen.
Correlation matrix of select leaf traits measured in a representative leaf and nodal root anatomy
traits averaged from nodes 2 and 3 from greenhouse-grown maize RILs (GH2) in low nitrogen
conditions. Color scale indicates Spearman’s ranked correlation coefficient. Blank cells with “0”
indicate the correlation was not significant at p<0.05 (correlation coefficient not shown in these
cells). Traits are arranged in order according to hierarchical clustering. Cross-sectional leaf
anatomy traits and stomatal density are in the main correlation matrix (n=30 for each trait);
midrib traits (n=30) and stomatal size and index (n=26) are at bottom. See trait abbreviations in
Table 3-1.
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Figure 3-2. Relationships between maize leaf and root anatomy traits in low nitrogen. Correlation
matrix of select leaf traits measured in a representative leaf and nodal root anatomy traits
averaged from nodes 2 and 3 from greenhouse-grown maize RILs (GH2) in low nitrogen
conditions. Color scale indicates Spearman’s ranked correlation coefficient. Blank cells with “0”
indicate the correlation was not significant at p<0.05 (correlation coefficient not shown in these
cells). Traits are arranged in order according to hierarchical clustering. Cross-sectional leaf
anatomy traits and stomatal density are in the main correlation matrix (n= 31 for each trait);
midrib traits (n=26) and stomatal size and index (n=26) are at bottom. See trait abbreviations in

Table 3-1.
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Stomatal size and distribution
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Figure 3-3. Leaf traits among IBM RILs in high and low nitrogen. Boxplots of leaf trait values
under high (HN, blue) and low nitrogen (LN, red) conditions among IBM RILs (n=64) in GH2.
Whiskers represent range not including outliers; dots represent outliers (above or below
1.5*IQR); box lines represent quartiles (25, 50, 75). See Table 3-1 for trait descriptions and units.
See Table 3-2 for ANOVA of treatment effects.
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Figure 3-4. Relationships between leaf traits and shoot growth among maize inbreds. Linear
regression of dry shoot mass against (A) leaf thickness, (B) median single leaf area, (C) plant
height, (D) the number of expanded leaves at harvest, and (E) shoot nitrogen (stem and leaf mass
multiplied by percent leaf nitrogen) under high (HN, blue) and low (LN, red) nitrogen conditions
among IBM RILs in GH2. Each point is an individual plant (n=64 per plot, excluding missing
values). R? value and significance (p< 0.05*, 0.01**, 0.001***; p>0.1 not significant, NS) are
indicated.
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point is an individual plant (n=64 per plot, excluding outliers). R value and significance (p<
0.05%*, 0.01**, 0.001***; p>0.1 not significant, NS) are indicated.



600

Leaf Area (cm?)
[
(=]
o

700
600

200

B
(=]
(=]

Leaf Area (cm?)
[ 5]
o
(=

o)
o
(=]

100

ceoee

ooee®

201 - HN
277 - HN
201 -LN
277- LN

323- HN
126 - HN
323 -LN
126 - LN

O:-"_‘ i‘.' . a:-_.

5

5 B
Leaf Number

6
Leaf Number

7

7

161

12

12



162

600 ¢ 178-HN

e 181-HN
500 © 178-LN 2,,
181 - LN e
< 400 e -
s 20 &)
3 300 '
f_: -‘:::._
0] -
3 200 28
100 . a ‘
0 B
0 1 2 3 4 5 6 7 8 9 10 11 12
C Leaf Number

Figure 3-6. Leaf sizes among maize RILs under high and low nitrogen. Leaf area of each leaf as
indicated by number (x-axis) for the indicated genotype (RIL number, in legend) and nitrogen
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Table 3-1. Shoot and root system trait descriptions and measurements.

Trait | Description

Leaf number and size

LN Number of fully expanded leaves at harvest

LAtot Total leaf area (cm?)

LAmed Median area of a single leaf (cm?)

LLmed| Median length of a single leaf (cm)

LWmed Median width of a single leaf (cm)

Leaf thickness and tissue composition

LT Leaf thickness (mm)

SLA Specific leaf area (em? g1)

pEpi Percent of leaf cross-section occupied by epidermis (sutn of adaxial and abaxial) (%)

pVasc Percent of leaf cross-section occupied by vascular bundles and bundle sheath cells (%)

pMeso Percent of leaf cross-section occupied by mesophyll (%)

EpiDens Density of epidermis cells across leaf section (average of adaxial and abaxial) (cells mm-1)

VascA Cross-sectional area of vascular bundle and bundle sheath cells (um?)

VD Interveinal distance (mm)

MesoDens Density of mesophyll cells in leaf cross-section (cells mm-2)

MesoCDM Average diameter of mesophyll cell (um)

EpiCCX Cross-sectional area of epidermis cell (average of adaxial and abaxial, um?); ‘height’ x width

Stomatal size and distribution

SD.AB Stomatal density, abaxial (stomata mm-2)

SD.AD Stomatal density, adaxial (stomata mm-2)

SLAB Stomatal index, abaxial (% of stomata), calculated as 100*(number of stomata)/(number of
stomata + estimated number of epidermal cells) in a given area

SLAD Stomatal index, adaxial (% of stomata), calculated as 100*(number of stomata)/(number of
stomata + estimnated number of epidermal cells) in a given area

SD.R Stomatal frequency ratio (SD.R = SD.AD / SD.AB)

StomA Estimated stomatal size (um?), calculated as StomA = StomL*Stom W

StomL Stomatal length (um)

StomW Stomatal width (um)

EpiCCS Average epidermis cell size (um?) from epidermal peel (length x width)

Midrib anatomy

MidribLT Midrib thickness (mm)

MidribPC Midrib cortical area (% of midrib, estimated as 100 * midrib cortical thickness / MidribLT)

MidribCF Number of mesophyll cell files across the central axis of the midrib

MidribVA Average cross-sectional area of vascular bundles in the midrib (um?)

MidribCCS | Average parenchyma cell size in midrib (mm?)
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Measurement Description

PHT Plant height (cm)

LNitro Leaf nitrogen content (%)

Shootbiom Dry shoot biomass (g)

Chl Chlorophyll content (g g! DW)

Pn Photosynthesis (assimilation) rate, pmol COz m-2 s1)
Cond Leaf conductance rate (mmol m?2 s1)

Root anatomy traits (measured in basal segments of axial crown roots)

Trait Description

RXA Root cross-section area, mm?2

SXA Stele cross-section area (mm?)

CXA Cortex cross-section area (mm?)

CSR Cortex-to-stele ratio (CXA/SXA)

CF Number of cortical cell files

ccCSs Median cortical cell size, from the mid-section of the cortex (um?)

MXN Number of metaxylem vessels

MXA Total metaxylem vessel area in cross-section (mm?)

MXP Percent of total metaxylem vessel area in the stele (100*MXA/SXA)

AA Total aerenchyma area in cross-section (mm?)

AAP Percent of aerenchyma area in the cortex (100*AA/CXA)

MXL, MXW Median metaxylem vessel diameter (um) - major axis (MXL) and minor axis (MXW)
(Only measured if individual vessel areas were not traced or analyzed in RootScan2.)

MXM Median metaxylem single vessel cross-section area (um?)

CMD Median cortical cell diameter across all cortical cell files (um)

MMD Median mid-cortical cell diameter (um)

HYP, OUT, INN Median cortical cell diameter of hypodermis, outermost and innermost cortical cell file (um)
(In select cases, cross-sectional cell areas were traced; unit is pm?.)

ECC Median metaxylem vessel eccentricity

Root system traits and measurements

Trait Description

NRN Total number of nodal roots emerged at time of harvest

NN Total number of root nodes developed at time of harvest

NO Number of nodal roots per node (‘nodal occupancy®)

ARL Root length of a single axial root (e.g. averaged across roots within a node), em

TRL Total root length of axial roots (e.g. summed across roots within a node), cm;
TRL = NO*ARL for the indicated node(s).

TXA Total cross-section root area in indicated node(s), mm?; TXA = RXA * NO

TRV Total axial root volume in indicated node(s), mm?; TRV = RXA * (ARL*10) * NO

D95 Depth above which 95% of the root system is located (e.g. by length or mass, as
specified)




165

Table 3-2. ANOVA table of leaf traits among maize IBM RILs. Analysis of variance (ANOVA)
results from 8 genotypes x 2 nitrogen treatments x 4 replicates (n=64) of maize IBM RILs in
GH2. F-values and significance levels (p <0.1., 0.05*, 0.001**, 0.0001***; not significant
(p>0.1), NS) are given for the effect of genotypes (GT), nitrogen treatment (TRT), block (BL),
and the interaction of GT and TRT (GxT) on each trait. See Table 3-1 for trait abbreviations.

Leaf number and size

LN LAtot LAmed LLmed LWmed
GT 6.23 *4F 4 34 kR g 34 kk 15.38 *** 3.41 **
TRT 5T7.47 *¥% 6225 *¥k 27 08 *+* 0.69 NS 36.53 *H*
BL 1.16 NS 0.6 NS 0.15 NS 1.32 NS 0.54 NS
GxT 1.78 NS 0.9 NS 25%* 2.30 * 0.83 NS

Leaf thickness and tissue composition

LT SLA pEpi pVasc pMeso  EpiDens VascA IVD MesoDens
GT 0.39NS 437** 18INS 0356NS 138NS 136NS 1.76NS 3.07 * 1.5 NS
TRT 10.17 **  65.57 522% 7.9 ** 0.39NS 0.7INS 33.07*** 0.09NS 3.08.
Hokok
BL 1.52NS  7.32%  (0.52NS 1.94NS 1INS 9.22 ¥+¢ (.69 NS 1.37NS  0.42 N8
GxT 265* 1.32NS 1NS 1.O8 NS 1.28NS 2.13. 1.22 NS 1ANS 293 *

Stomatal size and distribution

SD.AB  SD.AD SLAB SLAD SD.R StomA  StomL.  StomW EpiCCS
GT 5.3 %% 303 ¥ 251% 077NS 125NS 125NS 132NS 069NS 3.85 #*
TRT 0.16 NS 1193%¢ (03NS 148NS 546* 238NS 094NS 2095. 0.05 NS
BL 158NS 14NS 1002 #% 678 % 106NS 845 238 1477 #¥% 13 03 +¥*

HAk
GXxT 077NS 142NS 095NS 2.89* 099 NS 269* 149 NS 384 ** 1.16 NS

Midrib anatomy

MidribLT MidribCF MidribVA MidribCCS MidribPC
GT  17.02%%F 9,03 %kk 500 %k 500 Hkk 5.7 %k
TRT 10.73** 049NS 233 %  007NS 14.78 **
BL  084NS 595*  (078NS  2.79. 6.04 *H
GxT 3.85*  120NS  1.05. 1.26 NS 0.95 NS
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Table 3-3. Effect sizes of genotype and nitrogen treatment on leaf traits among maize IBM RILs.
Effect sizes (%) for genotype (GT), nitrogen treatment (TRT), block (BL), and the interaction of
GT and TRT (GxT) for each leaf trait in IBM RILs in GH2. Effect sizes are the proportion of
variation in the trait explained by the given factor or interaction. See Table 1 for trait
abbreviations. For each trait, the maximum source of variation (GT, TRT, or GxT) is in bold text.

Leaf number and size

LN LAtot LAmed LLmed LWmed

GT 27.1 21 40.7 62.2 214
TRT 35.7 43 16 0.4 327
BL 2.2 1.2 0.3 2.3 1.4
GxT 7.7 4.4 12.2 9.7 5.2

Leaf thickness and tissue composition

LT SLA pEpi pVase pMeso EpiDens VascA IVD  MesoDens

GT 34 17.8 18.2 5.8 14.9 10 124 274 134
TRT 12.9 383 7.5 11.6 0.6 0.7 334 0.1 3.9
BL 58 12.8 2.2 8.5 4.6 28.9 2.1 5.2 1.6
GxT 23.5 5.4 10.1 11.1 13.8 15.6 8.7 12.5 26.2

Stomatal size and distribution

SD.AB SD.AD SLAB SLAD SD.R StomA StomL StomW StomL.WR EpiCCS

GT 41.5 28.5 19.8 6.6 13 9.5 14.3 4.1 32 24.5
TRT 0.2 12.4 0.3 1.8 3.1 2.6 1.5 2.5 0.8 0
BL 5.3 4.3 34 25 4.7 274 11 38.2 11.3 354
GxT 6 10.3 7.5 248 103 204 16.1 23.2 7.8 7.4

Midrib anatomy

MidribLT MidribCF MidribVA MidribCCS MidribPC

GT 61 52.3 36.1 44 32
TRT 5.5 0.4 20 0.1 12.8
BL 1.3 13.4 2 8.8 18.1

GxT 13.8 6.8 11.7 9.3 5.8
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Chapter 5

General Conclusions

Improving nitrogen acquisition and utilization efficiency in crops has the potential to
address global challenges related to climate change, environmental degradation, and food security
for a rapidly growing human population. Trait-based plant breeding requires (1) an understanding
of physiological processes which may influence NUE, (2) an effective screening strategy to
identify phenotypic variation in potentially useful traits, and (3) appropriate genetic material for
assessing trait utility as well as identifying genetic loci for breeding purposes.

My research focused on anatomical phenotypes which could potentially enhance NUE in
maize, and resulted in several novel contributions. Root system phenotyping, in the field or
greenhouse, requires a nuanced approach grounded in developmental context. Maize axial root
phenotypes as well as anatomical plasticity varied significantly across nodes, and phenotypes in
the first two nodes were not representative of the bulk of the nodal root system. Interestingly,
genotypes with greater NUE maintained thicker nodal roots in each node under nitrogen stress, an
effect only partially attributable to allometry with plant size. The effects of nitrogen stress on root
anatomy were generally strongest in later-developed nodes, coinciding with peak nitrogen
demand. These results were consistent across multiple environmental conditions, with maize
hybrid and inbred populations.

In exploring the utility of root anatomy traits, my research found that anatomical
phenotypes are better assessed in context of root architectural variation. Specifically, the number
and diameter of nodal roots showed a significant negative correlation among IBM RILs.
Genotypes with slower nodal root emergence had fewer, thicker nodal roots, which in aggregate
resulted in less axial root length, but improved the spatial distribution of roots, and reduced total
carbon and nitrogen costs. The combination of fewer, thicker nodal roots resulted in improved
nitrogen acquisition under low nitrogen conditions, and coincided with larger, thicker leaves in
early growth. Thus, an updated root system ideotype should consider aggregate costs and benefits

of root architecture, anatomy, and other important traits.
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Finally, the integration of root and shoot traits for improving NUE has not been widely
explored. My research found strong genotypic contrast in several leaf anatomy traits among IBM
RILs, yet correlations between root and shoot anatomy traits were low, suggesting that trait
combinations may not be subject to strong genetic constraints and there is potential for optimizing
both shoot and root traits for NUE. The exception was a consistent positive association between
the percent of root cortical aerenchyma and stomatal density, which remains to be explored.
Additionally, cell size and density of various leaf tissues were inversely related and scaled
strongly with leaf thickness, confirming results previously reported in literature.

Interestingly, among IBM RILs with contrast in nodal root traits, there was strong
genotypic contrast in leaf thickness under moderate nitrogen stress, but not under mild or severe
nitrogen stress. Under severe stress, all genotypes exhibited a substantial decrease in leaf
thickness. Leaf thickness, particularly in relation to leaf mass per area, has been associated with
interspecific differences radiation, water, and nitrogen use efficiency. Among IBM RILs, leaf
thickness was inversely related to stomatal density, and weakly negatively correlated with
conductance and carbon assimilation rate; there was no strong association with leaf nitrogen
content. It will be useful to more thoroughly assess genotypic contrast in leaf phenotypes across
development, and to develop integrated ideotypes of aboveground and belowground phenotypes

to improve NUE.
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Appendix A

Supplementary figures and tables for Chapter 2

131 -G23

Fig S1. A maize root crown with different excised root nodes. A field-excavated
maize root crown (hybrid, high nitrogen) with nodal roots removed to show node 1 roots
(left), node 6 roots (middle), and all roots removed, including the primary root; the
mesocotyl is visible (right). The sixth node emerged at soil level, a transition from crown
to brace root nodes. Scale bar is 2 cm.



Table S1. Plant materials and sampling details
See Tables S1.1 and S1.2 below.
Table S1.1 Root sampling - The following abbreviations are used: M# from IBM
recombinant inbred line population, N# from NYH population.

Study Root nodes sampled
PA13 234
PAl4 1.2.3
PA1S 1.2.3
PAl6 2.3.4 all: 1.5.6 subset
SAl14 1.2.3
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Table S1.2 Plant materials - Inbred genotypes listed with (2) indicate an additional four
replicates of the genotype were included as a check for field variability.
Hybrid genotypes were curated by the G2F Consortium. The full public dataset for G2F
2016 with details on seed sources will be released in March 2018 (doi will be made

available).

Inbred genotypes
PA13 PAl4
MO001  MO001
M021  MO021
MO030  MO030
M062  MO048
M09S0  MO059
MI26 Ml11
MI131 MI129
Ml46 M1l46
MI178 MI178
M201 | MI178(2)
M263 Mils8l
M265 | MI81 (2)
M277  M201
M323  M263
M345 M277
M365 M317
NO15  M323
N023  M344
NO39  M352
N042  M365
NO054 | M365(2)
NO060  NOI5
N068  NO039
N104  NO060
NI113  NO068

N126

NI113

SA14
MO001
Mo021
MO030
M131
M146
M178
M201
M263
M277
M323
M345
M352
M365

M379
NO15
N039
N054
N060
N068
N113
N126
N128
N128 (2)
N158
N181
N208

PAI1S
M30

Ms59

M126
M129
M178
M181
M201
M277
M323
M352
M365

Code

— = =
iyl it e i~ I-T1-C RN NP R

14
15
16
17
18
19
20
21
22
23
24
25
26

Hybrid genotypes - PA16
Pedigree
TX714/PHZS1
B73 X PHM49
PHW52 X PHNS2
PHG39/Tx205
LHI195/LH82
PHW52/Tx205
LHI198/PHZ51
PHB47/PHZ51
2369 /LHI123Ht
B73/PHZ51
PB80/PHZ51
W10004 0216/PHZ51
(CML442-B/CML343-B-B-B-B-B-B)-B-B-1-1-B-B-B-1-
B12-1-B19/LH195
TX714/Tx777
B73/Tx777
BI4A X H95
B14A X Oh43
B37 X H95
B37 X Oh43
B73 X Mol7
B73 X PHN&2
B97 X PHB47
F42 X Mol17
F42X Oh43
LH212Ht X LH195
LH74 X PHNS82



NI128
N129
N181
N208

N126
N128
N181
OWRI-55

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

PHG39 X PHNS82

PHG80 X PHZ51

PHP02 X PHB47

PHW52 X PHM49

Wi X H9S

PHN11 PHG47 0251 X PHB47
W10001 0022 X PHB47
W10005_0107 X PHB47

W37A X PHB47

PHNI11 Oh43 0001 X PHB47
LH216 X LH195

PHN11 PHW65 0323 X LHI95
B14A X Mol7

B37 X Mol7

F42 X H95

PHG29 X PHG47

2369 X 31IH6

LHI123HT X 31IH6
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Hypodermis (HYP)
Outer cortical cell files (OUT)

Mid cortical cell files (CCS)

Inner cortical cell files (INN)

Metaxylem vessel major axis (MXL)

Metaxylem vessel minor axis (MXW)

Fig S2. Maize root cross-section image analysis. An Object] macro in ImageJ was
created to semi-automate analysis of LAT images. An example of an analyzed image is
below (S1 Fig 1); the outermost visible cell layer is the hypodermis, as the epidermis is
typically degraded or not clearly visible in LAT images. Root (blue, outer), stele (blue,
inner), and aerenchyma (pink) were outlined and total areas and ratios were calculated.
Individual metaxylem vessels were estimated using the major (MXL, green) and minor
axis (MXW, orange) lengths using the formula (MXW-+MXL)/2))?/1.3, derived
empirically from testing manually traced vessel areas and various time-efficient methods
of estimation (not shown). Images were zoomed in to allow accurate placement of MXL
and MXW endpoints on the outer edge of each vessel. Cortical cell file number was
manually counted in 4 axes to account for any asymmetry, then two representative axes
across the cortex were selected to record a representative cell file count (the count of pink
and red points) and measure cell diameters of each cell file (distance between every
consecutive red/ pink point). The innermost cell layer was often incomplete and sporadic
and the cell diameter (distance between innermost red or pink point and the stele outline)
for this layer was not recorded. The cell diameters were used to calculate hypodermis
(HYP), outermost (OUT) and innermost (INN). These cell diameters were also used to
quantify file-specific cell diameter profiles. The median cortical cell size (CCS) was
averaged from manually traced cell areas (yellow); for each image, the four largest
consecutive cells in the cortex, typically in the mid-section, were traced in the two files.
Images were zoomed in to allow careful tracing of the outer edge of the cells, excluding
gaps between the cells; cell walls were included in the trace.
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Table S2. ANOVA tables and effect sizes of genotype, nitrogen, and node on root
traits in maize inbreds.
See Tables S2.1 and S2.2 below.

Table S2.1 ANOVA table of genotype, nitrogen level, node, and interaction effects
on inbred maize root anatomy. Analysis of variance results from 11 inbred genotypes
(G) x 2 nitrogen treatments (T) x 3 nodes (N) x 2 replicates (PA15, n=523, including 2
roots per node) from PA15. Nitrogen stress was mild. F-values and significance levels (p
<0.1., 0.05%*, 0.001**, 0.0001***, not significant (>0.1), N.S.) are given for each trait
(see Table 1-1 for abbreviations) for each main factor (G, T, N) and all factor interactions
(G:T, G:N, T:N, G:T:N). Data from root nodes 1,2,3 were included.

RXA CXA SXA MXA CF MXN
G 15.5%%% ]2 2%%% Q4 5%%x ]2 4Fkx (8 3FEE D) gFEE
T 3.9% 5.6% 0.5 NS 0.3 NS 0.1 NS 0.5 NS
N 484 3%%% 4]0 8%** S55].5%F% 5792%%Fk 603, 7k** 413 9%**
G:T 2.6%* 2.5%* 2.5%%* 2.3% 2.2% 2.1%
G:N 5.5%** 4.1%%* 8.5%** SHAE 1.7* 3.5%**
T:N 0.7 NS 0.9 NS 0.5NS 1.3 NS 4.2% 1.4 NS
G:T:N 1.5. 1.4 NS 1.8* 1.2NS 1.9%* 1.3 NS

CSR AAP MXP | MXM ECC CDM CCS
G 19.6%%% 3. 9%k ]59%%% | 16.8%%*F  SEEE 7.8%FE 5 gk
T T 0.INS 0.6NS |22NS 0.1 NS | 16.5%%% ]3.3%**
N 181.8%** 22.6%** (08NS | 233.9%%*% 482%** | 22 T*** 3 4%*=*
G:T 3.9%H 2% 1.2NS | I1NS 0.9NS |2.3% 2.5%%
G:N 2.1%* 1.7* 2.8%H% | 3 % 1.3NS |09NS 1.5
T:N 3.9% 2.6. 0.3NS | 3.2% 1.3NS | INS 1.2 NS
G:T:N 1.2NS 2.1%* 1.6. 1 NS 0.7NS |INS 1 NS
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Table S2.2 Effect size of genotype, nitrogen treatment, and node on root anatomy.
Effect sizes (%) for genotype (G), nitrogen treatment (T), and root node (N) and their
interactions for each anatomical trait for 11 IBM maize inbred lines (PA15, n=523,
including 2 roots per node). Nitrogen treatment was mild. Effect sizes are the proportion
of variation in the trait explained by the given factor, factor interactions, or other random
sources (residuals). See Table 1-1 for trait abbreviations. Root nodes 1, 2,3 included. The
maximum source of variation is in bold for each trait; if the maximum source of variation
is an interaction or residual, the greatest main effect is underlined.

RXA CXA SXA MXA CF MXN
G 8.7 7.9 11.9 6.5 94 14
T 0.2 0.4 0 0 0 0
N 54.8 52.8 53.5 60.8 62 50.4
G:T 1.5 1.6 1.2 1.2 1.1 1.3
G:N 6.2 53 8.2 5.2 1.8 4.2
T:N 0.1 0.1 0 0.1 0.4 0.2
G:T:N 1.7 1.7 1.7 1.3 2 1.6
Resid 26.8 30.2 235 24.9 233 28.3

CSR AAP MXP |MXM ECC CDM CCS
G 16.9 5.8 21.8 13.9 7.7 11.8 8.5
T 0.6 0 0.1 0.2 0 2.5 2.1
N 314 6.7 0.2 38.5 14.7 6.9 43
G:T 34 2.9 1.7 0.8 1.4 34 3.9
G:N 3.7 5.2 7.6 6 4.1 2.8 4.8
T:N 0.7 0.8 0.1 0.5 0.4 0.3 0.4
G:T:N 2.1 6.3 43 1.6 22 3.1 32
Resid 41.2 72.3 64.2 38.5 69.5 69.2 72.8
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0e+00 5 3 |
i 2 3 4 1 2 3

1 2 3
Root Node

Fig S3. Root anatomy variation by node in field-grown maize inbreds. Boxplots of
nodal root traits in nodes 1 (oldest) through 4 (left to right). Data aggregated from 4 field
studies: PA13, PA14, PA15 in USA, and SA14 in South Africa, including both high and
low nitrogen. For each plot, total n = 1739 to 1744, except AAP (n=1341), ECC and JSM
(n=144, from nodes 2-4 only), and CCS (n=506, from nodes 1-3 only). See Table 1-1 for
trait abbreviations and units.



Table S3. Genotypic variation in maize root anatomy traits by node. Genotypic
coefficients of variation (G.C.V., %) for each trait, calculated as [CV = 100*(standard
deviation of trait value)/(mean trait value)] using mean trait values for each genotype, by
node (N2, N3, N4) and nitrogen treatment (HN, LN) in field-grown maize inbreds (top,
PA15, n=11 IBM genotypes; bottom, PA14, 30 genotypes including 3 RIL populations).
See Table 1-1 for trait abbreviations.
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PAIS
RXA CXA SXA MXA CF MXN | CSR AAP MXP
HN N1 16.9 16.4 24.4 19.9 9.8 10.1 15.5 32.6 6.6
N2 16.4 15.9 20.7 18.7 8.4 14.4 14.2 31.5 8.8
N3 21.4 19.8 29.9 21.4 8.6 16.8 17 23.3 11.6
LN N1 15.1 15.9 16.5 14.3 7.6 12.6 13.7 21.4 5.7
N2 16.2 15.4 19.5 15.6 7.3 14.1 7.2 33.6 8.2
N3 21.9 19.7 29.1 17.8 7 15.7 12.5 29.1 15.9
Mean 18 17.2 23.4 18 8.1 14 13.4 28.6 9.5
AA MXM MXL MXW ECC CDM CCS ouT
HN N1 43.6 17.1 83 9.7 2.3 9.6 18.7 142
N2 30 15 8.4 8 2.1 8.2 13.3 14
N3 24.8 18.2 10.1 10.6 4.1 9.9 17.1 19.3
LN N1 34 17.1 7.6 9.2 1.8 6.1 10.1 7
N2 322 12 6.1 6.5 2.1 6.1 9.5 9.5
N3 26.8 18 9.4 10.5 3.3 7 13.8 9.7
Mean 31.9 16.2 8.3 9.1 2.6 7.8 13.8 12.3
PAl4
RXA CXA SXA MXA MXN CF (CSR AAP MXP | MXM | CCS HYP
HN N1 15.9 17 16 204 161 9.6| 10.7 23.6 14 215] 143 164
N2 16.4 16.5 204 16.6 133 11.1| 146 235 143 18.1] 16.7 145
N3 20.8 201 249 205 154 184 149 432 131 17.9 11 153
LN N1 14.6 148 17.8 178 151 7.6| 123 321 114 202 222 184
N2 16.6 17.1 18.2 18 145 6.2 122 313 104 17 11.5 8.8
N3 16.7 159 213 147 127 95| 134 396 148 15.1 9.6 17
Mean 16.8 169 198 18 145 104 13 322 13 183 142 151




Table S4. Within-genotype variation in maize root anatomy by node and N
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treatment. Coefficients of variation (C.V., %) were calculated as [CV= 100*(standard
deviation of trait value)/(mean trait value)] for each genotype, then were averaged across
genotypes for each node (N1, N2, N3, N4) and nitrogen treatment (HN, LN) among field-
grown maize hybrids (PA16, 44 genotypes) and inbreds (PA15, 11 genotypes). See Table
1-1 for abbreviations.

PAl6
RXA CXA SXA MXA CF MXN |CSR AAP MXP AA
N2 HN 323 325 32 322 132 14.4 15 103 11.3 106.1
LN 258 266 271 34 101 152 121 957 11.8 973
N3 HN 30.1 283 36.6 329 124 20.7| 165 1005 16.6 98.1
LN 296 297 308 262 107 142 123 897 178 896
N4 HN 37 346 41.6 34 121 204 15 1063 192 1074
LN 292 278 335 27 113 18.1] 122 802 21.8 795
Mean 30.7 299 336 311 11.6 17.2 | 13.9 959 164 963
MXM MXL MXW ECC JSM (CDM CCS HYP OUT INN
N2 HN 244 133 124 124 499) 121 205 154 251 142
LN 27.9 15 144 174 551 112 201 123 201 133
N3 HN 21.7 116 10.2 114 481 121 162 129 216 134
LN 215 128 11 149 394 109 192 12.7 149 158
N4 HN 253 132 122 156 492| 109 199 164 208 155
LN 18.3 111 8.6 153 387 8.7 144 114 175 158
Mean 232 128 11.5 145 467 11 184 13.5 20 147
PAI1S
RXA SXA CXA CF MXN AAP CSR MXP MXA MXM ECC CCS CDM
N1 HN 26.8 27 275 118 197 493 163 125 276 232 53 273 149
LN 285 294 296 121 228 524 185 124 307 251 5.5 288 16.8
N2 HN 16.6 212 169 102 156 624 138 127 221 20 52 236 144
LN 18.8 237 19 8 155 584 184 127 258 227 48 179 101
N3 HN 258 308 251 97 163 876 161 154 279 23 5.9 29 15
LN 192 193 203 7.9 143 717 13 133 219 19.9 64 194 101
Mean 22.6 252 231 99 174 63.6 16 13.2 26 22.3 5.5 243 136
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Fig S4. Node-specific root anatomy responses to nitrogen stress in maize inbreds.
Root trait means + S.E. per node (1-4) and nitrogen treatment (green, HN; pink, LN),
total n=1739 roots per plot, except ECC, JSM, CCS, and HYP, which were evaluated on
a subset. Data aggregated from 4 field studies (PA13, PA14, PA15, SA14). N stress was
mild in PA studies and severe in SA. See Table 1-1 for trait abbreviations and units.
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Table S5. Nitrogen stress induced change in root anatomy traits. Percent change in
root trait values from high nitrogen to low nitrogen treatment (n=469 for each trait) for
nodes 1-5 (N#) in PA16. These values are calculated from the same data in Fig 1-6.

Root-diameter related traits Proportion traits
RXA CXA SXA MXA CF MXN | CSR  AAP MXP
N1 242 208 34 7.3 -1.1 -3.8| -10.2 2383 -19.5
N2 -18.1 -199 -12.3 -14.1 -0.5 -9.2 -8.5 37.9 -1.8
N3 -7 -17.2 -16.5 -13.1 -4.3 -6 -2.3 93.6 5.1
N4 -24.1  -22.3 277 -17.6 -5.3 -14 5.7 63.4 12.9
N5 -30.6 -243 -40.8 -35.8 -3.6  -26.8| 241 1936 1.9
Vessel related traits Cortical cell related traits

MXM MXL MXW ECC JSM [CDM CCS HYP OUT INN

N1 15.5 6.4 8.7 -14 215 -4.1 13.6 -3.3 -8.8 -1
N2 -5.9 -3.8 -1.3 -7.9 -17.8| -13.3 -19.1 2.4 -13.5 -14
N3 -6.2 -2.6 -3.6 2 =212 -6 -9.2 -2.2 -3.4 -4.5
N4 -4 -1.7 -1.6 -1.1 -244 -4.6 -11 10.8 -1 -3.7

N5 -12.1 -5.8 -6.8 -0.2 -458)| -13.9 -9 9.7 1.8 -11.2
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Fig S5. Scaling relationships between root anatomy traits and root diameter across
nodes. The natural logarithm of each root anatomy trait is plotted against the natural
logarithm of root cross-sectional area (RXA), including up to 5 root nodes from field-
grown maize inbreds and hybrids (PA13, PA14, SA14, PA15, PA16) from both high and
low nitrogen treatments, with node indicated with colors. R? and p-values (significance
levels of p<0.1., 0.05%*, 0.001**, 0.0001***, not significant >0.1 NS) are given in each
plot for each node (N) number. Each plot has n=472 to 2217 depending on trait; not all
traits were evaluated in all studies. See Table 1-1 for abbreviations and units.
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Table S6. ANOVA table of genotype, nitrogen, and node effects on hybrid maize
nodal metaxylem traits. Analysis of variance results from 44 hybrid genotypes (G) x 2
nitrogen treatments (T, high and low) x 3 nodes (N, from nodes 2,3,4) x 2 replicates
(PA16, n=168, excluding missing values). F-values and significance levels (p <0.1.,
0.05%*, 0.001**, 0.0001*** not significant (>0.1), N.S.) are given for each main factor
(G, T, N) and all factor interactions (G:T, G:N, T:N, G:T:N). Abbreviations: MIN,
minimum cross-sectional area of a single metaxylem vessel; MAX, maximum cross-
sectional area of a metaxylem vessel; RELS, RELL; percent of the number of very large
or very small metaxylem vessels in a cross-section; CV, coefficient of variation of
metaxylem vessel sizes in a cross-section; NUMS, NUML, total number of very small
and very large metaxylem vessels in cross-section. The thresholds for relatively large
(>1.14*median vessel size) and small (<0.75*median vessel size) vessels were
determined empirically on a subset of root cross-sections.

MIN MAX RELS RELL Ccv NUMS NUML
G 1.69%* 3.01%** 1.82%%* 1.46% 1.37. 2.67F** 2.78%**
T 0.039N.§ 20.85%** ]11.82%** 73]** 6.71* 26.10 ***  26.51%%*
N 4.43% 91.14%*% g 53*** g SgF**E 11.22%*% Q707 ***  110.76***
G: T 094 N.S. 1.56* 0.77N.S. 1.I3N.S. 1.07N.S. 086N.S. 1.75%*
G:N 1.35% 1.31. 122NS8. 124NS. 1.10NS. 1.26. 1.28.
T:N 4.31% 04IN.S. 030N.S. 095N.S. 1.72N.S8. 4.09* 6.81%*

G:T:N 099NS. 113N.S. 085NS. 141* 0.74N.S. 077N.S. 12IN.S.
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Fig S6. Relationship between maize shoot and root development. In (A), polynomial
regression lines were fitted to the number of visible leaves (not collars; top) and number
of adventitious root nodes (bottom) present at six time points. The approximate growth
stage (V1 to R) and total number of crown roots (CR) and presence of brace roots (BR)
are annotated, based on observed ranges in root number; the 7 and 8™ brace root nodes
have been observed with up to 22 roots per node, while 11 roots have been observed
emerging from a 9" node, resulting in an observed range of 26 to 77 total nodal roots in
field-grown maize at anthesis. In (B), power regression lines were fitted to the dry shoot
biomass (g) measured at six time points. In (C), linear regression lines were fitted to the
percent of leaf nitrogen at six time points. For (A), (B), and (C), points represent mean
values of three plants each from high and low N treatments (the larger value is from high
N) from maize inbred genotypes B73 (green) and Mo17 (blue). In (D), mean + SE of root
cross-sectional area (mm?) were averaged from three positions collected 0 to 6 cm from
the base of second node crown roots (except at the first time point, when only 0 to 2 cm
of second node roots had emerged) from B73 plants in high N, at six time points; at 15
days after planting. All plants were harvested from high and low N fields at the Russell
Larson Research Farm in PA in 2015.
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Fig S7. Three-dimensional reconstruction and segmentation of root anatomy. (A)
Reconstructed image of a laser-ablated maize nodal root section (a 4 mm section near the
base) using Avizo™. (B) Extracted volume of aerenchyma and (C) metaxylem vessels
from maize nodal root (work of Dannielle Gibson) using MIPAR™ and visualized in
Avizo. (D) Extracted volumes of cortical cells using Avizo™.
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Appendix B

Root anatomy raw data for Chapter 2

Summary data associated with Table 1-2. Minimum, maximum, mean, median, and first and third
quartile values from a balanced dataset of PA16 field-grown maize hybrids, i.e. with n=156 per
root node (2, 3, and 4), n=234 per nitrogen treatment, and n=117 per replicate (plot; one plant per
plot). See Table 1-1 for trait abbreviations and units.

RXA SXA CXA MXA CF MXN CSR AAP AA MXP

Min. 0.38 0.06 0.29 0.01 6.5 2 1.2 0 0 5.32
Q1 1.32 0.32 0.99 0.06 10.5 11 2.18 0.48 0.01 13.07
Median 231 0.62 1.67 0.1 12.5 15 2.55 3.48 0.05 16.26
Mean 2.71 0.82 1.89 0.11 1291 15.83 2.67 8.43 0.14 16.3
Q3 3.65 1.12 2.54 0.15 15 19 3.04 1398 022 19.83
Max. 12.34 4.71 7.62 0.43 22 40 741  50.04 1.54 27.6

MXM MXL MXW ECC JSM CDM CCS HYP OUT INN

Min. 1649 48.6  43.09 0.15 9.59 19.69 6629 16.73 8.6 1595
Q1 5333  88.37  77.27 0.44 FI_;(; 28.81 12024 26.89 1555 28.85
Median 6949 102.21  86.54 0.51 F;g? 322 14429 31.09 1841 33.24
Mean 7072 101.42  86.64 0.5 E_gg 32.92 1539 3146 1999 33.74
Q3 8523 11423  96.65 0.57 ]::l_gi 359 17674 3486 2256 38.03
Max. 16752 170.87 134.34 0.79 13_(1)2 69.59 53239 7461 80.49 60.48

E-07




187

Summary data associated with Table S2.1 in Appendix A. Minimum, maximum, mean, median,
and first and third quartile values from a balanced dataset of PA15 field-grown maize inbreds, i.e.

with n=174 per root node (1, 2, and 3), n=261 per nitrogen treatment. See Table 1-1 for trait

abbreviations and units. ECC (metaxylem vessel eccentricity) is reported here as median length to

width ratio (LWR) of metaxylem vessels, from which eccentricity values were calculated.

RXA SXA CXA CSR CF CCS MXN
Min. 0.2827 0.04901 022  1.866 5 7834 4
Q1 0.7704 0.14641  0.6046  2.823 75 1289.1 7
Median  1.0476 024878 0.8016  3.298 9 1543.1 9
Mean 1.1424 027345  0.8697 351 8985 16416  9.699
Q3 1.4071 035592  1.0597  4.005 10.5 1853.4 12
Max. 3.8396 1.03826 2.8013  7.243 14 47437 19

AAP MXA MXP MXM ECC  CDM

(LWR)

Min. 0 001115 10.8 1379  1.012 22.8
Q1 9673 00314  18.68 4197  1.109  31.81
Median  20.059  0.0514  20.72 5373 1.156  35.57
Mean 20.597 0.05491  20.71 5637  1.165  36.36
Q3 30316 0.07216 2277 7030 121 39.41
Max. 61.904 0.15953 3232 12485  1.499 62.8
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The following raw datasets associated with Chapter 2 are available within this open-access
ScholarSphere link, which contains the files listed below: https://doi.org/10.18113/S1GG93

Raw data associated with Table 1-2:
“pal6_hybrid_field root anatomy.csv”

Raw data associated with Appendix A, Table S2.1:
“pal5_inbred field root anatomy.csv”

Raw data associated with Figure 1-8 and Appendix A, Figure S5:
“root_anatomy across nodes in_field studies.csv”

To cite raw data, use:
Yang, Jennifer T. (2017)."Integrating leaf and root phenotypes to enhance nitrogen use efficiency
in maize (Zea mays L.)-Data". doi.org/10.18113/S1GG93
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Appendix C
Supplementary figures and tables for Chapter 3

Table S1. Plant Materials.
See Tables S1.1 and S1.2 below.

Table S1.1 Root sampling
The following abbreviations are used: M# from IBM recombinant inbred line population,
N# from NYH population.

Study Root nodes sampled
GH1 2.3

GH2 2,34

PA13 2,34

PA14 1.2.3

PA1S 1.2.3

PA16 2.3.4 all; 1.5.6 subset

SA14 2.3.4




Table S1.2 Plant materials

Inbred genotypes
PAl13 | PAl4
MOO1 | MOO1
MOZ21 | MO21
MO30 | MO30
MOG2 | MD48
MO20 | MO39
MI26 | MI111
MI31 | M129
Mi46 | Ml46
MIT78 | MI1T8
M201 | MI178(2)
M263 | MIE1
M265 | MI1B1 ()
M277 | M201
M323 | M263
M345 | NM2TT
M365 | M317
NO15 | W323
N023 | M344
NO39 | M332
N042 | N385
NO34 | M365 (2)
NDe0 | NO15
NO68 | N039
N104 | NO60
N113 | NOG68
N126 | NI113
N12§8 | NI12§
N129 | NI28
N181 | Nl181
N20§ | OWRI-55

SAl4
nO01
MO21
O30
n131
M146
MI78
201
M263
n277
323
M345
352
365

M379
NO015
N039
NO054
NO060
N068
N113
N126
N128
N128
(2)

N158
N181
N208

PAlS
M30

M50

MI126
MI129
M178
181
M201
M277
M323
M352
M363

Code

il Lt L
wm.__g‘«ﬂm‘-u\.lﬂ“.UI-L‘-hﬂN'—'

14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
30
40
41
42
43
44

Hyhbrid genotypes - PALG
Pedigree
TX714/PHZ51
B73 X PHM\49
PHW32 X PHNS2
PHG39/Tx205
LH195/LHS2
PHW32/Tx205
LH198/PHZ51
PHEBE47/PHZ51
2369/ LH123Ht
B73/PHZ:]
PBE0/PHZS]
W10004_0216PHZ51
(CMLA42-B/CML343-B-B-B-B-B-B)-B-B-1-1-B-B-B-1-
B12-1-B19/LH195
TH714/Tx777
B73/Tx777
Bl4A X HOS
B14A X Oh43
B37 X H95
B37 X Oh43
B73 X Mol7
B73 X PHNE2
B97 X PHB47
F42 X Mol7

F42 X Oh43

LH212Ht X LH195

LH74 X PIINS2

PHG39 X PHNE2

PHGE0 X PHZ51

PHPO2 X PHB47

PHWS2 X PHM40

W0 X HOs

PHN11 _PHG47 0251 X PHB47
W10001_0022 X PHB4Y
W10005_0107 X PHB47
W37A X PHB47
PHN11_Oh43_0001 X PHB47
LH216 X LH195
PHN11_PHW65_0323 X LH195
B14A X Mol7

B37 X Mo17

F42 X HOS

PHG29 X PHG47

2369 X 3IIHS

LHI123HT X 3ITHG
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Table S2. Nitrogen stress levels across experiments. Percent reduction refers to
average across genotypes. Range refers to range among genotypes.

191

Study No. of genotypes Metric % Reduction Range
GH1 8 Dry shoot mass 80 69 — 88%
GH2 8 Dry shoot mass 46 29 — 60%
PA13 30 Yield 20 0—44%
Dry shoot mass 4 0 —40%
PA14 27 Yield 20 4 —50%
Dry shoot mass 23 0-37%
SA14 25 Dry shoot mass 55 32 -72%
PA1S 11 Yield 30 15 - 55%
Dry shoot mass 20 12-31%
PAl6 44 Yield 60 42 — 78%
Dry shoot mass 53 23 - 74%
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Fig S1. Nitrate concentrations by depth in greenhouse and field experiments. Nitrate
concentration from soil or media extracts, averaged across soil or media samples from at
least two replicates in GH2, PA15, and SA14, from the indicated depths in high (HN,
blue) or low (LN, orange) nitrogen treatments.



193

B

Fig S2. Maize root cross-section image analysis. An Object] macro in ImageJ was
created to semi-automate analysis of root-cross section images. The same anatomical
traits were analyzed in LAT and manually sectioned roots, with minor differences in
methodology. An example of an analyzed LAT image is given in Chapter 1. An example
of an analyzed image from manual cross-sections is below. (A) The root (dark blue,
outer), stele (cyan, inner), and aerenchyma (green) were outlined and total areas and
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ratios calculated. Individual metaxylem vessels were traced (red) and individual and total
areas determined. Vessels beginning to divide were traced as a single vessel (as seen
below). Images were zoomed in to allow accurate tracing along the outer edge of each
vessel. Cortical cell file number was manually counted in three positions to account for
root asymmetry, and a representative axis across the cortex was selected to record a
representative cell file count (the count of pink points) and measure cell diameters of
each cell file (distance between every consecutive pink point). The innermost cell layer
(i.e. distance between the innermost pink point and the stele boundary) was often
incomplete and was not recorded. The cell diameters were used to calculate hypodermis
(HYP), outermost (OUT) and innermost (INN). (B) For one full replicate, the inner
(cyan), mid (green), outer (pink), and hypodermis (red) cortical cell sizes were
determined and used to validate estimates from cell diameters as described above. Up to
eight representative cells per layer were traced and average cell cross-sectional areas
were calculated. Images were zoomed in to allow careful tracing of the outer edge of the
cells; cell walls were included in the trace. Unlike LAT images, manual cross-sections
from greenhouse-grown plants showed intact epidermis cells and root hairs.
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Fig S3. Relationship between nodal root number and diameter among maize inbreds
in the field. Linear regression of total number of emerged nodal roots at harvest and root
cross-sectional area averaged from two roots from each of the indicated nodes, from
individual plants of 11 maize IBM RILs grown in high (HN, blue) or low nitrogen (LN,
red) treatments in PA15 (see Appendix C, Tables S1 and S2). R? value and significance
(p<0.1., 0.05*, NS, not significant) are indicated. Nodal root number was evaluated in
four replicates in LN and one replicate in HN.
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Fig S4. Relationship between nodal root occupancy and diameter among maize
genotypes. Linear regressions of the average number of roots per node (NO) and root
cross-sectional area (RXA) averaged from two roots from each of the indicated nodes
from individual plants in (A) GH1 (RXA from nodes 2, 3; NO from nodes 1, 2, 3), (B)
GH2 (RXA from nodes 2, 3; NO from nodes 1, 2, 3), (C) PA15 (RXA from nodes 1, 2, 3;
NO from nodes 1, 2, 3, 4), and (D) PA16 (RXA from nodes 2,3,4; NO from nodes 1, 2, 3,
4) grown in high (HN, blue) or low nitrogen (LN, red) (see Appendix C, Tables S1 and
S2). R? value and significance (p< 0.1., 0.05%, 0.01**, 0.001***; NS, not significant) are
indicated. For PA15, the number of nodes was evaluated in four replicates in LN and one
replicate in HN. Plants with missing values were excluded.
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Fig S5. Genotypic contrast in nodal root number and diameter among maize
inbreds. Means + SE of (A) total number of nodal roots (NRN) emerged at harvest, and
(B) root cross-sectional area (RXA), averaged from two roots each from nodes 2 and 3,
(C) number of nodal roots per node (NO), averaged from the first three nodes, and (D)
number of developed root nodes at harvest (NN), for maize RILs in GH1 (n=4 plants per
RIL per nitrogen treatment). Genotypes are IBM RIL numbers and are arranged in
ascending order by high nitrogen trait values. High and low nitrogen treatments are
indicated (HN, blue; LN, red). M0 126 and M0 323 were excluded from (B) due to
missing RXA data in low nitrogen.
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Fig S6. Genotypic contrast in nodal root number and diameter among maize
inbreds. Means + SE of (A) total number of nodal roots (NRN) emerged at harvest, and
(B) root cross-sectional area (RXA), averaged from two roots each from nodes 1, 2 and 3,
(C) number of nodal roots per node (NO), averaged from the first three nodes, and (D)
number of developed root nodes at harvest (NN), for maize RILs in PA15 (n=4 plants per
RIL per nitrogen treatment). Genotypes are IBM RIL numbers and are arranged in
ascending order by high nitrogen trait values. High and low nitrogen treatments are
indicated (HN, blue; LN, red). For NRN, NN, and NO, nodal roots were counted in four
reps in LN and one rep in HN.
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Fig S8. Genotypic contrast in nodal root anatomy among maize IBM RILs. Means +
SE of (A) number of cortical cell files, (B) mid-cortical cell diameter, (C) stele cross-
sectional area, (D) cortex to stele area ratio, (E) total metaxylem vessel area, (F) number
of metaxylem vessels, (G) median area of a single metaxylem vessel, and (H) percent of
cortical aerenchyma, all averaged from two roots each in nodes 2 and 3, for maize RILs
in GH2. Genotypes (GT) are IBM RIL numbers as indicated by M# and arranged in
ascending order by high nitrogen trait values. High and low nitrogen treatments are
indicated (HN, blue; LN, red).
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Fig S9. Relationship between shoot biomass, nodal root number and diameter
among field-grown maize inbreds. Linear regression of (A) total number of nodal roots
at harvest (NRN) and (B) root cross-sectional area (RXA) averaged from two roots each
from the first three nodes, against total dry shoot biomass, from individual plants of 11
maize IBM RILs grown in high (HN, blue) or mild low nitrogen (LN, red) treatments in
PA15. R? value and significance (p< 0.1., 0.05*, NS, not significant) are indicated. Plants
with missing values were excluded. For NRN, nodal roots were evaluated in four reps in
LN and one rep in HN.
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among maize RILs under severe nitrogen stress. Linear regression of (A) total number
of nodal roots at harvest (NRN) and (B) root cross-sectional area (RXA) averaged from
two second and third node roots, against total dry shoot biomass, from individual plants

of eight maize IBM RILs grown in high (HN, blue) or severe low nitrogen (LN, red)
treatments in GH1. R? value and significance (p<0.1., 0.05*, NS, not significant) are

indicated. Plants with missing values were excluded.
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Fig S11. Relationship between shoot biomass, nodal root number and diameter
among maize hybrids. Linear regression of (A) total number of nodal roots at harvest
(NRN), (B) root cross-sectional area (RXA) averaged from two roots each from nodes 2,
3, and 4, (C) average number of roots in the first node, and (D) average number of nodal
roots in the fifth node, against dry shoot biomass, from individual plants of 44 diverse
field-grown maize hybrid genotypes grown in high (HN, blue) or moderate low nitrogen
(LN, red) treatments in PA16. R? value and significance (p< 0.1., 0.05*, 0.001*** NS,
not significant) are indicated. Plants with missing values were excluded.
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Fig S12. Axial root volume per node in IBM RILs. Means + SE of total root volume
(TRV) of the indicated nodes(s) at time of harvest: (A) node 2, (B) node 3, (C) node 4,
and (D) the sum of all three nodes, among IBM RILs in GH2 (n=4 plants per RIL per
nitrogen treatment). Genotypes are IBM RIL numbers as indicated by M# and are
arranged in ascending order according to mean trait value under low nitrogen. High and
low nitrogen treatments are indicated (HN, blue; LN, red). For M0 201, three plants in
low nitrogen and one plant in high nitrogen did not develop fourth node roots by harvest;
(C) and (D) includes these plants with fourth node values of zero.
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Fig S13. Relative root depth distributions among maize IBM RILs. Means + SE of
(A) the percent of total root mass at the deepest 30 cm of the root system, (B) percent of
total root mass in the top 30 cm of media, and (C) depth (measured along the washed root
system) above which 95% of root mass was located (D95), among IBM RILs in GH2.
Genotypes are IBM RIL numbers as indicated by M# and arranged in ascending order by
high nitrogen mean values. High and low nitrogen treatments are indicated (HN, blue;
LN, red). (D) Mean + SE root mass by depth (from excavated root systems; see Materials
and Methods) for M201 and M277 under high and low nitrogen (HN, LN) in GH2 (as
indicated by color legend), with D95 indicated by arrows.
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Fig S14 Root respiration and nitrogen content among IBM RILs. Means + SE of (A)
root respiration rates, averaged from six axial roots each, 2 to 5 cm from stem base, from
nodes 2 and 3, and (B) total root respiration (estimated as root respiration rate multiplied
by total axial root length in the given node) of nodes two and three, in GH2. Means + SD
of (C) root nitrogen content (percent by mass) from the top 30 cm of the root system (all
root classes, homogenized), evaluated in a subset of replicates, and (D) total root nitrogen
in the top 30 cm of the root system (percent root nitrogen multiplied by dry root mass in
the top 30 cm), in GH2. Genotypes are IBM RIL numbers as indicated by M# and
arranged in ascending order by high nitrogen mean values. High and low nitrogen are
indicated (HN, blue; LN, red).
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Fig S15. Nitrogen stress effects on root to shoot ratio among maize IBM RILs. (A)
Means + SE of root to shoot ratio (by dry mass at harvest) arranged in ascending order of
high nitrogen mean values. Genotypes are IBM RIL numbers as indicated by M#. (B)
The linear regression of the natural logarithms of total dry shoot and root mass, with
regression equation and R? values, under high and low nitrogen conditions (HN, blue;
LN, red) of all individual plants, among IBM RILs in GH2.
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Fig S16. Genotypic contrast in root node number and occupancy among maize
hybrids. Means + SD of (A) total number of nodal roots (NRN) emerged at harvest, (B)
the number of developed root nodes (NN), and (C) the number of nodal roots per node
(NO), averaged from the first four nodes, for maize hybrid genotypes in PA16 (see
Appendix C, Table S1 for genotype codes). Genotypes are arranged in ascending order by
high nitrogen trait values. High and low nitrogen treatments are indicated (H, blue; L,
red). Plants with missing values were excluded.
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Fig S17. Relationship between nodal root number and diameter among maize
hybrids in the field. Linear regression of total number of emerged nodal roots at harvest
(NRN) and root cross-section area (RXA) averaged from two roots from each of the
indicated nodes from individual plants of 44 maize hybrid genotypes grown in high (HN,
blue) or low nitrogen (LN, red) treatments in PA16 (see Appendix C, Tables S1 and S2).
R? value and significance (p<0.001 ***; p> (.1 NS, not significant) are indicated.
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Table S1. Plant materials and sampling. IBM RILs are indicated as M#. See Tables
S1.1 and S1.2 below, and S1.3 for nitrogen stress levels of experiments.

Table S1.1 Plant materials

GH1

M30

M126
M178
M201
M277
M323
M352
M3es

GH2

M30

M126
M178
M181
M201
M277
M323
M352

PA1S
M30

M59

M126
M129
M178
M181
M201
M277
M323
M352
M365

Table S1.2 Root and leaf sampling

Study Root nodes sampled  Leaf sampled

GH1 2,3 Leaf 7, or largest expanded leaf; subset analyzed for leaf anatomy
GH2 2,34 Leaf 7, or largest expanded leaf

PA1S 1,2,3 Ear leaf; subset analyzed for leaf anatomy

Table S1.3 Stress levels. Percent (%) reduction is the average across genotypes. Range
refers to range among genotypes.

Study No. of genotypes Metric % Reduction Range

GH1 8 Dry shoot mass 80 69 — 88%
GH2 8 Dry shoot mass 46 29 — 60%
PA1S 11 Yield 30 15 - 55%
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Fig S1. Leaf image analysis. Image analysis was performed using custom Object]
project files in ImageJ with manual sections from leaves preserved and cleared in ethanol.
Leaf thickness and composition were evaluated from cross-sections of the leaf lamina
with a 20X objective lens (A), midrib traits were evaluated from midrib cross-sections
with a 4X objective lens (B), and stomatal and epidermis cell size were evaluated from an
abaxial and adaxial image for each leaf (only abaxial shown here) with a 40X objective
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lens (C). Stomatal density was manually counted from an abaxial and adaxial image for
each leaf with both 10X and 20X magnification, and averaged (only 20X abaxial image
shown here) (D).

In (A), leaf thickness was averaged from a select region of interest (green lines),
epidermis and mesophyll cell diameters were averaged from adaxial and abaxial layers
(pink and yellow lines), cells were counted and divided by the region of interest to
estimate cell density for each tissue layer (yellow, pink, green dots), and vascular bundle
size (including bundle sheath cells) and interveinal distance were calculated (red and blue
lines, and the distances between their end points). In (B), midrib thickness is measured
across the central axis (green line) as well as “cortical thickness” (yellow line, used to
calculate MidribPC). Parenchyma cell sizes were estimated from cell diameters averaged
from 15 cells (blue lines) and median cell diameters across the central axis (distance
between red dots). Vascular bundle size of the central bundle and two small vascular
bundles were calculated (pink lines). Number of cell files across the central axis was
recorded (red dots). In (C), stomatal length and width were averaged from four stomates
(green and dark pink lines); epidermis cell size was averaged from eight cells (red, blue
lines are cell lengths; light pink lines are cell widths).
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Fig S2. Leaf thickness among IBM RILs. Means + SE of leaf thickness among IBM
RILs in (A) GH2, (B) GH1, and (C) a subset of replicates in PA15. RILs are indicated as
M#, arranged in ascending order by mean trait value under high nitrogen. High and low
nitrogen are indicated (HN, blue; LN, red). See Table S1 for nitrogen stress levels of each
experiment.
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Fig S3. Relationship between leaf thickness and physiology. Linear regression of leaf
thickness of a representative leaf against (A) specific leaf area, (B) carbon assimilation
rate, (C) stomatal conductance rate, (D) leaf nitrogen content (from homogenized leaves),
and (E) number of leaves, under high (HN, blue) and low (LN, red) nitrogen in GH2. R?
value and significance (p< 0.1.,05%, p>0.1 not significant, NS) are indicated.
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Fig S4. Leaf trait variation among IBM RILs. Means =+ SE of (A) median leaf length
and (B) stomatal size (average of abaxial and adaxial) among IBM RILs in GH2 (n=4
plants per RIL per nitrogen treatment). IBM RILs are indicated as M#, arranged in
ascending order by mean trait value under high nitrogen. High and low nitrogen are
indicated (HN, blue; LN, red).
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Appendix E
Leaf and root anatomy raw data for Chapter 4
Summary data associated with Table 3-2 and Figure 3-3. Minimum, maximum, mean, median,

and first and third quartile values from greenhouse-grown maize inbreds. See Table 3-1 for trait
abbreviations and units.

LeafNum  LeafArea  LAmed LeafLenMed LeafWidMed LT SLA
Min. 5 554.7 79.95 46 25 0.1056 131.3
Q1 6 880.2 111.38 57 2.775 0.1442 155.8
Median 7 1069.3 123.75 61 3.05 0.1651 166.4
Mean 7.389 1133.7 133.5 62.44 3.106 0.1667 167.3
Q3 8 1351.1 150.84 68 3.325 0.1821 182.3
Max. 10 1902.8 219.22 86 4.1 0.2491 224.5

pVvB pEpi pMeso MesoDens MesoCDM VascA IVD
Min. 8.537 39.89 19.33 5.427 0.01812  0.001834 0.09679
Q1 13.525 51.74 26.24 8.745 0.02589  0.002441 0.12165
Median 14.602 57.01 28.42 10.042 0.02886  0.003037 0.12813
Mean 14.902 55.73 29.37 10.943 0.02907  0.003083 0.13358
Q3 16.796 59.75 32.52 12.427 0.03212  0.003607 0.14893
Max. 21.304 70.07 41.74 24.132 0.04528  0.004879 0.1981

SD.AD SD.AB SI.LAD SI.AB StomA EpiCCS EpiCCX
Min. 46.88 68.03 8.407 10.13 257 1202  0.000394
Q1 57.61 80.21 11.179 16.45 378.2 2127  0.000627
Median 61.38 86.53 14.027 19.49 446.2 2469 0.00074
Mean 61.81 86.93 13.954 19.46 441.7 2604  0.000755
Q3 67.11 92.67 15.997 22.89 500.5 3005 0.000854
Max. 75.64 112.48 21.676 31.66 685.7 4849  0.001311

MidribLT  MidribCF  MidribCCS MidribPC MidribVA

Min. 1.606 9 0.007713 50.66 0.03165
Q1 1.83 11 0.010094 58.46 0.04244
Median 1.972 12 0.011578 62.29 0.05149
Mean 1.983 11.91 0.011893 61.98 0.05128
Q3 2.104 13 0.013469 64.95 0.05858
Max. 2.452 16 0.017072 70.66 0.0741

Table continues on next page
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Total Shoot Root R:S ratio Leaf

biomass biomass biomass Nitrogen %
Min. 4.8 3.15 13 0.1784 1.66
Q1 10.02 7.675 2.265 0.2412 231
Median 14.38 11.53 3.18 0.2871 2.71
Mean 15.28 11.935 3.349 0.2909 2.587
Q3 20.38 16.29 4.39 0.3343 2.925
Max. 27.89 21.79 6.58 0.5238 3.41
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The following raw datasets associated with Chapters 3 and 4 are available within this open-access
ScholarSphere link, which contains the files listed below: https://doi.org/10.18113/S1GG93

Greenhouse 1 (GH1) experiment:
“ghl_inbred greenhouse root shoot data.csv”
Greenhouse 2 (GH2) experiment:

“gh2 inbred greenhouse root shoot data.csv”

To cite raw data, use:
Yang, Jennifer T. (2017)."Integrating leaf and root phenotypes to enhance nitrogen use efficiency
in maize (Zea mays L.)-Data". doi.org/10.18113/S1GG93
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